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Abstract

Background: Male reproductive toxicity induced by exposure to bisphenol A (BPA) has been widely reported. The testes
have proven to be a major target organ of BPA toxicity, so studying testicular metabolite variation holds promise for the
discovery of mechanisms linked to the toxic effects of BPA on reproduction.

Methodology/Principal Findings: Male Sprague-Dawley rats were orally administered doses of BPA at the levels of 0,
50 mg/kg/d for 8 weeks. We used an unbiased liquid chromatography-quadrupole time-of-flight (LC-QTOF)-based
metabolomics approach to discover, identify, and analyze the variation of testicular metabolites. Two n-6 fatty acids, linoleic
acid (LA) and arachidonic acid (AA) were identified as potential testicular biomarkers. Decreased levels of LA and increased
levels of AA as well as AA/LA ratio were observed in the testes of the exposed group. According to these suggestions,
testicular antioxidant enzyme levels were detected. Testicular superoxide dismutase (SOD) declined significantly in the
exposed group compared with that in the non-exposed group, and the glutathione peroxidase (GSH-Px) as well as catalase
(CAT) also showed a decreasing trend in BPA treated group.

Conclusions/Significance: BPA caused testicular n-6 fatty acid composition variation and decreased antioxidant enzyme
levels. This study emphasizes that metabolomics brings the promise of biomarkers identification for the discovery of
mechanisms underlying reproductive toxicity.
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Introduction Survey (NHANES), the Centers for Disease Control and

Prevention reported that BPA was detected in 92.6% of the
Bisphenol A (BPA) is a chemical with one of the highest volume persons in the United States [3].

of production in the world, and in the U.S. the volume of BPA was
estimated to be 2.4 billion pounds in 2007 [1]. BPA is used to
produce polycarbonate and epoxy resins, which are used in baby
bottles, lunch boxes as food and beverage packaging materials as
well as dental sealants [2,3]. Because of the extensive use of BPA,
the general population may be exposed to BPA via inhalational,
dermal and oral contact through foods and beverages as well as

BPA is one of many endocrine disrupting compounds (EDCis)
and its health risk has aroused public concern recently [3].
Population based studies showed that BPA exposure is related to
male reproductive abnormalities [6,7]. Furthermore, the results of
i vitro and i viwo studies have clearly demonstrated that exposure
to BPA is a causal factor of spermatogenesis impairment [8,9].

Metabolomics has been proven to be a useful tool in the

air, drinking water, dust, soil and personal care products [4]. In discovery of new biomarkers for mechanisms of toxicity [10,11].

the 2003-2008 National Health and Nutrition Examination
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To date, the study which focuses on BPA reproductive toxicity
using a metabolomic approach has yet to be reported.

Testes are an important part of both the reproductive system
and the endocrine system. The testes act to produce sperm and to
produce androgens, primarily testosterone in the Legdig cells. In
addition, the hypothalamic-pituitary-testes (HPT) axis is critical in
the development and regulation of male reproduction. Testes have
also been proven to be the key target organ of BPA toxicity
[12,13].Thus, exploration of testicular metabolite variations after
BPA exposure will provide us an important understanding of BPA
reproductive toxicity.

Here we used a non-targeted liquid chromatography-quadru-
pole time-of-flight (HPLC—QTOF) based metabolomic technique
to study testicular toxicity of BPA using a model of adult rats
exposed to BPA. This unbiased analysis allowed us a hypothesis-
free exploration of endogenous compound’s metabolic perturba-
tion cased by BPA exposure. The metabolomic analysis workflow
is shown in Fig. 1.

Materials and Methods

Reagents

BPA and corn oil were purchased from Sigma Aldrich
Laboratories, Inc. (St. Louis, MO, USA). BPA dosing solutions
for rats were prepared in corn oil. Fresh solution of BPA in corn oil
was made each week. Commercial assay kits for detection of
superoxide dismutase (SOD) (SOD Detection Kit, Cat#A001-1),
glutathione peroxidase (GSH-Px) (GSH-Px Detection Kit,
Cat#A005) and catalase (CAT) (CAT Detection Kit,
Cat#A007-2) were bought from Nanjing Jiancheng Biotech
Ltd., China. Arachidonic acid (AA, purity=99.0%) and linoleic
acid (LA, purity=99.0%) were purchased from Aladdin reagent
company (Shanghai, China). Methanol was purchased from
Merck Inc. (Darmstadt, Germany). Acetonitrile was purchased
from Fisher Scientific. Water was purified with a Milli-Q
purification system (Millipore, Bedford, MA). The structures of
chemicals are shown in Fig. 2.

