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Abstract

Phthalates and parabens are endocrine disrupting chemicals with ubiquitous human exposure.
Medication coatings and personal care products (PCPs) are important exposure sources, however, their
contribution to men’s exposure as well as health effects are understudied.

Dibutyl phthalate (DBP) is used in some medication coatings e.g., mesalamine to treat
inflammatory bowel disease. This work presents novel innovative methods to assess whether high-DBP
exposure from mesalamine (>1000x background-exposure) altered serum reproductive hormones and
semen quality. We took advantage of different mesalamine formulations with/without DBP to conduct a
prospective crossover-crossback study (MARS study). We estimated crossover, crossback and carryover
effects using multivariable linear mixed effect models.

We conclude that high-DBP exposure disrupted serum levels of pituitary-gonadal hormone levels
that largely reversed after exposure removal, but only in men with no/short history (< 3 years) of previous
high-DBP exposure. However, high-DBP exposure among men with no history of high-DBP mesalamine
use led to a reduction, primarily in sperm motility that was not reversed but became more pronounced
(carried-over) after removal of exposure for four months. Paradoxically, among men with longer duration
of high-DBP exposure, removal of the exposure did not change hormone levels or semen quality,
suggesting that long-term high-DBP exposure may alter the pituitary-gonadal axis and spermatogenesis
making them insensitive to DBP-exposure changes. Based on this work, we offer recommendations for
designing future crossover-crossback studies including longer crossover-crossback durations and different

timing of sample collection.



In the prospective EARTH cohort study, we assessed PCPs’ contribution to men’s phthalate and
paraben exposure. We estimated the changes in urinary concentrations associated with PCP-use using
multivariable linear mixed and Tobit mixed regressions. We also estimated weights for each PCP in a
weighted binary score regression and modeled the resulting composite weighted PCP-use. We identified
ten PCPs of relevance and demonstrated that their use within six hours of urine collection strongly
predicted specific phthalate and paraben urinary concentrations. We also offer concise PCP-use
information by only asking specific questions about the use of the most relevant PCPs to help future
research in decreasing missingness, improving recall, and decreasing misclassification while optimizing

research cost and time.

Key words: crossover, crossback, endocrine disruptors, epidemiology, hormones, men, parabens,

phthalates, personal care products, semen parameters.
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Figure 1.1: Mesalamine And Reproductive health Study (MARS) Design.

B;HB,-arm: B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline. HiBH,-arm: H; represents high-DBP exposure at baseline, B represents background-exposure after
crossover and H, represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing
DBP at baseline. Abbreviations: MARS, Mesalamine And Reproductive health Study; DBP, dibutyl phthalate.

Figure 1.2: Unadjusted and Adjusted means (95%CI) of semen parameters at baseline, crossover and
crossback for the 2 arms-MARS.

Panel A shows the unadjusted means and 95% CI and Panel B shows the adjusted means and 95% CI [adjusted for
abstinence time (categorical), age (continuous), season (warm versus cold) and duration on DBP-containing
mesalamine medication at baseline (in years)]. For the log-transformed outcomes (sperm concentration, total sperm
count, motile sperm count and morphologically normal sperm count), the geometric means and 95% CI are
presented. B{HB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after
crossover and B, represents background-exposure after crossback; included 26 men taking mesalamine that did not
contain DBP at baseline. H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-
exposure after crossover and H, represents high-DBP exposure after crossback; included 47 men taking
mesalamine-containing DBP at baseline. Abbreviations: MARS, Mesalamine And Reproductive health Study;
95% CI, 95% Confidence Interval; DBP, dibutyl phthalate.

Supplementary Figure 1.1: Sample Size Flow Chart-Mesalamine And Reproductive health Study (MARS).
MARS Eligibility criteria: 18 to 55 years old males; diagnosed with mild IBD, visited gastroenterology clinics at
Massachusetts General Hospital (MGH), Beth Israel Deaconess Medical Center (BIMC) or Brigham and Women’s
Hospital (BWH), Boston, MA, USA from October 2010 through October 2015. Participants must have had mild
IBD score (5 or less for UC and 4 or less for CD) on the simple clinical colitis activity index, on oral mesalamine for
at least the previous 3 months with at least 800 mg/3 times/ day. Men with history of infertility were not excluded.
Men with history of vasectomy, steroid medication in the last 3 months, diabetes mellitus, hepatic or renal diseases
were not eligible. Potential eligible: men who are eligible according to the medical records but we could not
confirm eligibility due to failure to reach them. Eligible: eligibility confirmed after contacting the man.
B;HB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback included 26 men taking mesalamine that did not contain DBP at
baseline.

H;BH,-arm, H, represents high-DBP exposure at baseline, B represents background-exposure after crossover and
H, represents high-DBP exposure after crossback included 47 men taking mesalamine containing DBP at baseline.
Abbreviations: MARS, Mesalamine And Reproductive health Study; IBD, Inflammatory Bowel Disease; UC,
ulcerative colitis; CD, Crohn’s disease; DBP, dibutyl phthalate; B;HB,: Background,-High-Background, DBP
exposure; H;BH,; High,-Background-High, DBP exposure.

Supplementary Figure 1.2: Directed Acyclic Graph (DAG) for Mesalamine And Reproductive health Study
(MARS).

Confounders e.g., period under High-DBP before enrollment

Predictors e.g., abstinence time, age and season

DBP exposure could be background as non-DBP mesalamine or high as high-DBP mesalamine

Abbreviations: DBP, dibutyl phthalate



Supplementary Figure 1.3. Means (95%CI) of semen parameters at baseline, crossover and crossback for the
3-arms (B1HB2--arm, HIBH2-arm with duration on DBP-containing mesalamine medication at baseline
(period) <3 years and H1BH2-arm with period > 3 years) -MARS.

Panel A shows the unadjusted means and 95%CI and Panel B shows the adjusted means and 95%CI ( adjusted for
abstinence time (categorical), age (continuous), season (warm versus cold) and duration on DBP-containing
mesalamine medication at baseline (in years).

For the log transformed outcomes (sperm concentration, total sperm count, motile sperm count and morphologically
normal sperm count), the geometric means and 95% CI are presented.

B{HB,-arm (26 men, 133 semen samples): included men taking mesalamine that did not contain DBP at baseline.
H;BH,-arm (47 men, 199 semen samples): included men taking mesalamine containing DBP at baseline. H{BH,-
arm, <3ys: 25 men, 100 semen samples and H;BH,-arm, >3ys: 22 men and 99 semen samples.

In B;HB,-arm, Background, represents background-DBP exposure at baseline, H represents high-DBP exposure
after crossover and Background, represents background-DBP exposure after crossback.

In H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-DBP exposure after
crossover and H, represents high-DBP exposure after crossback.

Abbreviations: MARS, Mesalamine And Reproductive health Study; 95% CI, 95% Confidence Interval; DBP,
dibutyl phthalate.

Figure 2.1. Mesalamine And Reproductive health Study (MARS) Design.

B;HB,-arm: B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline. H{BH,-arm: H; represents high-DBP exposure at baseline, B represents background-exposure after
crossover and H; represents high-DBP exposure after crossback; included 47 men taking mesalamine containing
DBP at baseline (25 men for less than 3 years and 22 men with 3 years or more). Abbreviations: MARS,
Mesalamine And Reproductive health Study; DBP, dibutyl phthalate.

Figure 2.2 Geometric means (95%CI) of reproductive hormone parameters at baseline, crossover and
crossback for the 3 arms (B1HB2- arm, HIBH2-arm with duration on DBP-containing mesalamine
medication at baseline (period) <3 years and H1IBH2-arm with period > 3 years) -MARS.

Figure 2.2 shows the adjusted geometric means and 95% CI [adjusted for race (Caucasian or not), age (continuous),
BMI (continuous), hour of sample draw (continuous), season (warm or cold), current smoking, age (continuous),
and duration on DBP-containing mesalamine medication at baseline (in years)]. BjHB,-arm, B, represents
background-exposure at baseline, H represents high-DBP exposure after crossover and B, represents background-
exposure after crossback; included 26 men taking mesalamine that did not contain DBP at baseline. H{BH,-arm, H;
represents high-DBP exposure at baseline, B represents background-exposure after crossover and H, represents
high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline. H;BH,-arm is
subdivided into two arms based on the median duration on DBP-containing mesalamine medication at baseline
(period) i.e., <3 years and >= 3 years.

Abbreviations: MARS, Mesalamine And Reproductive health Study; 95% CI, 95% Confidence Interval; DBP,
dibutyl phthalate; SHBG, sex hormone-binding globulin; LH, luteinizing hormone; FSH, follicle-stimulating
hormone.

Supplementary Figure 2.1: Sample Size Flow Chart-Mesalamine And Reproductive health Study (MARS)
MARS Eligibility criteria: 18 to 55 years old males; diagnosed with mild IBD, visited gastroenterology clinics at
Massachusetts General Hospital (MGH), Beth Israel Deaconess Medical Center (BIMC) or Brigham and Women’s
Hospital (BWH), Boston, MA, USA from October 2010 through March 2016. Participants must have had mild IBD
severity, on oral mesalamine for at least the previous 3 months. Men with history of infertility were not excluded.
Men with history of vasectomy, steroid medication in the previous 3 months, diabetes mellitus, hepatic or renal
diseases were not eligible. Potentially eligible: men who were eligible according to the medical records but we
could not confirm eligibility due to failure to reach them. Eligible: eligibility confirmed after contacting the men.
B{HB;-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback included 26 men taking mesalamine that did not contain DBP at
baseline.
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H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and
H, represents high-DBP exposure after crossback included 47 men taking mesalamine containing DBP at baseline.
H;< 3 Yrs: represents high-DBP exposure at baseline for less than 3 years. Hi> 3 Yrs: represents high-DBP
exposure at baseline for 3 years or more.

Note: 3 years was the median duration for men in the H;BH,-arm on high-DBP exposure at baseline (H;).
Abbreviations: MARS, Mesalamine And Reproductive health Study; IBD, Inflammatory Bowel Disease; UC,
ulcerative colitis; CD, Crohn’s disease; DBP, dibutyl phthalate; B;HB,: Background,-High-Background, DBP
exposure; HiBH,; High,-Background-High, DBP exposure.

Supplementary Figure 2.2: Mesalamine And Reproductive health Study (MARS) Design.

B;HB,-arm: B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline. HBH,-arm: H; represents high-DBP exposure at baseline, B represents background-exposure after
crossover and H, represents high-DBP exposure after crossback; included 47 men taking mesalamine containing
DBP at baseline (25 men for less than 3 years and 22 men with 3 years or more).

H;< 3 Yrs: represents high-DBP exposure at baseline for less than 3 years. Hi> 3 Yrs: represents high-DBP
exposure at baseline for 3 years or more.

Note: 3 years was the median duration for men in the HBH,-arm on high-DBP exposure at baseline (H).
Abbreviations: MARS, Mesalamine And Reproductive health Study; DBP, dibutyl phthalate.

Supplementary Figure 2.3. based on mixed model: 2 arms. Geometric means (95%CI) of reproductive
hormone parameters at baseline, crossover and crossback for the 2 arms (B;HB,- arm and H,BH,-arm )—
MARS.

Figure shows the adjusted geometric means and 95% CI [adjusted for race (Caucasian or not), age (continuous),
BMI (continuous), hour of sample draw (continuous), season (warm or cold), current smoking, age (continuous),
and duration on DBP-containing mesalamine medication at baseline (in years)]. BjHB,-arm, B, represents
background-exposure at baseline, H represents high-DBP exposure after crossover and B, represents background-
exposure after crossback; included 26 men taking mesalamine that did not contain DBP at baseline. H;BH,-arm, H;
represents high-DBP exposure at baseline, B represents background-exposure after crossover and H, represents
high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline.
Abbreviations: MARS, Mesalamine And Reproductive health Study; 95% CI, 95% Confidence Interval; DBP,
dibutyl phthalate; SHBG, sex hormone-binding globulin; LH, luteinizing hormone; FSH, follicle-stimulating
hormone.

Figure 3.1. Heatmap for adjusted % change in urinary phthalate metabolite and parabens concentrations
associated with self-reported use of personal care products (PCPs) within 24 hours of urine sample collection
among 400 men who contributed 1037 urine samples in the Environment and Reproductive Health (EARTH)
Study.

Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01.

DEHP means: Y DEHP metabolites (umol/L)= sum of pmol/L of MEHP+ MEOHP+ MEHHP+ MECPP

Analysis was based on 10 imputed data using chained equations method.

Multiple imputing (MI) missing based on concordance of product use within persons. For any given PCP at any time
point, the imputation model included PCP-use at other time points, urine specific gravity (continuous), race
(Caucasian or not), age (continuous), BMI (continuous), calendar year (continuous), time of sample collection (early
morning (5am< and <=9am), late morning (9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no) and
warm season (April through September) (yes/no).

Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (S5am< and <=9am), late morning
(9am< and <=12pm) or afternoon (>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).Total products: the crude sum of PCP used within 24 hours.
The last column for the total products represents percent changes associated with each additional type of PCP used,
regardless of which PCP.
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Urinary concentrations were ordered according to the molecular weights within phthalates and within parabens.
Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.

Figure 3.2. (Panels A to E): Adjusted % change in urinary concentrations of parabens and phthalate
metabolites associated with 14 personal care products used within 24 and 6 hours of urine collection.
Panel 3.2A. Monoethyl phthalate (MEP) urinary concentration.

Panel 3.2B. Mono-isobutyl phthalate (MiBP) urinary concentration.

Panel 3.2C. Butylparaben urinary concentration.

Panel 3.2D. Methylparaben urinary concentration.

Panel 3.2E. Propylparaben urinary concentration.

Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01.

Analysis was based on 10 imputed data using chained equations method.

Multiple imputing missing based on concordance of product use within persons. Imputation model included urine
specific gravity (continuous), race (Caucasian or not), age (continuous), BMI (continuous), calendar year
(continuous), time of sample collection (early morning (Sam< and <=9am), late morning (9am< and <=12pm) or
afternoon(>12pm)), current smoking (yes/no) and warm season (April through September) (yes/no).

Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (S5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

Total products: the crude sum of PCP used within 24 hours.The total products’ bars represent percent changes
associated with each additional type of PCP used, regardless of which PCP. Combined other hair care products
included mousse, hair bleach, relaxer, perm and straightener.

Figure 3.3. Weights of personal care products (PCPs) that contribute 100% and at least 70% to the overall
urinary concentrations of biomarkers associated with PCPs-use within 24 hours and 6 hours of sample
collection.

Panel 3.A. Weights of personal care products (PCPs) that contribute 100% to the overall urinary
concentrations associated with PCPs-use within 24 hours and their overall weighted percent change.

Panel 3.B. Weights of personal care products (PCPs) that contribute 100% to the overall urinary
concentrations associated with PCPs-use within 6 hours and their overall weighted percent change.

Panel 3.C. Weights of personal care products (PCPs) that contribute at least 70% to the overall urinary
concentrations associated with PCPs-use within 24 hours and their overall weighted percent change.

Panel 3.D. Weights of personal care products (PCPs) that contribute at least 70% to the overall urinary
concentrations associated with PCPs-use within 6 hours and their overall weighted percent change.

Numbers presented inside the stack bars represent the weights associated with PCP-use.

The weights of the 14 PCPs are summed to ~100 due to approximation.

The percent presented above the stacked bars represent the percent change associated with PCPs.

The weights presented are NOT summed to the percent change, instead summed to 100% for the 14 PCPs and 70 %
or more for the PCPs presented above.

The percent changes are calculated by exponentiation of the weighted beta coefficient based on the PCPs used given
the weights.

Analysis was based on 10 imputed data using chained equations method.

Multiple imputing missing based on concordance of product use within persons. For any given PCP at any time
point, the imputation model included PCP-use at other time points, urine specific gravity (continuous), race
(Caucasian or not), age (continuous), BMI (continuous), calendar year (continuous), time of sample collection (early
morning (Sam< and <=9am), late morning (9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no) and
warm season (April through September) (yes/no).

Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/mo) and the product use within 24 hours (yes/no).

Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.
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Product Use Questionnaire in the Environment and Reproductive Health (EARTH) Study

Figure 3.S1. Spearman correlation between urinary concentrations of phthalate metabolites and parabens
among 965 samples provided by men in the Environment and Reproductive Health (EARTH) Study.

* 1037 urine samples were analyzed for phthalate metabolites and 965 for parabens.

" For Spearman correlations, data was restricted to 965 urine samples for which both phthalate metabolites and
parabens were measured.

Figure 3.S2. Heatmap for adjusted % change in urinary concentrations of phthalate metabolites and
parabens associated with self-report use of personal care products (PCPs) within 24 hours of urine sample
collection among 400 men who contributed 1037 urine samples in the Environment and Reproductive Health
(EARTH) Study in the complete case data.

* Significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

 DEHP means: Y DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight

¢ Analysis was based on complete case analyses.

 Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

¢ Total products: the crude sum of PCP used within 24 hours

"The last column for the total products represents percent changes associated with each additional type of PCP used,
regardless of which PCP.

& Urinary concentrations were ordered according to the molecular weights within phthalates and within parabens.

" Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.

Fgure 3.S3. (Panels A to E): Adjusted % change in urinary concentrations of parabens and phthalate
metabolites associated with use of 14 personal care products within 24 and 6 hours of urine collection in the
complete case analysis.

Panel 3.S3.A. Monoethyl phthalate (MEP) urinary concentration.

Panel 3.S3.B. Mono-isobutyl phthalate (MiBP) urinary concentration.

Panel 3.S3.C. Butylparaben urinary concentration.

Panel 3.S3.D. Methylparaben urinary concentration.

Panel 3.S3.E. Propylparaben urinary concentration.

* Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

P Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

¢ Total products: the crude sum of PCP used within 24 hours

 The total products’ bars represent percent changes associated with each additional type of PCP used, regardless of
which PCP.

¢ Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener

Figure 3.S4. Heatmap for adjusted % change in urinary concentrations of phthalate metabolites and
parabens associated with self-report use of personal care products (PCPs) within 24 hours of urine sample
collection among 400 men who contributed 1037 urine samples in the Environment and Reproductive Health
(EARTH) Study in the imputed missing as zero.

* Significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

" Imputation for the missing values of PCP-use was assumed to be “0” i.e. no use.

“ DEHP means: Y DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight
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¢ Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

¢ Total products: the crude sum of PCP used within 24 hours

" The last column for the total products represents percent changes associated with each additional type of PCP used,
regardless of which PCP.

£ Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener

Figure 3.S5. (Panels A to E): Adjusted % change in urinary concentrations of parabens and phthalate
metabolites associated with use of 14 personal care products within 24 and 6 hours of urine collection in the
imputed missing as zero.

Panel 3.S5.A. Monoethyl phthalate (MEP) urinary concentration.

Panel 3.S5.B. Mono-isobutyl phthalate (MiBP) urinary concentration.

Panel 3.S5.C. Butylparaben urinary concentration.

Panel 3.S5.D. Methylparaben urinary concentration.

Panel 3.S5.E. Propylparaben urinary concentration.

* Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

® Imputation for the missing values of PCP-use was assumed to be “0” i.e. no use.

¢ Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

4 Total products: the crude sum of PCP used within 24 hours

¢ The total products’ bars represent percent changes associated with each additional type of PCP used, regardless of
which PCP.

fCombined other hair care products included mousse, hair bleach, relaxer, perm and straightener

Figure 4.1 Mesalamine And Reproductive health Study (MARS) new proposed design.

B;HB;-arm: B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; includes men taking mesalamine that did not contain DBP at
baseline. HBH,-arm: H; represents high-DBP exposure at baseline, B represents background-exposure after
crossover and H, represents high-DBP exposure after crossback; includes men taking mesalamine-containing DBP
at baseline. Abbreviations: MARS, Mesalamine And Reproductive health Study; DBP, dibutyl phthalate; Mo,
month.
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List of Tables with Captions

Table 1.1: Demographics of 73 men contributing 332 visits in the MARS Study by arm.

