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BACKGROUND: Thiols are scavengers of reactive oxygen species (ROS). We aim to investigate associations between
thiols in various fluids in (sub)fertile couples and fertility outcome parameters. METHODS: In 156 couples undergoing
assisted reproduction techniques (ART), we measured the concentrations of glutathione (GSH), cysteine (Cys), homo-
cysteine (Hcy) and cysteinylglycine (CGS) and fertility outcome parameters in the ejaculate, purified spermatozoa and
follicular fluid. RESULTS: All thiols were detectable in most ejaculates, spermatozoa and follicular fluids, of which Cys
concentrations were highest. Thiol concentrations in the ejaculate were similar in fertile and subfertile men. However,
Hcy in follicular fluid was higher in women with endometriosis compared with women in the idiopathic subfertile group
(P = 0.04). The GSH, Cys, Hcy and CGS concentrations in spermatozoa of subfertile men were significantly higher com-
pared with men in the idiopathic subfertile group and fertile men (P < 0.001). Most notably, Hcy concentrations in both
the ejaculate and follicular fluid were negatively associated with embryo quality on culture day 3 in the IVF/ICSI proce-
dure. CONCLUSIONS: Spermatozoa of subfertile men contain significantly higher thiol concentrations as compared
with those of fertile men. The detrimental effect on embryo quality of a high Hcy concentration in the ejaculate and in
follicular fluid is intriguing and may suggest that Hcy is inversely associated with fertility outcome.
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Introduction

Subfertility is a prevalent disorder occurring in approximately
10% of all couples during reproductive life. In about 30% of these
couples, no cause for the subfertility can be found (Snick et al.,
1997).

In humans, the thiol glutathione (GSH) (L-γ-glutamyl-L-
cysteinyl-glycine) functions as the most important endogenous
antioxidant involved in maintaining the pro-oxidant–antioxidant
balance in human tissues. Other endogenous thiols are cysteine
(Cys), homocysteine (Hcy) and cysteinylglycine (CGS). Cys is
a precursor amino acid of GSH and both are taken up by food
or are formed as a metabolic product of Hcy. CGS is composed
of cysteine and glycine and is a main intermediate in the trans-
port or synthesis of GSH (Figure 1). GSH is also involved in
the metabolism and detoxification of cytotoxic and carcino-
genic compounds, and in the elimination of reactive oxygen
species (ROS) (Shan et al., 1990).

Thiols and ROS are implicated in human reproduction. In
humans, spermatozoa generate ROS which are known to affect
hyperactivation of spermatozoa, the acrosome reaction and the

attachment of spermatozoa to oocytes thereby contributing to
the fertilization of oocytes (Aitken et al., 1989a; de Lamirande
and Gagnon, 1993a, b; de Lamirande et al., 1993). Thiols are
scavenging ROS and are therefore suggested to be important in
sperm function and fertilization as well. The DNA in the sper-
matozoa head is intensely compacted as a result of disulphide
bridges between oxidized Cys residues in protamine molecules
important during the maturation of spermatozoa in the epidi-
dymis. The oxidation of thiols is also important for the stabili-
zation of the tail structure, sperm motility and the protection of
sperm DNA against physical or chemical damage. After fertili-
zation of the oocyte, the compacted sperm nucleus is
decondensed to form the male pronucleus (PN). The deconden-
sation depends on the presence of a small amount of free Cys
capable of initiating a thiol-disulphide exchange (Rousseaux
and Rousseaux-Prevost, 1995). Besides the beneficial effects
of ROS, an excess of ROS is detrimental to spermatozoa and
leads to damage of the DNA and plasma membrane through
lipid peroxidation. Because spermatozoa have discarded most
of their cytoplasm during the final stages of spermatogenesis,
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the availability of cytoplasmic defensive enzymes is limited,
and therefore, these cells in particular are susceptible to ROS.
Increased lipid peroxidation of spermatozoal plasma mem-
branes may lead to altered membrane fluidity, which can render
sperm dysfunctional through impaired metabolism, acrosome
reaction reactivity and ability of the spermatozoa to fuse with
the oocyte (Cummins et al., 1994). This may result in abnor-
mal sperm concentrations, loss of motility and abnormal mor-
phology of the spermatozoa, leading to loss of fertility (Aitken
et al., 1989b; 1991; Agarwal et al., 1994; Sharma and Agarwal,
1996).

Little is known about the role of ROS and thiols at the level
of the oocyte and female fertility. At the time of ovulation, the
intense metabolism of granulosa cells and the high numbers of
macrophages and neutrophilic granulocytes in the follicle wall
may point to an active generation of ROS. Physiological
ranges of ROS are involved in oocyte maturation, luteolysis,
progesterone production by the corpus luteum, atretic regres-
sion of the cohort of newly grown follicles to leave only one
follicle destined for ovulation and ovulation itself (Riley and
Behrman, 1991; Margolin et al., 1990; Miyazaki et al., 1991;
Sawada and Carlson, 1996). In similarity with males, one con-
sequence of an excess of ROS in the ovary may be plasma
membrane damage of the oocytes. The significance of such
damage for female fertility, however, is unknown. It has been
shown that follicular fluid contains free-radical scavengers to
keep the ROS level in balance and to protect the oocyte and
embryo (Jozwik et al., 1999; Pasqualotto et al., 2004). It is
suggested from animal studies that the concentration of GSH in
the oocyte is important to reduce the disulphide bonds during
sperm nucleus decondensation and enable PN formation,
decapitation, formation of the zygotic centrosome and pronu-
clear apposition (Sutovsky and Schatten, 1997). This is
endorsed by the observation that GSH antagonists disturbed
the maturation of oocytes by compromising the decondensa-
tion of the sperm nucleus and thus preventing PN apposition.

