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Abstract

Exposure to environmental chemicals may precipitate autism spectrum disorders (ASD) in
genetically susceptible children. Differences in the efficiency of the glucuronidation process may
substantially modulate substrate concentrations and effects. To determine whether the efficiency
of this pathway is compromised in children with ASD, we measured the efficiency of
glucuronidation for a series of metabolites derived from the commonly used plasticizer,
diethylhexyl phthalate. Spot urines were collected and analyzed for the fraction of each metabolite
conjugated by isotope dilution-liquid chromatography mass spectrometry-mass spectrometry. The
degree of glucuronidation was lower with the ASD group. The glucuronidation pathway may
differ in some children with ASD.
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Introduction

Autism spectrum disorders (ASD) are a family of neurodevelopmental disorders
characterized by impaired social interactions, limited verbal and nonverbal communication
and repetitive and restricted behavioral patterns. A 2012 report from the CDC estimates the
prevalence of ASD could be as high as 1 in 88 children and may be increasing (Baio et al.
2012). Because children with ASD exhibit a wide spectrum of symptoms and severity, it is
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believed that the etiology of the disease is a consequence of a complex inter-play between
genetic and environmental factors (Herbert 2010; Muhle et al. 2004; Landrigan 2010).

There is widespread concern that exposure to environmental chemicals (ECs) can exacerbate
or precipitate ASD in genetically susceptible children who have impaired ability to detoxify
these compounds (De Cock et al. 2012; Pessah et al. 2008). For most xenobiotics and many
endobiotics, glucuronidation is a major route for detoxification and elimination.
Glucuronidation makes a large variety of unrelated substances (e.g., drugs and toxins) less
toxic and more water-soluble, thereby allowing for their subsequent elimination from the
body upon urination. Differences in the efficiency of the glucuronidation process may
substantially modulate substrate concentrations and effects (Wells et al. 2004; Argikar et al.
2008).

There is some evidence from the literature suggesting that detoxification of environmental
contaminants for some individuals with ASD might be abnormal. One study found 90 % of
the autistic children with known food/chemical intolerance showed a deficiency in
phenosulfotransferase, a liver enzyme involved in detoxification (O’Reilly and Waring
2003; Waring and Klovrza 2000). Another study reported an increased biomarker for
xenobiotics contamination in a test group of autistic children together with evidence of
abnormal liver detoxification profiles in all of the autistic children tested (Edelson and
Cantor 2000). Drug metabolism may also be compromised. A small study by Alberti et al.
found depressed acetaminophen conjugation by sulfation in 20 low functioning autistic
children (Alberti et al. 1999). James et al.(2004, 2008) found evidence for abnormal
methylation by Glutathione S-transferases (GSTs) in autistic children and their parents.
Glutathione S-transferases are enzymes that catalyze conjugation of glutathione to toxic ECs
thereby detoxifying them (Armstrong 1997; James et al. 2004, 2008). Subsequently, we and
others showed that genetic polymorphisms of GST M1, glutathione peroxidase and GST P1
occur in families with ASD children (Buyske et al. 2006; Williams et al. 2007; Ming et al.
2010).

Most prior studies such as those described above found differences in detoxification for a
single compound and inferentially implicated that type of environmental contaminant in the
development of ASD. The purpose of this study was to determine whether the effect is
general; i.e., multiple compounds metabolized by a given pathway are impacted. The
implication is that finding compromised detoxification in a single metabolite study does not
necessarily implicate the particular toxic environmental variable being studied, it implicates
a compromised detoxification pathway and may apply to multiple unknown potential
toxicants, any one(s) of which could be a factor in ASD development.

To investigate whether findings of compromised detoxification are not compound specific
but rather a general defect in detoxification, we selected for study a series of metabolites
derived from the commonly used plasticizer, Diethylhexyl phthalate (DEHP). Phthalates are
widely used as plasticizers for many types of plastics ranging from food wraps, toys and
building products. They give plastics characteristics such as flexibility, softness and
workability. DEHP usage is particularly widespread in plastics used in food packaging
(Rudel et al. 2012; NIEHS 2011).