Animals and Treatments

Male Sprague-Dawley rats were purchased from Slaccas
(Slaccas Laboratory Animal, Shanghai, China). Twelve male
Sprague-Dawley rats (180-200 g; 6-8 weeks) were housed under

| BPA exposure model establishment ‘

J

Urine: BPA-glucuronide analysis \

U

Testes: Analytes of interest exploration ‘

J

Analytes of interest identification with multiple approaches \

J

| Testicular toxicity study according to metabolomic analysis suggestion ‘

Figure 1. Workflow of this metabolomics study.
doi:10.1371/journal.pone.0044754.g001
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controlled humidity (40-60%) and temperature (20-24°C) with a
12 h light/dark cycle, and were randomized into two groups (six
rats per group). Animals had free access to food and water. The
animals were acclimated to the laboratory for 1 week prior to the
start of the experiments. The rats in non-exposed group and
exposed group were given daily gavage administration 0.5 mL of
corn oil containing 0, 50 mg/kg BPA for 8 weeks, respectively (6
days/week). Using this gavage method, none of the rats died, and
no injuries in the stomach, esophagus or trachea were found. After
the last treatment, urine was collected using a metabolic cage that
was placed under an ice bath so as to avoid the degradation of
metabolites and urine was stored at —30°C. Several testes sections
from each rat were placed into cryo-vials. After snap freezing in
liquid nitrogen, they were preserved at —80°C. This study was
carried out strictly in accordance with international standards on
animal welfare and the guidelines of the Institute for Laboratory
Animal Research of Nanjing Medical University. The protocol
was approved by the Committee on the Ethics of Animal
Experiments of Nanjing Medical University (Permit Number:
BK2006576). All efforts were made to minimize animal suffering
and to reduce the number of animals used.

Metabolomic Analysis

The testes sample preparation procedure for LC-QTOF
analysis was according to previous report with minor modification
[14]. Approximately 25 mg of testes was homogenized in 1 mL
water using a tissue disintegrator and an ultrasonic cell disruptor.
Proteins were precipitated from homogenized tissue using 3 mL
methanol and then centrifuged at 12000 g at 4°C for 15 min. For
urine samples, a I mL sample of urine was mixed with 0.2 mL 1%
formic acid in water and 4 mL methanol for protein precipitation
and then centrifuged at 12000 g at 4°C for 15 min.

All supernatant from testes and urine precipitated extract was
transferred and then dried in a vacuum. The dried supernatant
extract was reconstituted with 200 uL 0.1% formic acid in 50/50
acetonitrile/water (V/V). All reconstitutions were centrifuged at
12000 g at 4°C for 10 min before LC injection. To avoid potential
contamination, a blank sample for testes, which was prepared
without adding testes, was analyzed in parallel with testicular
samples.

LC-QTOF was carried out using an Agilent (1260) HPLC
(Agilent Corporation, USA) with an electrospray ionization source
(ESI) coupled to a micrOTOF-Q II mass spectrometer (Bruker
Daltonics Inc., Billerica, MA). The mobile phase consisted of 0.1%
formic acid in water (solvent A) and 0.1% formic acid in
acetonitrile (solvent B). The reconstitutions of urine and testes
were loaded onto a ZORBAX SB-C18 Column (2.1 x150 mm;
Agilent) maintained at 30°C, and gradient eluted (for urine: 2% B,
two minutes; 2% —50% B, thirteen minutes; 50% —80% B, three
minutes; 80% —95% B, five minutes; 95% B, five minutes; 2% B,
thirteen minutes; for testes: 5% B, two minutes; 5% —50% B, six
minutes; 50% —80% B, nine minutes; 80% —95% B, five minutes;
95% B, five minutes; 5% B, thirteen minutes) directly into the
mass spectrometer at a flow rate of 0.3 mL/min. The injection
volume was 10 pL.