Furthermore, supplementation of Cys or GSH during in vitro
maturation of oocytes resulted in improved male PN formation,
normal fertilization and embryo development (Sawai et al.,
1997; Jeong and Yang, 2001; Rodriguez-Gonzalez et al., 2003).
Also enhancement of GSH or GSH-building blocks in the
oocyte and in culture medium of embryos during IVF or ICSI
procedures seems to improve fertilization rates and embryo
development (Takahashi et al., 1993; Kim et al., 1999; Fukui
et al., 2000; Ali et al., 2003). On the contrary, it is also known
that high levels of ROS in the culture medium of embryos res-
ult in low blastocyst and low cleavage rates and high embry-
onic fragmentation (Bedaiwy et al., 2004). However, excessive
scavenging of ROS by thiols has a negative effect on IVF, in
particular fertilization, indicating that physiological levels of
ROS are essential for normal fertilization (Kim et al., 1999; Ali
et al., 2003; Bedaiwy et al., 2004).

Given the effects of ROS and thiols on physiological and
pathological processes involved in fertility as described above,
our goal was to systematically investigate the role of thiols in
human fertility. Therefore, the aims of the present study were
(i) to measure the levels of GSH, Cys, Hcy and CGS in the
ejaculate, purified spermatozoa and follicular fluid at the day
of oocyte retrieval of couples undergoing assisted reproduction
techniques (ART) and (ii) to determine associations between
thiol concentrations in semen, spermatozoa and follicular fluid,
and the fertility outcome parameters – proportion of fertilized
oocytes, proportion of cleaved embryos, mean embryo quality
and pregnancy.

Materials and methods

Patient selection

From April 2002 until May 2003, all patients visiting the fertility
clinic of the Radboud University Nijmegen Medical Center were con-
sidered for participation. The selection criteria for participation com-
prised the following diagnostic categories: (i) idiopathic subfertility,
absence of abnormalities in both man and woman, but no spontaneous
conception within 1 year of unprotected intercourse; (ii) female factor
subfertility consisting of Fallopian tube pathology or endometriosis;
or (iii) male factor subfertility (MFS) defined by the presence of at
least one of the sperm anomalies oligozoo-, asthenozoo- and/or terato-
zoospermia. Couples with both a male and a female factor explaining
their subfertility and patients first visiting other hospitals for fertility
treatment were excluded from the study. The group of fertile men was
defined as the male partners without abnormal semen parameters of
the women suffering from Fallopian tube pathology or endometriosis.
The group of fertile women without tubal and menstrual cycle abnor-
malities comprised the partners of the men with MFS.

All materials collected were anonymized. The patients were noti-
fied about the study by brochures available in the waiting room of the
IVF treatment unit. Information was given on the background and
objectives of the study, inclusion criteria, study periods and other
relevant procedures. It was acknowledged that the decision whether or
not to participate in the study would neither interfere nor have conse-
quences for the IVF or ICSI treatment.

The materials have been collected in accordance with the guidelines
of the ethical and institutional board of the Radboud University
Nijmegen Medical Center.

A total of 156 couples were enrolled in the study and information
concerning age, type of treatment (IVF or ICSI), 17β-estradiol (E2)

Figure 1. Schematic summary of glutathione metabolism. Glutathione is
a tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) synthesized from gluta-
mate, cysteine and glycine in two consecutive steps catalyzed by
γ-glutamylcysteine synthetase and glutathione synthetase. The enzyme
γ-glutamyl transpeptidase is involved in the breakdown of glutathione,
thereby cleaving the γ-bond resulting in glutamate and cysteinylglycine.
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concentration in serum of the women and FSH dose (Puregon, Organon,
Oss, The Netherlands) administered for ovarian stimulation treatment
was made available from the medical records.

Ejaculate collection

Participants provided the ejaculates in polypropylene containers
produced via masturbation at home or in the hospital after an
abstinence period of 3–5 days. After liquefaction for 20 min, the
total volume was measured and the main part of the sample was
prepared for IVF or ICSI. Two hundred microlitres of the remain-
ing ejaculate was obtained for semen analysis and preservation.
Semen analysis was performed according to the guidelines of the
World Health Organization (WHO) (World Health Organization,
1992; Guzick et al., 2001). Thus, sperm concentration was deter-
mined using a Makler counting chamber, designed in a 10-by-10
compartments frame format. Motility was expressed as the pro-
portion of motile spermatozoa, and morphology was determined
after incubation of the sample with trypsin (10 min at room tem-
perature), staining with methylene blue/eosin, feathering and fixa-
tion by flame. The sample was frozen without preservatives and
stored at –80°C until assay for the thiol concentrations.

Spermatozoa collection

The ejaculate provided for the IVF or ICSI procedure (minus the
200 microlitre obtained for this study) was purified by means of
centrifugation on 80% Pure Sperm reagent (Nidacon International AB,
Mölndal, Sweden). After isolation, the concentration and motility of
spermatozoa was determined according to the guidelines of the WHO
(WHO, 1999). In the following step, the spermatozoa were diluted with
culture medium (Human Tubal Fluid, Cambrex company, Verviers,
Belgium) to the concentrations required for the IVF or ICSI procedures.
Residual concentrated sperm was collected, frozen without preserva-
tives and stored at –80°C until assay for the thiol concentrations.