B;HB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline; 16 men (62%) on Lialda™, 8 men (31%) on Pentasa”, one man (4%) on Apriso® and one man (4%) was not
on mesalamine medication at the time of recruitment.

H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and
H, represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline;
24 men (51%) on Asacol® and 23 men (49%) on Asacol "HD.

*:N (%) for categorical/binary variables and mean (SD), [Range] for continuous variables

P: P-values are based on Fisher exact test for categorical variables and Kruskal Wallis test for continuous variables.
“: Season of sample collection, Warm: April Through September

10 men missing information on education; for 2 semen samples missing abstinence times, we imputed values for
their categories based on the other samples given by the same man (both men had the same abstinence time category
for all their other samples).

% IBD score: simple clinical colitis activity index, includes bowel frequency and urgency, presence of blood in the
stool and general wellbeing. Mild IBD score: 5 or less for UC and 4 or less for CD.

Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m,
meter; SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N,
number of men; DBP, dibutyl phthalate; B;HB,, Background;-High-Background, DBP exposure; H;BH,, High;-
Background-High, DBP exposure.

Table 1.2: Semen quality parameters for 73 men (332 semen samples) in the MARS study.

* Binary semen quality parameters less than WHO lower reference limits (2010)(1): ejaculate volume<135 ml;

sperm concentration <15 million/ml; total sperm count< 39 million; total motile sperm<40%,; progressive motile
sperm <32% and normal sperm morphology< 4% using “strict” Tygerberg method; n: # semen samples. There were
2 samples missing morphology (n=330).

" Motile count= Total Sperm Count x % Motile

¢ Morphologically normal count =Total Sperm Count x % normal morphology

Abbreviations: MARS, Mesalamine And Reproductive health Study; WHO: World health organization.

Table 1.3A: Adjusted effect (95%CI) of crossover, crossback and carryover on semen parameters among men
starting on mesalamine medication not containing dibutyl phthalate (B;HB,-arm)”

Table 1.3B: Adjusted effect (95%CI) of crossover, crossback and carryover on semen parameters among men
starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm)”

*: Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm
(April through September) vs cold) and period (# years on DBP-containing mesalamine medication at baseline) in
the mixed effect model.

P: Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are
presented as percentage change by exponentiating the log-transformed Beta coefficient. The sum of the percent
changes for crossover and cross back do not equal the total carryover effect for the log-transformed variables
because they are on the multiplicative scale. For the variables that are not log-transformed, the sum of the percent
changes for crossover and cross back equal the total carryover effect as they represent the absolute difference on the
additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log-transformed after adding
1 due to few zero values, they were back transformed and 1 was subtracted from the means.

B;HB;-arm: B, represents background low-DBP exposure at baseline, H represents high-DBP exposure after
crossover and B, represents background low-exposure after crossback.

H;BH;,-arm: H, represents high-DBP at baseline, B represents background low-DBP exposure after crossover and
H, represents high-DBP after crossback.
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Note: 2 samples missing morphology; negative sign means a decrease or % decrease for the log-transformed
variables compared to the measure in the previous period. Abbreviations: DBP, dibutyl phthalate; B;HB,:
Background,-High-Background, DBP exposure; HBH,; High,-Background-High, DBP exposure; 95%CI, 95%
Confidence Interval.

Supplementary Table 1.1.A: Adjusted effect (95%CI) of crossover, crossback and carryover on semen
parameters among men starting on mesalamine medication not containing dibutyl phthalate (B,HB,-arm)”
Supplementary Table 1.1.B: Adjusted effect (95%CI) of crossover, crossback and carryover on semen
parameters among men starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm)*

*: Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm
(April through September) vs cold) and period (# years on DBP-containing mesalamine medication at baseline) in
the fixed effect model.

P: Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are
presented as percentage change by exponentiating the log transformed Beta coefficient. The sum of the percent
changes for crossover and cross back do not equal the total carryover effect for the log transformed variables
because they are on the multiplicative scale). For the variables that are not log transformed, the sum of the percent
changes for crossover and cross back equal the total carryover effect as they represent the absolute difference on the
additive scale.

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding
1 due to few zero values, they were back transformed and 1 was subtracted from the means.

B;HB,-arm: B, represents background-DBP exposure at baseline, H represents high-DBP exposure after crossover
and B, represents background-exposure after crossback.

H;BH,-arm: H, represents high-DBP at baseline, B represents background-DBP exposure after crossover and H,
represents high-DBP after crossback.

Note: 2 samples missing morphology

Note: Negative sign means a decrease or % decrease for the log transformed variables compared to the measure in
the previous period

Abbreviations: DBP, dibutyl phthalate; B;HB,: Background,-High-Background,DBP exposure; H;BH,; High;-
Background-High, DBP exposure; 95%CI, 95% Confidence Interval.

Supplementary Table 1.2.A: Unadjusted effect (95% CI) of crossover, crossback and carryover on semen
parameters among men starting on mesalamine medication not containing dibutyl phthalate (B,HB,-arm:
B,HB,) -Mixed Model".

Supplementary Table 1.2.B: Unadjusted effect (95% CI) of crossover, crossback and carryover on semen
parameters among men starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm) -
Mixed Model”.

* Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm
(April through September) vs cold) and period (# years on DBP containing mesalamine medication at baseline).

P Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are
presented as percentage change by exponentiating the log transformed Beta coefficient. The sum of the percent
changes for crossover and cross back do not equal the total carryover effect for the log transformed variables
because they are on the multiplicative scale). For the variables that are not log transformed, the sum of the percent
changes for crossover and cross back equal the total carryover effect as they represent the absolute difference on the
additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding
1 due to few zero values, they were back transformed and 1 was subtracted from the means.

B{HB,-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure after
crossover and Background2 represents low DBP after crossback.

H;BH,-arm: H, represents high DBP at baseline, B represents Background exposure to DBP after crossover and H,
represents high DBP after crossback.

Note: 2 samples missing morphology

Note: Negative sign means a decrease or% decrease for the log transformed variables compared to the measure in
the previous period
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Abbreviations: DBP, dibutyl phthalate; B;HB,: Background-High-Background DBP exposure; HiBH,; High-
Background-High DBP exposure;95% CI, 95% Confidence Interval.

Supplementary Table 1.3: Unadjusted effect (95% CI) of crossover, crossback and carryover on semen
parameters among men starting on mesalamine medication not containing dibutyl phthalate (B;HB,-arm:
B;HB,) and men starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm) -Fixed
Model®.

* Unadjusted fixed effect model.

® Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are
presented as percentage change by exponentiating the log transformed Beta coefficient. The sum of the percent
changes for crossover and cross back do not equal the total carryover effect for the log transformed variables
because they are on the multiplicative scale). For the variables that are not log transformed, the sum of the percent
changes for crossover and cross back equal the total carryover effect as they represent the absolute difference on the
additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding
1 due to few zero values, they were back transformed and 1 was subtracted from the means.

B;HB;-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure after
crossover and Background?2 represents low DBP after crossback.

H;BH,-arm: H; represents high DBP at baseline, B represents Background exposure to DBP after crossover and H,
represents high DBP after crossback.

Note: 2 samples missing morphology

Note: Negative sign means a decrease or% decrease for the log transformed variables compared to the measure in
the previous period

Abbreviations: DBP, dibutyl phthalate; B;HB,: Background-High-Background DBP exposure; HiBH,; High-
Background-High DBP exposure;95% CI, 95% Confidence Interval.

Supplementary Table 1.4: Adjusteda effect (95% CI) of crossover, crossback and carryover on semen
parameters among men starting on mesalamine medication not containing dibutyl phthalate (B;HB,-arm)
and men starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm with duration on DBP-
containing mesalamine medication at baseline (period) <3 years and H;BH,-arm with period > 3 years)-
Mixed model-3-arms®.

* Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm
(April through September) vs cold) and period (# years on DBP containing mesalamine medication at baseline).

P Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are
presented as percentage change by exponentiating the log transformed Beta coefficient. The sum of the percent
changes for crossover and cross back do not equal the total carryover effect for the log transformed variables
because they are on the multiplicative scale. For the variables that are not log transformed, the sum of the percent
changes for crossover and cross back equal the total carryover effect as they represent the absolute difference on the
additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding
1 due to few zero values, they were back transformed and 1 was subtracted from the means.

B;HB,-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure after
crossover and Background2 represents low DBP after crossback. 26 men, 133 semen samples.

H;BH,-arm: H; represents high DBP at baseline, B represents Background exposure to DBP after crossover and H,
represents high DBP after crossback. HiBH,-arm, <3ys: 25 men, 100 semen samples and HiBH,-arm, >3ys: 22
men and 99 semen samples.

Note: 2 samples missing morphology

Note: Negative sign means a decrease or% decrease for the log transformed variables compared to the measure in
the previous period

Abbreviations: DBP, dibutyl phthalate; B;HB,: Background-High-Background DBP exposure; HiBH,; High-
Background-High DBP exposure; 95% CI, 95% Confidence Interval
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Supplementary Table 1.5: Adjusted effect (95% CI) of crossover, crossback and carryover on semen
parameters among men starting on mesalamine medication not containing dibutyl phthalate (B;HB,-arm)
and men starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm with duration on DBP-
containing mesalamine medication at baseline (period) <3 years and H;BH,-arm with period > 3 years)-Fixed
model-3arms®.

* Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm
(April through September) vs cold) and period (# years on DBP containing mesalamine medication at baseline).

® Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are
presented as percentage change by exponentiating the log transformed Beta coefficient. The sum of the percent
changes for crossover and cross back do not equal the total carryover effect for the log transformed variables
because they are on the multiplicative scale. For the variables that are not log transformed, the sum of the percent
changes for crossover and cross back equal the total carryover effect as they represent the absolute difference on the
additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding
1 due to few zero values, they were back transformed and 1 was subtracted from the means.

B{HB;-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure after
crossover and Background?2 represents low DBP after crossback. 26 men, 133 semen samples.

H;BH,-arm: H; represents high DBP at baseline, B represents Background exposure to DBP after crossover and H,
represents high DBP after crossback. HiBH,-arm, <3ys: 25 men, 100 semen samples and H{BH,-arm, >3ys: 22
men and 99 semen samples.

Note: 2 samples missing morphology Note: Negative sign means a decrease or% decrease for the log transformed
variables compared to the measure in the previous period. Abbreviations: DBP, dibutyl phthalate; B;HB,:
Background-High-Background DBP exposure; H;BH,; High-Background-High DBP exposure; 95% CI, 95%
Confidence Interval.

Table 2.1. Demographics of 73 men contributing 341 blood samples in the MARS Study by arm.
BHB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and B,

represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline; 16 men (62%) on Lialda®, 8 men (31%) on Pentasa”™, one man (4%) on Apriso” and one man (4%) was not
on mesalamine medication at the time of recruitment.

H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and H,
represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline; 24
men (51%) on Asacol®™ and 23 men (49%) on Asacol"HD.

* N (%) for categorical/binary variables and mean (SD), [Range] for continuous variables

" P-values are based on Fisher exact test for categorical variables and Kruskal Wallis test for continuous variables.

¢ Season of sample collection, Warm: April Through September

4 IBD score: included bowel frequency and urgency, presence of blood in the stool and general wellbeing. Mild IBD
score: 5 or less on the simple clinical colitis activity index for UC and 4 or less on the Harvey-Bradshaw index for
CD.

Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m,
meter; SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N,
number of men; DBP, dibutyl phthalate; B;HB,, Background;-High-Background, DBP exposure; H;BH,, High;-
Background-High, DBP exposure.

Table 2.2. Hormone concentrations for 73 men (341 blood samples) in the MARS study.
Abbreviations: MARS, Mesalamine And Reproductive health Study; SD, standard deviation; Pere, percentile; QR:
quartile range; SHBG, sex hormone-binding globulin; LH, luteinizing hormone; FSH, follicle-stimulating hormone.
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Table 2.3A. Adjusted percent changes (95%CI) of crossover, crossback and carryover on hormone
concentrations among men starting on mesalamine medication not containing dibutyl phthalate (B,HB,-arm)®
Table 2.3B. Adjusted percent changes (95%(CI) of crossover, crossback and carryover on hormone
concentrations among men starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm)”

* Adjusted for race (Caucasian or not), age (continuous), BMI (continuous), hour of sample draw (continuous),
season (warm or cold), current smoking, age (continuous), and duration on DBP-containing mesalamine medication
at baseline (in years) in the mixed effect model.

> Percentage changes are presented by exponentiating the beta coefficient. Negative sign means % decrease for the
corresponding outcome compared to the measure in the previous period.

“B;HB,-arm: B, represents background low-DBP exposure at baseline, H represents high-DBP exposure after
crossover and B, represents background low-exposure after crossback.

YH,BH,-arm: H, represents high-DBP at baseline, B represents background-DBP exposure after crossover and H,
represents high-DBP after crossback.

Abbreviations: MARS, Mesalamine And Reproductive health Study; N, number of men; B;HB,, Background;-
High-Background, DBP exposure; HiBH,, High;-Background-High, DBP exposure; 95% CI, 95% Confidence
Interval; DBP, dibutyl phthalate; SHBG, sex hormone-binding globulin; LH, luteinizing hormone; FSH, follicle-
stimulating hormone.

Supplementary Table 2.1. Demographics of 73 men contributing 341 blood samples in the MARS Study by
arm.
BHB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and B,

represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline; 16 men (62%) on Lialda®, 8 men (31%) on Pentasa®, one man (4%) on Apriso® and one man (4%) was
not on mesalamine medication at the time of recruitment.

H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and H,
represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline; 24
men (51%) on Asacol® and 23 men (49%) on Asacol®HD.

H;< 3 Yrs: represents high-DBP exposure at baseline for less than 3 years. Hi> 3 Yrs: represents high-DBP
exposure at baseline for 3 years or more.

Note: 3 years was the median duration for men in the H;BH,-arm on high-DBP exposure at baseline (H).

* N (%) for categorical/binary variables and mean (SD), [Range] for continuous variables

® P-values are based on Fisher exact test for categorical variables and Kruskal Wallis test for continuous variables.

¢ Season of sample collection, Warm: April Through September

4 IBD score: included bowel frequency and urgency, presence of blood in the stool and general wellbeing. Mild IBD
score: 5 or less on the simple clinical colitis activity index for UC and 4 or less on the Harvey-Bradshaw index for
CD.

¢ Alcohol: the average number of days per week the men drank alcoholic beverages, over the previous 3 months.
Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m,
meter; SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N,
number of men; DBP, dibutyl phthalate; B;HB,, Background;-High-Background, DBP exposure; H,BH,, High;-
Background-High, DBP exposure.

Supplementary Table 2.2. Adjusteda percent changeb (95%CI) of crossover, crossback and carryover on
reproductive hormone parameters among men starting on mesalamine medication not containing dibutyl
phthalate (B1HB2-arm)*

* Adjusted for race (Caucasian or not), age (continuous), BMI (continuous), hour of sample draw (continuous),
season (warm or cold), current smoking, age (continuous), and duration on DBP-containing mesalamine medication
at baseline (in years) in the mixed effect model.
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® Percentage changes are presented by exponentiating the Beta coefficient. Negative sign means % decrease for the
corresponding outcome compared to the measure in the previous period.

“B{HB,-arm: B, represents background low-DBP exposure at baseline, H represents high-DBP exposure after
crossover and B, represents background low-exposure after crossback.

“H,BH,-arm, period<3 yrs: H, represents high-DBP at baseline for duration less than 3 years, B represents
background low-DBP exposure after crossover and H, represents high-DBP after crossback.

“H;BH,-arm, period>3 yrs: H; represents high-DBP at baseline for duration 3 years or more, B represents
background low-DBP exposure after crossover and H, represents high-DBP after crossback.

Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m,
meter; SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N,
number of men; DBP, dibutyl phthalate; BHB,, Background,-High-Background, DBP exposure; H,BH,, High;-
Background-High, DBP exposure.

Supplementary Table 2.3. Unadjusted Mixed model: 2 arms
Supplementary Table 2.3.A. Unadjusted percent change (95%CI) of crossover, crossback and carryover on

hormone concentrations among men starting on mesalamine medication not containing dibutyl phthalate
(B1HB2-arm)®.

Supplementary Table 2.3.B. Unadjusted percent change (95%CI) of crossover, crossback and carryover on
hormone concentrations among men starting on mesalamine medication containing dibutyl phthalate
(H;BH,-arm)’.

Supplementary Table 2.4. Fixed model: 2 arms.
Supplementary Table 2.4.A. BjHB, Arm.

Supplementary Table 2.4.B. Fixed: HBH, Arm.

Supplementary Table 2.5. Sensitivity: Mixed adjusted model with empirical standard error (sandwich
estimator).

Supplementary Table 2.6. Unadjusted Mixed model: 3 arms.

Supplementary Table 2.7. Adjusted Fixed model- 3 arms.
Supplementary Table 2.7.A. Adjusted percent change (95%CI) of crossover, crossback and carryover on

reproductive hormone parameters among men starting on mesalamine medication not containing dibutyl
phthalate (B;HB,-arm)”

Supplementary Table 2.7.B. Adjusted percent change (95%CI) of crossover, crossback and carryover on
reproductive hormone parameters among men starting on mesalamine medication containing dibutyl
phthalate (H,BH,-arm)®

Supplementary Table 2.7.C. Adjusted percent change (95%CI) of crossover, crossback and carryover on
reproductive hormone parameters among men starting on mesalamine medication containing dibutyl
phthalate (H;BH,-arm)*
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Supplementary Table 2.8. Unadjusted Fixed model- 3 arms

Supplementary Table 2.8.A. Unadjusted percent change (95%CI) of crossover, crossback and carryover on
reproductive hormone parameters among men starting on mesalamine medication not containing dibutyl
phthalate (B;HB,-arm)*

Supplementary Table 2.8.B. Unadjusted percent change (95%CI) of crossover, crossback and carryover on
reproductive hormone parameters among men starting on mesalamine medication containing dibutyl
phthalate (H;BH,-arm)”

Supplementary Table 2.8.C. Unadjusted percent change (95%CI) of crossover, crossback and carryover on
reproductive hormone parameters among men starting on mesalamine medication containing dibutyl
phthalate (H;BH,-arm)”

Supplementary Table 2.9. Empirical Adjusted 3 arms analyses.

Table 3.1. Demographics for 400 men who contributed 1,037 urine samples in the Environment and
Reproductive Health (EARTH) Study.

Abbreviations: N, men’s number; n, urine samples’ number; SD, standard deviation; BMI, body mass index; Kg,
Kilogram; m, meter.

N or n (%) for categorical/binary variables and mean+ SD [Range] for continuous variables.

* 2 men missing information on BMI and 83 missing education.

Table 3.2. Self-reported use of 14 personal care products (PCPs) within 24 and 6 hours of collection of urine
sample among 400 men in the EARTH Study

Abbreviations: EARTH, Environment and Reproductive Health Study; n, number of visits/ urine samples; PCPs,
personal care products.

* Concordant: same answer for product use within 24 hours over different visits for the same man, only includes
observations for men who completed at least 2 visits.

P Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.

Table 3.3. Distributions of urinary concentrations of phthalate metabolites and parabens measured in 400
men (n=1,037 urine samples)” in the Environment and Reproductive Health (EARTH) Study

Abbreviations: SD, standard deviation; LOD, limit of detection; GM, geometric mean; NHANES, the National
Health and Nutrition Examination Survey; Perc, percentile.

* Phthalate metabolites were measured in 1037 urine samples from 400 men and parabens in 965 samples from 383
men.

P Urinary concentrations were ordered according to the molecular weights within phthalates and within parabens.

¢ Concentrations in ug/L (except for > DEHP) not corrected for urine dilution; concentrations < LOD were replaced
by LOD/A2.