Exposure to phthalates is universal. DEHP enters the human body via the gut but may also
enter through the lungs from dust in the air (Hwang et al. 2008; NIEHS 2011). It is then
partially hydrolyzed to the monoester, mono-2-ethylhexyl phthalate (MEHP) in the gut and
liver (NTP-CERHR 2005; Koch et al. 2006). MEHP is then further metabolized by a series
of oxidation reactions in the liver to three secondary metabolites, mono-(2-ethyl-5-
oxohexyl) phthalate (5-oxo MEHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (5-OH
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MEHP) and mono-(2-ethyl-5-carboxypentyl phthalate (5-CX MEPP, Fig. 1). These
metabolites of DEHP are then conjugated to glucuronic acid to reduce toxicity and increase
solubility to make them easier to excrete in the urine; most of the remainder is detoxified by
sulfation (Koch et al. 2005, 2010). The glucuronidation pathway accounts for about 80+ %
of the total DEHP ingested (Koch et al. 2006, 2010). For this study we compared the
efficiency of this series of conjugation reactions in a group of children with documented
ASD and against a control group of children.

Materials and Methods

Subjects

Informed consent for these studies was obtained from the care-givers and was approved by
the Institutional Review Board of the UMDNJ-New Jersey Medical School. Subjects were
recruited from Pediatric Neurology and Pediatrics clinical practices at University of
Medicine and Dentistry of New Jersey (UMDNJ), New Jersey Medical School. Random
spot urine specimens were collected from 50 children with ASD and 53 age-matched healthy
controls between 10:00 a.m. and 4:00 p.m. The samples were frozen and stored at —80 °C
within 30 min of collection. All ASD subjects were under the care of the pediatric
neurologist (X.M.) and the diagnoses were made by the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV TR); 52 % of the subjects were further
confirmed by Autism Diagnostic Interview-Revised, and/or Autism Diagnostic Observation
Scale-Generic criteria. Medical history and comorbidity data were collected in the ASD
subjects. Since medical and psychiatric comorbidities are common among ASD children
(Ming et al. 2008), we included ASD children with or without comorbidity. Control children
were screened for medical and developmental disorders during their well-child visits in
addition to chart review and only those free of any chronic or recurrent medical disorders
were considered healthy and included in this study. All subjects were carefully screened for
signs of infection or inter-current illness on the day of specimen acquisition, and subjects
with acute illness were excluded. The dietary intake history within 24 h of sampling was
recorded, including that of medication and vitamin intake.

Analytical Methods

The concentration of free phthalates and total phthalates in the collected urines was
measured by isotope dilution-liquid chromatography mass spectrometry—mass spectrometry
(ID-LC-MSMS) using minor modifications of the methodologies described by Silva and
Koch (Silva et al. 2003,2005; Koch et al. 2005). The metabolites measured were mono-2-
ethylhexyl phthalate (MEHP), mono-(2-ethyl-5-oxohexyl) phthalate (5-oxo MEHP), mono-
(2-ethyl-5-hydroxyhexyl) phthalate (5-OH MEHP) and mono-(2-ethyl-5-carboxypenty!l
phthalate (5-CX MEPP). The LC-MSMS assay measures the free phthalate. In order to
measure the total phthalates present in the urine, the glucuronidated phthalate had to be
deconjugated. This was done by treating the urine with p-glucuronidase to remove the
glucuronic acid residue from the glucuronidated phthalate (Sigma-Aldrich, St. Louis MO).

Urine (4 ml) was pipetted into a 16 x 100 screw-cap tube. The tube flushed with Argon and
the internal standards added, 50 ng of 13C-MEHP (Cayman Chemicals, Andover MA). The
contents of the tube were flushed with Argon, spun down at 1,500¢ for 2 min and divided
into two equal aliquots of 2 ml. Aliquot 1 was treated with glucuronidase to measure the
total amount of each phthalates, aliquot 2 was not treated. A stock -glucuronidase solution
was made up fresh daily and kept on ice. 16 pl enzyme (~80,000 units/ml) was added to 1
ml 75 mM phosphate buffer, pH 6.8 and 50 pl of the diluted 3-glucuronidase solution added
to each tube. Both the “treated” and *not treated’ urines were incubated at 37 °C for 90 min.

J Autism Dev Disord. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stein et al.

Page 4

At the end of the incubation period, 3 ml ethyl acetate and 2 ml saturated KH,PO4 were
added to each tube, the tubes vortexed and then centrifuged at 1,500 rpm for 6 min at 4°.
The organic layer was then transferred to a 16 x 100 tube containing ~600 mg anhydrous
Na,SO,4. The mixture was shaken and then centrifuged for 2 min at 1500 rpm. The top layer
was transferred to a clean 16 x 100 screw-cap tube and taken to dryness by aerating with
Argon. Samples were reconstituted with Acetonitrile and stored under Argon at —20 °C until
injected in the LC-MSMS. A mixture of external standards consisting of 50 ng each 13C
MEHP, 13C 5-oxo MEHP, 13C 5-OH MEHP and 13C 5-cx MEPP (Cayman Chemicals,
Andover MA) were run after every 5 injections to calculated response factors.