Follicular fluid collection

After oocyte retrieval for the IVF or ICSI procedure, a sample of the
follicular fluid (diluted with 10 IU/ml heparin and phosphate buffer,
pH 7.4) was centrifuged for 10 min at 2000 g to separate red blood
cells, leukocytes and granulosa cells from the follicular fluid. The follic-
ular fluid was frozen without preservatives and stored at –80°C until
assay for the thiol concentrations, 17β-E2, progesterone and total pro-
tein content.

Fertility outcome parameters

The number of follicles and the number of follicles >15 mm were
determined using ultrasound 2 days before the follicles were punc-
tured. One day after the IVF or ICSI procedure, fertilization was
determined by counting the number of pronuclei in the oocyte. The
proportion of fertilized oocytes was calculated by dividing the number
of oocytes with two pronuclei by the total number of oocytes retrieved
(IVF) or by the total number of oocytes injected (ICSI).

On the following 2 days, the embryos were examined once a day
for development. The proportion of cleaved embryos was calculated
following division of the number of cleaved embryos on day 3 by the
total number of oocytes retrieved (IVF) or the total number of oocytes
injected (ICSI). Furthermore, embryo quality was established by
judgement of fragmentation and cleavage activity of the embryos after
3 days of culturing and was denoted as low, moderate, reasonable or
high.

An hCG-based pregnancy test was performed in first-morning
voided urine from the woman on day 15 after the embryo transfer. The

result of this test was communicated by phone to the personnel of the
fertility clinic.

17 b-E2 and progesterone in follicular fluid

The concentrations of 17β-E2 and progesterone in follicular fluid were
measured by a specific procedure described previously (Thomas et al.,
1977). Fifty microlitres of a follicular fluid specimen was extracted
twice with diethylether, and after drying, the residue containing 17β-E2
and progesterone was further purified by chromatography on Sepha-
dex LH-20 columns. The steroids were quantified by specific radio-
immunoassays.

Total protein content in follicular fluid

The follicular fluids were assayed for protein concentration using the
Pierce BCA protein assay reagent kit (Pierce, Rockford, IL, USA).
Absorptions were read at 540 nm in an automatic microtiter plate
reader (Multiskan Ascent, Labsystems, Helsinki, Finland). The pro-
tein content of the follicular fluid was determined as a biomarker for
the maturity of the follicle (Spitzer et al., 1996).

Thiol assays

For the analysis of the thiol contents of the spermatozoa, these cells
first had to be lysed. This was accomplished by freezing in liquid
nitrogen and subsequent thawing for five times. Subsequently, the
thiol assay was similar for the spermatozoa, the ejaculate and the
follicular fluid. The samples were diluted six times with 12% (v/v)
perchloric acid and centrifuged for 5 min at 10 000 g. Next, 10 μl 10%
(w/v) Tris (2-carboxyethyl) phospine (Fluka Chemie AG, Bornem,
The Netherlands) was added to 100 μl of each sample. After reduction
for 30 min at room temperature, samples were neutralized by adding
76 μl, 2 mol/l NaOH. Subsequently, 100 μl of the neutralized sample
was derivatized with 7-fluorobenzofurazane-4-sulphonic acid (SBDF;
Fluka Chemie AG) for 1 h at 60°C by adding 60 μl of derivatization
buffer containing 50 μl borate buffer (125 mmol/l K2B4O7·4H2O and
4 mmol/l EDTA, pH 9.5), 5 μl SBDF (4 mg/ml borate buffer) and 5 μl
NaOH (1.55 mol/l) (Raijmakers et al., 2001). Of each derivatized
sample, 20 μl was injected and thiols were eluted with an isocratic
eluent (2.0% methanol in 0.1 mol/l acetic acid, pH 5.0) at flow rates of
350 μl/min for 5 min, 600 μl/min for another 5 min and 300 μl/min for
15 min. Thiols were separated by high-performance liquid chromato-
graphy (HPLC) with fluorescent detection using an autosampler
(Model Marathon, Spark, Holland), solvent delivery system (High
Precision Pump model 480; Gynkotek, Munich, Germany) and fluo-
rescent detector (Intelligent Spectrofluorometric Detector model
821-FP; Jasco, H.I. Ambacht, The Netherlands) operating at an exci-
tation wavelength of 385 nm and an emission wavelength of 515 nm.
The separating column (Inertsil ODS-2; 100 × 3 mm, 5 μm particle
size) and guard column (R2; 10 × 2 mm) were from Chrompack
(Middelburg, The Netherlands). Data obtained were analysed with the
Chromeleon chromatography data system (Gynkotek, Munich,
Germany). Concentrations of thiols were determined using calibration
curves for all thiols, which were run in parallel with the samples.
These calibration curves were prepared by diluting stock solutions
with 0.9% sodium chloride/4 mmol/l EDTA that were stored in small
aliquots at –30°C. All samples were analysed in duplicate.

Statistical analyses

The fertility outcome parameters defined by the proportion of ferti-
lized oocytes and proportion of cleaved embryos were normally dis-
tributed and the results are expressed as means and SD. The fertility
outcome parameter mean embryo quality was skewed, and therefore
data are expressed as median and 25th–75th percentile. The proportion
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of fertilized oocytes and cleaved embryos in the IVF and ICSI groups
was compared using the independent sample t-test, whereas mean
embryo quality was evaluated by the non-parametric Mann–Whitney
U-test. The number of clinical pregnancies occurring in IVF and ICSI
groups was compared by the Chi-square test.

