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BACKGROUND: The ubiquitous use of phthalate esters in plastics, personal care products and food packaging
materials results in widespread general population exposure. In this report, we extend our preliminary study on the
relationship between urinary concentrations of phthalate metabolites and sperm DNA damage among a larger sample of
men and include measurements of mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) and mono-(2-ethyl-5-oxohexyl)
phthalate (MEOHP), two oxidative metabolites of di-(2-ethylhexyl) phthalate (DEHP). METHODS: Among 379 men
from an infertility clinic, urinary concentrations of phthalate metabolites were measured using isotope-dilution highperformance liquid chromatography–tandem mass spectrometry. Sperm DNA damage measurements, assessed with
the neutral comet assay, included comet extent (CE), percentage of DNA in tail (Tail%) and tail distributed moment
(TDM). RESULTS: Monoethyl phthalate (MEP), a metabolite of diethyl phthalate, was associated with increased
DNA damage, confirming our previous findings. Mono-(2-ethylhexyl) phthalate (MEHP), a metabolite of DEHP, was
associated with DNA damage after adjustment for the oxidative DEHP metabolites. After adjustment for MEHHP,
for an interquartile range increase in urinary MEHP, CE increased 17.3% [95% confidence interval (CI) = 8.7–25.7%],
TDM increased 14.3% (95% CI = 6.8–21.7%) and Tail% increased 17.5% (95% CI = 3.5–31.5%). CONCLUSIONS:
Sperm DNA damage was associated with MEP and with MEHP after adjusting for DEHP oxidative metabolites,
which may serve as phenotypic markers of DEHP metabolism to ‘less toxic’ metabolites. The urinary levels of
phthalate metabolites among these men were similar to those reported for the US general population, suggesting that
exposure to some phthalates may affect the population distribution of sperm DNA damage.
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Introduction
Phthalates, diesters of phthalic acid, are multifunctional chemicals widely used in personal care products, in food packaging
and processing materials, and to soften a wide range of plastics, including medical products such as polyvinyl chloride
blood and intravenous bags (Nässberger et al., 1987; ATSDR,
1995, 2001, 2002; Bradbury, 1996; Koo et al., 2002). General
population exposure to phthalates occurs via dietary ingestion,
dermal absorption, inhalation and parenteral exposure from
medical devices containing phthalates (ATSDR, 1995, 2001).
In the 2001–02 National Health and Nutrition Examination
Survey (CDC, 2005), four phthalate monoesters—monoethyl
phthalate (MEP), mono-(2-ethylhexyl) phthalate (MEHP),
monobutyl phthalate (MBP) and monobenzyl phthalate
(MBzP)—were present in most participants, thus confirming
widespread general population exposure to phthalates (CDC,

2005). The oxidative metabolites of di-(2-ethylhexyl) phthalate
(DEHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP)
and mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP) were present
in nearly all subjects at urinary concentrations higher than those
of MEHP, the hydrolytic metabolite of DEHP (CDC, 2005).
Despite widespread general population exposure to phthalate esters, very limited epidemiologic data exist on the potential general population effects of phthalate exposure on male
reproductive function. Toxicological studies have consistently
shown that some phthalates are reproductive and developmental toxicants. Most of the toxicological studies focused on gestational exposure windows, but there is also evidence that
pubertal and adult exposure to dibutyl phthalate (DBP), butylbenzyl phthalate (BBzP) and DEHP results in testicular toxicity, including impaired spermatogenesis (Agarwal et al., 1985;
Parmar et al., 1986; Srivastava et al., 1990; Park et al., 2002).
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Two recent human studies have explored associations between
conventional measures of semen quality and urinary concentrations of phthalates (Duty et al., 2003a; Jonsson et al., 2005). In
the US study (Duty et al., 2003a), associations were found
between MBP and MBzP and lower sperm concentration and
motility. However, the Swedish study did not find similar relationships (Jonsson et al., 2005). Interestingly, neither study
reported associations between semen quality and MEHP.
In the Swedish and US studies, the relationships between urinary
concentrations of phthalate metabolites and sperm DNA damage
were also investigated. In the US study, sperm DNA integrity was
assessed using the neutral single-cell microgel electrophoresis assay
(comet assay). An association between increased sperm DNA damage and MEP was found, but there were no associations with the
other phthalate monoesters (Duty et al., 2003b). By contrast, the
Swedish study did not find associations between any of the phthalate monoesters and sperm DNA damage measured with the sperm
chromatin structure assay (Jonsson et al., 2005).
In the present report, we extend our previous study on sperm
DNA damage (Duty et al., 2003b) by including a larger sample of
men and measurements of two oxidative metabolites of DEHP.
Consistent evidence shows that sperm DNA damage adversely
affects male fertility, contributing to poorer embryo development
and lower pregnancy rates among partners of men undergoing
assisted reproductive treatments (Duran et al., 2002; Morris et al.,
2002; Agarwal and Allamaneni, 2004; Borini et al., 2006).
Materials and methods
Subjects
The study was approved by the Harvard School of Public Health and
Massachusetts General Hospital (MGH) Human Subjects Committees, and all subjects signed an informed consent. Subjects were
recruited from an ongoing study on the relationship between environmental agents and male reproductive health. They were male partners
of couples who presented to the MGH Andrology Laboratory, Boston,
MA, USA, between April 2000 and May 2004 for semen analysis as
part of an infertility investigation. Eligible men were those between
20 and 54 years of age. Men presenting for post-vasectomy semen
analysis were excluded.
Semen sample collection
Semen was produced on site at MGH by masturbation into a sterile
plastic specimen cup after a recommended period of abstinence of
48 h. After liquefaction at 37°C for 30 min, semen parameters and
characteristics were measured (Duty et al., 2003a). The remaining
unprocessed semen was frozen in 0.25-ml cryogenic straws (CryoBiosystem, IMV Division, San Diego, CA, USA) by immersing the
straws directly into liquid nitrogen (–196°C). Our previous research
showed that this freezing method produced comet assay results that
were highly correlated with results from fresh, unfrozen samples
(Duty et al., 2002). Semen samples were later analysed in batches.
Straws were thawed by gently shaking in a 37°C water bath for 10 s,
and the semen was immediately processed for comet assay.
Neutral comet assay
The comet assay procedure used has been previously described (Singh
and Stephens, 1998; Duty et al., 2003b). Briefly, 50 μl of a semen/
agarose mixture was embedded between two additional layers of agarose
on microgel electrophoresis glass slides. Slides were then immersed in