LC-MSMS conditions—The analyses were done with an Agilent 1200 Series LC coupled
to an Agilent 6410 Triple Quadrupole MS-MS (Agilent Technologies, Wilmington DE) with
a Phenomenex Kinetix C18, 2.6 um column (Phenomenex, Torrance CA). Chromatography
was done isothermally at 23 °C. Mobile Phase A was Water: Acetic Acid, (100:0.1), mobile
Phase B: Methanol:Acetic Acid, (100:0.1). All reagents were previously sparged with
Argon. LC gradient conditions were flow rate 0.2 ml mi~1 and: 0-5 min 65 % A, 35 % B; 5-
15 min 35 % A, 65 % B; 15-25 min 0 % A, 100 % B; 25-36 min 65 % A, 35 % B. The
triple quad was run in the negative ESI mode. The source parameters were: Collision Gas
(N2): 300°, gas flow at 6 I/min, nebulizer: 15 psi Capillary: 3500 v. The transitions used
were: MEHP 277.2 - 134.1, 13C-MEHP 281.2 -, 137.1, 13C 5-ox0 MEHP 295.2 - 124.1,
5-0x0 MEHP 291.1 - 121.2, 13C 5-OH MEHP 297.3 -, 124.1, 5-OH MEHP 293.2 -,
120.8,13C 5-CX MEPP 311.3 - 159.1 and 5 CX MEPP 307.1 - 158.9.

Statistical Analyses

SPSS 20.0 was used to conduct the statistical analyses. Histograms of the frequency
distributions for all of the variables were plotted and indices of skewness and kurtosis were
calculated for all of the continuous variables. Kolmogorov—-Smirnov (K-S) tests were
employed to determine whether the frequency distribution for each continuous variable
significantly deviated from that expected for a normal distribution. Age (years), BMI,
creatinine, % Bound MEHP, and % Bound 5-cx MEPP were normally distributed, but most
of the other metabolite indices were positively skewed. Therefore, logarithmic (base 10)
transformations were applied to these metabolic indices before using them in parametric
analyses; 0.05 was added to the metabolite indices that contained zero values before
applying the logarithmic transformation. However, the % Bound 5-OH MEHP and % Bound
5-oxo MEHP were negatively skewed. A log10 transformation based on first subtracting the
values for these latter two % Bound indices from 100 and adding .05 was applied before
correlating them with the other two indices.

Although the conversion of percentages to arcsines followed by square root transformations
have been suggested for parametric statistical analyses with variables based on percentages
(Cohen and Cohen 1983), the distributions of the log10 transformations of the percentage
Bound indices did not display extreme outliers and skewness warranting arcsine
conversions.

A Chi square test for independence with Yates’ correction for continuity was calculated to
ascertain whether the percentages of boys and girls in autistic and control samples were
comparable, and ¢tests for independence were performed to determine whether the mean
ages, BMls, and creatinine levels were comparable in both samples. The concentrations and
percentages of the untransformed phthalate metabolite indices were also compared using
Mann-Whitney U'tests. Since the Ns for both samples were >30, the resultant U values were
converted into z statistics for interpretive purposes, and effect sizes were estimated with r,
i.e., ZIsquare root of the sum of the Ns for both groups. Two-tailed tests of significance were
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employed for all of the analyses. No statistical correction, such as a Bonferroni adjustment,
was made to alpha to control for the familywise error rate that was incurred in conducting
the multiple statistical comparisons that were made.

Pearson product-moment correlations were calculated among the patients’ characteristics
and the metabolite indices to evaluate the magnitudes of the associations among these
variables. Prior research has found or indicated that sex, age, body mass index (BMI), and
creatinine levels might affect the excretion of phthalate metabolites in urine (Hauser et al.
2006; Wolff et al. 2007; Engel et al. 2010; NTP-CERHR 2005; Whiteley et al. 2006; Koch
et al. 2006). Therefore, these four variables were simultaneously entered as covariates in
multiple regression analyses comparing the autistic and control samples’ adjusted mean
metabolite differences. Cohen’s d'statistic was chosen to reflect the effect sizes for the
adjusted mean difference (Cohen 1993). The multiple regression analyses with the % Bound
MEHP and % Bound 5-cx MEPP indices are based on the untransformed indices because
these indices’ distributions did not deviate from those expected for normal distributions.