Thiol concentrations in the ejaculate were normally distributed and
results are expressed as means and SD. Thiol concentrations in
spermatozoa and follicular fluid were skewed; therefore natural log-
arithmic transformations were performed and data are expressed as
geometrical means and 25th–75th percentiles. The thiol concen-
trations between groups were compared using one-way analysis of
variance (ANOVA) and further analysed using post hoc Bonferroni
comparisons.

In the pooled group of men, Pearson correlations were calculated
between thiol concentrations in the ejaculate and the logarithmic
transformed characteristics of the study population age, sperm con-
centration, motility percentage and percentage abnormal cells. In the
pooled group of women, Pearson correlations were calculated
between the logarithmic transformed thiol–protein ratios in follicular
fluid and the study population characteristics described in Table II.

Linear regression analyses were performed in the pooled group of
men or women to find associations between the fertility outcome
parameters, being the proportion of oocytes fertilized and the propor-
tion of cleaved embryos on culture day 3 as the dependent variables
and GSH, Cys, Hcy and CGS concentrations in the ejaculate, in sper-
matozoa and in follicular fluid as the independent variables. Also,
logistic regression analyses were carried out in the pooled group of
men or women to find associations between the dependent variables
such as embryo quality on culture day 3 (expressed as low-moderate
or reasonable-high) and achievement of pregnancy (yes or no) and the
independent continuous variables such as GSH, Cys, Hcy and CGS
concentrations in ejaculate, purified spermatozoa and follicular fluid.

Potential confounders were included in the linear or logistic regres-
sion models, and the factors that substantially affected the association
between the dependent variable and the thiol variable (a change in the
regression coefficient of more than 10%) were maintained in the final
models.

A P-value of ≤0.05 was considered statistically significant. Statistical
analyses were performed using SPSS 12.0 for Windows software
(SPSS, Chicago, IL, USA).

Results

A total of 156 couples undergoing ART were evaluated in this
study of which 67.9% received IVF treatment and 32.1% under-
went an ICSI procedure. Most idiopathic subfertile couples and
almost all couples experiencing female factor subfertility under-
went IVF treatment, 84.6 and 96.2%, respectively. Most cou-
ples experiencing MFS, however, received ICSI treatment (e.g.
76.9%).

The basic characteristics of the male study group are sum-
marized in Table I. Patient’s age and volume of the ejaculate
were comparable between the groups. As expected, the sperm
concentration and motility in the ejaculate and purified sam-
ples, and morphology in the ejaculate were different in the MFS
group compared with fertile men and men in the idiopathic
subfertile group.

The basic characteristics of the female study group are
summarized in Table II. The only difference between the four
diagnostic subgroups was age. Women with endometriosis
were slightly younger as compared with women in the idiopathic
subfertile group.

Table I. Characteristics of men undergoing an IVF/ICSI procedure

Values are given as geometrical mean (25th–75th percentile).

Characteristics Fertile (n = 52) Idiopathic subfertility (n = 52) Male factor subfertility (n = 52)

Age (years) 35.0 (32.0–37.7) 35.7 (34.0–38.0) 34.7 (32.0–37.7)
Volume ejaculate (ml) 2.8 (2.1–3.5) 2.9 (2.2–4.4) 3.3 (2.5–4.8)
Ejaculate

Sperm concentration (x106/ml) 66.1 (45.5–100.0) 55.6 (31.3–100.0) 3.8 (1.2–14.5)
Motility (%) 56.2 (50.0–65.0) 54.0 (50.0–63.8) 18.9 (10.0–30.0)
Abnormal cells (%) 78.7 (72.0–87.0) 81.1 (75.0–87.8) 93.0 (89.0–97.0)

Purified sperm
Sperm concentration (x106/ml) 19.9 (10.0–53.7) 11.9 (5.0–30.0) 2.2 (0.7–5.0)
Motility (%) 75.8 (70.0–90.0) 67.9 (60.0–85.0) 29.8 (20.0–50.0)

Table II. Characteristics of women undergoing an IVF/ICSI procedure

Values are given as geometric mean (25th–75th percentile).
E2, estradiol; FF, follicular fluid; FTP, fallopian tube pathology.

Characteristics Fertile (n = 52) Idiopathic subfertility (n = 52) FTP (n = 26) Endometriosis (n = 26)

Age (years) 32.8 (30.3–36.0) 34.3 (32.0–36.0) 33.2 (31.0–38.0) 31.5 (29.0–35.3)
Puregon dose (IU) 179 (150–250) 173 (150–200) 182 (150–300) 170 (144–263)
E2 in blood (nmol/l) 5114 (3725–7575) 5499 (3925–8350) 5545 (5025–7025) 5603 (4050–8500)
E2 in FF (nmol/l) 871 (660–1350) 924 (683–1300) 971 (763–1400) 849 (540–1425)
Progesterone in FF (μmol/l) 24.7 (19.0–36.8) 27.3 (22.5–35.8) 22.2 (16.0–32.3) 23.5 (19.0–33.0)
Protein in FF (μg/l) 38.2 (34.0–43.5) 39.1 (35.8–45.8) 38.7 (33.6–47.2) 38.9 (32.7–49.1)
Follicles (n) 12.0 (9.0–20.8) 14.1 (10.0–21.0) 13.3 (10.8–17.0) 14.4 (13.0–20.3)
Follicles >15mm (n) 6.2 (5.0–10.0) 6.5 (5.0–10.0) 7.1 (6.0–9.0) 6.9 (4.8–11.3)
Oocytes (n) 8.5 (6.0–13.0) 9.2 (7.0–13.8) 8.6 (6.0–13.0) 8.2 (5.8–13.0)
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The outcome parameters in the IVF, ICSI and total group of
couples are presented in Table III. The proportion of fertilized
oocytes and the proportion of cleaved embryos were significantly
higher in the ICSI group, compared with the IVF group, P = 0.04
and P = 0.01, respectively. However, the mean embryo quality
and the number of clinical pregnancies are comparable between
the two treatment groups.