4 LOD range for [MnBP: 0.4, 0.6], [MCPP: 0.18, 0.2],[MEHHP: 0.2, 0.7], [MEOHP: 0.2, 0.7], [MEHP: 0.5, 1.2],
[MiBP: 0.2, 0.3], [MBzP: 0.2, 0.3], (M_pb: 1),[B_pb: 0.1, 0.2], [B_pb: 0.1, 0.2 Jug/L.

¢ Concentrations from NHANES (2005-2006), (2009-2010), and (2011-2012) because our data encompassed the
years 2004-2015.

'S DEHP metabolites (umol/L)= pmol/L sum of MEHP + MEOHP + MEHHP + MECP.

Table 3.S1. Adjusted * percent change associated with the weighted score: (based on binary use up-to 24
hours use and 6 hours) using the weighted binary score (WBS) in the 10 imputed data.

Abbreviations: PCP; personal care product, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP;
Mono-n-butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-
ethylhexyl) phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl)
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phthalate, MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites,
MCPP; Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

> S DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight.

Table 3.S2. Adjusted * odds ratio for detected versus undetected urinary butylparaben associated with last 24
hours personal care product use in the 10 imputed data.
Abbreviations: OR; odds ratio, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-

butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl)
phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate,
MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP;
Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

" Generalized estimating equations (GEE) was used for modeling butylparaben as binary variable: detected vs
undetected in the 10 imputed data.

Table 3.S3. Adjusted * odds ratio for detected versus undetected urinary butylparaben associated with last 24
hours personal care product use in the complete case data.
Abbreviations: OR; odds ratio, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-

butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl)
phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate,
MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP;
Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

" Generalized estimating equations (GEE) was used for modeling butylparaben as binary variable: detected vs

undetected in the complete case data.

Table 3.S4. Adjusted * percent change associated with the weighted score: (based on binary use up-to 24
hours use and 6 hours) using the weighted binary score (WBS) in the complete case data.

Abbreviations: 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-butyl phthalate,
MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl) phthalate, MEOHP;
Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate, MECPP; Mono(2-ethyl-
5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP; Mono(3-carboxypropyl)
phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)

(yes/mo) and the product use within 24 hours (yes/no).
> S DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight.
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Table 3.S5. Adjusted * odds ratio for detected versus undetected urinary butylparaben associated with last 24
hours personal care product use in the imputed missing as zero.
Abbreviations: OR; odds ratio, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-

butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl)
phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate,
MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP;
Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

P Generalized estimating equations (GEE) was used for modeling butylparaben as binary variable: detected vs

undetected in the imputed missing as zero.0.

Table 3.S6. Adjusted * percent change associated with the weighted score: (based on binary use up-to 24
hours use and 6 hours) using the weighted binary score (WBS) in the imputed missing as zero.
Abbreviations: 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-butyl phthalate,

MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl) phthalate, MEOHP;
Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate, MECPP; Mono(2-ethyl-
S-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP; Mono(3-carboxypropyl)
phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (S5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

> S DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight.
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Introduction

Because of their widespread use, exposure to ortho-phthalates (hereto referred to as phthalates) is
ubiquitous in the general population'. Phthalates are high production volume synthetic chemicals with
global production of 11 billion pounds per year* and more than 470 million pounds produced or imported
into the United States (US) annually’. Phthalates are a family of chemicals commonly used as plasticizers
in polyvinyl chloride plastics and in consumer products, including personal care products (PCPs),

medications, and food processing and packaging materials'.

Concomitant with the widespread use of phthalates and other synthetic chemicals, there is accumulating
evidence that male testosterone levels have decreased during the last several decades®’ as well as a
downward trend®® and geographic variability in semen quality’, surrogates for male fertility. These trends
raise public and scientific concerns that lifestyle or environmental exposures may affect the endocrine

system, semen quality, and hence male fertility and reproductive health®'*">.

In experimental studies, several phthalates, including dibutyl phthalate (DBP), have adverse impacts on
male reproductive health'*'®. Primarily for this reason, DBP was banned in toys and child care products
in the European Union (EU) in 2005' and in the US in 2008%. In the EU, DBP was also banned in
cosmetics in 2004>'. However, despite these bans and restrictions, DBP is still used in the enteric coatings

. . . . . . . 2225
of some medications including specific mesalamine formulations ™.

The use of DBP in enteric coatings represents a source of very high exposure to DBP ****°3! Recently,
the U.S. Food and Drug Administration (FDA) recommended but did not require that certain phthalates
including DBP should not be used as excipients in medications®>. Mesalamine or 5-aminosalicylic acid (5-
ASA), the active ingredient in Asacol®, Asacol®HD, Lialda®, Pentasa®, Apris0®, and Delzicol®, is a

common anti-inflammatory maintenance therapy prescribed for inflammatory bowel diseases (IBD),

1



including ulcerative colitis (UC) and Crohn’s disease (CD). The enteric coating of Asacol”, and
Asacol"HD contains DBP as an excipient™, whereas DBP is not used in the other mesalamine
formulations such as Lialda®, Pentasa®, Apriso®, and Delzicol®***. Asacol® and Asacol“HD are
prescribed as six to eight tablets per day leading to high-DBP exposure as measured by urinary

monobutyl phthalate (MBP) concentrations, the primary DBP metabolite™

with urinary concentrations
approximately1000 times higher than the median concentrations reported for men in the U.S. general
population (National Health and Nutrition Examination Survey (NHANES))*. Therefore, patients with

IBD taking DBP-containing mesalamine will have chronic high exposure to DBP because the medication

is taken daily to treat IBD.

Experimental studies have shown that DBP was anti-androgenic and a reproductive toxicant, however,

36-38

most studies focused on the in utero exposure’®® rather than postnatal or adult exposures™*’. There is

limited evidence from epidemiologic studies on the association of general population DBP-exposure with
semen quality*'** and with serum reproductive hormones*™*’. Most of the studies were conducted in men

48-56

recruited from infertility clinics™ ", and although some studies found associations of DBP with lower

50,52

semen quality’>** and reproductive hormonal changes specifically decreased testosterone*®**°, others did

41,42,51,57
not .

There are no studies that we are aware of on very high-DBP exposure from medications and their
potential health effects. Therefore, we took advantage of the difference in DBP-exposure from different
mesalamine formulations and conducted a crossover-crossback prospective study (Mesalamine And
Reproductive health Study (MARS)) to examine the associations in adult men between the high-DBP
exposure from mesalamine medications and semen quality in Chapter 1 and serum reproductive hormones

in Chapter 2.



Another overlooked exposure source to endocrine disrupting chemicals in men is PCPs. In addition to

31,58

phthalates, PCP is an important exposure source to parabens” . Parabens are a family of chemicals with

antimicrobial preservative properties that are also widely used in PCPs, pharmaceuticals, food, and
beverages to increase the shelf life of the product™ . Exposure to phthalates and parabens from PCP use

. . . 61.62 - . . .
occurs through direct dermal application” , inhalation, oral ingestion or even transdermal exposure from

61,64

air®. Phthalates and parabens have short biological half-lives (6-24 hours)®"*, and urinary concentrations

of phthalate metabolites and parabens are the preferred exposure biomarkers"®.

In addition to phthalates, general population exposure to parabens is ubiquitous'. Diethyl phthalate (DEP)

is the most commonly used phthalate in PCPs®® and methylparaben, propylparaben and butylparaben are

13,69,70

commonly used in PCPs***" Phthalates and parabens are endocrine disrupting chemicals with

10,71,72

potential adverse health effects including adverse reproductive outcomes , and metabolic disorders’*

74

Prior studies on the contribution of PCP use to exposure to phthalates and parabens focused primarily on

67,68,75-81 _+1 1: - R . s 67.82 L
P57 with limited epidemiological studies in men”"*”. Therefore, we examined in

women and children
Chapter 3 the association between self-reported use of fourteen PCPs and urinary concentrations of nine

urinary phthalate metabolites and three parabens in men recruited as part of a prospective cohort study

(Environment And Reproductive Health (EARTH) Study).
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Chapter 1

A crossover—crossback prospective study of dibutyl-phthalate exposure from mesalamine
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Abstract

Background: Phthalates are widely used chemicals with ubiquitous exposure. Dibutyl-phthalate (DBP), a
male reproductive toxicant in animals, is understudied in humans. Some mesalamine medications used to
treat inflammatory bowel disease (IBD) have DBP in their coating, whereas other mesalamine
formulations do not.

Objectives: Taking advantage of differences in mesalamine formulations, we investigated whether high-
DBP exposure from mesalamine medications was associated with decreased semen parameters.
Methods: 73 men with IBD taking mesalamine participated in a crossover-crossback prospective study.
Men taking non-DBP containing mesalamine at baseline i.e., background exposure, crossed-over for four
months to high-DBP mesalamine and then crossed-back for four months to their non-DBP mesalamine
(B HB,-arm;Background,-High-Background,) and vice versa for men taking high-DBP mesalamine at
baseline (H,BH,-arm;High,-Background-High,). Men provided up to six semen samples (2: baseline, 2:
crossover and 2: crossback).

Results: We estimated crossover, crossback and carryover effects using linear mixed models adjusted for
abstinence time, age, season and duration on high-DBP mesalamine at baseline. Semen parameters in

B {HB,-arm (26 men, 133 samples) decreased after high-DBP mesalamine exposure (crossover versus
baseline), especially motility parameters, and continued to decrease further even after crossback to non-
DBP mesalamine (crossback versus crossover).The cumulative carryover effect of high-DBP (crossback
versus baseline) was a decrease of % total sperm motility by 7.61(CIL:-13.1, -2.15), % progressive sperm
motility by 4.23(CI:-8.05, -0.4) and motile sperm count by 26.0% (CI:-46.2%, 1.7%). However, H;BH,-

arm (47 men, 199 samples) had no significant change during crossover or crossback.
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Conclusions: Men newly exposed to high-DBP mesalamine for four months had a cumulative reduction
in several semen parameters, primarily sperm motility, that was more pronounced and statistically

significant even after exposure ended for four months.

Keywords: Phthalates, Mesalamine, Inflammatory Bowel Disease (IBD), Semen Quality

Abbreviations

DBP, dibutyl phthalate; FDA, Food and Drug Administration; 5-ASA, 5-aminosalicylic acid; IBD,
Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; MBP, monobutyl phthalate;
NHANES, National Health and Nutrition Examination Survey; MARS, Mesalamine And Reproductive
health Study; BIMC, Beth Israel Deaconess Medical Center; BWH, Brigham and Women’s Hospital;
MGH, Massachusetts General Hospital; IRB, institutional review board; B;HB,, Background,-High-
Background, DBP exposure; H;BH,, High;-Background-High, DBP exposure; QC, quality control; BMI,
body mass index; Kg, Kilogram; m, meter; SD, standard deviation; LMEM, mixed effects models; FEM,
fixed effect models; N, number of men; WHO, World Health Organization; EPA, Environmental

Protection Agency.
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Introduction

Over the last several decades, accumulating evidence suggests a downward trend(7-9) and geographic
variability in semen quality(10), a surrogate for male fertility. These trends raise concern that lifestyle or
environmental exposures may affect semen quality and male fertility(13). One class of environmental
chemicals for which there is concern about potential adverse male reproductive health effects are
phthalates(12). In experimental animal studies, several phthalates including dibutyl-phthalate (DBP) were
anti-androgens and male reproductive toxicants, adversely affecting testicular function(15-19). The most
studied window of exposure is in-utero exposure which led to male reproductive tract malformations in
rats(37-39). Less well-studied are puberty and adulthood exposure. Studies in rats have shown effects of
postnatal exposure to DBP on the male reproductive tract(41,84-86) and to butyl benzyl phthalate
(BBzP)(87). There are several epidemiologic studies in adult men that explored cross-sectional
associations between background low-DBP environmental exposure, and other phthalates, with semen
quality. Most of these studies were conducted in men recruited from infertility clinics(49-56), and
although some studies found associations of DBP(51,53) and other phthalates(49,50,53,54,88) with lower

semen quality, others did not(42,43,52).

In addition to widespread general population DBP exposure from personal care and consumer
products(32,89), some medications such as specific mesalamine formulations have enteric coatings that
contain DBP(23,24,27,28,32) despite the recent US Food and Drug Administration (FDA)
recommendation against the use of phthalates in drug delivery vehicles(33). Mesalamine or 5-
aminosalicylic acid (5-ASA) is a commonly prescribed maintenance therapy for inflammatory bowel
diseases (IBD), specifically ulcerative colitis (UC) and Crohn’s disease (CD)(90). Our research and others
have shown that mesalamine medications with coatings that contain DBP contribute to high-DBP
exposure as measured by concentrations of urinary monobutyl phthalate (MBP), the primary DBP

metabolite(25,26). Specifically, in individuals taking mesalamine medications that contain DBP, their
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urinary levels of MBP were approximately 1000 times higher than the median levels reported for men in
the US general population (National Health and Nutrition Examination Survey (NHANES))(36).
Therefore, patients with IBD taking DBP-containing mesalamine will have chronic high exposure to DBP

because the medication is taken daily to treat IBD.

Mesalamine is the active ingredient in Asacol® and Asacol”HD and DBP is an excipient in their enteric
coating(34). Other mesalamine formulations such as Pentasa®, Lialda®, Apriso®, and Delzicol” do not
contain DBP(23,35). Asacol®, widely used to treat IBD in adults and children, was a first line of therapy
for patients with UC and often used in pregnant women with IBD(35,91). The aim of the study was to
investigate the effect of high-DBP exposure on semen quality, taking advantage of the difference in

mesalamine formulations to conduct a crossover-crossback prospective study in adult men with IBD.

Materials and Methods

Study population

We conducted a crossover-crossback prospective study in adult men with IBD (Mesalamine And
Reproductive health Study (MARS)). Eligibility for participants in the MARS was 18 to 55 years of age
and taking oral mesalamine for at least the past three months. All men must have had a mild IBD score on
the simple clinical colitis activity index(92) (five or less for UC) or Harvey-Bradshaw index(93) (four or
less for CD). Men were recruited from gastroenterology clinics at three Boston hospitals; Beth Israel
Deaconess Medical Center (BIMC), Brigham and Women’s Hospital (BWH) and Massachusetts General
Hospital (MGH) from October 2010 through October 2015. MARS was approved by the institutional
review boards (IRBs) of Harvard T.H. Chan School of Public Health, BIMC, BWH and MGH. All men

signed informed consents.
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Study design

Eligible men were invited to participate in up to six visits; to account for within-person variability in
semen parameters. Each man was asked to participate in two visits at baseline, after crossover and after
crossback. At each of the two baseline visits, participants provided semen, urine and blood samples
collected two weeks apart (visits 1 and 2). Men were then asked to crossover to another formulation of
mesalamine; men who were taking non-DBP mesalamine at baseline crossed-over to DBP-containing
mesalamine medication (i.e., Asacol”) and vice versa for men prescribed DBP-containing mesalamine at
baseline crossed-over to non-DBP mesalamine. After crossover for four months, two sets of semen, urine
and blood samples were collected two weeks apart (visits 3 and 4). Participants were then asked to
crossback for four months to their original mesalamine medications after which two sets of semen, urine

and blood samples were collected two weeks apart (visits 5 and 6) (Figure 1.1).

In brief, men who were prescribed non-DBP mesalamine with background exposure from other sources
crossed-over to high-DBP mesalamine then crossed-back to non-DBP mesalamine (B;HB,-arm:
Background;-High-Background,). Men who were prescribed high-DBP mesalamine crossed-over to non-
DBP mesalamine then crossed-back to high-DBP mesalamine (H;BH,-arm: High,-Background-High;).
The ‘wash-in’ and ‘wash-out’ periods between crossover and crossback were four months to extend
beyond the 70 days average period of spermatogenesis(94). Questionnaires about lifestyle factors,

medical history and ejaculation abstinence time were administered at every visit.

Among the 47 men in the H;BH,-arm, 13 men participated only in a short protocol defined as up to four
visits. These 13 men did not want to change medication but because the manufacturer was reformulating
Asacol® to remove DBP, we anticipated that they would be ‘switched’ to a non-DBP mesalamine when
this came to market. Warner Chilcott discontinued Asacol® in 2013 and introduced Delzicol® (non-DBP
mesalamine) to the market. However, Asacol*HD (containing DBP) remained on the market. For 10 of
the 13 men, their physician changed their medications to AsacolHD, thus they never crossed-over to
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non-DBP mesalamine and only contributed to the baseline visits while three men changed medication to

Delzicol” i.e. crossed-over. However, by design none of the men in the short protocol crossed-back.

Men were asked to abstain from ejaculation for 2-5 days before providing semen samples, collected by
masturbation at the MGH andrology laboratory into a sterile container and analyzed using standardized
clinical protocols and quality control (QC) as described previously(51,95). Briefly, semen was allowed to
liquefy at 37° C for 20 minutes. The physical properties of the semen were reported, including the sample
volume, pH, color and viscosity. Ejaculate volume was measured using a graduated serological pipet.
Sperm concentration and motility were assessed with a computer-aided semen analysis (CASA; 10HTM-
IVOS, Hamilton-Thorne Research, Beverly, MA) which is used for routine diagnostic applications(1).
For semen concentration and motility assessment, 5 pl of semen from each sample was placed into a pre-
warmed (37°C) Makler counting chamber (Sefi-Medical Instruments, Haifa, Israel). Minimum of 200
sperm cells from at least four different fields were analyzed from each specimen. Sperm motility was
expressed as the percentage of total motile (progressive + non-progressive) and percentage of progressive
motile spermatozoa and defined as World Health Organization (WHO-2010) grade “a” sperm (rapidly
progressive with a velocity >25 um/sec) plus “b” grade sperm (slow/sluggish progressive with a velocity
of >5 pm/sec but < 25 um/sec)(1). Sperm morphology was measured on two slides for each specimen
(with at least 200 cells assessed per slide) with a microscope using an oil-immersion 100x objective
(Nikon, Tokyo, Japan). Sperm morphology was assessed using Kruger’s strict criteria (96). To minimize
variability, the laboratory followed a constant analysis set-up including play-back and QC plots if sperm
counts < 20 or > 50 million/mL. Unusual values were re-evaluated. In addition to a quarterly competency
technicians’ evaluation, an outside evaluator performed proficiency testing, biannually. The technicians

performing the semen assays were blinded to the study group.
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Statistical Analysis

We created a six-level indicator variable cross-classifying each observation according to medication type
(high-DBP or non-DBP mesalamine) and period (baseline, crossover and crossback) for the two study
arms (H1BH2 and B1HB2). We considered for analysis, ejaculate volume, sperm concentration, motility
(% motility and % progressive motility) and morphology. We also calculated total sperm count, motile
sperm count, and morphologically normal sperm count. We used natural log-transformed sperm
concentration, total sperm count, motile sperm count and morphologically normal count to satisfy

model’s normality assumption.

We performed descriptive statistics for participants’ baseline and time-varying characteristics in both
study arms. We also tested for any differences between the two arms using Kruskal-Wallis test for

continuous variables and Fisher’s exact test for categorical variables.

We used linear mixed effects models (LMEM) with a random intercept to account for within-person
correlation among longitudinal measures of a given outcome arising from person-to-person heterogeneity
across the study population. We estimated the DBP mesalamine crossover, crossback and carryover
effects on semen parameters as absolute mean differences for the non-transformed semen parameters and

as percent change for the log-transformed parameters.

Selection of covariates was based on directed acyclic graphs (Supplementary Figure 1.2) and statistical
considerations (>10 % change in the effect estimate). The final model included abstinence time (< 2 days,
2< days <4 and > 4 days), age at baseline (continuous), the season of the sample collection (warm and
cold) and duration on high-DBP containing mesalamine at baseline (continuous in years). There were two

samples missing abstinence times and we imputed the category of abstinence time based on the other
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semen samples provided by the same man (both men had the same abstinence time category for all their

other semen samples).

In our analysis, we also considered that the duration of IBD as a chronic inflammatory condition may
affect semen quality. In preliminary models, we considered adjustment for duration of IBD, severity score
of the disease, IBD condition (UC/CD), race, history of reproductive diseases or surgeries, BMI and

smoking but they were not confounders and thus not retained in the final models.