The parameters for QTOF were as follows: ESI source positive
and negative full scan mode, capillary voltage —4500 V for
positive ion scan and 3500 V for negative ion scan, offset for end
plat 500 V, capillary exit voltage 120—-160 V, Nebulizer 1 bar, Dry
Gas 6 L/min, Dry Heater 220°C. Mass range collected for testes:
50-1500 m/z for positive ion scan, 100-1500 m/z for negative ion
scan; for urine: 50-1000 m/z for both positive and negative ion
scan. Solution of sodium trifluoroacetate was used for the external
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Figure 2. The structures of chemicals.
doi:10.1371/journal.pone.0044754.g002

calibration. The injection order of samples from the different
treatment groups was completely randomized.

Bucket tables for statistical comparison of urinary BPA-
glucuronide and unknown testicular analytes levels between
groups were generated by ProfileAnalysis 2.0 software (Bruker
Daltonics Corporation) using FindMolecularFeatures (FMF) com-
pounds and advanced bucketing (Bucket filter 75%; Pareto
scaling).

To chemically define the structures of the analytes selected for
further investigation, multiple approaches were used. First, by
using SmartFormula software (Bruker Corporation), possible
molecular formulas of metabolites were provided. This software
combines accurate mass (<4 mDa) and isotopic patterns (<25
mSigma) for enhanced confidence of molecular formulas identi-
fication. Second, potential biomarkers in testes were preliminarily
identified by detailed information comparison with Human
Metabolome Database (HMDB, http://www.hmdb.ca/). This
comparison matched experimentally derived data to the library
database of molecular weight, molecular formulas and related
biological information created from known chemical entities.
Finally, potential biomarker structure identification was confirmed
by comparing retention times with standards using the same LC
separation condition.

Detection of Testicular Antioxidant Enzymes

SOD, GSH-Px and CAT levels in testes were assayed using
commercial spectrophotometric kits according to the manufactur-
er’s protocol (Jiancheng Biotech Ltd., Nanjing, China). Briefly,
SOD was assayed based on its ability to decrease the oxidation of
hydroxylamine to form a red product. GSH-Px was measured by
detecting absorbance of a yellow product formed in the reaction
between reduced glutathione and dithiobisnitrobenzoic acid. CAT
was determined based on the fact that ammonium molybdate
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Bisphenol A- glucuronide
C21H2408

Arachidonic Acid
CyoH320;

could rapidly terminate the degradation reaction of hydrogen
peroxide catalyzed by CAT and react with the residual hydrogen
peroxide to generate a yellow product. Total protein concentration
in testicular homogenate samples was determined using the
Coomassie blue method.

Statistical Analyses

Urinary BPA-glucuronide, unknown testicular analytes and
antioxidant enzymes levels between groups were compared with a
two-sided Wilcoxon rank-sum test (p-values acquired from
permutation). The correlation between levels of unknown analytes
was tested with Spearman correlation test. Statistical significance
was assumed to p<<0.05.

Results

Urinary BPA-glucuronide Analysis

This unbiased metabolomics system showed good efficiency in
finding and monitoring known BPA-glucuronide in rat urine,
which is a major urinary metabolite of BPA and has been
commonly monitored to reflect BPA internal exposure levels
[15,16,17]. It was reported that BPA-glucuronide in urine was
determined in negative ion model [15,17]. This compound was
found as [2M-H| in negative ion model in this study. The
experimental derived data of BPA-glucuronide is shown in Table 1.
We found BPA-glucuronide level increased dramatically in the
BPA exposed group (p=0.002) (Fig. 3). No detectable contami-
nation of BPA in the non-exposed group was observed. By
comparing the internal exposure level, we found that this BPA
exposure model was successful and reasonable. Moreover, this
metabolomic analysis for identifying and comparing known
analyte validated the availability of this non-targeted technique
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Table 1. BPA-glucuronide experimentally derived data.

Metabolomics Evaluation of Bisphenol A Toxicity

Retention time

Molecular
i (min)

m/z ion

Predicted chemical BPA-glucuronide
formula®

Error

formula (mDa)

807.2879 [2M-H]™ 20.6

C31H2408

Ca1H404 —-09

?Predicted with SmartFormula software with mSigma=5.0.
doi:10.1371/journal.pone.0044754.t001

in the exploration and identification of unknown testicular
biomarkers.