The concentrations of the thiols measured in the ejaculate and
spermatozoa are presented in Tables IV and V, respectively. All
thiols could be determined in both specimens. However, because
measurement of the ejaculate samples gave considerable prob-
lems by congesting the separating column of the HPLC apparatus,
only 77 of the total number of 156 samples could be evaluated.
Of the thiols measured, Cys was present in the highest concen-
trations in the total ejaculate samples. The concentrations of the
four different thiols in ejaculate were comparable between the
three diagnostic subgroups. Furthermore, thiol concentrations in
the ejaculate were much higher than the concentrations in sper-
matozoa (results not shown).

The GSH concentrations in spermatozoa were below the detec-
tion limit in 122 of 156 samples tested. These 122 samples were
allocated a value of 0.01 μmol/l (half of the lowest detectable
value for GSH in spermatozoa). Thiols measured in the purified
spermatozoa samples were eventually expressed as pmol thiol/106

spermatozoa to compare the thiol concentrations between the dif-
ferent diagnostic subgroups. Again, the concentrations of Cys
were much higher compared with the other thiols measured. All
thiol concentrations in spermatozoa differed between the three
diagnostic subgroups (ANOVA, P < 0.001). Post hoc Bonferroni
comparisons revealed that spermatozoa of men in the MFS group
contained significantly higher GSH [mean difference 2.0 (95%
CI 1.37–2.62); P < 0.001], Cys [mean difference 1.95 (95% CI
1.39–2.50); P < 0.001], Hcy [mean difference 1.56 (95% CI
0.99–2.12); P < 0.001] and CGS [mean difference 2.27 (95% CI
1.69–2.85); P < 0.001] concentrations per 106 spermatozoa as
compared with those in fertile men. Similarly, spermatozoa of
men in the MFS group contained significantly higher GSH [mean
difference 1.51 (95% CI 0.89–2.14); P < 0.001], Cys [mean dif-
ference 1.39 (95% CI 0.83–1.95); P < 0.001], Hcy [mean differ-
ence 1.04 (95% CI 0.48–1.60); P < 0.001] and CGS [mean
difference 1.60 (95% CI 1.02–2.18); P < 0.001] concentrations
per 106 spermatozoa as compared with these thiol concentrations
in spermatozoa of men in the idiopathic subfertile group. Further-
more, post hoc Bonferroni comparisons revealed that Cys con-
centrations in spermatozoa of men in the idiopathic subfertile
group were significantly higher compared with those in fertile
men [mean difference 0.56 (95% CI 0.001–1.12); P = 0.049].
Also, CGS concentrations in spermatozoa of men in the idio-
pathic subfertile group were significantly higher compared with
those in fertile men [mean difference 0.67 (95% CI 0.09–1.25);
Bonferroni P < 0.02].

The concentrations of the thiols in follicular fluids are pre-
sented in Table VI. All thiols were detectable in the follicular
fluid samples. The Hcy concentrations in the follicular fluid
were below the detection limit in 43 of 156 samples tested.
These 43 samples were allocated a value of 0.1 μmol/l (half of
the lowest detectable value for Hcy in follicular fluid). Thiols
measured in follicular fluid were eventually expressed as μmol
thiol/mg protein to adjust for the maturity of the follicle. In
similarity to the ejaculate samples, Cys was present in the
highest concentrations as compared with the other thiols meas-
ured. In the women, follicular fluid Hcy concentrations dif-
fered between the diagnostic subgroups (ANOVA, P = 0.02).
The Hcy concentrations in the follicular fluid of endometriosis
patients were significantly higher compared with those in

Table III. Outcome parameters of IVF and ICSI procedures

Values for fertilization and cleavage rate are given as mean (SD). 
Mean embryo quality is expressed as median (25th–75th percentile).
*P < 0.05.
aEmbryo quality is scored on a scale of 0–3; 0,low; 1, moderate; 2, 
reasonable; 3, good embryo quality.

IVF group 
(n = 106)

ICSI group 
(n = 50)

Total group 
(n = 156)

Fertilization rate (%) 55.9 (26.6) 65.1 (25.7)* 58.9 (26.6)
Cleavage rate (%) 65.9 (27.5) 76.2 (19.7)* 69.2 (25.7)
Mean embryo qualitya 2.5 (1.5–3.0) 2.0 (1.5–2.5) 2.0 (1.5–3.0)
Number of clinical 
pregnancies (%)

33 (31.1) 17 (34.0) 50 (32.1)

Table IV. Thiol concentrations in ejaculate of men undergoing an IVF/ICSI 
procedure

Values are given as mean (SD).