We assessed model sensitivity to the covariance structure implied by the random intercept model, using
empirical standard errors that are robust to misspecification of the covariance structure(97). As a sensitivity
analysis, we further adjusted for body mass index (BMI <18.5, 18.5 <BMI<25, 25<BMI<30 or >30)“® and
smoking status (never, former and current) in addition to the above covariates. As a secondary analysis, we
applied fixed effect models (FEM) that, rather than assume a random distribution for the person-specific
intercepts, estimate these terms as ordinary fixed regression coefficients in the model. These models isolate

the longitudinal within-person effect of exposure, adjusted for the same covariates as above(97).

Although not a primary aim of our study, we explored the cross-sectional differences between the two arms at
baseline by restricting the data to the average of the first two visits, applying linear regression adjusted for the
covariates above. We further explored the effect of the duration under high-DBP mesalamine at enrollment

on baseline semen parameters in the H;BH,-arm.

We conducted all statistical analyses using SAS version 9.4 (SAS Institute Inc., Cary, NC) and considered

two-sided alpha <0.05 as statistically significant.
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Results

Out of 215 confirmed eligible men, 73 agreed to participate (34%) (Supplementary Figure 1.1) and
provided 332 semen samples with an average of 4.6 semen samples per man [range: 1 to 6]. The B;HB,-
arm included 26 men (133 semen samples) with an average 5.1 samples per man. The H,BH,-arm
included 47 men (199 samples) with an average of 4.9 samples per man. The two study arms had
comparable baseline fixed and time-varying characteristics (Table 1.1). The semen parameter
distributions are presented (Table 1.2). Men enrolled in the short protocol provided 31 samples (26

baseline and 5 after crossover samples).

the 60 full-protocol enrolled men, 51 (85%) men crossed-over medications, 23 (89%) in B;HB,-arm and
28 (82%) in H;BH,-arm; 43 (72%) men crossed-back medications, 19 (73%) in B;HB,-arm and 24 (71%)
in HiBH,-arm. During follow-up, 9 (15%) men dropped out, 3 (12%) in B;HB,-arm and 6 (18%) in
H,BH,-arm (p-value= 0.64). The median period between the second baseline visit (visit-2) and collection
of crossover semen samples at visit-3 and similarly between visit-4 and visit-5 for crossback was 119
days. The median time period between visits on the same medication (visits-1&2), (visits-3&4) and
(visits-5&6) was 16 days. The H;BH,-arm men were on their high-DBP mesalamine medication at entry
for median 2.9 years and up to 24.1 years. The B;HB,-arm men were on their non-DBP mesalamine

medication at baseline for median 1.0 year and up to 10.3 years.

None of the semen samples were azoospermic (Table 1.2); 188 (55%) samples were above the reference
limits of the World Health Organization (WHO-2010)(1) with regard to sperm concentration, total count,

percent motile and percent normal morphology.

Although not statistically significant, in a cross-sectional analysis of the baseline visits, sperm motility

and morphology parameters for men in H;BH,-arm were higher than among men in B;HB,-arm (Figure

18



1.2). However, among men in the H;BH,-arm at the baseline, there was a negative association between
the number of years on high-DBP containing mesalamine and semen parameters, steeper in the early

years as compared to the later years (data not shown).

In the adjusted analyses (Table 1.3A & Figure 1.2), on average among men in the B;HB,-arm who were
newly-exposed to high-DBP mesalamine after crossover had decreased (though non-statistically
significant) semen parameters, apart from ejaculate volume and % normal morphology. Their % total
sperm motility decreased by 4.19 (95% confidence interval (CI): -9.25, 0.86), % progressive sperm
motility by 1.76 (CI: -5.29, 1.78) and motile sperm count by 13.7% (CI: -35.7%, 15.8). After crossback
to their non-DBP mesalamine, all semen parameters (except sperm concentration) continued to decrease
further. The % total sperm motility further decreased by 3.41 (CI: -8.69, 1.86), % progressive sperm
motility by 2.47 (CI: -6.16, 1.22) and motile sperm count by 14.3% (CI: -36.9%, 16.5%). The cumulative
carryover effect of high-DBP exposure (i.e., crossback compared to baseline) was a decrease in all
semen parameters; % total sperm motility decreased by 7.61 (CI: -13.1, -2.15), % progressive sperm
motility by 4.23 (CI: -8.05, -0.4) and motile sperm count by 26.0% (CI: -46.2%, 1.7%). In contrast, in the
H;BH;-arm (Table 1.3B & Figure 1.2), semen parameters did non-significantly change after crossover or

crossback.

We found consistent results from the sensitivity analyses using empirical standard errors in LMEMs and
after further adjustment for BMI and smoking (data not shown) and from FEMs which fully adjust for
both observed and unobserved factors that do not change within a person across visits(97)

(Supplementary Table 1.1).
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Discussion

In our crossover-crossback study, men who were on non-DBP mesalamine at baseline (B;HB,-arm) and
newly exposed for four months (crossover period) to high-DBP had lower semen parameters, primarily %
total sperm motility, % progressive sperm motility and motile sperm count. This decrease was more
pronounced and became statistically significant even after crossback for four months to their original non-
DBP mesalamine. Thus, the effect of high-DBP on sperm motility parameters was not reversible after
four months. Among men who were on high-DBP at baseline (H,BH,-arm), there was no statistically
significant change in semen parameters after crossover to non-DBP mesalamine or crossback to their
original high-DBP mesalamine. Therefore, in both arms, the four month wash-out period was not long

enough to reverse the effect of high-DBP exposure.

In the cross-sectional analysis of baseline semen characteristics, unexpectedly, men who were on high-
DBP mesalamine at baseline (H;BH,-arm) had non-significantly higher percent sperm motility and
normal morphology than men who were on non-DBP mesalamine at baseline (B;HB,-arm). However,
among men in the H;BH,-arm, there was a downward trend in all semen parameters associated with
increased duration on high-DBP mesalamine. This negative association with years on high-DBP
mesalamine among men in H;BH,-arm argues against a ‘protective’ effect of high-DBP and suggests
chance sampling variability at baseline due to non-randomization at the baseline and cautions against
cross-sectional analyses. These results highlight the power of the study that by design removes subject to
subject variability from the comparison of interest, thus avoiding the purely cross-sectional analysis that

is likely to suffer from this random variability.

There is an accumulating literature on the association of background low environmental exposure to
phthalates with semen quality. A recent meta-analysis that included 14 publications on phthalates and

semen quality concluded that higher urinary MBP concentrations were associated with reduced sperm
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concentration and straight line velocity(99). All 14 publications were cross-sectional with 11 conducted in
infertility clinics. Two recent US studies on fertile men not included in the meta-analysis(42,43) did not
find significant associations. Our study differs in many respects from the earlier cross-sectional studies.
We used a more powerful crossover-crossback prospective design and therefore had repeated semen
samples from men during both high and background DBP exposure. This allowed for within-person
comparisons and was by design adjusted for non-time varying covariates. Furthermore, our design

allowed us to determine the carryover effect that was not observable in the earlier cross-sectional designs.

Experimental studies, primarily during postnatal exposure(87,100), have shown decreased serum
testosterone concentration and increased follicle stimulating hormone (FSH) and luteinizing hormone
(LH) concentrations in male rats exposed to BBzP which suggested tubular atrophy and loss of the

germinal epithelium as a result of Sertoli cell injury.

Postnatal exposure to other anti-androgenic phthalates (di(2-ethylhexyl)phthalate) caused germ cell
apoptosis with increased membrane localization of Fas(101,102) or germ cells detachment from the
seminiferous epithelium probably due to cellular adhesion loss between Sertoli cells(103). Also, studies

suggested that in older animals DBP preferentially targets Sertoli cells(104,105).

Studies during fetal development also have shown that DBP is anti-androgenic. It decreases Leydig cell
testosterone production by interfering with steroidogenesis by down-regulating gene and/or protein
expression important in the steroidogenic pathway, cholesterol transport and metabolism(106-112), while

increasing oxidative stress along with reactive oxygen species(113).

Several studies have identified numerous medications as a source of phthalate exposure(23-27,35).
Phthalate levels in medications may not be openly displayed, due to proprietary formulations(23).
Medications with phthalates in the coating include mesalamine, didanosine, omeprazole, theophylline(24)

and other medications including over-the-counter preparations(23,27,32). Our research and others have
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shown that mesalamine medications with DBP contribute to high-DBP exposure as measured by urinary

MBP concentrations(24-26).

The human daily DBP intake from the maximum recommended dose of Asacol® is 21 mg(34,114).
Therefore, the estimated maximum daily DBP intake is 350 pg/kg/day based upon 60 kg body weight.
Similarly, the human DBP daily intake from the maximum recommended dose of Asacol*HD is 48
mg(115) with the estimated maximum daily DBP intake of 800 pg/kg/day. These intakes are orders of
magnitude higher than the estimated average DBP human intake (0.84-5.22 pg/kg/day)(116), several
times higher than the US Environmental Protection Agency (EPA) reference dose (100 ng/kg/day)(26)

and orders of magnitude higher than the European tolerable daily intake (10 ug/kg/day)(117).

We considered measuring urinary MBP concentrations in the urine sample collected at each study visit.
However, due to the unique crossover-crossback design and the very high exposure from Asacol® (1000
fold higher than urinary levels when not taking Asacol®), we concluded that urinary MBP concentrations
would not add significant information beyond using medication as an indicator of high and low DBP
exposure. We offer three primary justifications for not measuring urinary MBP concentrations. First, clear
documentation that Asacol® contributes to very high exposure to DBP(23-27,32,34,114,115). Second, the
study is considered interventional in which we assigned participants to the different medications.
Therefore, the data was appropriately analyzed based on the assigned medication (as an intention to treat
analysis) for our interventional design. Third, from a statistical perspective, continuous urinary data
would essentially dichotomize exposure given the very large differences in urinary MBP when taking
Asacol®” and we would use the same modeling approach. Specifically, the estimates of exposure response,
even if we had the continuous urinary MBP concentrations, would have been completely dominated by
the medication type (1000 times difference when taking Asacol®) with no overlap in urinary MBP

concentrations between those visits when taking Asacol®” and those visits when not taking Asacol”.
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Our study had several potential limitations including non-randomization of mesalamine at baseline which
may have resulted in chance sampling variability at the baseline. However, there is no reason to believe
that the prescribing practices of physicians were associated with the presence or absence of DBP enteric
coating. To assign high-DBP exposure, we relied on self-reported use of mesalamine medications as
prescribed over the study period(118) rather than measuring urinary MBP concentrations which only
represent recent exposure (i.e., past several hours) due to the short DBP half-life. Although the sample
size for this study was not very large due to the innovative study and length of participation, the power of
the study came from the unique design that removes subject to subject variability from the comparison of
interest avoiding the purely cross-sectional analyses that likely to suffer from this random variability. We
also conducted a post-hoc power analysis and the study had a sufficient number of participants to provide
80% power for detecting at least 23% decrease in sperm concentration and an absolute mean difference of
at least 0.4 ml of ejaculate volume, 1% fewer morphologically normal sperm, 6% fewer motile sperm and
4% fewer progressive motile sperm, which is reasonable for a study of this design. Finally, although
semen quality is an imperfect predictor of fertility(119), semen analysis is considered the cornerstone of

the laboratory evaluation for infertile men(120).

Our study had several important strengths. We implemented a unique innovative study design that is
rarely performed in environmental epidemiology. We were able to compare, within the same men, their
semen parameters during periods of high-DBP to background-DBP exposure and vice versa accounting
for confounding by measured and unmeasured non-time-varying characteristics (121). This is a major
strength as compared to previous cross-sectional studies. We were able to explore whether there was a
carryover effect of high-DBP exposure. Our study was not restricted to infertile men as most of the
previous literature. The means of all semen parameters were comparable to those for fertile US adult
men(10). Although there may be a concern of generalizing results from men with IBD, which has a
significantly increasing temporal trend in incidence worldwide especially in industrialized countries
(122), these results raise concern about high-DBP exposure and poor semen quality. In addition, there is
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no evidence that IBD or mesalamine is linked to male infertility (123-127). Asacol® and its mesalamine
alternatives for treating IBD have the same active ingredients, therefore confounding by indication was

unlikely.

Compared to environmental background exposure, we were able to explore high-DBP exposure (1000
times background). A recent gastroenterology consensus report has recommended switching to non-DBP
mesalamine in pregnant women or women who may contemplate pregnancy(28), without any
recommendations for men of reproductive age. Therefore, our results will be informative for future
recommendations of use of non-DBP mesalamine formulations among men. To our knowledge, no

previous human studies investigated effects of such high-DBP exposure on semen parameters.

Conclusions

High-DBP exposure from Asacol® (mesalamine) had adverse effects on semen parameters in adult men,
with the most robust effects on sperm motility. Most importantly, the effect of DBP carried-over even
after removing the exposure suggesting that high-DBP had longer term effects on spermatogenesis.
Further studies are needed to explore whether the carryover effect is potentially reversible after a wash-
out period longer than four months. Finally, studies of the effect of high-DBP exposure on sperm
epigenetics and reproductive and non-reproductive hormones would add additional insights. Attention
should be given to such high-exposure sources and our study and further research will provide more

guidance on further regulation of DBP containing coating of medications.
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Table 1.1: Demographics of 73 men contributing 332 visits in the MARS Study by arm.

B;HB;-arm H;BH,-arm Total
(26 men, 133 visits) (47 men, 199 visits) (73 men, 332 visits)

N(%)/Mean (SD),[Range] N(%)/Mean (SD),[Range] N(%)/Mean (SD),[Range] P-value®

Baseline characteristics (at Visit 1), # men (N)”

Age (Years) 33.9(8.97),[20.2, 54.6] 34.9(9.66),[19.6, 55.7] 34.6 (9.37), [19.6, 55.7] 0.82
Race 0.27
Caucasian 25 (96%) 38 (81%) 63 (86%) -
Black/African American 1 (4%) 2 (4%) 3 (4%) -
Asian 0 4 (9%) 4 (6%) -
Other 0 3 (6%) 3 (4%) -
BMI (Kg/m2) 25.3(3.56),[19.4,32.7] 26.4(6.39),[19.5,54.0] 26.0(5.54),[19.4, 54.0] 0.88
BMI-categories 0.99
Normal weight (18.5 <BMI<25) 14 (54%) 24 (51%) 38 (52%) -
Overweight (25<BMI<30) 9 (35%) 16 (34%) 25 (34%) -
Obese (BMI>30) 3 (11%) 7 (15%) 10 (14%) -
Education 0.82
Below college 3 (14%) 6 (14%) 9 (14%) -
College graduate 10 (48%) 16 (38%) 26 (41%) -
Graduate degree 8 (38%) 20 (48%) 28 (45%) -
Smoking status 0.009
Never smoker 22 (85%) 36 (77%) 58 (80%) -
Former smoker 1 (4%) 11 (23%) 12 (16%) -
Current smoker 3(11%) 0 (0%) 3 (4%) -
Warm season at baseline® 5 (19%) 20 (43%) 25 (34%) 0.07
IBD diagnosis 0.61
Ulcerative colitis 16 (62%) 32 (68%) 48 (66%) -
Crohn's disease 10 (38%) 15 (32%) 25 (34%) -
IBD score® 1.65 (1.38), [0, 4] 1.19 (1.35), [0, 5] 1.36 (1.37), [0, 5] 0.13

Time-varying characteristics, #visits®

Warm season ¢ 61 (46%) 92 (46%) 153 (46%) 0.99

Ejaculation abstinence time 0.84
<2 Days 10 (8%) 19 (10%) 29 (9%) -
2<Days<4 115 (86%) 169 (85%) 284 (85%) -
>4 Days 8 (6%) 11 (5%) 19 (6%) -

B{HB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline; 16 men (62%) on Lialda®, 8 men (31%) on Pentasa”, one man (4%) on Apriso” and one man (4%) was not
on mesalamine medication at the time of recruitment.

H;BH,-arm, H, represents high-DBP exposure at baseline, B represents background-exposure after crossover and
H, represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline;
24 men (51%) on Asacol® and 23 men (49%) on Asacol "HD.

*:N (%) for categorical/binary variables and mean (SD), [Range] for continuous variables

P: P-values are based on Fisher exact test for categorical variables and Kruskal Wallis test for continuous variables.
“: Season of sample collection, Warm: April Through September

10 men missing information on education; for 2 semen samples missing abstinence times, we imputed values for
their categories based on the other samples given by the same man (both men had the same abstinence time category
for all their other samples).
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Table 1.1 (Continued): *: IBD score: simple clinical colitis activity index, includes bowel frequency and urgency,
presence of blood in the stool and general wellbeing. Mild IBD score: 5 or less for UC and 4 or less for CD.
Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m,
meter; SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N,
number of men; DBP, dibutyl phthalate; B;HB,, Background;-High-Background, DBP exposure; H;BH,, High;-
Background-High, DBP exposure.

Table 1.2: Semen quality parameters for 73 men (332 semen samples) in the MARS study.

n (%) < WHO
Semen quality parameters Mean (SD) Median [Range] lower reference
limits®
Ejaculate volume (mL) 2.71 (1.21) 2.5[0.23,7.10] 45 (14%)
Sperm concentration (million/mL) 74.4 (68.2) 59.8[2.7, 670] 22 (7%)
Total sperm count (million) 192 (151) 168 [0.62, 828] 35 (11%)
% Total sperm motility 49.0 (20.6) 51.0 [0, 88] 111 (33%)
%Progressive sperm motility 29.4 (14.2) 30.0 [0, 77] 177 (53%)
Motile sperm count (million)” 111 (115) 74.3 0, 621] -
% Normal sperm morphology 7.01 (3.61) 710, 23] 93 (28%)
Morphologically normal sperm count (million)* 15.6 (17.7) 9.63 [0, 131] -

* Binary semen quality parameters less than WHO lower reference limits (2010)(1): ejaculate volume<15 ml; sperm
concentration <15 million/ml; total sperm count< 39 million; total motile sperm<40%; progressive motile sperm
<32% and normal sperm morphology< 4% using “strict” Tygerberg method; n: # semen samples. There were 2
samples missing morphology (n=330).

