J Assist Reprod Genet (2015) 32:1721-1729
DOI 10.1007/s10815-015-0584-1

@ CrossMark

REPRODUCTIVE PHYSIOLOGY AND DISEASE

Reference values of reactive oxygen species in seminal ejaculates

using chemiluminescence assay

Ashok Agarwal' - Gulfam Ahmad'? - Rakesh Sharma'

Received: 6 August 2015 /Accepted: 23 September 2015 /Published online: 2 October 2015

© Springer Science+Business Media New York 2015

Abstract

Purpose A physiological balance exists between seminal reac-
tive oxygen species (ROS) and antioxidant capacity. An overpro-
duction of ROS which exceeds the seminal plasma antioxidant
capacity results in oxidative stress (OS). The aim of the present
study was to describe a detailed protocol to measure ROS in a
diagnostic laboratory and revise our previous cutoff value of
ROS in seminal ejaculates in a larger cohort of infertile men
and controls with proven and unproven fertility.

Methods A total of 258 infertile men and 92 controls were
enrolled in the study. Following initial semen analysis, ROS
measurement in whole ejaculates was carried out using
luminol-based chemiluminescence assay.
Chemiluminescence was measured for 15 min with a
Berthold luminometer. Results were expressed as relative light
units (RLU/s/10° sperm). The test’s specificity, sensitivity, and
cutoff values were calculated using the receiver operating
characteristic (ROC) curve.

Results Significantly higher ROS levels were seen in infertile
men compared to controls (p<0.001). The optimal cutoff val-
ue to differentiate between controls and infertile men was
102.2 RLU/s/10° sperm. At this cutoff value, the test was
76.4% sensitive and 53.3% specific. The positive and negative
predictive values of the test were 82.1% and 44.5%,
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respectively. A total of 76.4% infertile population was above
this cutoff value compared to 46.7% of controls.
Conclusions The luminol-based chemiluminescence assay
can be used in routine diagnostic screening to test for male
infertility diagnosis in a clinical setting. The current ROS cut-
off value substantially distinguishes infertile from normal con-
trols. Patients with elevated ROS must be evaluated for the
underlying cause of ROS production.
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Introduction

Free oxygen radicals such as superoxide anion (O, hydro-
gen peroxide (H,O,), hypochlorite (OHCI), and hydroxyl rad-
ical (OH) are highly reactive oxygen species (ROS) [1, 2]. The
production of these radicals occurs during normal metabolism
of the cell. In semen, ROS are produced by spermatozoa and
play a vital role in many physiologic processes of spermato-
z0a, such as acrosome reaction, capacitation, mitochondrial
sheath stability, and fusion with oocyte [3—6]. Seminal plasma
contains several antioxidants and has a strong antioxidant ca-
pacity. For the continuity of normal physiological spermato-
zoa functions, a balance exists between seminal ROS and
antioxidant capacity. An overproduction of ROS which ex-
ceeds the seminal plasma antioxidant capacity results in oxi-
dative stress (OS), thereby inducing deleterious effects on
spermatozoa function and, may consequently, lead to male
infertility [5, 7-9].

The harmful effects of higher levels of ROS have been
documented on several sperm parameters including sperm
concentration, motility, morphology, viability, and DNA frag-
mentation [1, 4, 10-13]. Elevated ROS levels have also been
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reported in some clinical conditions (e.g., varicocele and re-
productive tract infections) as well as in association with life-
style choices (e.g., smoking) [14—18]. Similarly, low fertiliza-
tion and pregnancy rates were achieved in couples in which
the male partner had elevated seminal ROS levels [19, 20].

Convincing evidence suggests that ROS levels have a pos-
itive impact on sperm function and male fertility if they are
within the normal physiological range and effect negatively in
uncontrolled production. Therefore, accurate measurement
and defined cutoff values of ROS levels are important. The
measurement of seminal ROS levels in infertile and fertile
populations has been a challenge, requiring a method with
high specificity and sensitivity. Previously, we published that
elevated levels of ROS are directly related to male factor in-
fertility [21], and 91.9 RLU/s/10° sperm was considered a
cutoff to distinguish between ROS negative and positive se-
men samples [22]. However, questions concerning the accu-
racy of this predictor of male factor fertility and cutoff values
have yet to be fully answered.

The present study describes a detailed protocol for use in
clinical laboratory for measurement of seminal ROS via
luminol-based chemiluminescence assay. We also established
ROS cutoff values in a large population of infertile patients
and controls with or without proven fertility.