Thiol 
concentrations 
(μmol/l)

Fertile 
(n = 28)

Idiopathic 
subfertility 
(n = 26)

Male factor 
subfertility 
(n = 23)

Glutathione 7.7 (2.4) 7.2 (2.9) 6.2 (2.9)
Cysteine 36.9 (17.2) 32.5 (13.4) 31.0 (14.9)
Homocysteine 5.9 (3.1) 5.8 (3.4) 4.2 (3.0)
Cysteinylglycine 7.9 (3.4) 7.9 (3.5) 7.9 (2.9)

Table V. Thiol concentrations in spermatozoa of men undergoing an IVF/ICSI procedure

Values are given as geometrical mean (25th–75th percentile).
aPost hoc Bonferroni comparisons between the fertile and MFS group, P < 0.001;
bbetween the idiopathic subfertile and MFS group, P < 0.001;
cbetween the fertile and idiopathic subfertile groups, P ≤ 0.05.

Thiol concentrations (pmol/million cells) Fertile (n = 52) Idiopathic subfertility (n = 52) Male factor subfertility (n = 52)

Glutathione 0.90 (0.42–2.25) 1.60 (0.42–4.00) 7.29 (3.10–20.0)a,b

Cysteine 60.8 (34.1–103.0) 106.5 (32.8–257.2) 426.1 (172.1–946.9)a,b,c

Homocysteine 12.4 (6.35–20.0) 20.9 (8.83–44.3) 58.8 (26.3–155.0)a,b

Cysteinylglycine 8.9 (3.72–15.5) 17.3 (5.7–40.5) 86.1 (39.0–222.3)a,b,c
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women in the idiopathic subfertile group [mean difference
0.71, (95% CI 0.02–1.39); Bonferroni P = 0.04].

Furthermore, we calculated correlations between the thiol
levels in the ejaculate versus the various basic characteristics.
No significant correlations were observed for GSH, Hcy or CGS
in the ejaculate; however, Cys in the ejaculate was inversely cor-
related with the proportion of abnormal spermatozoa (r = –0.29;
P = 0.01). Likewise, in women, correlations were calculated
between the thiol–protein ratios in the follicular fluid and the
fertility (outcome) parameters. The GSH–protein concentra-
tions were positively correlated with the number of retrieved
oocytes (r = 0.17; P = 0.03), and an inverse correlation was
determined between the Cys–protein concentrations and pro-
gesterone levels in follicular fluid (r = –0.30; P ≤ 0.001). No
other significant correlations were observed. Linear and logistic
regression analyses were performed to investigate whether the
thiol concentrations in the ejaculate and spermatozoa were asso-
ciated with the proportion of fertilized oocytes, the proportion
of cleaved embryos, embryo quality or pregnancy. A signific-
ant association was observed between the Hcy concentration in
the ejaculate and embryo quality on culture day 3, expressed as
reasonable/high or moderate/low quality (OR = 0.83, 95% CI
0.70–0.98). None of the other characteristics confounded this
association.

For the female parameters, similar regression analyses were
performed, and again Hcy concentrations in follicular fluid and
embryo quality on culture day 3 were significantly associated
(OR = 0.58, 95% CI 0.35–0.97) without confounding by other
characteristics.

Finally, we combined the male and female data in one logis-
tic regression model to assess the association between embryo
quality on culture day 3 and Hcy concentrations. Included in
the analyses were Hcy in the ejaculate, Hcy in spermatozoa,
Hcy in follicular fluid and as confounders spermatozoa con-
centration and proportion motile spermatozoa in the purified
spermatozoa sample, proportion motile spermatozoa in the
ejaculate and the number of oocytes retrieved. These regres-
sion analyses yielded an adjusted OR of 0.81 (95% CI 0.65–
1.00; P = 0.05) for Hcy concentrations in the ejaculate and an
adjusted OR of 0.42 (95% CI 0.18–0.94; P = 0.04) for Hcy
concentrations in the follicular fluid in relation to the embryo
quality on culture day 3 after IVF or ICSI procedures.

Discussion

This study demonstrates that women with endometriosis have
higher follicular fluid Hcy concentrations compared with

women in the idiopathic subfertile group. Furthermore, thiol
concentrations in the ejaculate were higher as compared with
those in spermatozoa, indicating the important antioxidant func-
tion of the seminal plasma for the protection of spermatozoa.
The thiol concentrations were significantly higher in purified
spermatozoa of men with MFS as compared with fertile men
and men in the idiopathic subfertile group. Unique and most
interesting is that for the first time an association has been
found between embryo quality in an IVF/ICSI procedure and
Hcy concentrations in the total ejaculate and follicular fluid of
the couple. It reveals that a 1 μmol/l decrease of the Hcy con-
centrations in the ejaculate was associated with a 1.2-fold
higher chance of achieving a reasonable/high quality embryo
in an IVF or ICSI procedure. Similarly, a 1 μmol/l decrease of
the Hcy concentration in follicular fluid was associated with a
significant 2.4-fold higher chance of a reasonable/high quality
embryo in an IVF or ICSI procedure. These findings are sup-
ported by in vitro studies in which exposure of chicken
embryos to Hcy concentrations varying from physiologic to
toxic amounts leads to developmental defects such as neural
tube defects and cardiac abnormalities, growth retardation and
lethality (Rosenquist et al., 1996; Boot et al., 2004).