a cold lysing solution to dissolve the cell membrane and make chromatin accessible for the enzyme digestion steps. After 1 h cold lyses,
slides were transferred to a solution for enzyme treatment with 10 μg/ml
of RNase (Amresco, Solon, OH, USA) and incubated at 37°C for 4 h.
Slides were then transferred to a second enzyme treatment with 1 mg/ml
of proteinase K (Amresco) and incubated at 37°C for 18 h. The slides
were placed on a horizontal slab in an electrophoretic unit, equilibrated for 20 min and underwent electrophoresis for 1 h. DNA in the
gel was then precipitated, fixed in ethanol and dried. Slides were
stained and observed with fluorescence microscope. Comet extent
(CE), tail distributed moment (TDM) and percentage of DNA located
in the tail (Tail%) were measured on 100 sperm cells in each semen
sample using VisComet software (Impuls Computergestutzte Bildanalyse GmbH, Gilching, Germany). CE is a measure of total comet
length from the beginning of the head to the last visible pixel in the
tail. Tail% is a measurement of the proportion of total DNA that is
present in the tail. TDM is an integrated value that takes into account
both the distance and intensity of comet fragments:

TDM = Σ ( I * X ) / ΣI
where ΣI is the sum of all intensity values that belong to the head, the
body or the tail, and X is the x-position of the intensity value. Comets
with high damage (CHD), which are cells too long to measure with
VisComet (>300 μm), were counted for each subject and used as an
additional measure of DNA damage.
Urinary phthalate metabolites
Phthalate metabolites were measured in urine because of potential sample contamination from the parent diester and because the metabolites,
as opposed to the parent diesters, are the active toxicants (Peck and
Albro, 1982; Gray and Gangolli, 1986; Li et al., 1998). One spot urine
sample was collected in a sterile specimen cup, prescreened for phthalates, on the same day as the semen sample. The analytical approach
for measuring MEP, MBP, MBzP, monomethyl phthalate (MMP),
MEHP, MEHHP and MEOHP in urine involved enzymatic deconjugation of the metabolites from their glucuronidated form, solid-phase
extraction, separation with high-performance liquid chromatography
and detection by isotope dilution tandem mass spectrometry (Silva
et al., 2003, 2004b). Detection limits were in the low nanogram per
millilitre range. Isotopically labelled internal standards and conjugated
internal standards were used to increase precision. Along with the
unknown samples, each analytical run included calibration standards,
reagent blanks and quality control materials of high and low concentration to monitor for accuracy and precision. Analysts at the Centers for
Disease Control and Prevention (CDC), Atlanta, GA, USA, were blind
to all information concerning subjects. Urinary phthalate metabolite
concentrations were normalized for dilution by specific gravity (SG).
Using the urinary concentrations of MEHP, MEHHP and MEOHP,
we calculated the percentage of these DEHP metabolites excreted as
MEHP (%MEHP). To calculate %MEHP, we converted the urinary
concentrations of MEHP, MEHHP and MEOHP to nanomoles per
millilitre, divided the MEHP concentration by the sum of MEOHP,
MEHHP and MEHP concentrations and multiplied by 100. Concentrations below the limit of detection (LOD) were assigned a value of ½
LOD for the calculations. To our knowledge, the use of %MEHP as a
phenotypic marker of DEHP metabolism and excretion is novel and
has not been used in human health studies.
Statistical analysis
Values for CE, TDM and Tail% represent the arithmetic mean of 100
sperm cells scored per slide for each ejaculate. Because the SG-adjusted
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phthalate metabolite concentrations were distributed log-normally,
they were logarithmically transformed for the analyses, and
Spearman’s correlation coefficients were used to explore correlations
among phthalate metabolites and comet assay parameters. The CE and
TDM were normally distributed, whereas Tail% followed a lognormal distribution. However, because statistical results were similar
using either untransformed or ln-transformed Tail%, for consistency
and interpretability, we presented only the untransformed Tail%
results. The number of CHD in each subject’s semen sample was
not normally distributed, and an arcsine transformation was used
(Zar, 1984).
Multiple linear regression analyses were used to explore relationships between individual comet assay parameters and ln(SG-adjusted
urinary metabolite concentrations). Inclusion of covariates was based
on statistical and biologic considerations (Hosmer and Lemeshow,
1989). Age was modelled as a continuous variable, and abstinence
time was modelled as an ordinal five-category variable (≤2 days, 3, 4,
5 or >6 days). Smoking status was dichotomized by current smoker
versus never smoked or former smoker, and race was categorized into
four groups: white, African American, Hispanic and other. Regression
coefficients were back transformed to represent a change in comet
assay parameter for an interquartile range (IQR) increase in SGadjusted metabolite concentrations to improve interpretability of
results.

Results
The demographic distribution of the 379 men with both
comet assay results and urinary concentrations of phthalate
metabolites is summarized in Table I. Men were primarily
Caucasian (85%) with a mean (SD) age of 36.3 years (5.4).
Seventy-four percent were never smokers, and only 9% were
current smokers.
The distribution of SG-adjusted urinary phthalate metabolite
concentrations is summarized in Table II. MEP was detected in
100% of subjects, MBP and MBzP in at least 90% of subjects
and MEHP and MMP in at least 75% of men. MEHHP and
MEOHP were detected in >95% of subjects. The sample size

Table I. Subject demographics (n = 379)
Characteristic

Mean (SD)

Age
BMI
Race
White
Black/African American
Hispanic
Other
Abstinence time
≤2 days
3 days
4 days
5 days
≥6 days
Smokinga
Never smoker
Ever smoker
Current smoker
Former smoker

36.3 (5.4)
27.9 (4.6)

n (%)