The subject population consisted of 50 children (49 %) diagnosed with ASD and 53 were
non-ASD control children. The characteristics for both samples are given in Table 1. Like
other ASD studies, our study included a greater proportion of males reflecting the known
increased prevalence of ASD in males. However, as the magnitude of the ¢ correlation in
Table 1 indicates, the difference in percentages (21 %) was small according to Cohen’s
(1993) interpretative guidelines for effect sizes and did not meaningfully differentiate the
two groups indicating that separate comparisons of the both groups’ metabolite data had to
be conducted for each sex.

The phthalate excretion data in the tables are presented in two formats; the actual amounts of
each metabolite excreted in the free and conjugated states expressed as ng ml~1 urine and

the percentage of each metabolite excreted in the bound (glucuronidated) state. Urinary
concentration data are frequently normalized to, or controlled for creatinine to control for
differences in urine dilution. In our study, we observed a non-significant trend for creatinine
to be lower with ASD; in other studies the trend was statistically significant (Whiteley et al.
2006). Controlling for creatinine excretion had only a minor impact on the results.
Furthermore, our primary interest is the % of the total phthalate metabolite excreted in the
conjugated form, which being a ratio is dimensionless and so should be independent of
creatinine.

The medians along with the 25th and 75th percentiles for each metabolite are presented in
Table 2. Because the majority of these metabolite indices were positively skewed, Mann—
Whitney U'tests were first used to test whether the medians of the autistic and control
samples were comparable and might have been drawn from the same population. As Table 2
shows the median of the free MEHP was higher in the ASD group was higher than the
median in the control group. The medians of the % Bound MEHP, % Bound 5-oxo-MEHP,
and % Bound 5-cx-MEPP were higher in the control group than the ASD group. The rs
shown in Table 2 indicate that the effects sizes for the aforementioned significant
differences were small.

Because previous findings (Windham et al. 2006; Engel et al. 2010; Calafat et al. 2008) have
suggested that the excretion of the phthalate metabolites might have been affected by
gender, age, BMI, and creatinine levels, multiple regression analyses were conducted in
which, sex, age, BMI, and creatinine were entered simultaneously as covariates with the
metabolite indices. Table 3 shows the adjusted means, standard deviations, F statistics, and
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effect sizes Cohen’s (1993) dfor the multiple regression analyses. The adjusted means for
the % Bound MEHP and % Bound 5-oxo-MEHP indices were higher in the control group
than in the ASD group, and the adjusted means for the Free MEHP and Free 5-oxo-MEHP
for the controls were lower than the adjusted means for these respective metabolic indices in
the autistic group. The overall pattern of results from the multiple regression analyses
parallel those found with the nonparametric Mann-Whitney U'tests for % Bound MEHP and
% Bound 5-oxo MEHP.

Total Metabolites

There was no difference in the sum of the total amount (free plus conjugated) of phthalate
metabolites between groups shown in Tables 2 and 3, regardless of statistical analysis
employed. This was because there was no difference for the major metabolite, 5-cx MEPP,
which accounted for more than 90 % of the total metabolites detected.

Free Metabolite Excreted

Free MEHP was significantly greater for the ASD group in both the parametric and
nonparametric analyses. Otherwise, there were no differences in either the amounts of the
other free metabolites excreted or the total amount of unconjugated phthalate metabolite
excreted.

Percent (%) of Bound (Conjugated) Metabolite Excreted

The % of metabolite conjugated and indicated by the % Bound indices is the parameter of
interest for this study. To reiterate, it is a derived index calculated by subtracting the % free
metabolite from 100. The present data clearly show that for three of the four phthalate
metabolites, conjugation is less with the ASD group. The same pattern, albeit not significant
is found with the fourth metabolite, 5-OH MEHP. In contrast the total phthalate metabolite
excretion between the two groups is similar. The efficiency of conjugation as measured by
the medians for the autistic group shown in Table 2 ranges from above 95 % (5-OH MEHP
and 5-oxo MEHP) to about 37 % for MEHP and 27 % for 5-cx MEPP.

Because the glucuronidation should follow the same pathways in the ASD and control
groups the data have been pooled together to investigate whether there were any
relationships between the steps in the putative pathway (see Fig. 1). Table 4 shows the
Pearson-product moment correlations among the four % Bound indices for each sample.
Step 1 in the pathway is the hydrolysis of DEHP to MEHP. There was a trend for step 2
MEHP - 5-OH MEHP to correlate, (r = 0.19, p> 0.05). For step 3, the % of bound 5-OH
MEHP and bound 5-oxo-MEHP were strongly correlated (r = .51, p<.001). This represents
conjugation of 5-oxo MEHP and 5-OH MEHP. The final step in the pathway, oxidation to
the carboxylic acid 5-cx-MEPP does not correlate with any prior steps.