So far, not much is known about specific individual thiol
concentrations in the ejaculate, spermatozoa and follicular
fluid. More literature is available on the total non-enzymatic
antioxidant capacity (TAC) of seminal plasma and spermato-
zoa. Most authors report significantly lower TAC levels in
seminal plasma of subfertile men as compared with fertile men
(Lewis et al., 1995, 1997; Smith et al., 1996). More specifi-
cally, Raijmakers et al. (2003) reported significantly higher
seminal plasma GSH concentrations in fertile men compared
with subfertile men. In accordance with this finding, Alkan
et al. (1997) observed lower levels of sulphydryl groups in semi-
nal plasma of subfertile patients compared with fertile men. In
contrast, we could not observe any difference in total ejacu-
late thiol concentrations between fertile and subfertile men in
our study group, which was comparable with the results of
Lewis et al. (1997) and Ochsendorf et al. (1998).

Furthermore, other authors observed positive correlations
between TAC or GSH levels in seminal plasma and sperm
motility, whereas inverse correlations were found between
TAC or GSH levels and sperm morphology (Smith et al., 1996;
Raijmakers et al., 2003). The latter observations are in accord-
ance with the negative association between Cys concentrations
in the ejaculate and the proportion of abnormal spermatozoa, as
reported in this study. However, none of the other thiols were
related to sperm morphology in our study group.

Table VI. Thiol concentrations in follicular fluids of women undergoing an IVF/ICSI procedure

GSH, glutathione; Cys, cysteine; Hcy, homocysteine; CGS, cysteinylglycine; FTP, fallopian tube pathology. Values are given as geometrical mean (25th–75th 
percentile).
*P = 0.02.

Thiol concentrations Fertile (n = 52) Idiopathic subfertility (n = 52) FTP (n = 26) Endometriosis (n = 26)

μmol GSH/mg protein 0.31 (0.24–0.43) 0.29 (0.24–0.43) 0.25 (0.18–0.44) 0.28 (0.23–0.47)
μmol Cys/mg protein 1.40 (1.0–2.0) 1.32 (1.0–1.9) 1.14 (1.0–1.4) 1.37 (1.0–2.1)
nmol Hcy/mg protein 14.7 (9.9–26.7) 9.2 (2.6–27.1) 9.8 (2.9–23.2) 18.8 (14.4–44.4)*

μmol CGS/mg protein 0.21 (0.16–0.26) 0.20 (0.14–0.25) 0.17 (0.13–0.22) 0.22 (0.17–0.31)
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Measurement of thiols in spermatozoa by other research
groups yielded conflicting results. Garrido et al. (2004) observed
that the GSH concentrations in spermatozoa from fertile and
idiopathic subfertile men were comparable, which is similar to
our findings. However, these authors did observe significantly
lower GSH concentrations in spermatozoa of samples with less
than 5% normal morphology, whereas our results indicate that
spermatozoa of men in the MFS group contain significantly
higher concentrations of GSH. Also, Ochsendorf et al. (1998)
found that spermatozoa of oligozoospermic patients contained
much lower GSH concentrations than those of normozoosper-
mic men. Similar to our results, Lewis et al. (1997) observed
significantly higher thiol concentrations in spermatozoa of
asthenozoospermic men. According to their explanation, this
may be due to the contribution of ROS produced by spermato-
zoa in this group leading to the up-regulation of thiol synthesis
in order to protect the spermatozoa from oxidative damage.
These authors speculate that the high thiol concentrations
caused the reduced motility in these spermatozoa because of a
decrease in disulphide bonding during sperm maturation in the
epididymis. The different data could be explained therefore by
differences in the cause and amount of triggering of the
(anti)oxidant system.

So far, thiol concentrations in follicular fluid and the associ-
ation with fertility parameters have not been studied before.
More data, however, are available on the relationship between
TAC and fertility. Although Pasqualotto et al. (2004) observed
a positive association between TAC and pregnancy rate, in fol-
licular fluid the TAC was not associated with oocyte maturity,
fertilization, cleavage and embryo quality. Therefore, they con-
cluded that a certain amount of oxidative stress is necessary for
the establishment of pregnancy. In contrast, Oyawoye et al.
(2003) reported that the mean TAC level in follicular fluid
from follicles yielding oocytes that were successfully fertilized
was significantly higher than the TAC levels from follicular
fluid associated with oocytes that were not fertilized. Further-
more, they observed that the TAC level of follicular fluid from
follicles whose oocytes gave rise to an embryo that survived
until the moment of transfer was significantly lower compared
with the follicular fluid TAC level resulting in non-viable
embryos. Therefore, these authors conclude that ROS may
have different effects at different stages of embryonal develop-
ment and that the role of ROS prior to ovulation differs from
that in relation to fertilization and embryo viability. Similar to
our results, Attaran et al. (2000) did not find an association
between TAC levels in follicular fluid and pregnancy rates.
However, they observed a positive correlation between the
ROS levels in follicular fluid and pregnancy rate, which is sup-
ported by others (Bedaiwy et al., 2002).

Direct comparisons of the results of other studies are often
difficult because of the differences in the methods used for the
processing and analysis of semen. Most researchers use the
guidelines of the WHO to classify the diagnostic subgroups
and semen samples. Others, such as Garrido et al. (2004), also
used Tygerberg strict criteria for sperm morphology. In addi-
tion to centrifugation, the use of Percoll gradients or swim-up
techniques for the purification of spermatozoa is often applied.
The methods used to measure (anti)oxidants or (anti)oxidant

activity vary significantly in the various studies cited. In most
studies, TAC was measured using enhanced chemolumines-
cence assays; total sulphydryl groups were measured after
5,5′-dithiobis (2-nitrobenzoic acid) derivation and subsequent
spectrophotometry or lipid peroxidation tests were performed
using thiobarbituric acid tests. The only authors specifically
measuring GSH also used 5,5′-dithiobis (2-nitrobenzoic acid)
derivation and subsequent spectrophotometry (Ochsendorf et al.,
1998) or biochemical reactions and spectrophotometry methods
(Garrido et al., 2004). Only Raijmakers et al. (2003) used the
same HPLC method we used. However, they measured GSH in
seminal plasma after centrifugation of the total ejaculate, in
which spermatozoa and other cell materials were removed.