321 (85)
16 (4)
17 (4)
25 (7)
91 (24)
115 (31)
66 (18)
42 (11)
61 (16)
280 (74)
97 (26)
33 (9)
64 (17)

n, number of subjects; SD, standard deviation; BMI, body mass index.
Information on smoking status missing for 2 subjects, abstinence time
missing for 4 subjects.
a
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for MEOHP and MEHHP was approximately half that for
MEHP and the other phthalate metabolites, because analytical
methods for the quantification of these analytes were only
recently implemented in our ongoing study.
The distribution of comet assay parameters is summarized in
Table III. The parameters CE and TDM were highly correlated
(Spearman’s R = 0.87, P < 0.0001). By contrast, Tail% was
weakly correlated with TDM and CE (R = –0.11, P = 0.04, and
R = 0.22, P < 0.0001, respectively), indicating that they are
partially independent measures of sperm DNA integrity.
Although inconsistent relationships of comet assay parameters with smoking status and age existed, these were considered potential confounders, because several studies have
reported increased sperm DNA damage in smokers and men
with increased age (Fraga et al., 1996; Sun et al., 1997;
Ündeger et al., 1999; Møller et al., 2000; Singh et al., 2003).
However, the crude and adjusted coefficients in the multiple
regression models were similar, indicating minimal confounding by age and smoking status.
The multiple regression models are summarized in Table IV.
After adjusting for age and smoking status, for an IQR increase
in SG-adjusted MEP concentrations, CE increased 6.6 μm
[95% confidence interval (CI) = 0.94–12.3; P-value = 0.02]
and TDM increased 2.72 μm (95% CI = –0.46–5.00; P-value =
0.02). This represents a 5.2 and 4.8% increase, respectively, in
CE and TDM relative to the study population median. Tail%
and CHD were not associated with MEP. MBP was associated
with an increase in the percentage of DNA in the comet tail
(1.63%, 95% CI = 0.20–3.08). By contrast, MBzP was associated with an increase in CE (5.12 μm, 95% CI = 0.98–9.25)
and TDM (2.49 μm, 95% CI = 0.82–4.13). MMP was inversely
associated with CE and Tail%.
MEHP was positively associated with Tail% (3.06 μm, 95%
CI = 1.33–4.79; P-value = 0.0006). This represents a 12%
increase in Tail% relative to the study population median.
Given that MEHHP and MEOHP were strongly correlated (r =
0.98), their relationships with comet assay parameters were
nearly identical (Table V). For instance, after adjusting for age
and smoking status, for an IQR increase in SG-adjusted
MEHHP and MEOHP concentrations, CE decreased 8.5 and
8.6 μm, respectively, and TDM decreased 4.53 and 4.42 μm,
respectively. For MEHHP, these results represent a 6.6 and
8.0% decrease in the study population median CE and TDM,
respectively. Interestingly, although MEHP was positively
correlated with the oxidative metabolites MEHHP (R = 0.76,
P < 0.0001) and MEOHP (R = 0.73, P < 0.0001), MEHP was
not inversely associated with CE and TDM.
Given the inverse relationships of MEHHP and MEOHP
with the comet assay parameters and what is known about the
metabolism of DEHP, we hypothesized that oxidative metabolism of DEHP may have a protective effect for sperm DNA
damage. To explore this hypothesis, we performed analyses in
which MEHP and either MEHHP or MEOHP were in the same
regression model (both MEHHP and MEOHP were not
included because of their strong correlation). The regression
coefficients for models with MEHP and either MEHHP or
MEOHP were nearly identical, and we chose to present only
the MEHHP results.
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Table II. Distribution of specific gravity-adjusted phthalate metabolites in urine (ng/ml)
Phthalate
metabolite
MEP
MBP
MBzP
MMP
MEHP
MEHHP
MEOHP

n

379
379
379
379
379
204
204

Mean

472
74.5
13.4
9.17
25.8
142
92.4

Geometric
mean
171
17.9
7.2
3.6
7.6
55.9
21.4

Selected percentiles
Minimuma

5th

10th

25th

50th

75th

90th

95th

Maximum

8.7
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

19.7
3.2
<LOD
<LOD
<LOD
6.8
7.3

28.2
5.0
1.9
<LOD
<LOD
13.4
8.8

57.2
11.1
4.0
1.3
2.9
23.0
15.3

154
18.4
7.9
4.0
7.7
48.6
32.0

513
32.3
15.0
9.7
19.7
111
71.3

1201
51.2
23.8
20.2
57.9
306
198

2030
72.8
46.2
29.1
112
601
444

5396
14 459
229
278
876
2886
1780

MEP, monoethyl phthalate; MBP, monobutyl phthalate; MBzP, monobenzyl phthalate; MMP, monomethyl phthalate; MEHP, mono-(2-ethylhexyl) phthalate;
MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate.
Half the limit of detection (LOD) was imputed for phthalates below the LOD (ng/ml) (when no quantification was given) as follows: MEP, 0.605; MBzP, 0.235;
MBP, 0.47; MEHP, 0.435 and MMP, 0.355.
a
Limit of detection (in ng/ml): MEHP, 1.2; MEP, 1.0; MBP, 0.6; MBZP, 0.8; MMP, 0.71; MEHHP, 0.95; MEOHP, 1.07. The percentage of sample above the LOD
were as follows: MEHP, 89.9%; MEP, 100%; MBP, 97.6%; MBzP, 94.1%; MMP, 76.2%; MEHHP, 99.5%; MEOHP, 99.2%.

Table III. Distribution of comet assay parameters (n = 379)
Parameter

Mean

Comet extent (μm)
Tail distributed moment (μm)
Percent DNA tail (%)
CHD (n)

Geometric
mean

130
57.5
31.6
8.9

Selected percentiles

125
55.6
28.5
−

Minimum

5th

10th

25th

50th

75th

90th

95th

Maximum

47.6
25.7
9.90
0

73.4
35.2
13.9
0

82.4
39.0
16.2
0

106
47.5
20.1
1

128
56.7
27.2
4

152
66.7
43.4
11

177
75.8
50.5
23

191
84.3
57.9
34

249
107
79.7
95

VisComet image analysis software was used to measure Comet extent (microns), a measure of total comet length; Tail Distributed Moment, an integrated measure
of length and intensity (microns); percent DNA in tail (%), a measure of the proportion of total DNA present in the comet tail. Number of CHD was a comet with a
tail that extended beyond the measuring boundaries in the VisComet image analysis software (>300 microns).