Material and methods
Selection of subjects

This study was approved by the Institutional Review Board of
Cleveland Clinic. A total of 258 infertile men and 92 controls
(with or without proven fertility) were enrolled in this study.

Inclusion criteria: All infertile men were attending the male
infertility clinic for confirmed male factor infertility and eval-
uated by an infertility specialist. The female partner of these
patients had gone through gynecological investigations and
was declared normal.

Exclusion criteria Patients with cryptorchidism, azoosper-
mia, retrograde ejaculate, partial ejaculate, or too low volume
of ejaculate were excluded from the study. The controls com-
prised healthy male volunteers with normal semen analysis
according to the WHO, 2010 guidelines [23]. Both men with
proven and unproven fertility were included.

Semen collection and processing
Semen samples from patients and controls were collected
by masturbation after 2-3 days of abstinence. After com-

plete liquefaction for 20 min, basic semen analysis was
performed according to WHO (5th Ed) guidelines [23].
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ROS levels were measured using luminol-based chemilu-
minescence assay. The principle and detailed protocol of
the test is described below.

1. Principle

Luminol is extremely sensitive and reacts with a vari-
ety of ROS at neutral pH. It can measure both extracel-
lular and intracellular ROS. The free radical combines
with luminol to produce a light signal that is converted
to an electrical signal (photon) by a luminometer. The
number of free radicals produced is measured as relative
light units/s/10° sperm.

II. Equipment and materials

Disposable polystyrene tubes with caps (15 mL)
Eppendorf pipettes (5 L, 10 uL)
Pipettes (1 mL, 2 mL, 10 mL)
Centrifuge
Computer-assisted semen analyzer (CASA)
Disposable microcell slides
Dimethyl sulfoxide (DMSO; Catalog #D8779,
Sigma Chemical Co., St. Louis, MO)
H. Luminol (5-amino-2,3dehydro-1,4
phthalazinedione; Catalog #A8511, Sigma
Chemical Co., St. Louis, MO)
I. Polystyrene round bottom tubes (6 mL)
Luminometer (Model: Berthold, AutoLumat Plus
LB 953, Oakridge, TN)
K. Dulbecco’s Phosphate buffered saline solution 1X
(PBS-1X; Catalog #9235, Irvine Scientific, Santa
Ana, CA)
II. Reagent preparation

omEY0w>

A. Luminol stock solution: 100 mM solution; 177.09 mg
of luminol was weighed and added to 10 mL of
DMSO solution in a polystyrene tube. The tube was
covered with aluminum foil as luminol is light sensi-
tive. This solution can be stored at room temperature
until its expiration date.

B. Working Luminol Solution: 5 mM solution; 20 puL of
the Iuminol stock solution was mixed with 380 pL
DMSO in a foil-covered polystyrene tube. It was pre-
pared fresh prior to use. It can be stored at room
temperature until needed and is stable for 24 h if
not exposed to light.

C. DMSO solution: 1t is provided ready to use and is
stored in a dark container at room temperature until
expiration date.

IV. Specimen preparation

A. The semen sample was allowed to undergo

liquefaction in the 37°C incubator for 20 min.

B. Patient’s name, clinic number, period of sexual absti-
nence, date and time of specimen collection, and age
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Fig. 1 a-c Autolumat 953 Plus a
Luminometer used in the

measurement of ROS by

chemiluminescence assay. a

External view; b internal view.
Multiple tubes can be loaded
simultaneously for measuring
ROS. ¢ The luminometer can be
connected with a computer and

monitor

of specimen when the semen analysis was performed
was recorded.

Initial physical characteristics such as volume, pH,
color, etc. were also recorded.

Five microliter of the well-mixed semen was loaded
onto a counting chamber (MicroCell slide, Vitrolife
Inc., San Diego, CA, USA).

Semen analysis was performed using manual sperm
count and motility. In addition, round cells were
counted and the Endtz test was performed when the
round cell concentration was greater than 1 x 10%/ mL.

V. ROS determination

e
=

A
L

i

LY %

11 Falcon tubes (12x75 mm) were labeled in tripli-
cate and the reagents were added as indicated in
Table 1 (Fig. 2).

Note: All readings were performed in the dark.
It is important that the instrument settings are in place
before adding reagents to the tube and loading
samples.
Reagents were added to the bottom of the tubes and
not on the side. They were vortexed to ensure that the
luminol was mixed with the rest of the reagent/
sample.
The pipette tip was changed when adding reagent/
sample to each tube.