P Motile count= Total Sperm Count x % Motile

¢ Morphologically normal count =Total Sperm Count x % normal morphology

Abbreviations: MARS, Mesalamine And Reproductive health Study; WHO: World health organization.
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Table 1.3A: Adjusted effect (95%CI) of crossover, crossback and carryover on semen parameters among men starting on mesalamine medication not
containing dibutyl phthalate (B1HB2-arm)”

B;HB,-arm [Background (B,)- High (H)- Background (B,) dibutyl phthalate exposure]: 26 men, 133 semen samples

Fitted Means (95%CI) Comparlisons
r 4 ( |
Semen quality Basl:lme Crossover  Crossback  Crossover effect p  Crossback effect Carryover effect p
parameter (B1) (H) (B,) Os%cH (95%CI) value (95%CI) value
H-B, B,-H B,-B,

: 2.88 2.97 2.70 0.09 027 -0.18
Ejaculatevolume (mL) 5 4 '337)  (246,347) (2193220 (022,039 "7 (0ss005 0 (osions O
Sperm concentration 55.5 48.9 50.1 -11.9% 021 2.36% 0.82 -9.8% 0.34
(million/mL)" (40.1,76.8) (349, 68.5) (35.5,70.6) (-27.6%,7.23%) (-16.6%, 25.6%) 27.0%, 11.5%)
Total sperm count 140 127 120 -8.96% 045 -5.45% 0.67 -13.9% 0.26
(million)” (94,207)  (84.3,192)  (79.1,183)  (-28.7%, 162%) - (:26.7%,22.0%) (:33.9%, 12.1%) -

43.8 39.6 36.2 -4.19 -3.41 -7.61

o o

Totalspermmotility 355 559)  (31,481)  (274,449) (925,080 10 (869,180  **° (131,215 00
% progressive sperm 25.2 23.5 21.0 -1.76 033 -2.47 019 -4.23 0.03
motility (19.5,31)  (175,294) (149,27.1)  (-5.29, 1.78) : (-6.16,1.22) : (-8.05, -0.40) :
Motile sperm count 52.1 44.8 38.3 -13.7% 032 -14.3% 0.32 -26.0% 0.06
(million)" (30.4,88.8) (25.6,77.8) (21.6,67.1) (-35.7%,15.8%) (-36.9%, 16.5%) (-46.2%, 1.70%)

% Normal sperm 6.17 6.31 6.02 0.13 082 -0.29 0.65 -0.16 081
morphology (4.77,757)  (4.83,7.79) (447,756)  (-1.06,133) : (-1.54, 0.96) : (-1.45,1.13) :
Morphologically normal 8.25 7.90 7.08 -3.78% 077 -9.14% 0.49 -12.6% 0.35
sperm count (million)®  (5.08, 13.1)  (4.76,12.8) (4.18,11.6)  (-25.9%,24.9%) - (-30.8%, 19.4%) (:342%, 161%)
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Table 1.3B: Adjusted effect (95%CI) of crossover, crossback and carryover on semen parameters among men starting on mesalamine medication
containing dibutyl phthalate (H1BH2-arm)”

H;BH,-arm[High (H;)-Background (B) - High (H,)] dibutyl phthalate exposure]: 47 men, 199 semen samples

Fitted M(leans (95%CI) Comparigons
f I

Semen quality parameter Bz;s&:l)ne Crossover  Crossback Crossover P Crossback P Carryover P

(B) (Hy) Effect (95%CI) value Effect (95%CI) value Effect (95%CI) valu

B-H, H,-B H,-H, e
. 2.47 2.51 2.44 0.04 -0.07 -0.03
Ejaculatevolume (mL) 5 1y 584y 211,201)  (202,286) (022,029 77 (035021 %02 (032025 OB
Sperm concentration 57.5 55.4 60.6 -3.70% 0.65 9.49% 0.33 5.43% 057
(million/mL)" 45,73.5)  (425,72.1)  (46,79.9)  (-18.4%, 13.6%) - (-8.77%,31.4%) (-12.1%, 26.5%) -
Total sperm count 124 124 130 -0.31% 0.98 4.86% 0.68 4.54% 0.70
(million)” (92.1,167)  (89.6,171)  (92.6,182)  (-18.9%,22.5%) - (-16.5%,31.6%) - (-16.7%,31.1%) -
- 52.8 49.6 51.6 -3.28 2.02 -1.26

“oTotal sperm motility (46.6,59.1) (42.8,56.3) (44.6,58.6)  (-7.54,0.97) 0.13 (-2.68, 6.72) 0.40 (-595,342) 060
% progressive sperm 32.6 31.1 323 -1.49 0.33 1.20 0.47 -0.29 086
motility (28.2,36.9) (26.4,358) (27.4,372)  (-4.46, 1.49) : (-2.09, 4.49) : (-3.56, 2.99) :
Motile s;l))erm count 62.7 54.7 63.3 -12.6% 029 15.4% 030 0.91% 0.95
(million) (42,93.4)  (355,83.9) (40.5,98.6) (-31.8%, 12.1%) (12.2%,51.8%) (:23.2%,32.7%)
%DNormal sperm 7.75 6.74 7.64 -1.01 0.04 0.90 011 -0.11 0.84
morphology (6.67,8.83) (5.52,7.96) (6.33,8.95)  (-2.0,-0.02) : (-0.21,2.01) : (-1.19, 0.97) '
Morphologically norn;al 10.3 8.52 10.6 -15.6% 013 22.0% 011 2.95% 031
sperm count (million) (7.23,14.5) (5.76,12.4)  (7.12,15.6)  (-32.2%,5.05%) (-4.23%,553%) -19.1%, 31%) =

*: Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm (April through September) vs cold) and period (#
years on DBP-containing mesalamine medication at baseline) in the mixed effect model.

P: Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are presented as percentage change by exponentiating
the log-transformed Beta coefficient. The sum of the percent changes for crossover and cross back do not equal the total carryover effect for the log-transformed
variables because they are on the multiplicative scale. For the variables that are not log-transformed, the sum of the percent changes for crossover and cross back
equal the total carryover effect as they represent the absolute difference on the additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log-transformed after adding 1 due to few zero values, they were back
transformed and 1 was subtracted from the means.

B;HB;-arm: B, represents background low-DBP exposure at baseline, H represents high-DBP exposure after crossover and B, represents background low-
exposure after crossback.

H;BH,-arm: H, represents high-DBP at baseline, B represents background low-DBP exposure after crossover and H, represents high-DBP after crossback.
Note: 2 samples missing morphology; negative sign means a decrease or % decrease for the log-transformed variables compared to the measure in the previous
period. Abbreviations: DBP, dibutyl phthalate; B;HB,: Background,-High-Background, DBP exposure; H;BH,; High,-Background-High, DBP exposure;
95%CI, 95% Confidence Interval.



Figure 1.1: Mesalamine And Reproductive health Study (MARS) Design.
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men, 38 visits) H; (24 men, 48 visits)

B{HB,-arm: B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at
baseline. H{BH,-arm: H; represents high-DBP exposure at baseline, B represents background-exposure after
crossover and H, represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing
DBP at baseline. Abbreviations: MARS, Mesalamine And Reproductive health Study; DBP, dibutyl phthalate.
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Figure 1.2: Unadjusted and Adjusted means (95%CI) of semen parameters at baseline, crossover and

crossback for the 2 arms-MARS.
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Figure 1.2 (Continued): Unadjusted and adjusted means (95%CI) of semen parameters at baseline, crossover
and crossback for the 2 arms-MARS.
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Figure 1.2: Panel A shows the unadjusted means and 95% CI and Panel B shows the adjusted means and 95% CI
[adjusted for abstinence time (categorical), age (continuous), season (warm versus cold) and duration on DBP-
containing mesalamine medication at baseline (in years)]. For the log-transformed outcomes (sperm concentration,
total sperm count, motile sperm count and morphologically normal sperm count), the geometric means and 95% CI
are presented. BjHB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after
crossover and B, represents background-exposure after crossback; included 26 men taking mesalamine that did not
contain DBP at baseline. H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-
exposure after crossover and H, represents high-DBP exposure after crossback; included 47 men taking
mesalamine-containing DBP at baseline. Abbreviations: MARS, Mesalamine And Reproductive health Study;
95% CI, 95% Confidence Interval; DBP, dibutyl phthalate.
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Supplementary Materials

Supplementary Figure 1.1: Sample Size Flow Chart-Mesalamine And Reproductive health Study (MARS)

623 Potential participants identified by medical records

)

109 men: not eligible ]

—

[ 514 potential

eligible men ]

299 men: unable to reach by mail or

215 eligi

phone called
ble men ]

[ 142 men: refused ]

[ 73 enrolled m

en, 337 visits ]

9[ 1 man: could not produce one semen sample ]

73 men, 336 s

emen samples

)

4 semen samples dropped: non-compliant

> with medication protocol

(average 4.55

73 men, 332 semen samples entered the analysis

samples/ man)

N

B1HB,-arm: 26 men (133 samples)
(average 5.1 samples/ man)

H{BH,-arm: 47 men (199 samples)
(average 4.9 samples/ man)

MARS Eligibility criteria: 18 to 55 years old males; diagnosed with mild IBD, visited gastroenterology clinics at
Massachusetts General Hospital (MGH), Beth Isracl Deaconess Medical Center (BIMC) or Brigham and Women’s
Hospital (BWH), Boston, MA, USA from October 2010 through October 2015. Participants must have had mild
IBD score (5 or less for UC and 4 or less for CD) on the simple clinical colitis activity index, on oral mesalamine for
at least the previous 3 months with at least 800 mg/3 times/ day. Men with history of infertility were not excluded.
Men with history of vasectomy, steroid medication in the last 3 months, diabetes mellitus, hepatic or renal diseases
were not eligible. Potential eligible: men who are eligible according to the medical records but we could not

confirm eligibility due to failure to reach them. Eligible: eligib
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Supplementary Figure 1.1: B{HB,-arm, B; represents background-exposure at baseline, H represents high-DBP
exposure after crossover and B, represents background-exposure after crossback included 26 men taking
mesalamine that did not contain DBP at baseline.

H;BH,-arm, H, represents high-DBP exposure at baseline, B represents background-exposure after crossover and
H, represents high-DBP exposure after crossback included 47 men taking mesalamine containing DBP at baseline.
Abbreviations: MARS, Mesalamine And Reproductive health Study; IBD, Inflammatory Bowel Disease; UC,
ulcerative colitis; CD, Crohn’s disease; DBP, dibutyl phthalate; B;HB,: Background,-High-Background, DBP
exposure; H,BH,; High,-Background-High, DBP exposure.
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147

Supplementary Figure 1.2: Directed Acyclic Graph (DAG) for Mesalamine And Reproductive health Study (MARS).
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Supplementary Table 1.1.A: Adjusted effect (95%CI) of crossover, crossback and carryover on semen parameters among men starting on mesalamine

medication not containing dibutyl phthalate (B1HB2-arm)”

B;HB,-arm [Background (B,) -High (H)-Background (B,) dibutyl phthalate exposure]: (26 men, 133 semen samples)

Means (SE) Comparisons
) ]
I 1 1
Semen quality Crossover Effect P 0 o
parameter Baseline (B,) (95%CT) valu Crossback Effect (95%CI) P Carryover Effect (95%CI) P
B,-H value B,-B; value
H-B
-B,; e
gl’}f)“late volume 535 52.3.34) 0.07 (-0.24, 0.37) 0.67 -0.26 (-0.58, 0.06) 0.11 0.2 (-0.53,0.14) 0.24
Sperm
concentration 56.8 (46.5,69.4)  -11.5% (-27.4%, 7.88%) 023  2.87% (-16.23%, 26.32%) 0.79 -8.95% (-26.5%, 12.8%)  0.39
(million/mL)"
I;’l:zlt s(‘;f;;::) oy 147 (113, 190) 9.34% (-29.2%, 16.0%) 0.43  -4.79% (-26.3%, 23.0%) 0.71 -13.7% (-33.9%, 12.8%)  0.28
[1)
veTotal sperm 46.9 (40.4, 53.5) -4.38 (-9.47,0.71) 0.09 -3.39 (-8.68, 1.89) 0.21 778 (-13.3, -2.26) 0.006
motility
. .
voprogressive 27.0 (22.5, 31.5) -1.83 (-5.39, 1.74) 0.31 2.53(-6.23, 1.17) 0.18 435 (-8.21, -0.49) 0.03
sperm motility
xzﬂi"(iﬁ’i‘l’{iz‘n)b 59.3(40.2,87.1)  -14.8% (-36.6%, 14.7%) 029  -13.7% (-36.6%, 17.4%) 0.35 26.5% (-46.7%, 1.42%)  0.06
[1}
7o Normal sperm ¢ 5y 555 7 3¢) 0.11 (-1.1, 1.32) 0.86 -0.40 (-1.66, 0.85) 0.53 -0.29 (-1.61, 1.03) 0.66
morphology
Morphologically
normal sperm 8.55(6.11,11.8)  -4.94% (-26.9%,23.7%) 0.71  -9.49% (-31.2%, 19.0%) 0.47 -14.0% (-35.4%, 14.6%) 030

count (million)"
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Supplementary Table 1.1.B: Adjusted effect (95%CI) of crossover, crossback and carryover on semen parameters among men starting on mesalamine
medication containing dibutyl phthalate (H;BH,-arm)*

H;BH,-arm[High (H;)-Background (B) — High (H,) dibutyl phthalate exposure|: (47 men, 199 semen samples)

Means (SE) Comparisons
Semen quality A 1 r . 1
parameter Crossover Effect Crossback Effect o
Baseline (H,) (95%CI) P (95%CI) P carryover Effect (95%CI) P
B-H value H.-B value H,-H, value
H, -

a*;f)‘“ate volume 5234, 2.82) 0.04, -0.22,0.3) 0.78 -0.08 (-0.36, 0.21) 0.59 -0.04 (-0.33, 0.25) 0.77
Sperm
concentration 57.9 (48.8, 68.7) 2.4% (-17.5%, 155%) 078  9.66% (-8.71%,31.7%)  0.32 7.02% (-11.1%, 28.9%) 0.47
(million/mL)"
(Tn‘;:ﬁ::fl’)‘?f meount 33 108 165) 0.72% (-18.4%, 24.3%) 095  4.96% (-16.5%, 31.9%)  0.68 5.73% (-16.1%, 33.3%) 0.64
[1)
11/;’(;1;:)1:?)1' sperm 52.51 (48.4, 56.6) -3.84 (-8.17, 0.49) 0.08 2.04 (-2.67, 6.76) 0.39 1.8 (-6.57, 2.98) 0.46
. .
sﬁsrrzlg;fs:illvitey 32(29.1, 34.9) -1.83 (-4.86, 1.2) 0.24 1.28 (-2.02, 4.58) 0.45 -0.55 (-3.89, 2.79) 0.75
ngie(ifl’i‘l’lri‘;‘n)b 66.8 (51.7, 86.3) -13.0% (-32.4%, 12%) 028  154%(-12.3%,51.9%) 031  0.41% (-24.0%, 32.63%)  0.98
[1)
Iﬁ’ofglf;‘l‘s;;perm 7.59 (6.8, 8.38) 117 (2.2, 0.15) 0.03 0.91 (-0.21, 2.03) 0.11 0.27 (-1.4, 0.87) 0.65
Morphologically
normal sperm 10.1(7.99,12.7)  -16.1% (-32.9%, 4.89%)  0.12  21.6% (-4.61%, 55.0%)  0.11 2.05% (-20.2%, 30.5%) 0.87

count (million)"

*: Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm (April through September) vs cold) and period (#
years on DBP-containing mesalamine medication at baseline) in the fixed effect model.
P: Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are presented as percentage change by exponentiating
the log transformed Beta coefficient. The sum of the percent changes for crossover and cross back do not equal the total carryover effect for the log transformed
variables because they are on the multiplicative scale). For the variables that are not log transformed, the sum of the percent changes for crossover and cross back
equal the total carryover effect as they represent the absolute difference on the additive scale.
Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding 1 due to few zero values, they were back
transformed and 1 was subtracted from the means.



Supplementary Table 1.1. (Continued): B;HB,-arm: B, represents background-DBP exposure at baseline, H
represents high-DBP exposure after crossover and B, represents background-exposure after crossback.
H;BH,-arm: H, represents high-DBP at baseline, B represents background-DBP exposure after crossover and H,
represents high-DBP after crossback.

Note: 2 samples missing morphology

Note: Negative sign means a decrease or % decrease for the log transformed variables compared to the measure in
the previous period

Abbreviations: DBP, dibutyl phthalate; B;HB,: Background,-High-Background,DBP exposure; H;BH,; High;-
Background-High, DBP exposure; 95%CI, 95% Confidence Interval.
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Chapter 1 Appendix

Supplementary Figure 1.3. Means (95%CI) of semen parameters at baseline, crossover and crossback for the
3-arms (B1HB2--arm, HIBH2-arm with duration on DBP-containing mesalamine medication at baseline
(period) <3 years and H1IBH2-arm with period > 3 years) -MARS

Panel: A- Unadjusted Mixed model Panel: B- Adjusted Mixed Model
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Supplementary Figure 1.3. (Continued)
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Supplementary Figure 1.3. (Continued)
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Supplementary Figure 1.3. : Panel A shows the unadjusted means and 95%CI and Panel B shows the adjusted
means and 95%CI ( adjusted for abstinence time (categorical), age (continuous), season (warm versus cold) and
duration on DBP-containing mesalamine medication at baseline (in years).

For the log transformed outcomes (sperm concentration, total sperm count, motile sperm count and morphologically
normal sperm count), the geometric means and 95% CI are presented.

B;HB,-arm (26 men, 133 semen samples): included men taking mesalamine that did not contain DBP at baseline.
H;BH,-arm (47 men, 199 semen samples): included men taking mesalamine containing DBP at baseline. H{BH,-
arm, <3ys: 25 men, 100 semen samples and HiBH,-arm, >3ys: 22 men and 99 semen samples.

In B;HB,-arm, Background, represents background-DBP exposure at baseline, H represents high-DBP exposure
after crossover and Background, represents background-DBP exposure after crossback.

In H;BH,-arm, H, represents high-DBP exposure at baseline, B represents background-DBP exposure after
crossover and H; represents high-DBP exposure after crossback.

Abbreviations: MARS, Mesalamine And Reproductive health Study; 95% CI, 95% Confidence Interval; DBP,
dibutyl phthalate.
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Supplementary Table 1.2.A: Unadjusted effect (95% CI) of crossover, crossback and carryover on semen parameters among men starting on

mesalamine medication not containing dibutyl phthalate (B1HB2-arm: B1HB2) -Mixed Model®.

B;HB,-arm [Background,(B,)-High(H)-Background,(B,) dibutyl phthalate exposure]: (26 men, 133 semen samples)

Means (95%CI) Comparisons
A ]
\ \
Semen quality Baseline Crossover Crossback  Crossover Effect P Crossback Effect P Carryover Effect p
parameter (B)) (H) (B)) (95%CI) value (95%CI) value (95%CI) value
H-B, B,-H B,-B,

Ejaculate volume 2.95 3.01 2.70 0.06 071 -0.31 0.05 0.26 011
(mL) (2.52,338)  (2.57,345) (2.24,3.15) (-0.24, 0.35) : (-0.63, 0) ' (-0.57, 0.06) '
f‘(‘)’gg‘l tration 572 515 52.1 -9.98% 098 1.29% 0.90 -8.82% 037
(million/mlob (43.1,75.9)  (38.5,68.8) (38.7,70.3)  (-25.6%, 8.92%) (-17.4%, 24.1%) (-25.6%, 11.8%)
Total sperm count 149 138 126 -7.66% 051 -8.53% 049 -15.5% 019
(million)b (106, 210) (96.7,196)  (87.5,181)  (-27.2%,172%) (-29.1%, 18.0%) (-34.5%, 8.95%) '
%Total sperm 47.1 42.6 39.0 4.44 0.07 -3.65 017 -8.10 0.003
motility (39.8,543)  (35.2,50.0) (31.3,46.6) (-9.34, 0.45) : (-8.87, 1.57) ' (-13.3,-2.87) :
% progressive 26.9 24.7 22.0 2.2 021 -2.71 015 -4.91 0.009
sperm motility (21.9,32.0)  (19.6,29.9)  (16.8,27.3) (-5.63,1.23) : (-6.36, 0.95) ' (-8.57,-1.24) :
Motile sperm count 60.5 529 436 -12.4% 037 17.3% 022 27.5% 0.04
(million)b (37.8,96.5)  (32.7,852) (265,71.2)  (-34.2%,16.7%) (-39.1%, 12.2%) (-46.6%, -1.60%) '
% Normal sperm 6.23 6.31 6.05 0.09 0.89 027 0.67 -0.18 0.78
morphology (5.05,741)  (5.09,7.54)  (4.75,7.35) (-1.07, 1.24) : (-1.51,0.98) ' (-1.42, 1.06) '
Morphologically 8.41 7.99 7.05 -4.48% -10.4% -14.4%
normal sperm (554,125 (52,120)  (449,108) (258%23.0%) 7 (31.6% 174%) P (348%, 124%) 02O

count (million)b
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Supplementary Table 1.2.B: Unadjusted effect (95% CI) of crossover, crossback and carryover on semen parameters among men starting on
mesalamine medication containing dibutyl phthalate (H;BH,-arm) -Mixed Model™

H;BH,-arm [High,(H;)-Background(B)—High,(H,)] dibutyl phthalate exposure]: (47 men, 199 semen samples)

Means (95%CI) Comparisons
. Crossover Crossback Carryover
Ba(i;"l;“e C“’(fl‘)’ver C“’(s;b)“k Effect (95%CI) Vall)ue Effect (95%CI) Vall)ue Effect (95%CI) Vall)ue
! 2 B-H, H2-B H,-H,
Ejaculate volume 2.58 2.59 2.48 0.00 0.97 -0.10 0.48 -0.10 0.49
(mL) (2.26,2.9) (2.23,2.94) (2.12,2.85)  (-0.25,0.26) : (-0.38, 0.18) : (-0.37, 0.18) :
f(‘)’lfzgltraﬁon 57.8 55.5 60.2 -4.06% 0.62 8.44% 038 4.03% 0.6
- o, 0, * _ 0, 0, * _ 0, 0, *
(illion/ml )" (46.9,71.4) (44.1,69.9) (47.3,76.5) (-18.6%, 13.1%) (-9.56%, 30.0%) (-12.9%, 24.3%)
Total sperm count 133 130 134 -2.21% 0.83 2.42% 0.84 0.16% 0.99
(million)" (103,172)  (98.4,173) (99.5,179)  (-20.4%,20.1%) (-18.4%, 28.5%) (-19.8%,25.1%) =
%Total sperm 52.6 49.1 51.1 345 011 1.94 041 151 052
motility (47.2,58.0) (43.2,55.0) (44.9,572)  (-7.66,0.76) : (-2.72, 6.6) : (-6.07, 3.05) :
%oprogressive 32.0 30.4 314 -1.68 096 1.05 053 -0.63 0.70
sperm motility (28.3,35.7) (26.3,34.4) (27.1,357)  (-4.63,1.27) : (-2.21,4.32) : (-3.82,2.57) :
Motile sperm 67.0 572 64.6 14.3% 02 12.7% 039 3.48% 0.7
count (million)” (47.3,94.6) (39.2,83.3) (43.7,954) (-33.1%,9.68%) (-14.2%, 48.0%) (-26.2%,262%)
% Normal sperm 7.6 6.61 7.54 -0.98 0.05 0.93 0.10 -0.05 092
morphology (6.73,847) (5.59,7.64) (6.44,8.64)  (-1.96,-0.01) : (-0.17, 2.03) : -1.11, 1) :
M"rphl"l"g‘ca“y 10.1 8.27 10.2 -16.6% 0.10 20.3% 013 0.25% 098
normat sperm (7.51,13.5)  (5.9,11.5) (7.18,14.2) (-32.9%,3.51%) = (-5.36%, 52.8%) (-20.7%, 26.7%) =

count (million)"

* Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm (April through September) vs cold) and period (#
years on DBP containing mesalamine medication at baseline).

P Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are presented as percentage change by exponentiating the
log transformed Beta coefficient. The sum of the percent changes for crossover and cross back do not equal the total carryover effect for the log transformed
variables because they are on the multiplicative scale). For the variables that are not log transformed, the sum of the percent changes for crossover and cross back
equal the total carryover effect as they represent the absolute difference on the additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding 1 due to few zero values, they were back
transformed and 1 was subtracted from the means. BjHB,-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure
after crossover and Background?2 represents low DBP after crossback. HiBH,-arm: H; represents high DBP at baseline, B represents Background exposure to
DBP after crossover and H, represents high DBP after crossback. Note: 2 samples missing morphology Note: Negative sign means a decrease or% decrease for
the log transformed variables compared to the measure in the previous period. Abbreviations: DBP, dibutyl phthalate; B;HB,: Background-High-Background
DBP exposure; H;BH,; High-Background-High DBP exposure; 95% CI, 95% Confidence Interval.
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Supplementary Table 1.3: Unadjusted effect (95% CI) of crossover, crossback and carryover on semen parameters among men starting on mesalamine
medication not containing dibutyl phthalate (B;HB,-arm: B;HB,) and men starting on mesalamine medication containing dibutyl phthalate (H;BH,-

arm) -Fixed Model®.

B;HB,-arm [Background,(B,)-High(H)-Background,(B,) dibutyl phthalate exposure]: (26 men, 133 semen samples)

Means (95%CI) Comparisons
Baseline Crossover Effect Crossback Effect Carryo:er Effect
Semen Quality Parameter 95%CI P 95%CI P (95%CI) P
(Background,) (O5%C1) value O3%C1) value Background,- value
H- Background, B,-H 2
Background,
. 2.93 0.02 -0.3 -0.28
Ejaculate volume (mL) (2.52,3.34) (-0.28, 0.32) 0.90 (-0.62,0.01) 0.06 (-0.6, 0.04) 0.08
Sperm concentration 56.8 -9.91% 0.29 1.47% 0.89 -8.58% 0.39
(million/mL)" (46.5, 69.4) (-25.6%, 9.14%) ) (-17.2%, 24.4%) ) (-25.6%, 12.3%) )
Total sperm count 147 -9.01% 0.44 -8% 0.52 -16.3% 0.17
(million)" (113, 190) (-28.4%, 15.7%) ) (-28.7%, 18.8%) ) (-35.3%, 8.26%) )
46.9 -4.74 -3.72 -8.47
o -
"o Total sperm motility (40.4, 53.5) (:9.66, 0.17) 0.06 (-8.95, 1.5) 0.16 (-13.7,-3.2) 0.002
% progressive sperm 27.0 -2.39 -2.79 -5.19
motility (22.5,31.5) (-5.84, 1.05) 0.17 (-6.46, 0.87) 0.13 (-8.88, -1.5) 0.006
Motile sperm count 59.3 -14.2% 0.30 -17.0% 0.23 -28.8% 0.03
(million)" (40.2, 87.1) (-35.7%, 14.5%) ) (-38.9%, 12.8%) ) (-47.7%, 3.03%) )
% Normal sperm 6.31 -0.01 -0.37 -0.38
morphology (5.25,7.36) (-1.18, 1.16) 0.98 (-1.62,0.87) 0.56 (-1.65, 0.88) 0.55
Morphologically normal 8.60 -6.72% 0.59 -10.9% 0.40 -16.9% 019
sperm count (million)” (6.11, 11.8) (-27.7%, 20.3%) ) (-32.0%, 16.9%) ) (-36.8%, 9.46%) )
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Supplementary Table 1.3 (Continued):

H;BH,-arm [High,(H,)-Background(B)—High,(H,)] dibutyl phthalate exposure]: (47 men, 199 semen samples)

Means (95%CI) Comparisons
Semen quality
parameter . Crossover Effect P Crossback Effect P Carryover Effect
Baseline (A,) (95%CT) (95%CT) (95%CT) P
B-H, value H2-B value Hy-H, value
. 2.58 0.00 -0.11 -0.10
Ejaculate volume (mL) (2.34,2.82) (:0.25, 0.26) 0.97 (:0.39,0.18) 0.46 (:0.38,0.18) 0.47
Sperm concentration 57.9 -3.1% 071 8.23% 039 4.88% 061
(million/mL)b (48.8, 68.7) (-18.0%, 14.5%) ) (-9.8%, 29.9%) ' (-12.5%, 25.7%) )
Total sperm count 133 -1.48% 0.89 2.14% 0.86 0.63% 0.96
(million)b (108, 165) (-20.1%, 21.5%) ' (-18.7%, 28.3%) ) (-19.8%, 26.3%) )
- 52.5 -4.07 1.89 -2.18
“oTotal sperm motility (48.4, 56.6) (-8.35,0.22) 0.06 (:2.78, 6.56) 0.43 (-6.83, 2.47) 0.36
% progressive sperm 32.0 -2.08 017 1.11 051 -0.97 0.56
motility (29.1, 34.9) (-5.08, 0.93) ) (-2.17,4.38) ) (-4.23,2.28) )
Motile sperm count 66.8 -15.0% 0.20 12.3% 041 -4.56% 0.74
(million)b (51.7, 86.3) (-33.9%, 9.3%) ) (-14.6%, 47.6%) ) (-27.3%, 25.3%) )
% Normal sperm 7.59 -1.17 0.94 -0.23
morphology (6.80, 8.38) (-2.18,-0.15) 0.02 (-0.17,2.04) 0.10 (-1.33,0.87) 0.68
Morphologically normal 10.1 -17.4% 0.09 19.6% 014 -1.24% 0.92
sperm count (million)b (7.99, 12.7) (-33.8%, 2.95%) ' (-5.96%, 52.1%) ' (-22.2%, 25.4%) )

* Unadjusted fixed effect model.

P Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are presented as percentage change by exponentiating the
log transformed Beta coefficient. The sum of the percent changes for crossover and cross back do not equal the total carryover effect for the log transformed
variables because they are on the multiplicative scale). For the variables that are not log transformed, the sum of the percent changes for crossover and cross back
equal the total carryover effect as they represent the absolute difference on the additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding 1 due to few zero values, they were back
transformed and 1 was subtracted from the means.

B;HB,-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure after crossover and Background?2 represents low DBP
after crossback.

H;BH,-arm: H; represents high DBP at baseline, B represents Background exposure to DBP after crossover and H, represents high DBP after crossback.

Note: 2 samples missing morphology

Note: Negative sign means a decrease or% decrease for the log transformed variables compared to the measure in the previous period

Abbreviations: DBP, dibutyl phthalate; BjHB,: Background-High-Background DBP exposure; H;BH,; High-Background-High DBP exposure;95% CI, 95%
Confidence Interval.
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Supplementary Table 1.4: Adjusted” effect (95% CI) of crossover, crossback and carryover on semen parameters among men starting on mesalamine

medication not containing dibutyl phthalate (B1HB2-arm) and men starting on mesalamine medication containing dibutyl phthalate (H1BH2-arm with

duration on DBP-containing mesalamine medication at baseline (period) <3 years and H1BH2-arm with period > 3 years)-Mixed model-3-arms”

B;HB,-arm [Background,(B,)-High(H)- Background,(B,) dibutyl phthalate exposure]: (26 men, 133 semen samples)

Mean (95%CI) Comparisons
. Crossover effect Crossback Carryover
Sel‘,‘;er‘;lg:taelr‘ty Baseline (B1) C"’(sl;‘)’ver Cr‘g;;’)“k (95%CI) Va'l’ue effect (95%CT) Va'l’ue effect (95%CT) Vall)ue
H- Bl B2-H B2- Bl
Ejaculate 2.87 2.96 2.69 0.09 058 0.27 0.10 20.18 098
Volume(mL) (233,3.42)  (2.393.53) (2.123.27)  (-0.22,0.39) ' (-0.58, 0.05) ' (-0.51, 0.15 '
Sperm
NP 53.5 473 48.6 11.5% 2.80% -9.05%
S/‘:l‘]i‘;{,‘tmt“’“(M‘““’ GT.LI70) (32469  (3L713)  (272% 747%) T (161%,259%) O (-26.3%, 122%)
Total Sperm 119 113 -8.63% -4.99% 13.2%
Count(Million)" 130(83.6.203) (753 188)  (71.1,180)  (-283%, 16.5%) Y (263% 225%) % (333%, 120%) 0%
%Total Sperm 40.9 36.6 332 424 0.10 3.42 0.20 -7.66 0.006
Motility (31.7,50.1)  (27.1,46.1) (23.642.8)  (-9.31,0.82) ' (-8.71, 1.87) ' (-13.1,-2.18) :
%Progressive Sperm 21.6 19.1 -1.80 -2.49 -4.29
Motility 2407299 (15283)  (124259) (535,174 %32 (ea9,121) O (812,046 003
Motile Sperm 452 39.0 33.4 -13.5% 033 -14.0 034 -25.6% 0.07
Count(Million)" (24.6,824)  (20.8,72.3) (17.6,62.6)  (-35.6%, 16.1) ' (-36.7%, 17.0%) = (-45.9%,2.33%)
% Normal Sperm 6.18 5.88 0.13 -0.29 -0.16
Morphology 00543759 45578) (42757 (-1.06, 1.33) 0.83 (-1.55, 0.96) 0.65 (-1.46, 1.13) 0.81
§4°rph;’ls°g‘°a“y 7.60 7.28 6.54 -3.66% 0.78 -8.97% 0.50 -12.3% 036
orma’ Sperm (4.36,12.8)  (4.09,12.5) (3.59,11.4) (-25.8%,25.1%) (-30.8%, 19.7%) ' (-34.0%, 16.5%) '

Count(Million)"
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Supplementary Table 1.4 (Continued):

H;BH,,<3ys-arm[High (H,)-Background (B) - High (H,)] dibutyl phthalate exposure-period<3ys]: 25 men, 100 semen samples

Mean (95%CI) Comparisons
Crossover Crossback Effect Carryover
Semen Quality Baseline Crossover Crossback Effect (95%CI) P 95%CI) P Effect (95%CI) P
Parameter (H1) (B) (H2) B-H1 value H2-B value H2-H1 value
Ejaculate 2.46 2.48 2.46 0.01 0.94 -0.02 0.92 -0.01 097
Volume(mL) (1.962.97)  (1.92,3.03)  (1.86,3.05) (-0.35,0.38) ' (-0.43, 0.39) : (-0.42, 0.41) :
Sperm
. 535 61 53.4 13.9% -12.5% -0.29%
fq‘iﬁf::};:}g‘ﬁn( (38275  (422881)  (36.1,788)  (9.97%44.1%) U2 (327%,139%) 0% (235%300%) O
Total Sperm 109 134 110 22.6% 017 -17.8% 04 0.83% 0.96
Count(Million)®  (72.8,165)  (85.8,210)  (68.6,178)  (-8.57%, 64.5%) (-40.8%, 14.2%) : (-27.6%, 40.4%) :
%Total Sperm 48.3 46.1 2.12 2.99 0.87
Motility (39.8,56.7)  (36.9.554) 11 G9339 293 400 0.50 (-3.86, 9.84) 0.39 (-6.02, 7.76) 0.80
%Progressive 29.9 28.3 -1.55 2.67 1.12
Sperm Motility  (2435.8)  (21.834.8) -1 GHL3T (035 73 0.48 (-2.12,7.47) 0.27 (-3.70, 5.95) 0.65
Motile Sperm 50.3 523 49.8 4.00% 0.83 -4.69% 081 -0.88% 0.97
Count(Million)®  (28.8,87.2)  (28.6,94.9)  (26.4,93.4)  (-27.2%, 48.6%) (-36.0%, 41.9%) : (-33.7%, 48.1%) :
0,
7o Normal 7.59 6.53 7.45 11,07 0.92 0.14
Sperm (6.169.03)  (4.86,8.19)  (5.62,9.28) (-2.48,0.35) 0.14 (-0.69, 2.54) 0.26 (-1.73, 1.45) 0.86
Morphology
Morphologicall
y Normal 9.10 8.34 9.12 -7.52% 0.62 8.38% 0.65 0.22% 0.99
Sperm (5.54,14.6)  (4.8,14.0) (5.1,158)  (-32.5%,26.6%) (-23.8%, 54.1%) : (-29.7%, 42.9%) :

Count(Million)"




Supplementary Table 1.4 (Continued):

H;BH,,>3ys-arm[High (H;)-Background (B) - High (H,)] dibutyl phthalate exposure-period>3ys]: 22 men, 99 semen samples

4]

Mean (95%CI) Comparisons
Crossover Crossback Carrvover
Semen Quality Baseline Crossover  Crossback Effect P Effect P Effect (550 % CI) P
Parameter (H1) (B) (H2) (95%CI) value (95%CI) value H2-H1 value
B-H1 H2-B
Ejaculate Volume 2.50 2.56 2.45 0.06 074 -0.12 056 -0.06 077
(mL) (1.693.32)  (1.72341)  (1.63.29) (-0.3,0.42) ' (-0.51,0.28) ' (-0.44,0.33) ‘
sperm 63.6 52.1 70.5 -18.0% 35.3% 10.9%
S\Zﬁfﬁ,'lfffﬂ‘)’f (368,110)  (297914)  (40.1,124) (348%3.04%) 0 (s26%740%) 002 (314179 040
Total Sperm Count 152 124 164 -18.4% 016 32.3% 0.08 8.02% 0.62
(Million)” (78.5295)  (63.0245)  (83.0326)  (-38.6%.,8.65%) = (336%81.1%) = (-20.4%,46.6%)
%Total Sperm 57.8 59.1 -4.44 1.26 -3.18
Motility 623 (48676) 437719)  @49733) (10415 O (sas7sy 070 (osazasy O
%Progressive 38.4 36.9 36.8 -1.46 0.4 -0.11 0.96 -1.57 0.49
Sperm Motility (28.847.9)  (27.146.8) (26.9.46.7)  (-5.62,2.71) ' (-4.69,4.47) ' (-6.02,2.88) '
Motile Sperm Count 94.8 69.8 97.1 -26.2% 0.09 38.7% 0.09 2.4% 0.90
(Million)” (38.6231)  (27.6,174)  (38.5,242)  (-47.8%441%) = (5.18%,103%) (-29.3%,483%)
Sperm Morphology 8.12 7.16 8.03 -0.97 0.17 0.87 027 -0.10 0.90
(% Normal) (5.88,104)  (479,9.52)  (5.63,104)  (-2.36,0.42) ' (-0.67,2.42) ' (-1.58,1.38) '
;‘:rrlfl';fls"pggﬁly 12.9 9.72 13.6 22.8% 010 36.4% 0.07 5.25% 076
Count (Million)" (5.9027.0)  (422.21.0)  (6.09,29.2)  (-43.2%,4.81%) (-2.61%,90.9%) (-24.1%,45.9%)

* Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm (April through September) vs cold) and period (#
years on DBP containing mesalamine medication at baseline).

P Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are presented as percentage change by exponentiating the
log transformed Beta coefficient. The sum of the percent changes for crossover and cross back do not equal the total carryover effect for the log transformed
variables because they are on the multiplicative scale. For the variables that are not log transformed, the sum of the percent changes for crossover and cross back
equal the total carryover effect as they represent the absolute difference on the additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding 1 due to few zero values, they were back
transformed and 1 was subtracted from the means. BjHB,-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure
after crossover and Background2 represents low DBP after crossback. 26 men, 133 semen samples.H;BH,-arm: H; represents high DBP at baseline, B
represents Background exposure to DBP after crossover and H, represents high DBP after crossback. HiBH,-arm, <3ys: 25 men, 100 semen samples and
H;BH,-arm, >3ys: 22 men and 99 semen samples. Note: 2 samples missing morphology Note: Negative sign means a decrease or% decrease for the log
transformed variables compared to the measure in the previous period Abbreviations: DBP, dibutyl phthalate; B;HB,: Background-High-Background DBP
exposure; HyBH,; High-Background-High DBP exposure; 95% CI, 95% Confidence Interval.