The only study focused on the association between embryo
quality and antioxidants in an IVF or ICSI setting published so
far was performed by Paszkowski and Clarke (1996). They found
that incubation of poor quality embryos was associated with a
decline in TAC in the preimplantation embryo culture medium,
which was significantly larger than that observed in good and
fair embryos. These authors therefore stated that impaired
embryo development may be associated with an increased gen-
eration of ROS by the embryo. No studies done so far have
investigated the role of thiols in the ejaculate or follicular fluid,
in association with the subsequent embryo quality after an IVF
or ICSI procedure.

The findings of the higher follicular fluid Hcy concentrations
in women with endometriosis and the inverse association
between follicular fluid Hcy levels and embryo quality are sup-
ported by previous prospective and retrospective studies. These
clinical trials demonstrate a decreased oocyte and embryo qual-
ity in women with endometriosis, which is suggested to be due
to an altered intrafollicular milieu in endometriosis. We found a
biochemical difference in the follicular fluid Hcy level that can
be due to environmental factors, such as nutrition and lifestyle,
and genetic variations in for example folate genes. If the detri-
mental effects of endometriosis are non-genetic in origin, modu-
lation of the process of folliculogenesis may become feasible to
treat the disease and cure the infertility (Garrido et al., 2002).

Some limitations of the present study have to be addressed.
The separation of spermatozoa from seminal plasma in IVF or
ICSI procedures, the washing, centrifugation, vortexing and
also freeze–thawing, may have generated ROS in the sperma-
tozoa sample in contrast to the ejaculate. As a consequence,
GSH concentrations in the spermatozoa samples may have
decreased. Thus, it is very likely that the thiol concentrations
measured underestimate the in vivo antioxidant capacity of the
spermatozoa (Gadea et al., 2004). This may also explain the
many samples with an undetectable GSH concentration in our
study. However, because all samples were treated in exactly
the same manner, we believe that the differences observed
between fertile and subfertile men are real. Next, it is also pos-
sible that due to some leukocyte contamination of the ejaculate
samples, the ROS production was increased and counteracted
by thiols that consequently decreased in particular in the sub-
fertile population (Aitken et al., 1992). Because the thiol con-
centrations in the ejaculate were comparable between fertile
and subfertile men in our study and higher than the concentra-
tions in subfertile men reported by others, we do not believe
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that the presence of leukocytes was a factor of significance.
With regard to the purified spermatozoa samples, similar prob-
lems with contaminating leukocytes could arise. We believe
the purification of spermatozoa with the Pure Sperm gradient
had discarded almost all present leukocytes; however, we did
not verify the efficiency of this purification. Therefore, it is
possible that purified spermatozoa samples of subfertile men in
particular still contained some leukocytes. This would result in
higher ROS concentrations in these samples leading to a deple-
tion of thiols. Because our results show that spermatozoa of
subfertile men contain significantly higher thiol concentra-
tions, we do not believe that contamination with leukocytes has
interfered with our results.

Furthermore, the follicular fluid samples collected were
pooled samples from different follicles. Therefore, it may be
incorrect to directly correlate the follicular fluid thiol concentra-
tions with the development of a specific embryo. However, we
could not change the method of follicular fluid collection
because we had to adhere to the regular IVF and ICSI protocols.

Finally, because we examined several variables and their
associations with fertility outcome parameters, multiple testing
could be an issue in our study. Because all the thiols measured
were higher in the spermatozoa of subfertile men, and both the
Hcy concentrations in ejaculates and in the follicular fluids were
negatively associated with embryo quality, in concordance with
the toxicity of Hcy reported in the literature, we believe that the
results obtained in this study do not merely reflect chance.

The strengths of our study are the relatively large number of
couples undergoing an IVF or ICSI procedure that were investi-
gated. Furthermore, our study group is homogeneous and sub-
fertile, and fertile men or women are very comparable because
we applied strict selection criteria. We only included couples who
were unable to achieve a spontaneous conception within 1 year
of regular, unprotected intercourse. Women with menstrual dis-
orders were excluded, as were couples with both a male and a
female factor explaining their subfertility or patients with multi-
ple causes for subfertility within one individual.

In conclusion, thiol concentrations in spermatozoa of subfer-
tile men are significantly higher compared with the concentra-
tions in spermatozoa of fertile men. These high thiol
concentrations may result in a diminished motility because of
decreased disulphide bonding during sperm maturation in the
epididymis and perhaps may also lead to excessive scavenging
of ROS to levels below those physiologically necessary for
normal sperm function. However, we did not measure in paral-
lel the ROS levels and therefore further research is necessary to
verify this explanation. Intriguing are the high Hcy concentra-
tions in the ejaculate and follicular fluid which are associated with
moderate/low embryo quality and the corresponding higher
follicular fluid Hcy concentration in women with endometriosis,
known to suffer from low embryo quality. This strongly sug-
gests a predictive value for embryo quality in artificial repro-
duction of the Hcy concentration in these biological fluids.
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