Table IV. Adjusteda regression coefficients (95% confidence interval) for comet parameters associated with an interquartile range (IQR) increase in specific
gravity-adjusted urinary phthalate metabolite concentrations (n = 379)

MEP
MBP
MBZP
MMP
MEHP
MEHHPb
MEOHPb

Comet extent (μm)

Tail distributed moment (μm)

Percent DNA tail (%)

Long cells-arcsine (n)

6.60 (0.94, 12.3)
0.17 (–3.46, 3.79)
5.12 (0.98, 9.25)
−6.80 (–12.2, –1.46)
0.17 (–4.26, 4.58)
−8.50 (–15.2, –1.79)
−8.59 (–15.2, –2.00)

2.72 (0.46, 5.00)
−0.22 (–1.69, 1.23)
2.49 (0.82, 4.13)
−0.68 (–2.83, 1.50)
−0.74 (–2.51, 1.03)
−4.53 (–7.11, –1.95)
−4.42 (–6.96, –1.89)

−0.26 (–2.52, 2.02)
1.63 (0.20, 3.08)
0.11 (–1.56, 1.77)
−4.95 (–7.02, –2.85)
3.06 (1.33, 4.79)
1.31 (–0.98, 3.60)
1.05 (–1.20, 3.31)

0.11 (–0.13, 0.33)
−0.01 (–0.15, 0.14)
0.11 (–0.05, 0.27)
0.12 (–0.08, 0.34)
−0.19 (–0.36, 0.01)
−0.16 (–0.42, 0.11)
−0.15 (–0.42, 0.11)

MEP, monoethyl phthalate; MBP, monobutyl phthalate; MBzP, monobenzyl phthalate; MMP, monomethyl phthalate; MEHP, mono-(2-ethylhexyl) phthalate;
MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate.
a
Adjusted for age and smoking status (current and former versus never).
b
n = 204; MEHHP and MEOHP highly correlated (Spearman correlation coefficient = 0.98).

Table V. Adjusteda regression coefficients (95% confidence interval) for comet parameters associated with an
interquartile range increase in MEHP and MEHHP when both MEHP and MEHHP included in the same model
(n = 204)

MEHP
MEHHP

Comet extent (μm)

Tail distributed moment (μm)

Percent DNA tail (%)

22.1 (11.1, 32.9)
−25.5 (–36.2, –14.9)

8.08 (3.88, 12.3)
−10.8 (–14.9, –6.69)

4.77 (0.95, 8.58)
−2.38 (–6.09, 1.34)

MEHP, mono-(2-ethylhexyl) phthalate; MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate.
a
Adjusted for age and smoking.

With MEHP and MEHHP in the same model, the association (i.e. change in comet assay parameter for an IQR increase
in phthalate metabolite concentration) between MEHP and

comet assay parameters became stronger for CE (22.1 μm;
95% CI = 11.1–32.9), TDM (8.08 μm; 95% CI = 3.88–12.3)
and Tail% (4.77%; 95% CI = 0.95–8.58). For an IQR increase
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in MEHP, this represents increases in the study population
median (95% CI) of 17.3% (8.7–25.7%) for CE, 14.3% (6.8–
21.7%) for TDM and 17.5% (3.5–31.5%) for Tail%. In addition, the inverse relationship between MEHHP and comet
assay parameters became markedly stronger for CE (–25.5 μm;
95% CI = –14.9 to –3.62) and TDM (–10.8 μm; 95% CI =–14.9
to –6.69). This represents decreases in the study population
median (95% CI) of 19.9% (–11.6 to –2.8%) for CE and
19% (–26.3 to –11.8%) for TDM. When we included an
interaction term for MEHP*MEHHP, it was not statistically
significant.
%MEHP was log-normally distributed and ranged from
0.16 to 61.4% with a median (25th, 75th percentile) of
10.2% (5.55–16.8%). Interestingly, %MEHP was strongly
associated with increased sperm DNA damage. An IQR
increase in %MEHP was associated with a 15.0 μm increase
in CE (95% CI = 7.9–22.0 μm) which represents a 11.7%
increase relative to the study population median CE (95% CI =
6.2–17.2%), a 5.54 μm increase in TDM (95% CI = 2.76–8.32)
which represents a 9.8% increase relative to the study population median TDM (95% CI = 4.9–14.7%) and a 3.11% increase
in Tail% (95% CI = 0.65–5.57%) which represents a 11.4%
increase relative to the study population median Tail% (95%
CI = 2.4–20.5%). We recognize that additional DEHP metabolites that we did not measure exist (Koch et al., 2005; Silva
et al., 2006a; Silva et al., 2006b); thus, %MEHP as calculated
in the present study is not comprehensive.