Testicular Potential Biomarkers Finding

As the testicular compounds screened were hypothesis-free, the
structural identity of the small molecules found from the unbiased
metabolomic analysis was not known. Since large amounts of
endogenous compounds that might track with BPA toxicity were
our concern, thus we initially removed the candidate compounds
characterized by m/z showing data zero. Then, we removed the
candidate compounds did not show an apparent chromatographic
peak in the extracted chromatograms. Next, for improving
structure identification confidence, we removed those candidate
compounds when their formula predictions had mSigma>25 or
accurate mass >4 mDa with SmartFormula software. Subse-
quently, we compared information of the remaining potential
analytes with data in HMDB. Finally, we focused on those with m/
2 279.2330 in negative ion mode and 305.2462 in positive ion
mode. Those analytes with m/z 279.2330 and 305.2462 showed a
significant difference between non-exposed and exposed groups
(p=0.0148 for m/z 279.2330; p = 0.0042 for 305.2462). Moreover,
these two analytes demonstrated significant (r;= —0.6783,
£=0.0153, N=12) negative correlation among each sample,
suggesting a potential relationship via a common biochemical
pathway and an important biological significance (Fig. 4). By
examining the blank sample, we found no contamination of the
two analytes (Fig. 5).
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Figure 3. Difference of BPA-glucuronide relative levels be-
tween non-exposed and exposed groups. Box plot of the median
and range of BPA-glucuronide relative levels. The top and bottom of
the box represent the seventy-fifth and twenty-fiftth percentile. The
whiskers indicate the maximum and minimum points.
doi:10.1371/journal.pone.0044754.g003
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Figure 4. Spearman rank correlation between rank relative
level of analytes at m/z 279.2330 and rank relative level of
analytes at m/z 305.2462 (r,=—0.6783, p=0.0153, N=12).
doi:10.1371/journal.pone.0044754.g004

Testicular Analytes Structural Identification

By wusing SmartFormula software, the analyte with m/z
279.2330 was predicted as CgH3909, and the analyte with m/z
305.2462 was predicted as CigoH39049. We used HMDB to initially
identify the two analytes. After structurally comparing molecular
weight and molecular formulas, the analyte with m/z 279.2330
was initially identified as LA, and m/z 305.2462 was initially
identified as AA (Fig. 1).The structure prediction was also
supported by biological significance: (i) LA and AA are abundant
in testes [18]; (i) AA 1is biosynthesized from LA via A6
desaturation and subsequent 2-carbon elongation and A5 desat-
uration [19].

To further identify the two analytes, retention times of LA and
AA standards were compared with that of corresponding unknown
analytes using the same LC/MS condition, respectively. We found
the two unknown analytes showed the same retention time
advance (0.5 min) when compared with corresponding standards
(Fig. 5). So the retention time difference was due to systematic
error. Thus we identified the two analytes were LA and AA. The
experimentally derived data of the two potential biomarkers
identification is shown in Table 2.

BPA Exposure Altered Polyunsaturated Fatty Acid
Composition in Testes

The testicular LA and AA relative levels between BPA exposed
and non-exposed groups are shown in Fig. 6. We found testicular
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Figure 5. The extracted ion chromatograms. A.Testicular analytes at m/z 279.2330, LA and blank sample. B. Testicular analytes at m/z 305.2462,

AA and blank sample.
doi:10.1371/journal.pone.0044754.9005

LA was decreased significantly in the 50 mg/kg/d BPA exposed
group (p=0.0148), while AA was contrary (p=0.0042) (Fig. 6
A,B). Since LA is a precursor to AA [19], these changes suggested
enhanced conversion of LA to AA in testes. Thus, we calculated
the AA relative levels/LA relative levels ratio of each rat.
Accordingly, this ratio was increased significantly in the BPA
exposed group (p=0.0021) (Fig. 6 C).