A. Luminometer was set up with a computer attached to Tubes were gently vortexed to mix the aliquots uni-
it (Fig. 1a—). formly and to avoid bubbles.
Table 1  Set up for the measurement of ROS
Tube no. Tube PBS (uL) Test sample (1L) Hydrogen peroxide (30 %) (uL) Luminol (5 mM) (pL)
1-3 Blank 400 - -
4-6 Negative control 400 - - 10
7-8 Test - 400 - 10
9-11 Positive control 400 or semen sample 50 10
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Fig. 2 Setup for reactive oxygen
species testing; 3 blank controls, 3
negative controls, 2 patient
sample tubes, and 3 positive
controls

G. All the labeled tubes were placed in the luminometer
in the following order: blank (tubes labeled 1-3),
negative control (tubes labeled 4-6), test sample
(tubes labeled 7-8), and positive control (tubes la-
beled 9-11) (Figs. 3 and 4).

VL. Analyzing the samples
A. After the tubes were loaded, the “Start button was
clicked. The luminometer will start scanning for
tubes.

Fig. 3 Preparing the tubes for
ROS measurement. A total of 11
tubes are labeled from S1-S11:
Blank, negative control, test
sample and positive control.
Luminol is added to all tubes
except the blank. Hydrogen
peroxide is added only to the
positive control

1 2
‘ l

4 5 6
|
|
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Blank
Add 400 uL PBS

Negative Control
Add 400 pL PBS
+
10 pL Luminol (5mM)
working solution

After scanning, the monitor will show how many
tubes are detected by the instrument in each batch,
press “Next.”

Select the “Assay Type.” Click “Next” and then click
‘Finish.’

The “Excel spreadsheet” will open.

Measurement of the tubes will start.

Do not touch the computer during this time.

Wait (3—5 min) to make sure everything is working
fine.

Collect Semen Specimen

* Exam for volume, color and pH
* Perform Endtz test

« Perform analysis by CASA

Liquefied
semen

7 8 9 10 11

Test Sample Positive Control
Add 400 pL Add 400 pL PBS
Sperm Suspension +
+ 50 uL H,0,
10 pL Luminol (5mM) +

working solution 10 pL Luminol (5mM)

working solution
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Fig. 4 Proper placement of tubes
into Luminometer

H. After finishing the measurements, the computer will
prompt to “Save” the Excel spreadsheet. Save it in
“My Computer,” in a folder under “Clinical ROS.”
I. Save Berthold measurement “Measurement Files”
(*.txr) in the same directory as the Excel spreadsheet
using the same name.
VII.  Printing ROS results
A. Print spreadsheet as well as the “chart 1”” and the
Berthold sheet (Fig. 5).
B. Close the Excel spreadsheet.

Time S1 S2 S3 S4 S5
0 6 4 9 10 1)
42.3 6 7 7 6 12
72.3 9 7 7 10 7
102.3 6 ) 4 S 10
132.3 9 9 7 10 7
162.3 6 6 6 10 1722
192.3 6 7 4 9 7
222.3 6 9 7 10 6
252.3 7 9 10 ) 10
282.3 6 6 6 10 9
3123 7 S 6 12 10
342.3 7 7 6 10 10
372.3 4 7 7 7 9
402.3 7 6 4 12 ©
432.3 7 10 7 9 9
462.3 7 7 6 7/ S
492.3 6 o 7 12 9
522.3 6 7 7 9 7
552.3 6 12 6 10 6
582.3 7 6 6 S 6
612.3 10 7 6 ) 9
642.3 9 6 4 9 10
672.3 6 9 9 7 9
702.3 7 7 12 10 7
732.3 9 7 7 9 7
762.3 6 4 7 S 18
792.3 112 7 9 7 7
822.3 6 4 () 10 7
852.3 3 9 10 9 9
882.3 7 6 4 10 10
812.3 7 S 9 9 18

Fig. 5 A representative display of the readings showing the number of
signals generated in each of the above 11 tubes (S1-S11). The
measurement is for a total of 900 s. As seen here, blanks have the

C. Print the “Work Load” sheet (Fig. 6). Make sure all 3
sheets are printed before saving and closing the file.

VIIL

1)

©
12
18

A.

B.

Calculating results

The “average RLU” for the negative control, samples

and positive control was calculated.

Sample ROS was calculated by subtracting the neg-
ative control average from its average.
Sample ROS=average “RLU mean” for sample—av-
erage “RLU mean” for negative control.
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lowest amount of ROS and the positive control, to which hydrogen

peroxide was added, has the highest amount of ROS
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Fig. 6 A typical graph showing the ROS levels in the 11 tubes (SI-S11). As seen here, only the positive controls have significantly higher levels of
ROS. Those producing low levels (tubes S1-S8) of ROS are seen very close to the X-axis

D.