Discussion
In our preliminary report on the relationships between sperm
DNA damage and urinary concentrations of phthalate
monoesters in 168 men (Duty et al., 2003b), we found a
dose–response relationship between sperm DNA damage and
urinary concentrations of MEP, but no relationships with
other phthalate metabolites (e.g. MEHP, MBP, MBzP and
MMP). In the present report on a much larger number of men
(n = 379), we reconfirmed the relationship between MEP and
comet assay parameters. In addition, when we reanalysed the
data after excluding the 168 men from our earlier report, the
association of MEP with CE was largely unchanged, although
the CIs widened (data not shown). Explanations for our consistent finding of an association between MEP and comet
assay parameters are unclear, because in toxicological studies, MEP is not a testicular toxicant (Gray et al., 2000). Furthermore, a recent study among young Swedish men did not
find an association between MEP and sperm DNA damage
(Jonsson et al., 2005).
One possible explanation for our observation is that MEP,
the main metabolite of DEP, which is widely used in personal
care products, is a surrogate for other factors/characteristics
that may be associated with sperm DNA damage. For instance,
MEP may be associated with unrecognized lifestyle or dietary
characteristics that are themselves predictive of sperm DNA
damage. It is also possible that the association of MEP with
sperm DNA damage may represent a chance finding. Conversely, it may represent a true relationship between MEP and
DNA damage in human sperm.
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In agreement with our earlier study, we did not find strong
evidence of a relationship between MEHP and comet assay
parameters when we did not account for the urinary concentrations of the oxidative metabolites. There was a weak association between MEHP and Tail% but no association with the
other comet parameters, CE and TDM. Both toxicologic and
epidemiologic studies on the relationship between MEHP and
DNA damage are very limited. An epidemiologic study on
young Swedish men did not find a relationship between MEHP
and sperm DNA damage (Jonsson et al., 2005). In an experimental study using the neutral comet assay, investigators
detected DNA damage in human lymphocytes induced by
in vitro exposure to DEHP and MEHP (Anderson et al., 1999).
However, rat liver microsomes abolished the effect of DEHP,
suggesting a lack of a response in vivo.
In this study, we hypothesized that the oxidative metabolites of
DEHP may serve as a phenotypic marker of DEHP metabolism
and may modify risk of sperm DNA damage. Supporting this
hypothesis was our novel finding that when we adjusted for the
concentrations of the oxidative DEHP metabolites, we found a
stronger dose–response relationship between sperm DNA damage and increased MEHP concentrations. In addition, the oxidative metabolites had strong inverse relationships with sperm
DNA damage, suggesting that the oxidation of MEHP to
MEHHP and MEOHP is ‘protective’ for sperm DNA damage.
For instance, among the study population, for a given urinary
concentration of MEHP, the greater the urinary concentration
of MEHHP or MEOHP, the lower was the sperm DNA damage. Similarly, for a given urinary concentration of MEHHP or
MEOHP, the higher the urinary MEHP concentration, the
greater was the sperm DNA damage.
An understanding of the metabolism of DEHP (Figure 1)
may provide insights into our observations on the relationships
between DEHP metabolites and sperm DNA damage. DEHP
hydrolyses first to MEHP, which subsequently metabolizes to
MEHHP and MEOHP, among other oxidative metabolites
(Koch et al., 2005; Silva et al., 2006b). These DEHP oxidative
metabolites are more easily excreted in urine than MEHP.
Therefore, oxidation of MEHP could effectively decrease
internal body burden of MEHP, which, in turn, may have a

Figure 1. Schematic metabolic diagram of di(2-ethylhexyl) phthalate
(DEHP). DEHP, di-(2-ethylhexyl) phthalate; MEHP, mono-(2-ethylhexyl) phthalate; MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate;
MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate; MECPP, mono-(2ethyl-5-carboxy pentyl) phthalate.
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protective effect if MEHP is the bioactive metabolite. DEHP
interindividual variability in the percentage of MEHP and of
oxidative metabolites that are excreted in the urine has been
observed (Becker et al., 2004; CDC, 2005; Silva et al., 2006a).
Therefore, because the proportion of urinary excretion of
DEHP as MEHP varies across individuals, urinary concentrations of MEHP alone do not represent total body burden of
DEHP exposure. The inclusion of oxidative metabolites, as
shown by our study results, may explain the lack of a relationship between MEHP and DNA damage in our earlier study for
which we had no available measurements of MEHHP and
MEOHP.
Another possible reason for the lack of a strong relationship
between MEHP and comet assay parameters, without adjustment for MEHHP and MEOHP, is that MEHP is more susceptible than MEHHP and MEOHP to contamination in the
analytical and pre-analytical (e.g. sampling and transportation)
phases of the analysis (Koch et al., 2003). From the ubiquitously present DEHP, MEHP may be generated during sample
collection, transportation and analysis through chemical,
microbiological or enzymatic cleavage of the ester bond;
unlike MEHP, oxidative metabolites cannot be formed from
DEHP contamination. Furthermore, urinary concentrations of
MEHHP and MEOHP are at least five times greater than those
of MEHP (Barr et al., 2003; Koch et al., 2003; Becker et al.,
2004; CDC, 2005; Silva et al., 2006a). Therefore, because of
the possibility of MEHP contamination, non-differential exposure
measurement error at low urinary concentrations of MEHP
could exist, thus precluding the detection of associations of
MEHP with sperm DNA damage. However, when the regression
models included the oxidative metabolites, which are less subject to contamination and more abundant in urine than MEHP,
strengthening of the relationship between MEHP and sperm DNA
damage occurred. Although our study results support this hypothesis, there may also be other explanations for these observations.
There are limited data on the toxicity of MEOHP and
MEHHP. MEOHP and MEHHP antagonized dihydrotestosterone transcriptional activity in vitro, indicating anti-androgenic
activity (Stroheker et al., 2005). In turn, structure-activity studies
with MEHP, MEHHP and MEOHP showed a good agreement
between the induction of germ cell detachment in culture and
testicular toxicity in vivo. MEHHP and MEOHP were less
toxic in culture than MEHP; thus, MEHP was presumed to be
the most bioactive testicular metabolite (Gray and Gangolli,
1986). The relevance of these in vitro findings to the observations of associations with sperm DNA damage in men is unclear.
To our knowledge, this is the first study to explore the associations of sperm DNA damage with DEHP oxidative metabolites and %MEHP. Further investigation is warranted on the
potential utility of %MEHP as a phenotypic marker of the proportion of DEHP excreted as MEHP and its oxidative metabolites. The timing of collection of the urine sample may partially
account for differences in urinary concentrations of MEHP and
the oxidative metabolites among individuals, because the oxidative metabolites have a longer half-life than MEHP (Koch
et al., 2005). For instance, a urine sample collected a few hours
after DEHP exposure contains primarily MEHP. By contrast, a
urine sample collected 12 h after DEHP exposure may have