Discussion

The principal findings from this study are an association between phthalate metabolism and
ASD. There is a decreased capacity for detoxification via glucuronidation of compounds in
the DEHP metabolic pathway in the ASD group. In most cases the decrease is statistically
significant. It is believed that toxicity from DEHP is not due to DEHP per se, but to the
monoesters derived from DEHP (NTP-CERHR 2005; Koch et al. 2006).

Most likely the effect is limited to a subset of the ASD population. ASD is a heterogeneous,
multifactorial disease. In the present study we found no evidence for any obvious
differences between the two groups other than the fact that one group had ASD. A larger
study might have revealed heterogeneities.
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This study demonstrated significant group differences between relatively small samples and
would need to be replicated for the extent of any biological significance to these findings to
be ascertained.

A number of other pieces of research support the biological plausibility of such a
relationship:

A study in New York City found a relationship between increased maternal prenatal
exposure to phthalates and behavioral problems in their children some years later (Engel et
al. 2010). Autism per se was not documented, but would have been included under the
umbrella term ‘behavioral problems’. Phthalate exposure was estimated from maternal urine
phthalate metabolite levels.

In a large scale Swedish epidemiological study, the presence of PVC flooring material in the
family home when the child was 1-3 years of age, was associated with ASD 5 years later
(Larsson et al. 2009).

A 2010 study examined perinatal exposure to air pollutants, though not specifically
phthalates, as defined in the National Air Toxics Assessment (NATA) program. Exposure
levels were associated with the subsequent prevalence of ASD in 8-year-old children
(Kalkbrenner et al. 2010).

Phthalate measurements on spot urine specimens that have controlled for creatinine are often
used as proxy estimates of total phthalate exposure (Engel et al. 2010; Whiteley et al. 2006;
Wolff et al. 2007; Wittassek et al. 2007. In our study no relationship between exposure
levels, (as estimated from the total phthalate metabolite excretion) and ASD was found
(Tables 2, 3).

The present study is the first to provide information on the potential mechanisms by which
phthalate exposure might be linked to ASD. Our findings suggest that the glucuronidation
pathway may be somehow compromised in ASD. This could be either at the enzyme or
substrate level. Glucuronidation involves the co-factor UDP-glucuronic acid acting as the
glucose donor with actual transfer being catalyzed 6y UDP-glucuronyl transferases (UGT’s,
Argikar et al. 2008; Tukey and Strassburg 2000). The most likely source is a difference in
UGT transferase activity. Genetic polymorphism of other enzymes such as GST M1 and
GST P1 has been found in families with ASD children (Buyske et al. 2006; Williams et al.
2007; James et al. 2004).

Although this study shows a compromised phthalate metabolite glucuronidation pathway,
this does not necessarily mean that phthalates are directly linked to ASD. The link between
compromised glucuronidation and ASD could be to any compound metabolized via the
glucuronidation pathway. These could include environmental pollutants, food additives,
drugs, endogenous hormones and products of intermediary metabolism. Since the
glucuronidation is responsible for the detoxification of many compounds, which one(s) are
responsible for ASD cannot be said at this time.

Limitations of This Study

There are a number of inherent limitations to this study. (1) The relatively small number of
subjects precludes examining for heterogeneities in the data set. Yet ASD is known to be a
multi-factorial disease. (2) The study assumes that home and socio-economic environments
were comparable across the two groups. Although the subjects were drawn from the same
catchment area, no socio-economic data were collected and so the data were not adjusted for
socio-economic status. (3) Reliance on single spot urine specimens is always problematic.
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Although not often done, a second urine would have provided supporting data (Teitelbaum
et al. 2008). Other studies have shown that for estimating exposure to environmental
pollutants, a single spot urine was acceptable for similar epidemiological studies (Engel et
al. 2010; Herr et al. 2009; Ye et al. 2008). (4) Although all urines were collected between 10
AM and 4 PM there might have been a possible differences between morning and afternoon
urine specimens. (5) With regard to Table 4, the data base was too small to explore the
possibility of pathway differences within groups. (6) While we did screen during the
selection process for drug use, actual measurement would have been preferable. Drug use
could interfere with the phthalate pathway. No genetic data on subjects or their parents are
available. As a genetic polymorphism causing altered UGT transferase activity is a likely
factor producing these results, this limits the conclusions that can be drawn.
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