The sample ROS was calculated by dividing it with
“sperm concentration/mL.”
Corrected sample ROS: calculated sample ROS/
sperm concentration=XX.X (RLU/s/x 10° sperm)
A typical example of calculating ROS values is
illustrated in Fig. 7.

IX. Reference values were calculated and recorded as:

Normal values or ROS negative and critical values or

ROS positive as described in the results.
X. Quality control

A.

B.

It is important to record the reagent lot numbers and
expiration dates on the worksheet and placed in the
quality control book.

Criteria for rejection: No sperm are present.

XI. Factors affecting ROS measurement

A.

The luminometer instrumentation, its calibration,
determination of sensitivity, dynamic range, and
units used.

The concentration and type of probe used.

The concentration and volume of the semen sample,
use of reagent, and temperature of the luminometer.
Semen age (i.e., time to analysis) after sample is col-
lected to the time of ROS measurement.

Viscous samples and poor liquefaction, which may
interfere with chemiluminescent signals.

@ Springer

F. Repeated centrifugation can cause artificial increase
in chemiluminescent signal because of the shearing
forces generated by centrifugation.

G. Use of media that contains serum albumin can gen-
erate spurious signals in the presence of human sem-
inal plasma.

H. Sensitivity of luminol to pH changes.

1. Many compounds can artificially increase (e.g., cyste-
ine or thiol-containing compounds) or decrease (e.g.,
ascorbate or uric acid) the chemiluminescent signal
generated by spermatozoa. Hence, it is necessary to
run sperm-free controls as an integral part of the
chemiluminescent assay.

Statistical analysis

The Wilcoxon rank sum test was used for group com-
parison with respect to quantitative variables and chi
square test with respect to categorical variables. The
difference in the distribution of ROS levels between
the two groups (control and patient) was assessed. A
receiver operating characteristic (ROC) curve was used
to assess the ability of ROS as a means of discriminat-
ing patients with controls. A cutoff value that
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Fig. 7 Berthold sheet showing a Sample Sample ID Status | RLU Mean | Read Date | Read Time
typical ROS calculation 1 Done 6269 |11/17/2010 | 1:35:54 PM
2 Blank Done 6713 [11/17/2010 | 1:35:56 PM
3 Done 6189 [11/17/2010 | 1:35:57 PM
4 Done 8454 |11/17/2010 | 1:35:59 PM
5 | Negative Control Done 8104 |11/17/2010 | 1:36:00 PM
6 Done 9993 [11/17/2010 | 1:36:02 PM
7 Done 12954 |11/17/2010 | 1:36:03 PM
Test Sample
8 Done 11368 |11/17/2010 | 1:36:05 PM
9 Done | 1261225 |11/17/2010 | 1:36:06 PM
10 Positive Control Done | 1207794 |11/17/2010 | 1:36:08 PM
11 Done | 1458674 |11/17/2010 | 1:36:10 PM
Example

Patient average (P,) = 12161 RLU / sec
Negative Control average (NC, ) = 8850.3 RLU / sec
Corrected value = P, - NC_|

12161 - 8850.3 RLU / sec = 3310.7 RLU / sec

Corrected ROS = 3310.7 = 262.7 RLU /sec/x 10° sperms

Sperm count = 12.6 x 108 /mL

12.6

Result = ROS positive

maximized the sum of estimated sensitivity and speci-
ficity was chosen. A p value of <0.05 was considered
significant.

Results
ROC curve analysis

Test sensitivity, specificity, and positive and negative predic-
tive values were calculated using ROC curve. Significantly,
higher ROS levels were seen in infertile men compared to
controls (p<0.001). The optimal cutoff value to distinguish
between controls and infertile men was 102.2 RLU/s/10°
sperm. At this cutoff value, the positive and negative predic-
tive values of the test were 82.1% and 44.5%, respectively
(Fig. 8). The percentage of patients and controls above and
below this cutoff value as well as sensitivity and specificity of
the test are given in Table 2.

ROS distribution by group

The distribution of the ROS levels in infertile patients and
controls is given in Fig. 9.