higher concentrations of MEHHP and MEOHP than of MEHP.
The differences in half-lives of DEHP metabolites should be
taken into account when interpreting the meaning of %MEHP
following a single pulsed exposure to DEHP. However, the
interpretation of %MEHP would be more straightforward if the
differences in half-lives were not as influential on urinary
concentrations as in the case of chronic exposure to DEHP.
In contrast to our earlier report, in this, we found associations between MBzP and MBP with comet assay parameters. It
is unclear why MBzP and MBP were associated with increases
in different comet assay parameters. Experimental data demonstrating genotoxicity of DBP are limited to two publications by
Kleinsasser et al. (2000, 2001). In these reports, the alkaline
comet assay was used to measure DNA strand breaks in
peripheral lymphocytes and human mucosa of the upper aerodigestive tract harvested during surgery of the oropharynx and
inferior nasal turbinate.
In previous studies using the neutral comet assay, changes in
DNA migration were detected (i.e. CE) at low levels of radiation, 12.5 centigray (rads) of X-rays in human lymphocytes
(Singh and Stephens, 1997) and 50 centigray (rads) of X-rays
in human sperm (Duty et al., 2002). Therefore, we considered
CE to represent sensitive quantitative measures of DNA damage. However, Tail% is purported to be a more sensitive measure of DNA damage than TDM and CE. This increased
sensitivity results from observations that with increasing DNA
damage, the tail length may not continue to increase, but Tail%
may increase (McKelvey-Martin et al., 1993). In an earlier
study, we hypothesized that Tail% may indicate a different
form of DNA damage (single-strand breaks) compared to CE
or TDM (double-strand breaks) (Meeker et al., 2004).
Several mechanisms have been proposed for the presence of
DNA damage (strand breaks) in ejaculated sperm. These
include aberrant chromatin packing during spermatogenesis
(Gorczyca et al., 1993; McPherson and Longo, 1993; Manicardi
et al., 1995), abortive apoptosis in the later stages of germ cell
development but before ejaculation (Sakkas et al., 1999, 2002)
or excessive production of reactive oxygen species (ROS) in
the ejaculate (Aitken and Krausz, 2001; Moustafa et al., 2004).
Some chemicals, including phthalates, have been linked to
these mechanisms. Specifically, DEHP decreased cellular levels of glutathione and other antioxidants in rats, leading to
increased generation of ROS and increased oxidative stress in
the testis (Kasahara et al., 2002). Sperm cells are high in
unsaturated fatty acids and are particularly susceptible to lipid
peroxidation, which results in loss of sperm viability and
increased DNA damage (Barroso et al., 2000; Aitken and
Krausz, 2001; Ollero et al., 2001).
In conclusion, among men from an infertility clinic population, increased sperm DNA damage was associated with urinary concentrations of MEP, MBP and MBzP. In addition,
MEHP was associated with increased sperm DNA damage
only after accounting for the levels of two DEHP oxidative
metabolites. One potential explanation for this observation is
that the DEHP oxidative metabolites may serve as a phenotypic marker of DEHP metabolism to ‘less toxic’ metabolites.
An alternative explanation is that the relative percentage of
DEHP oxidative metabolites in urine may represent a surrogate
693
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for the function of phase 1 enzyme(s). If other genotoxic chemicals requiring phase 1 enzymes for detoxification are associated with sperm DNA damage, men with high %MEHP, which
represents low functionality of the phase 1 enzymes, may also
be ‘poor’ metabolizers of the other genotoxic chemicals. Presently, there is no evidence to support this hypothesis.
Finally, and most importantly, the associations found for
MEP, MBP, BBzP and MEHP were at urinary concentrations
comparable with those found in the general US population
(CDC, 2005). Thus, a large proportion of men are exposed to
levels of these phthalates that may affect sperm DNA integrity.
In this report, the urinary levels of phthalate metabolites were
associated with modest percentage increases in study population medians of sperm DNA damage, ranging from 5 to almost
20%. Although the percentage of increase in sperm DNA damage may have a minimal clinical impact on the fertility for a given
man, on the population level, the public health significance of a
shift in the distribution of sperm DNA damage would be large.
The increase in the population median of sperm DNA damage
would result in a shift to the right of the distribution curve.
This would considerably increase the proportion of men in the
far right tail of the distribution with high levels of DNA damage, thus contributing to an increase in the percentage of the
population of men with high levels of sperm DNA damage,
which, in turn, may adversely affect fertility or success during
assisted reproductive treatments (Duran et al., 2002; Morris et al.,
2002; Agarwal and Allamaneni, 2004; Borini et al., 2006).
This study was not designed to assess the clinical significance of the effect of phthalates on sperm DNA integrity for an
individual, but rather the population effects from exposure to
phthalates. This is an important distinction as it defines epidemiologic investigation, the study of the distribution and determinants of health among a population. Clinical relevance
generally applies to an individual, whereas in epidemiologic
studies, the relevance of the results applies to a population and
the potential public health impacts. Both clinical and population relevance are important in their own respects.
Acknowledgements
The authors thank Ana Trisini for performing the comet assays, Linda
Godfrey-Bailey, Jennifer Ford, Janna Frelich and Ramace Dadd,
Harvard School of Public Health. We also thank Jack Reidy, Jim
Preau, Ella Samandar and Arnetra Herbert, Centers for Disease Control and Prevention. We thank Peter Hengel and Impuls Bildanalyse
GmbH, Germany, for kindly providing the Viscomet software. This
work was supported by grant ES09718 from the National Institute of
Environmental Health Sciences (NIEHS), National Institutes of
Health (NIH).

Disclaimer
The findings and conclusions in this report are those of the
authors and do not necessarily represent the views of the CDC.
References
Agarwal A and Allamaneni SS (2004) The effect of sperm DNA damage on
assisted reproduction outcomes. A review. Minerva Ginecol 56,235–245.