BPA Exposure Decreased Testicular Antioxidant Enzymes

Polyunsaturated fatty acid (PUFA) is very susceptible to
peroxidation [20], and AA is a accepted better substrate for lipid
peroxidation (LP) than LA [21,22]. AA (20:4 n-6) is a compound
of important potent bioactivity. Besides acting as a membrane
component and providing energy storage, AA also acts as a signal
molecule in regulating steroidogenesis in Leydig cells [23]. Previous
work indicated that an elevated process of LA conversion to AA
might act as a regulatory system to prevent depletion of AA during

periods of oxidative stress owing to the important physiological
functions of this fatty acid in testes [24]. Similarly, increased AA/
LA ratio, AA level and corresponding ascending oxidative stress
were found in chick liver, serum and erythrocyte membranes after
lead exposure [19]. Thus, we speculated that the PUFA
composition alterations indicated testicular oxidative stress. We
assayed SOD, CAT and GSH-Px levels in testes, and found
significant decreased SOD levels in exposed group (p=0.0268)
(Fig. 7A). The GSH-Px and CAT also showed a decreasing trend
in the 50 mg/kg/d treated group (Fig. 7 B,C). The decrease of
GSH-Px was suggestive, borderline-significant (p=0.0914) (Fig. 6
B). These data were consistent with the hypothesis that testicular
oxidative stress was increased in the BPA exposed group.

Discussion

In this study, we validated an unbiased metabolomics system
and a rat model of exposure to BPA through finding and analyzing

Table 2. The experimentally derived data of the two potential testicular biomarkers identification.

Experimentally derived data of

Chemical information Experimentally derived data of testicular analytes standards
Predicted
Chemical Retention chemical ARetention time
Chemical formula m/z lon mode time (min) formula® Error (mDa) Error (mDa) (min)®
Linoleic Acid Cq8H320; 279.2330 Negative 24.1 Cq8H320; 0.4 -1.8 -0.5
Arachidonic Acid CyoH320; 305.2462 Positive 23.6 CyoH320; 1.0 1.1 —0.5

PRetention time of unknown analyte minus retention time of standard.
doi:10.1371/journal.pone.0044754.t002
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Predicted with SmartFormula software (mSigma=>5.1 for analyte at m/z 279.2330; mSigma = 3.4 for analyte at m/z 305.2462).
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Figure 6. Difference of testicular n-6 fatty acids relative levels
between non-exposed and exposed groups. A. Box plot of the
median and range of LA relative levels. B. Box plot of the median and
range of AA relative levels. C. Box plot of the median and range of AA/
LA ratio. The top and bottom of the box represent the seventy-fifth and
twenty-fiftth percentile. The whiskers indicate the maximum and
minimum points.

doi:10.1371/journal.pone.0044754.9g006
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Figure 7. Difference of testicular antioxidant enzymes levels
between non-exposed and exposed groups. A. Box plot of the
median and range of SOD level (U/mgprot). B. Box plot of the median
and range of GSH-Px level (U/mgprot). C. Box plot of the median and
range of CAT level (U/mgprot). The top and bottom of the box
represent the seventy-fifth and twenty-fifth percentile. The whiskers
indicate the ma ximum and minimum points.
doi:10.1371/journal.pone.0044754.9g007

September 2012 | Volume 7 | Issue 9 | e44754



known urinary BPA metabolite, and used this metabolomics
system to discover unknown metabolite changes in testes. With
multiple identification approaches, we identified AA and LA
which might be potential biomarkers of BPA exposure. Decreased
levels of LA and increased levels of AA as well as AA/LA ratio
were found in BPA exposed group. Because this kind of varied
fatty acid composition might biologically adapt to oxidative stress
[24], we predicted that oxidative stress occurred in the testes, and
found supporting evidence that testicular antioxidant enzymes
declined. Additionally, in this rat model, sperm numbers decreased
in BPA treated group when compared with that of non-exposed
group (unpublished data).