Discussion

In recent decades, male infertility has increased signifi-
cantly due to a decline in semen quality and a concurrent
increase in male reproductive pathologies. Linked to male
infertility is OS, which has become a focus of interest and

AUC =0.670

08

Sensitivity

0.4

Cutoff = 102.2
Sens = 76.4% (70.7-81.4)
Spec = 53.3% (42.6-63.7)
PPV = 82.1% (76.6-86.7)
NPV = 44.5% (35.1-54.3)
Acc = 70.3% (65.2-75.0)

0.2

0.0

1 1 1 1 1 ]
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

CCFO©2015

Fig.8 Receiver operating characteristic curve showing ROS cutoff value
(RLU/s/% 10° sperm), sensitivity (%), specificity (%), and area under the
curve for infertile men and donors.
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Table 2 Percentage of patients and donors above and below the new cutoff value

ROS cutoff (RLU/s/10° sperm) Overall (n=350) Controls (n=92) Patients (n=258) p value Sensitivity (%) Specificity (%)
>102.2 240 (68.6 %) 43 (46.7 %) 197 (76.4 %) <0.001 76.4 533
<102.2 110 (31.4 %) 49 (53.3 %) 61 (23.6 %)

is implicated in its pathogenesis. A uniform consensus
exists on the role of ROS in male fertility and infertility.
Previous studies from our center have demonstrated that
ROS is an independent factor of male factor infertility [4,
21]. We have reported different cutoff values for ROS in
washed [2, 11, 24] and seminal ejaculates [4, 22].

Before a test is recommended for clinical use, its reliability,
repeatability, sensitivity, and accuracy must be validated. In
this current study, we used liquefied or neat semen to measure
ROS in infertile males and controls using the luminol-based
chemiluminescence method.

Luminol-based chemiluminescence assay is a reliable tech-
nique for measuring seminal ROS [4]. Our goal was to estab-
lish a cutoff value of ROS and describe the methodology,
which can serve as a guide for other laboratories. Our cutoff
for ROS at which the test can effectively differentiate between
infertile and control group was 102.2 RLU/s/10° sperm. At
this value, the sensitivity and specificity of the test were 76.4
and 53.3%, respectively. Positive and negative predictive
values (PPV and NPV) of the test were 82.1% and 44.5%,
respectively. Overall, 68% of the population was above the
cutoff value, while 31.4 % was below. When intra-group anal-
ysis was carried out, 76.4% of infertile population was above
this cutoff compared to 46.7% of control. Only 23.6% of the
infertile population was below this cutoff compared to 53.3%
of control.

In our earlier study by Agarwal et al. [22], the control group
comprised only healthy men who had established a pregnancy
(within 2 years or more than 2 years). The current study had a
larger cohort that included both proven fertile and those who
did not establish a pregnancy. This was a study limitation.

300,000

250,000

200,000

8 150,000
14

100,000

50,000
ok *
Donors Patients

Fig. 9 Distribution of ROS (RLU/s/x10° sperm) between donors and
infertile men.

CCFO2015
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Therefore, sensitivity and specificity in this study are lower
compared to our earlier study. The present cutoff of ROS
suggests that any value above this threshold was still able to
differentiate between subjects that were fertile from those who
were not.

Physiological levels are necessary for the normal functions
of sperm in capacitation, acrosome reaction, and zona binding.
From our results, ROS levels below 102.2 RLU/s/10° sperm
can be regarded as physiological levels, while those above this
value should be considered pathological. Measurement of
ROS levels can also serve a predictive tool in assisted repro-
duction [20, 25]. Deleterious effects of OS have been docu-
mented on fertilization rates in /n vitro fertilization (IVF/ICSI)
[19, 26]. In vitro addition of antioxidants into sperm prepara-
tion and oral intake of antioxidants have shown to increase the
fertilization rates and pregnancy outcome [27-30].
Furthermore, the negative impact of ROS on sperm DNA
integrity has been shown in semen samples with high ROS
levels. Agarwal et al. demonstrated that even in low levels of
leukocytospermia, ROS levels are significantly increased
compared to control that screened negative for leukocytes.
[31]. This reveals the importance of ROS assessment in such
patients, considering the fact that damaged sperm DNA has
negative implications on fertilization rates and early embryo
development.

Our goal was to provide a detailed protocol for the mea-
surement of ROS using chemiluminescence assay to allow
other diagnostic laboratories to establish this test in their labs
and offer it to their patients. However, we recommend that
controls of only proven fertility should be used so that the
sensitivity and specificity can be further increased and the test
employed as a screening/diagnostic test.

Taken together, we have demonstrated that the
luminol-based chemiluminescence assay is sensitive
and reliable in measuring ROS levels. The reproducibil-
ity of this test makes it a potential screening tool in
male infertility investigations as well as a prognostic
test for assisted reproduction outcomes.
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