694

Agarwal DK, Maronpot RR, Lamb JC and Kluwe WM (1985) Adverse-Effects
of Butyl Benzyl Phthalate on the Reproductive and Hematopoietic Systems
of Male-Rats. Toxicology 35,189–206.
Aitken JR and Krausz C (2001) Oxidative stress, DNA damage and the Y chromosome. Reproduction 122,497–506.
Anderson D, Yu TW and Hinçcal F (1999) Effect of some phthalate esters in
human cells in the comet assay. Teratog Carcinog Mutagen 19,275–280.
ATSDR. Agency for Toxic Substances and Disease Registry (1995) Toxicological profile for diethyl phthalate (http://www.atsdr.cdc.gov/toxprofiles/)
(accessed 28 March 2002).
ATSDR. Agency for Toxic Substances and Disease Registry (2001) Di-n-butyl
phthalate (http://www.atsdr.cdc.gov/toxprofiles/tp135.pdf) (accessed 13
February 2006).
ATSDR. Agency for Toxic Substances and Disease Registry (2002) Toxicological profile for di(2-ethylhexyl) phthalate (http://www.atsdr.cdc.gov/toxprofiles/tp9.pdf) (accessed 13 February 2006).
Barr DB, Silva MJ, Kato K, Reidy JA, Malek NA, Hurtz D, Sadowski M,
Needham LL and Calafat AM (2003) Assessing human exposure to phthalates using monoesters and their oxidized metabolites as biomarkers. Environ Health Perspect 111,1148–1151.
Barroso G, Morshedi M and Oehninger S (2000) Analysis of DNA fragmentation, plasma membrane translocation of phosphatidylserine and oxidative
stress in human spermatozoa. Hum Reprod 15,1338–1344.
Becker K, Seiwert M, Angerer J, Heger W, Koch HM, Nagorka R,
Rosskamp E, Schluter C, Seifert B and Ullrich D (2004) DEHP metabolites in urine of children and DEHP in house dust. Int J Hyg Environ
Health 207,409–417.
Borini A, Tarozzi N, Bizzaro D, Bonu MA, Fava L, Flamigni C and Coticchio G
(2006) Sperm DNA fragmentation: paternal effect on early post-implantation embryo development in ART. Hum Reprod 21,2876–2881.
Bradbury J (1996) UK panics over phthalates in babymilk formulae. Lancet
347,1541.
CDC (2005) Third National Report on Human Exposure to Environmental
Chemicals. Atlanta, GA: Centers for Disease Control and Prevention;
National Center for Environmental Health; Division of Laboratory Sciences
(http://www.cdc.gov/exposurereport/3rd/pdf/thirdreport.pdf) (accessed 13
February 2006).
Duran EH, Morshedi M, Taylor S and Oehninger S (2002) Sperm DNA quality
predicts intrauterine insemination outcome: a prospective cohort study. Hum
Reprod 17,3122–3128.
Duty SM, Singh NP, Ryan L, Chen Z, Lewis C, Huang T and Hauser R (2002)
Reliability of the comet assay in cryopreserved human sperm. Hum Reprod
17,1274–1280.
Duty SM, Silva MJ, Barr DB, Brock JW, Ryan L, Chen Z, Herrick RF,
Christiani DC and Hauser R (2003a) Phthalate exposure and human semen
parameters. Epidemiology 14,269–277.
Duty SM, Singh NP, Silva MJ, Barr DB, Brock JW, Ryan L, Herrick RF,
Christiani DC and Hauser R (2003b) The relationship between environmental exposures to phthalates and DNA damage in human sperm using the neutral comet assay. Environ Health Perspect 111,1164–1169.
Fraga CG, Motchnik PA, Wyrobek AJ, Rempel DM and Ames BN (1996)
Smoking and low antioxidant levels increase oxidative damage to sperm
DNA. Mutat Res 351,199–203.
Gorczyca W, Traganos F, Jesionowska H and Darynkiewicz (1993) Presence
of DNA strand breaks and increased sensitivity of DNA in situ to denaturation in abnormal human sperm cells: analogy to apoptosis of somatic cells.
Exp Cell Res 207,202–205.
Gray TJB and Gangolli SD (1986) Aspects of the testicular toxicity of phthalate esters. Environ Health Perspect 65,229–235.
Gray LE Jr, Ostby J, Furr J, Price M, Veeramachaneni DN and Parks L (2000)
Perinatal exposure to the phthalates DEHP, BBP, and DINP, but not DEP,
DMP, or DOTP, alters sexual differentiation of the male rat. Toxicol Sci
58,350–365.
Hosmer DW Jr and Lemeshow S (1989) Model building strategies and methods for logistic regression. In Applied Logistic Regression. John Wiley &
Sons, New York, NY, USA, pp. 82–134.
Jonsson BA, Richthoff J, Rylander L, Giwercman A and Hagmar L (2005) Urinary phthalate metabolites and biomarkers of reproductive function in
young men. Epidemiology 16,487–493.
Kasahara E, Sato EF, Miyoshi M, Konaka R, Hiramoto K, Sasaki J, Tokuda M,
Nakano Y and Inoue M (2002) Role of oxidative stress in germ cell apoptosis incuced by di (2-ethylhexyl) phthalate. Biochem J 365,849–856.