Lipids are abundant in testicles. Phospholipid is the largest
component, while triglyceride is present in smaller quantities [18].
LA (18:2 n-6) is the major PUFA in vegetable oils and is a
metabolic precursor to AA (20:4 n-6) [19]. AA mainly exists in
phospholipid and LA mainly exists in phospholipid and triglyc-
eride [18]. Lipids play a critical role in membrane structure and
function, energy storage and cell signaling [25]. A Previous report
has indicated that LA family PUFA plays an important role in
testicular function [18]. Moreover, it is reported that product-to-
precursor ratios can strengthen the association signal and provide
new information about possible metabolic pathways in metabo-
lomics study [10]. The use of product-to-precursor ratio (eg, AA/
LA ratio) as a surrogate measure to estimate desaturase activity is
well established [26]. In this study we calculated the AA/LA ratio,
and found this ratio was elevated and, therefore, BPA exposure
may increase desaturase activity and enhance the metabolic
process of LA conversion to AA in testes. Accordingly, a previous
study found that testosterone treated Sertoli cell showed significant
increase of LA (18:2 n-6), decrease of AA (20:4 n-6), decrease in
AA/LA ratio and drop in desaturase activities [27]. PUFA
composition change observed in this metabolomics study was
consistent with decreased spermatogenesis in this rat model.
Therefore, testicular AA and LA alteration might be involved in
BPA testicular toxicity.

Oxidant/antioxidant imbalance in the testes may induce
oxidative stress and thereby hamper testicular function [28].
Building on implication from metabolomics study, we further
assayed testicular antioxidant enzymes, and found a significantly
decreased level of SOD in the exposed group, as well as a
decreasing trend in GSH-Px and CAT. Moreover, despite AA and
LA as substrate for LP [19,21], AA has also been shown as a better
oxidative stress inducer than LA [29]. Combing these findings,
testicular oxidative stress might occur in BPA treated rats, which
supports our previous hypothesis based on metabolomics data.
Testicular oxidative stress induced by BPA exposure was also
reported in a recent published report [12]. PUFA which is apt to
be oxidized is abundant in testes [18,20], and oxidative stress
could cause both membrane lipid peroxidation and DNA
fragmentation in testes [30]. It is reported that spermatogenesis
[31] and Leydig cell steroidogenisis [32] are both vulnerable to
oxidative stress. Clinical studies have demonstrated that male
infertility patients showed higher oxidative stress [33] and related
decreased SOD and GSH-Px levels [34]. Additionally, oxidative
stress and disturbed equilibrium of oxidant/antioxidant has been
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suggested as a major mechanism of reproductive toxicity [35]. A
plausible explanation of decreased spermatogenesis of the rat
model in present study is oxidant/antioxidant imbalance, which is
widely supported by population and animal studies [36,37].

Metabolomic analysis of urinary known analyte showed great
amounts of BPA-glucuronide excreted in rat urine. This finding
agreed with a previous report [16]. To our knowledge, although
BPA-exposed animal studies were widely reported, few studies
assayed internal BPA exposure level [38]. By comparing the
urinary BPA-glucuronide levels, we proved that this rat exposure
model was non-contaminated and successful. BPA internal
exposure level monitoring in BPA exposure model appears
necessary, because BPA is widely used and, therefore, whether
contamination occurs during animal feeding process should be
examined [4].

Within the toxicology community, although metabolomics has
been widely used in exploring renal [14,39] and hepatic [11,40]
toxicity of chemicals, the use of metabolomics in the study which
focuses on reproductive toxicity is still an intriguing new field. The
testicle is the primary gonad of the reproduction and endocrine
systems in male animals, and metabolomic analysis of this organ
would provide direct understanding of metabolites change in
reproduction systems. This metabolomics study showed the
availability of metabolomic analysis of testes in finding biomarkers
and providing mechanistic insights into reproductive toxicity. It
has been widely reported that exposure of rats to BPA at 50 mg/
kg/d caused adverse effects on reproduction [38].For we aimed to
explore the BPA basic toxicity using metabolomic analysis, this
study only used one dose group (50 mg/kg/d) which is the
currently accepted lowest observed adverse effect level (LOAEL)
[1]. Since testicular toxicity in lower doses was presented in
previous studies [12,13,38], future work needs to study lower dose
groups to provide more metabolomics understandings of BPA
reproductive toxicity.

In conclusion, using metabolomic analysis with LC-QTOF, we
found and structurally identified two potential biomarkers, LA and
AA.The BPA-induced testicular toxicity showed decreased LA
levels, as well as increased AA levels and AA/LA ratio. Based on
the suggestion of fatty acid composition variation, an imbalance of
the antioxidant enzyme system was found. This study highlights
the application of metabolomics to the discovery of chemical
reproductive toxicity.
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