Supplementary Table 1.5: Adjusted effect (95% CI) of crossover, crossback and carryover on semen parameters among men starting on mesalamine
medication not containing dibutyl phthalate (B1HB2-arm) and men starting on mesalamine medication containing dibutyl phthalate (H1BH2-arm with
duration on DBP-containing mesalamine medication at baseline (period) <3 years and H1BH2-arm with period > 3 years)-Fixed model-3arms”

B;HB,-arm [Background,(B,)-High(H)- Background,(B,) dibutyl phthalate exposure]: (26 men, 133 semen samples)

SS

Mean (95%CI) Comparisons
. Crossover
Semen quality Parameter . o P Crossback effect P Carryover effect
Baseline (B1) effeclt{(?;f’cn value  (95%CI)B2-H  value  (95%CI)B2-B1 [ Value
. 2.93 0.06 2026 20.20
Ejaculate Volume (mL) (2.52,3.34) 024037 068 (-0.58.,0.06) 0.10 (:0.53,0.13) 0.24
Sperm Concentration 56.8 -11.1% 0.24 3.33% 0.75 -8.17% 043
(Million/mL)" (46.5,694)  (27.0%8.13%) (-15.7%26.7%) O (-25.8%,13.6%) :
I 147 -8.98% -4.30% -12.9%
Total Sperm Count (Million) (113,190)  (288%.163%) P (258%.235%) O (332%13.7%) 0.31
46.9 441 339 -7.80
. .
7oTotal Sperm Motility (40.4, 53.5) (9.52.069) 009 (-8.69,1.91) 0.21 (-13.3,-2.27) 0.006
27.0 -1.86 255 441
%oProgressive Sperm Motility (22.5,31.5) (-5.43,1.71) 0.31 (-6.25,1.16) 0.18 (-8.28,-0.54) 0.03
. N 593 -14.5% 113.4% 225.9%
Motile Sperm Count (Million) 40287.1)  (364%,15.0%) 030 (36.3%,17.8%) 036 (-46.3%.2.15%) 0.07
6.31 0.11 -0.41 20.29
0,
Sperm Morphology (% Normal) 5 ,5"; 34 -1.10,133) O (-1.67,0.86) 0.53 (-1.62,1.03) 0.66
Morphologically Normal Sperm 8.60 -4.76% 0.72 -9.32% 048 -13.6% 032
Count (Million)” 6IL118)  (-269%24%) (31.1%,193%) (-35.2%,15.1%) :
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Supplementary Table 1.5 (Continued):

H;BH,,<3ys-arm[High (H;)-Background (B) - High (H,)] dibutyl phthalate exposure-period<3ys|: 25 men, 100 semen samples

Mean
(95%CI) Comparisons
Semen quality Parameter Baseline Cli;)::e()c\;er Crossback Effect Carryover
(H1) (95%CT) P value (95%CI) P value Effect (95%CI) P value
> H2-B H2-H1
B-H1
. 2.55 0.00 0.00 0.00
Ejaculate Volume (mL) (2.19,291)  (-0.38,0.38) 0.99 (-0.42,0.41) 0.99 (-0.43,0.42) 0.99
. . b 56.6 15.9% -12.1% 1.86%
Sperm Concentration (Million/mL) (42.974.5)  (-8.91%,47.4%) 0.23 (-32.5%,14.5%) 0.34 (-22.4%,33.6%) 0.89
o 124 23.5% -16.7% 2.95%
Total Sperm Count (Million) S7.1.177)  (-8.59%.67.0%) 17 (-40.1%,16%) 028 67%446%) 087
52.3 2.89 3.14 0.25
. o
7oTotal Sperm Motility (46.4,582)  (-9.16,337) 0.36 (-3.74,10.0) 0.37 682731 09
31.8 -1.98 2.87 0.89
YoProgressive Sperm Motility (27.4, 36.3) (-6.36,2.40) 0.37 (-1.94.7.68) 0.24 (-4.05,5.83) 0.72
. o 63.7 2.65% -3.53% -0.98%
Motile Sperm Count (Million) (42.9045)  (28.7%47.7%) %7 (-35.3%,43.8%) 086 (3430%493%) 09
7.59 -1.29 0.92 -0.37
0,
Sperm Morphology (% Normal) (6.36,8.83)  (-2.77,0.20) 0.09 (-0.71,2.55) 0.27 (-2.05,1.31) 0.66
Morphologically Normal Sperm 9.70 -9.26% 055 8.69% 0.64 -1.37% 0.94
Count (Million)" (6.71,13.8)  (-34.3%,25.3%) ' (-23.7%, 54.8%) ' (-31.5%,41.9%) '
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Supplementary Table 1.5 (Continued):

H,;BH,,>3ys-arm|[High (H,)-Background (B) - High (H,)] dibutyl phthalate exposure-period>3ys]: 22 men, 99 semen samples

Mean (95%CI) Comparisons
Semen quality Parameter Baseline sz;(;jrc%f fect P E fgzgs(;l;?,;lél) P Carryover Effect P
() (] ° _
(H1) B-H1 value H2-B value  (95%CI) H2-H1 value
. 2.61 0.07 0.15 -0.08
Ejaculate Volume (mL) (2.29,2.93) 020043 %70 (os4025) 046 (-0.47,031) 0.70
Sperm Concentration 59.5 -17.1% 011 35.3% 0.02 12.3% 036
(Million/mL)" (48.6,72.8) (-34.2%,4.61%) : (5.13%,74.2%) ' (-12.4%,43.9%) '
N 144 -16.9% 31.1% 8.88%
Total Sperm Count (Million) (114,181) 378%11.1%) 221 (a43%797%) 9 (202%485%) O
52.8 -4.68 1.18 -3.50
. .
7oTotal Sperm Motility (47.0, 58.6) 107136 OB (539775 072 (-9.96,2.96) 0.29
32.1 -1.65 -0.12 -1.78
. . .
YoProgressive Sperm Motility (28.5, 35.8) (-5.88,2.57) 0.44 (-4.72.4.47) 0.96 (-6.3.2.74) 0.44
. o 70.3 25.5% 37.2% 2.17%
Motile Sperm Count (Million) (50.3,98.1) 47.6%5.74%) 210 (emmiorny 010 (20894870 001
7.59 -1.07 0.89 -0.18
0,
Sperm Morphology (% Normal) (6.58, 8.60) (-2.50,0.36) 0.14 (-0.67,2.45) 0.26 (-1.71,1.35) 0.82
Morphologically Normal Sperm 10.6 -22.1% 012 35.1% 0.08 5.34% 076
Count (Million)" (7.83,14.2) (-42.9,6.3) : (-3.60%,89.5%) = (-24.4%,46.9%) '

* Adjusted for abstinence time (categorical: < 2 days, 2<days<4 and > 4 days), age (continuous), season (warm (April through September) vs cold) and period (#
years on DBP containing mesalamine medication at baseline).

P Sperm concentration, total sperm count, motile sperm count and morphologically normal sperm count are presented as percentage change by exponentiating the
log transformed Beta coefficient. The sum of the percent changes for crossover and cross back do not equal the total carryover effect for the log transformed
variables because they are on the multiplicative scale. For the variables that are not log transformed, the sum of the percent changes for crossover and cross back
equal the total carryover effect as they represent the absolute difference on the additive scale

Motile sperm count (million) and morphologically normal sperm count (million) were log transformed after adding 1 due to few zero values, they were back
transformed and 1 was subtracted from the means.

B;HB,-arm: Background, represents low exposure to DBP at baseline, H represents high DBP exposure after crossover and Background?2 represents low DBP
after crossback. 26 men, 133 semen samples.

H;BH,-arm: H; represents high DBP at baseline, B represents Background exposure to DBP after crossover and H, represents high DBP after crossback.
H;BH,-arm, <3ys: 25 men, 100 semen samples and H;BH,-arm, >3ys: 22 men and 99 semen samples.

Note: 2 samples missing morphology Note: Negative sign means a decrease or% decrease for the log transformed variables compared to the measure in the
previous period. Abbreviations: DBP, dibutyl phthalate; B{HB,: Background-High-Background DBP exposure; H;BH,; High-Background-High DBP
exposure; 95% CI, 95% Confidence Interval
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Abstract

Phthalates, such as dibutyl phthalate (DBP), are endocrine disruptors used in some medication coatings
e.g., mesalamine to treat inflammatory bowel disease (IBD). Taking advantage of different mesalamine
formulations with/without DBP, we assessed whether DBP from mesalamine (>1000x background)
altered serum hormones. 73 men with IBD participated in a crossover-crossback prospective study and
provided up to 6 serum samples/man (2: baseline, 2: crossover, 2: crossback). Men on non-DBP
mesalamine (background) at baseline crossed-over for 4 months to DBP mesalamine (high) and then
crossed-back for 4 months to non-DBP mesalamine (B;HB,-arm) and vice versa for men on DBP
mesalamine at baseline (H;BH,-arm). Because duration on DBP mesalamine at baseline had a wide range
(0.3-24 years),we divided H;BH,-arm at the median (H;<3yrs or H;>3yrs). We estimated crossover
(crossover versus baseline) and crossback (crossback versus crossover) % changes using multivariable
linear mixed effect models. When B;HB;-arm (26 men, 134 samples) crossed-over, luteinizing hormone
decreased 13.9% (95%CI:-23.6,-3.0) and testosterone, inhibin-B, and follicle-stimulating hormone (FSH)
marginally decreased; after crossback all increased 8-14%. H,BH,-arm, H;>3yrs (25 men,107samples)
had no changes at crossover or crossback whereas in H;BH,-arm,H;<3yrs (22 men,100samples) after
crossover, inhibin-B increased 13.2% (95%CI: 4.2,22.9), FSH decreased 9.9% (95%CI:-17.9,-1.1) and
after crossback, inhibin-B further increased 11.3%, and FSH marginally increased. High-DBP exposure
disrupted serum levels of pituitary-gonadal hormones that largely reversed after exposure removal, but
only in men with no history of or a short duration (<3yrs) of previous high-exposure. Paradoxically,
among men with longer duration of high-DBP exposure, exposure removal did not change hormone
levels, suggesting that long-term high-DBP exposure may alter the pituitary-gonadal axis and make it

insensitive to changes in exposures.
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Introduction

Ortho-phthalates (hereto referred to as phthalates) are high production volume chemicals with global
production of 11 billion pounds per year(3) and more than 470 million pounds produced or imported into
the United States (US) annually(4). Because of their widespread use in consumer and personal care
products, use as plasticizers for polyvinyl chloride plastic products, and use in medical supplies and

pharmaceuticals(32,128), phthalate exposure is ubiquitous in the general population(2).

In experimental studies, several phthalates, including dibutyl phthalate (DBP), have adverse impacts on
male reproductive health(37-39). Primarily for this reason, DBP was banned in toys and child care
products in the European Union (EU) in 2005(20) and in the US in 2008(21) . In the EU, DBP was also
banned in cosmetics in 2004(22). However, despite these bans and restrictions, DBP is still used in the
enteric coatings of some medications including specific mesalamine formulations and this represents a
source of very high exposure to DBP(23,24,26-32). Recently, the U.S. Food and Drug Administration
(FDA) recommended that certain phthalates including DBP should not be used as excipients in
medications(33). Mesalamine, the active ingredient in Asacol®, AsacolHD, Lialda®, Pentasa®, Apriso®,
and Delzicol®, is a commonly prescribed for inflammatory bowel diseases (IBD), including ulcerative
colitis (UC) and Crohn’s disease (CD). The enteric coating of Asacol®, and Asacol*HD contains DBP as
an excipient(34), whereas it is not used in Lialda®, Pentasa®, Apriso®, or Delzicol®(23,35). Asacol” and
Asacol "HD are prescribed as six to eight tablets per day leading to high-DBP exposure as measured by
urinary monobutyl phthalate (MBP) concentrations, the primary DBP metabolite(24-26), with urinary
concentrations approximately 1000 times higher than the median concentrations reported for men in the

U.S. general population (National Health and Nutrition Examination Survey (NHANES))(36).

Experimental studies have shown that DBP was anti-androgenic and a reproductive toxicant, however,

most studies focused on in utero exposure(37-39) rather than postnatal or adult exposures(40,41). There is
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limited evidence from epidemiologic studies on the association of general population DBP exposure with
serum reproductive hormones(44-48). However, there are no studies that we are aware of on very high-
DBP exposures from medications and their potential effects. Therefore, we took advantage of the
difference in DBP-exposure from different mesalamine formulations and conducted a crossover-
crossback prospective cohort study to examine the associations between the high-DBP exposure from

mesalamine medications and serum reproductive hormones in adult men.

Methods

Participants

As previously described(29), 73 men were enrolled in the Mesalamine And Reproductive health Study
(MARS) from gastroenterology clinics at three Boston hospitals, Beth Israel Deaconess Medical Center
(BIMC), Brigham and Women's Hospital (BWH) and Massachusetts General Hospital (MGH) between
October 2010 and March 2016. Eligible men were 18 to 55 years old, mild severity IBD, five or less for
UC (the simple clinical colitis activity index(92)) or four or less for CD (Harvey-Bradshaw index(93)),
and on mesalamine medication for at least three months at enrollment. There were no exclusions based on
history of infertility. Men with history of steroid medication use in the last three months, vasectomy,
diabetes mellitus, hepatic, or renal diseases were not eligible. MARS was approved by the institutional
review boards (IRBs) of Harvard T.H. Chan School of Public Health, BIMC, BWH and MGH. All men

signed informed consents.

Study design

Men participated in up to six visits (v) (baseline: v1&v2, crossover: v3&v4 and crossback: v5&v6). Men
who started on non-DBP mesalamine (background-DBP exposure) crossed-over to high-DBP mesalamine
(high-DBP exposure) then crossed-back to non-DBP mesalamine (background) (B;HB,-
arm;Background;-High-Background,) and vice versa in men who started on DBP mesalamine (H;BH,-

arm;High;-Background-High,) (Figure 2.1). Crossover and crossback periods (between v2&v3 and
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v4&vS5) were designed to be four months and durations between vl1&v2, v3&v4 and v5&v6 were
designed to be two weeks. We a priori chose the four month periods to be longer than the
spermatogenesis cycle (around 70 days)(94), as one of our aims was to study semen parameters(29). At
baseline, men reported demographic, lifestyle and health information on questionnaires and our research
nurse measured their height and weight. At each visit, men reported time varying characteristics such as

fever and illness in the previous three months and gave blood, semen and urine samples.

13 out of the 47 men in the H;BH,-arm participated only in a short protocol consisting of up to four visits
that required only crossover without crossback. At enrollment, they chose not to change medications, but
because the manufacturer was reformulating Asacol® to remove DBP, we anticipated that their physicians
would prescribe the new formulated mesalamine without DBP. Warner Chilcott discontinued Asacol® in
2013 and introduced Delzicol® (non-DBP mesalamine) to the market, but Asacol "HD (containing DBP)
remained on the market. Only three men crossed-over to Delzicol® and the remainder never crossed-over

but did contribute data at baseline.

Exposure assessment
High-DBP exposure was defined by medication type i.e., DBP containing mesalamine versus non-DBP

mesalamine.

Serum hormone analysis

Nurses collected non-fasting blood samples in red top tubes (Coviden) from men at each visit between 7
am and 2 pm and reported the exact time. Blood was allowed to clot, centrifuged, and the serum
separated, frozen, and stored at -80°C until analyses were performed. All samples were shipped in a
single batch for analysis to the laboratories at Ansh (inhibin-B and sex hormone-binding globulin
(SHBG)), National Institute of Environmental Health Sciences (NIEHS) (follicle-stimulating hormone

(FSH) and luteinizing hormone (LH)), and Mayo Clinic (total testosterone (TT) and albumin).
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SHBG was measured by enzyme linked immunosorbent assay (ELISA) (quantitative two-step sandwich
type immunoassay). Specificity of the SHBG ELISA was studied by measuring SHBG response caused
by high levels of thyroxine binding globulin (TBG) and cortisol binding globulin (CBG). No cross-
reactions were found when testing up to 500 mg/L of TBG and 500 mg/L of CBG. The analytical
measurable range of the assay was between 4 — 260 nmol/L and was sensitive to approximately 0.77

nmol/L. The intra- and inter-assay coefficients of variation (CV) were <9.0% and <8.0%, respectively.

Testosterone was measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Agilent
Technologies, Santa Clara, CA 95051). Intra- and inter-assay CV were <9.0% and <8.9%, respectively.
Albumin, used to calculate the free testosterone concentration, was measured by an enzymatic
colorimetric assay on the Roche Cobas c311 chemistry analyzer (Roche Diagnostics, Indianapolis,

IN 46250). Intra- and inter-assay CV were <1.4% and <2.1%, respectively. The lower limit of detection
for albumin was 0.2 g/dL. Inhibin-B was measured by ELISA (quantitative three-step sandwich type
immunoassay). Ansh laboratory has developed highly specific antibodies for inhibin-B with no detectable
cross-reactivity to inhibin-A or activin-A and AB, and negligible cross-reactivity to activin-B (0.04% at
50 ng/ml). The assay has an analytical measurable range of 14-1300 pg/ml and is sensitive to
approximately 6.5 pg/ml. The intra- and inter-assay CV were <4.38% and <7.42%, respectively.

LH and FSH concentrations were measured by chemiluminescent microparticle immunoassay (CMIA)
technology (Architect i100SR Immunoassay (Architect i100SR Immunoassay Analyzer, Abbott
Diagnostics, Abbott Park, IL). The intra-assay CV for LH and FSH were 2.8% and 1.8%, respectively,

with inter-assay CV were 5.7% and 12.7%, respectively.

All laboratories were blinded to all participants’ information. We calculated the free testosterone (FT)
from the measured concentrations of TT, SHBG, and albumin using the method of Vermeulen et al.(129).

We also calculated TT/LH, FT/LH, and Inhibin-B/FSH ratios.
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Statistical Analysis

In primary analyses, to define exposure we used a six-level indicator variable cross-classifying each
observation based on the medication type (high versus non-DBP) at each period (baseline, crossover and
crossback) for the two study arms (H;BH, and B;HB,). We natural log-transformed all the hormones due

to right skewness of their distributions and modeled them as continuous outcomes.

We performed descriptive statistics on men’s baseline and time-varying characteristics. We also tested for
any differences between men in the different arms using Fisher’s exact test for categorical variables and
Kruskal-Wallis test for continuous variables. We calculated intraclass correlation coefficients (ICC) using
random intercept mixed effect models to estimate within and between men variability across the repeated

measures of the log-transformed hormone concentrations.

We selected the covariates based on directed acyclic graphs and statistical considerations (>10% change
in the effect estimate). The final model included age (continuous), body mass index (BMI) (continuous),
sample drawing time (continuous, time varying), season of the sample collection (warm and cold, time
varying), race (Caucasian or not), current smoking (binary), and duration on high-DBP mesalamine at

baseline (continuous).

In preliminary models, we considered adjustment for IBD severity score, IBD diagnosis (UC/CD),
duration since diagnosis, history of reproductive diseases or surgeries, education, alcohol consumption,
fever and illness in the previous three months but they were not confounders and thus not retained in the

final models.

We estimated the DBP crossover (crossover compared to baseline), crossback (crossback compared to
crossover), and carryover (crossback compared to baseline) percent changes in the hormone parameters
within each arm, as well as the cross-sectional differences at baseline between arms. We used linear

mixed effect models (LMEM) with a random intercept to account for within-man correlation among
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longitudinal measures of a given hormone parameter arising from man-to-man heterogeneity across the

study participants.

Because men in H;BH,-arm were on their high-DBP mesalamine at baseline for a wide range of duration
(4 months to 24 years), in post-hoc analyses we explored whether the length of time the participants were
on high-DBP mesalamine at baseline modified the associations of interest by adding an interaction term.
Additionally, we subdivided men in the H;BH,-arm based on the median duration of three years on high-
DBP mesalamine at baseline i.e., (H;BH,-arm, H,;<3yrs) and (H;BH,-arm, H,>3yrs) and ran all analyses

based on the resulting three arms using the same method as the two-arm analyses above.

As a sensitivity analysis, we applied fixed effect models (FEM) adjusting for the covariates above. A
FEM isolates the longitudinal within-man exposure effect by fully adjusting for both observed and
unobserved covariates that are not time-varying within a man across visits(97). We also assessed LMEM
model sensitivity to the covariance structure implied by the random intercept model, using the robust
empirical standard errors(97). We repeated all sensitivity analyses considering both two and three arms.
We considered two-sided alpha <0.05 as statistically significant. We conducted all statistical analyses
using SAS version 9.4 (SAS Institute Inc., Cary, NC) and used the R package ggplot for generation of

graphical output.

Results

Of the 215 eligible men who were contacted, 73 men (mean age 34.6 years) agreed to participate and
provided 341 blood samples (average: five samples/ man) (Supplementary Figure 2.1). BiHB,-arm (26
men, 134 samples) were on their non-DBP mesalamine medication at baseline for a median of 1 year.
H;BH,-arm (47 men, 207 serum samples) were on their high-DBP mesalamine medication at baseline

(H,) for a median duration of 3 years. Men in the two arms had comparable characteristics (Table 2.1).
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Among the 60 men who participated in the full-protocol, 51 men (85%) crossed-over and 47 (78%)
crossed-back; 89% and 77%, respectively, in B{HB,-arm, 82% and 79%, respectively, in H;BH,-arm.
During the follow-up, nine men were lost follow-up, three in B;HB,-arm and six in HBH,-arm (p-value=
0.64). The median crossover duration (between v2 & v3), and crossback duration (between v4 & v5) was
121 days. The median duration between visits on the same medication (vl & v2), (v3 & 4) and (v5 & v6)

was 16 days.