Phthalates and sperm DNA damage
Kleinsasser NH, Kastenbauer ER, Weissacher H, Muenzenrieder RK and
Harréus UA (2000) Phthalates demonstrate genotoxicity on human mucosa
of the upper aerodigestive tract. Environ Mol Mutagen 35,9–12.
Kleinsasser NH, Wallner BC, Kastenbauer ER, Weissacher H and Harréus
UA (2001) Genotoxicity of di-butyl-phthalate and di-iso-butyl-phthalate
in human lymphocytes and mucosal cells. Teratog Carcinog Mutagen
21,189–196.
Koch HM, Rossbach B, Drexler H and Angerer J (2003) Internal exposure of
the general population to DEHP and other phthalates – determination of secondary and primary phthalate monoester metabolites in urine. Environ Res
93,177–185.
Koch HM, Bolt HM, Preuss R and Angerer J (2005) New metabolites of di(2ethylhexyl) phthalate (DEHP) in human urine and serum after single oral
doses of deuterium-labelled DEHP. Arch Toxicol 79,367–376.
Koo J-W, Parham F, Kohn MC, Masten SA, Brock JW, Needham LL and
Portier CJ (2002) The association between biomarker-based exposure
estimates for phthalates and demographic factors in a human reference
population. Environ Health Perspect 110,405–410.
Li L-H, Jester WF and Orth JM (1998) Effects of relatively low levels of
mono-(2-ethylhexyl) phthalate on cocultured sertoli cells and gonocytes
from neonatal rats. Toxicol Appl Pharmacol 153,258–265.
Manicardi GC, Bianchi PG, Pantano S, Azzoni P, Bizzaro D, Bianchi U and
Sakkas D (1995) Presence of endogenous nicks in DNA of ejaculated
human spermatozoa and its relationship to chromomycin A(3) accessibility.
Biol Reprod 52,864–867.
McKelvey-Martin VJ, Green MHL, Schmezer P, Pool-Zobel BL, De Méo MP
and Collins A (1993) The single cell gel electrophoresis assay (comet
assay): a European review. Mutat Res 288,47–63.
McPherson SM and Longo FJ (1993) Chromatin structure-function alterations
during mammalian spermatogenesis—DNA nicking and repair in elongating
spermatids. Eur J Histochem 37,109–128.
Meeker JD, Singh NP, Ryan L, Duty SM, Barr DB, Herrick RF, Bennett DH
and Hauser R (2004) Urinary levels of insecticide metabolites and DNA
damage in human sperm. Hum Reprod 19,2573–2580.
Møller P, Knudsen LE, Loft S and Wallin H (2000) The comet assay as a
rapid test in biomonitoring occupational exposure to DNA-damaging
agents and effect of confounding factors. Cancer Epidemiol Biomarkers
Prev 9,1005–1015.
Morris ID, Ilott S, Dixon L and Brison DR (2002) The spectrum of DNA
damage in human sperm assessed by single gel electrophoresis (Comet
assay) its relationship to fertilization and embryo development. Hum
Reprod 17,990–998.
Moustafa MH, Sharma RK, Thornton J, Mascha E, Abdel-Hafez MA, Thomas
AR Jr and Agarwal A (2004) Relationship between ROS production, apoptosis and DNA denaturation in spermatozoa from patients examined for
infertility. Hum Reprod 19,129–138.
Nässberger L, Arbin A and Östelius J (1987) Exposure of patients to phthalates
from polyvinyl chloride tubes and bags during dialysis. Nephron 45,286–290.
Ollero M, Gil-Guzman E, Lopez MC, Sharma RK, Agarwal A, Larson K,
Evenson D, Thomas AJ Jr and Alvarez JG (2001) Characterization of subsets of human spermatozoa at different stages of maturation: implications in
the diagnosis and treatment of male infertility. Hum Reprod 16,1912–1921.
Park JD, Sultan SMH and Klaassen CD (2002) Testicular toxicity of di-(2ethylhexyl)phthalate in young Sprague-Dawley rats. Toxcology
171,105–115.

Parmar D, Srivastava SP and Seth PK (1986) Effect of di(2-ethylhexyl)phthalate (DEHP) on spermatogenesis in adult-rats. Toxicology 42,47–55.
Peck CC and Albro PW (1982) Toxic potential for the plasticizer di(2-ethylhexyl)
phthalate in the context of its disposition and metabolism in primates and
man. Environ Health Perspect 45,11–17.
Sakkas D, Mariethoz E, Manicardi G, Bizarro D, Bianchi PG and Bianchi U
(1999) Origin of DNA damage in ejaculated human spermatozoa. Rev
Reprod 4,31–37.
Sakkas D, Moffatt O, Manicardi GC, Mariethoz E, Tarozzi N and Bizarro D
(2002) Nature of DNA damage in ejaculated human spermatozoa and the
possible involvement of apoptosis. Biol Reprod 66,1061–1067.
Silva MJ, Malek NA, Hodge CC, Reidy JA, Kato K, Barr DB, Needham LL and
Brock JW (2003) Improved quantitative detection of 11 urinary phthalate
metabolites in humans using liquid chromatography-atmospheric pressure
chemical ionization tandem mass spectrometry. J Chromatogr B Anal
Technol Biomed Life Sci 789,393–404.
Silva MJ, Barr DB, Reidy JA, Malek NA, Hodge CC, Caudill SP, Brock JW,
Needham LL and Calafat AM (2004a) Urinary levels of seven phthalate
metabolites in the US population from the National Health and Nutrition
Examination Survey (NHANES) 1999–2000. Environ Health Perspect
112,331–338.
Silva MJ, Slakman AR, Reidy JA, Preau JL Jr, Herbert AR, Samandar E,
Needham LL and Calafat AM (2004b) Analysis of human urine for fifteen
phthalate metabolites using automated solid-phase extraction. J Chromatogr
B Anal Technol Biomed Life Sci 805,161–167.
Silva MJ, Reidy A, Preau JL, Samandar E, Needham LL and Calafat AM
(2006a) Measurement of eight urinary metabolites of di (2-ethylhexyl) phthalate as biomarkers for human exposure assessment. Biomarkers 11,1–13.
Silva MJ, Samandar E, Preau JL, Needham LL and Calafat AM (2006b) Urinary oxidative metabolites of di (2-ethylhexyl) phthalate in humans. Toxicology 219,22–32.
Singh NP and Stephens RE (1997) Microgel electrophoresis: sensitivity, mechanisms, and DNA electrostretching. Mutat Res 383,167–175.
Singh NP and Stephens RE (1998) X-ray-induced DNA double-strand breaks
in human sperm. Mutagenesis 13,75–79.
Singh NP, Muller CH and Berger RE (2003) Effects of age on DNA double
strand breaks and apoptosis in human sperm. Fertil Steril 18,1420–1430.
Srivastava SP, Srivastava S, Saxena DK, Chandra SV and Seth PK (1990) Testicular effects of di-n-butyl phthalate (DBP): biochemical and histopathological alterations. Arch Toxicol 64,148–152.
Stroheker T, Cabaton N, Nourdin G, Regnier JF, Lhuguenot JC and Chagnon
MC (2005) Evaluation of anti-androgenic activity of di-(2-ethylhexyl)
phthalate. Toxicology 208,115–121.
Sun J-G, Jurisicova A and Casper RF (1997) Detection of deoxyribonucleic
acid fragmentation in human sperm: Correlation with fertilization in vitro.
Biol Reprod 56,602–607.
Ündeger Ü, Zorlu AF and Baaran N (1999) Use of the alkaline comet assay to
monitor DNA damage in technicians exposed to low-dose radiation. J Occup
Environ Med 41,693–698.
Zar JH (1984) The arcsine transformation. In Biostatistical Analysis. Prentice
Hall Inc., Englewood Cliffs, NJ, USA, pp. 239–241.
Submitted on July 14, 2006; resubmitted on September 28, 2006; accepted on
October 5, 2006

695