All serum samples had detectable concentrations for all hormones (Table 2.2) and there was a moderate to
high ICC ranging from 0.5 for FT to 0.9 for FSH (data not shown), indicating good reliability within-man

across the repeated measures.

In the adjusted two-arm analyses (Table 2.3 & Supplementary Figure 2.3), on average, when men in
B,HB,-arm were newly-exposed to high-DBP mesalamine, LH decreased by 13.9% (95% confidence
interval (CI): —23.6,-3.0) and TT, FT, SHBG, inhibin-B, and FSH decreased though not significantly.
After crossback to their original non-DBP mesalamine, apart from SHBG which continued to decrease
non-significantly, LH increased by 13.8% (CI: 0.5, 28.9), TT by 10.4% (CI: 0.4, 21.4), FT by 10.4% (CI:
0.2, 21.6), and inhibin-B and FSH marginally significantly increased. There was no carryover effect in
B;HB;-arm. When men in H;BH,-arm crossed-over to non-DBP mesalamine, on average, inhibin-B
increased by 8.5% (CI: 2.4, 15.1) and continued to increase by an additional 7.7% (CI: 1.3, 14.5) after
crossback to their original high-DBP mesalamine. LH and FSH decreased by 10.1% and 8.4%,
respectively, after crossover and increased by 9 to 10% after crossback (significantly for FSH). TT/LH,
FT/LH and inhibin-B/FSH ratios increased significantly by 11 to 18% after crossover and decreased non-

significantly after crossback despite non-significant changes in TT and FT.

In the cross-sectional analysis of values at baseline, on average, men in HBH,-arm had lower TT, FT,

LH, and FSH than men in the B;HB,-arm. Because of the wide range in duration on high-DBP
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mesalamaine and to further explore the effect of duration on high-DBP mesalamine at baseline we
divided the men in the H;BH,-arm at the median. At baseline, men on high-DBP mesalamine for less than
3 years (H;<3 yrs) had higher TT, FT, and LH by 15- 20% and lower by 18% for FSH (although none
were statistically significant) than men in H;BH,-arm on high-DBP mesalamine for 3 years or more
(Hy>3 yrs). There was effect modification of the DBP exposure effect by the duration of high-DBP
mesalamine at baseline for TT (p-value= 0.06), LH (p-value= 0.002) and FSH (p-value= 0.08) (Figure

2.2).

Based on these results, we conducted a post-hoc three-arm analysis: HBH,-arm, H;<3yrs (25 men, 107
serum samples) had an average H; duration of 1.2 years, H;BH,-arm, H;>3yrs (22 men, 100 serum
samples) had an average H, duration of 11.1 years (Supplementary Table 2.1& Supplementary Figure
2.2) and B{HB,-arm (Figure 2.3 & Supplementary table 2.2). We found heterogeneity of the exposure
responses among the three arms. Although on average, men in HBH,-arm, H,>3 yrs had no significant
changes in hormones in crossover or crossback, men in H;BH,-arm, H;<3 yrs had significant changes
similar to men in the B;HB,-arm. When men in H;BH,-arm, H;<3 years crossed-over, on average,
inhibin-B increased by 13.2% (CI: 4.2, 22.9), and FSH decreased by 9.9% (CI: -17.9, -1.1), while TT/LH,
FT/LH and inhibin-B/FSH ratios significantly increased by 18 to 26%. After crossback, inhibin-B had an
additional increase of 11.3% (CI: 2.2, 21.3) and FSH marginally significantly increased by 9.7% (CI: -
0.3, 20.8). Although not significant, there was a pattern after crossover that TT, FT, and SHBG increased
and LH decreased. After crossback, SHBG decreased, TT, and FT had smaller additional increases, and
LH increased. There was a significant carryover effect for FT, inhibin-B and inhibin-B/FSH ratio. Both
the unadjusted and the adjusted LMEM and FEM analyses and the two-arm and three-arm analyses gave
consistent results across the primary and sensitivity analyses, indicating the robustness of the results

(Supplementary Tables 2.3 to 2.9).
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Discussion

In our crossover-crossback study, when men who were on non-DBP mesalamine at baseline (B;HB,-arm)
were newly-exposed to high-DBP for four months, serum levels of testicular hormones (testosterone and
inhibin-B) and gonadotropins (LH and FSH) decreased. After crossback for four months to their original
non-DBP mesalamine, both testicular hormone and gonadotropin concentrations increased and exceeded
their baseline concentrations. In our post-hoc three-arm analysis, in the H;BH,-arm the duration on high-
DBP mesalamine at baseline modified the hormone response. The hormone changes were only found in
H;BH,-arm, < 3yrs and not in the HBH,-arm, >3 yrs.When men in the H,BH,-arm, <3 yrs crossed-over
to non-DBP mesalamine, testicular hormones increased and gonadotropins decreased, suggesting a
functioning negative feedback response. When they crossed-back to their original high-DBP mesalamine,
their testicular hormones continued to increase but at slower rates while gonadotropins increased. TT/LH,
FT/LH and inhibin-B/FSH ratios increased after crossover to non-DBP mesalamine, suggesting improved

Leydig and Sertoli cell functions.

Observed decreases in testosterone, inhibin-B and FSH in B;HB,-arm, essential hormones for
spermatogenesis and testicular function, may explain our previously observed decreasing trend in the
semen quality parameters, primarily sperm motility in the same cohort of men(29). However, after
exposure removal for four months, in contrast to the observed reversal of hormonal changes, the semen
quality decline was not reversed and instead further declined(29). This could be explained by the long
process of spermatogenesis(94) which potentially may result in a lagged response to removal of high-
DBP exposure. Interestingly among the very long exposed men(H;BH,-arm, H;>3 yrs), the four month
wash-out period during the crossover to non-DBP mesalamine was not long enough to ‘reverse’ the
apparent effect of high-DBP exposure on hormones. Similarly, semen quality did not change in H;BH,-
arm after four months of high-DBP exposure removal(29). We also found in a cross-sectional analysis

that men exposed to high-DBP for a longer duration (H,BH,-arm, H,>3 yrs) had lower TT, FT, and LH
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concentrations than men exposed for a shorter duration (H;BH,-arm, <3 yrs) or men who were not

exposed at all (B;HB,-arm).

In experimental studies, peri-pubertal DBP-exposure altered differential expression of proteins involved
in spermatogenesis and changed number and function of Sertoli and Leydig cells(40,41). Other studies in
older animals showed that DBP preferentially targeted Sertoli cells(104). Studies during fetal
development showed that DBP was anti-androgenic resulting in decreased testosterone production by
Leydig cells due to interference with steroidogenesis, down-regulating gene and/or protein expression
essential for the steroidogenic pathway, and cholesterol transport and metabolism(107,110,111).
Suppression of both gonadotropin and testosterone production as well as decreased semen quality were
observed in di(2-ethylhexyl)phthalate (DEHP) newly-exposed pre-pubertal and mature animals(130,131),
similar to our results on men newly exposed to high-DBP mesalamine. In adult DEHP-exposed animals,
pituitary LH and FSH protein expression decreased significantly(132,133). Decreased testosterone may
indicate suppression of Leydig cell function and decreased inhibin-B may indicate suppression of Sertoli

cell function, as well as germ cell production in adult testis(134).

In humans, both inhibin-B and FSH decreased with higher-DEHP exposure(135) suggesting that the
normal endocrine communication between the pituitary and the testis might be disrupted(41,135) hence
disruption of the hypothalamo-pituitary-testis (HPT) axis. Similarly, based on our results of the
suppression of both testicular hormones and gonadotropins, we speculate that high-DBP exposure from
mesalamine was associated with HPT axis disruption targeting the gonads and/or the pituitary in the
newly exposed men. In the HBH,-arm, H,<3 yrs, gonadotropin negative feedback was partially regained
after a relatively short removal of high-DBP exposure and partially compensated the testicular

suppression after re-exposure. However, after longer durations of high-DBP exposure, as we observed in
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men in H;BH,-arm, H,>3 yrs, the reproductive hormones were suppressed and the hormonal responses
may be desensitized to DBP exposure removal. Therefore, our results from the three different arms
suggest that there may be different effects of the hormone responses modified by the duration of high-
DBP mesalamine history. There is a caveat that there are limited comparable animal data to explain
modes of action of high-DBP exposure in adult life, especially with such unique crossover-crossback
design, and no data on the potentially modified hormone responses by the duration of exposure. In

addition, many of the experimental animal studies only measured testosterone and not gonadotropins.

In epidemiological studies on the association between environmental (background) DBP-exposures and
reproductive hormones in adult men, the results were inconsistent with the main focus on testosterone.
Urinary MBP was negatively correlated with FT among occupationally exposed Chinese men(136).
Studies in infertility clinics observed that urinary MBP was associated with a significant testosterone
decrease in men from Slovenia(49), China(57), and India (only in the unadjusted analysis)(50) but not in
men from Poland(58). Both pooled and non-pooled analyses of infertile and fertile men in the US failed to
find statistically significant associations between urinary MBP and any of the reproductive hormones(44-
46). Only a few studies included men from the general population and found that urinary MBP was
inversely associated with testosterone only in men aged 40-60 years from NHANES(47), but no evidence
from studies in Denmark (only a significant increase in LH)(48), Sweden(137), or China(138). All the
studies described above were cross-sectional and used a single serum sample to measure the hormone
concentrations at the same time when urinary MBP was measured. In addition, most of the studies were
based in infertility clinics. To our knowledge, Janjua et al(139) conducted the only human study with
some similarity to our design examining the association between DBP-exposure (dermally) and short term
effects on reproductive hormones. It was a placebo controlled crossover study in which men were
assigned to daily whole-body topical DBP-exposure for a week after a week of placebo exposure. They
did not find associations of topical DBP-exposure with reproductive hormones. These results must be

interpreted cautiously due to a small sample size (n=26), non-randomization, likely too short washout
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period (one week), only assessing the short term effects, and considering only topical exposures with

much lower anticipated exposure levels compared to our study.

Several studies have characterized DBP and other phthalates in coatings of many licensed medications
including over-the-counter medications in the US(23-26), Canada(28,35), United Kingdom(30),
Germany(27,32) and China(31). Phthalate levels may not be openly displayed, due to proprietary
formulations of medications(23). The estimated maximum daily DBP intake for a 60 kg person who is
taking high-DBP mesalamine (Asacol® or Asacol®HD) is 350- 800 pg/kg/day(29) compared to the
estimated average DBP human intake of 0.84 - 5.22 pg/kg/day(116), the US Environmental Protection
Agency (EPA) reference dose of 100 pg/kg/day(26), and the European tolerable daily intake of 10
ng/kg/day(117). The urinary MBP in patients taking Asacol® was approximately 1000 times higher than
the median levels reported for men in the US general population (NHANES)(36). Therefore, we used a
priori medication type as a proxy for high-DBP exposure(29) rather than measuring urinary MBP
concentrations which represent only exposure over the past several hours due to the short DBP half-
life(139). Due to the unique crossover-crossback design and the well-documented very high-DBP
exposure from Asacol®(23-27,32,34,114,115), measuring urinary MBP concentrations would have not
added significant information beyond using the assigned medication (as an intention to treat analysis).
Also due to the expected non-overlapping large differences in urinary MBP, statistically, we would
essentially dichotomize exposure according to the different mesalamine formulations (DBP versus non-
DBP containing) and use the same modeling approach we used even if we had the continuous urinary

data. Thus, the effect estimates would have been completely dominated by the medication type(29).

Our study had several potential limitations including that we did not randomize the men to high-DBP or

non-DBP mesalamine at baseline. However the cross-sectional results were consistent with the

73



longitudinal associations. In addition, physicians do not prescribe mesalamine based on DBP in the
enteric coating or in relation to hormonal concentrations or semen quality, arguing against potential
confounding by medication at baseline. Although our sample size was not very large due to the innovative
study and length of participation, the power of the study is derived from the unique design and the intra-
person comparison rather than the inter-person variability avoiding the purely cross-sectional analysis that
may be confounded and lacks temporality. We also conducted a post-hoc power analysis and the study
had a sufficient number of participants to provide 80% power for detecting at least a 7% change in TT or
FT, 8% in SHBG, 6% in inhibin-B and FSH and 9% in LH which were reasonable for a study of this
design. Although there may be a concern of generalizing results from men with IBD, these results raise
concerns about high-DBP exposure and reproductive hormones. In addition, there is no evidence that IBD
(with significantly increasing incidence worldwide(140)) or mesalamine is linked to male

infertility(123,124).

Our study had several important strengths including a unique innovative design rarely conducted in
environmental epidemiology. We were able to compare, within the same men, their hormone parameters
during periods of high-DBP to background-DBP exposure and vice versa accounting for confounding by
measured and unmeasured non-time-varying characteristics(121). This is a major strength compared to
cross-sectional studies. We had repeated measures up to six time points per man which increased the
reliability of the measures. The different orders of exposure and non-exposure in the different arms gave
us a unique opportunity to observe the reversibility and carryover effect of the changes under the study
period. Our study was not restricted to infertile men compared to most of the previous literature.
Confounding by indication was unlikely because mesalamine medications (with or without DBP coating)
prescribed for treating IBD have the same active ingredient. We used the gold standard methods for
hormone analyses especially for testosterone, which was accurately and precisely measured using LC-
MS/MS methodology(141). We did not use the free androgen index (FAI) as a surrogate for FT as most
of the studies did because the FAI correlates poorly with FT in men(141). Instead, we used the actual
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measured SHBG, albumin and TT applying Vermeulen et al.’s method which is considered the most
appropriate estimate of FT in blood(129,141). We had the opportunity to examine high-DBP exposure
(1000 times background) compared to environmental background exposure. Therefore, we had more

power to detect significant changes.

Our results are of a concern because testosterone deficiency in adult men is a risk factor not only for
decreased semen quality and infertility but also for decreased libido, energy, intellectual capacity, bone
mass, and muscle strength, and associated with erectile dysfunction, osteoporosis, abdominal obesity,
type-2 diabetes, metabolic syndrome, and, cardiovascular disease, and hence increased mortality(142-
145). Recently, there was a consensus that women with IBD who are pregnant or might become pregnant
may need to avoid high-DBP mesalamine(28) leaving men of reproductive age with no recommendations
and no guidance about any other medications that contain phthalate coating. Therefore, our results suggest
the need to reconsider the use of DBP containing mesalamine and other DBP containing medications for

men.

Conclusions

Although, some medications are a source of high-DBP exposure especially for certain subpopulations
such as IBD patients, this source is relatively overlooked and the focus has been more on background
environmental exposure. To our knowledge, MARS is the only and the first study that examined the
association between such high-DBP exposure and health outcomes. Our results present evidence that
high-DBP exposure disrupted serum levels of pituitary-gonadal hormones that largely reversed after
exposure removal, but only in men with no history of or a short duration (<3yrs) of previous high-
exposure. Paradoxically, among men with longer duration of high-DBP exposure, exposure removal did
not change hormone levels, suggesting that long-term high-DBP exposure may alter the pituitary-

gonadal axis and make it insensitive to changes in exposures.
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Table 2.1. Demographics of 73 men contributing 341 blood samples in the MARS Study by arm

B{HB;-arm H;BH,-arm Total
(26 men, 134 visits) (47 men, 207 visits) (73 men, 341 visits)
N(%)/Mean N(%)/Mean N(%)/Mean P-
(SD),|Range] (SD),[Range] (SD),[Range] value®
Baseline characteristics (at Visit 1), # men (N)*
Duration on High-
DBP mesalamine at 0 5.86 (6.16),[0.33,24.1]  3.77 (5.68), [0, 24.1] -
baseline (H;, years)
Age (Years) 33.9(8.97),[20.2, 54.6] 34.9 (9.66),[19.6,55.7]  34.6 (9.37),[19.6,55.7]  0.82
Race 0.27
Caucasian 25 (96%) 38 (81%) 63 (86%) -
JR N RCC0) 2 (4%) 3 (4%) :
Asian 0 4 (9%) 4 (6%) -
Other 0 3 (6%) 3 (4%) -
BMI (Kg/m2) 25.3(3.56),[19.4,32.7]  26.4(6.39),[19.5,54.0]  26.0 (5.54),[19.4,54.0]  0.88
BMI-categories 0.99
(11;2“;3%3%?; 14 (54%) 24 (51%) 38 (52%) ;
(2?;]‘;%?1%13) 9 (35%) 16 (34%) 25 (34%) .
Obese (BMI>30) 3 (11%) 7 (15%) 10 (14%) -
Education 0.82
Below college 3 (14%) 6 (14%) 9 (14%) -
College graduate 10 (48%) 16 (38%) 26 (41%) -
Graduate degree 8 (38%) 20 (48%) 28 (45%) -
Smoking status 0.009
Never smoker 22 (85%) 36 (77%) 58 (80%) -
Former smoker 1 (4%) 11 (23%) 12 (16%) -
Current smoker 3 (11%) 0 3 (4%) -
::3:;::1 :f'as"“ at 5 (19%) 20 (43%) 25 (34%) 0.07
IBD diagnosis 0.61
Ulcerative colitis 16 (62%) 32 (68%) 48 (66%) -
Crohn's disease 10 (38%) 15 (32%) 25 (34%) -
IBD score” 1.65 (1.38), [0, 4] 1.19 (1.35), [0, 5] 1.36 (1.37), [0, 5] 0.13
]d)i:;:;(s);; i;‘;;islfl) 9.00 (7.84),[0.28,29.5]  10.8(9.24),[0.7,39.0]  10.1(8.76),[0.28,39.0]  0.41
Time-varying characteristics , # visits®
3’:{;‘1“ ds::vsv"c“ of 60 (45%) 94 (45%) 154 (45%) 0.91
?r‘;‘x of theblood g (o 1 62) [725,13.9]  9.72(1.61),[7.17,13.5] 9.71(1.61),[7.17, 13.9]  0.80
Hour of the blood 0.74

draw-categories
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Jamio 10am 74 (55%) 110 (53%) 184 (54%) -

- After 10amto2 ¢4 4505 97 (47%) 157 (46%) -

Table 2.1.: B,HB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after
crossover and B, represents background-exposure after crossback; included 26 men taking mesalamine that did not
contain DBP at baseline; 16 men (62%) on Lialda®, 8 men (31%) on Pentasa®, one man (4%) on Apriso® and one
man (4%) was not on mesalamine medication at the time of recruitment.

H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and H,
represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline; 24
men (51%) on Asacol® and 23 men (49%) on Asacol “HD.

"N (%) for categorical/binary variables and mean (SD), [Range] for continuous variables

" P-values are based on Fisher exact test for categorical variables and Kruskal Wallis test for continuous variables.

¢ Season of sample collection, Warm: April Through September

4IBD score: included bowel frequency and urgency, presence of blood in the stool and general wellbeing. Mild IBD
score: 5 or less on the simple clinical colitis activity index for UC and 4 or less on the Harvey-Bradshaw index for
CD.

Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m,
meter; SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N,
number of men; DBP, dibutyl phthalate; B;HB,, Background;-High-Background, DBP exposure; H;BH,, High;-
Background-High, DBP exposure.
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Table 2.2. Hormone concentrations for 73 men (341 blood samples) in the MARS study

Hormone Parameters Mean SD Geometric ~ Minimum 5h 25™ 50" 75" 95™ Maximum QR
Mean Perc Perc Perc  Perc Perc
Total Testosterone (nmol/L) 17.2 6.18 16.1 441 8.36 13.3 16.3 21.1 28.4 40.5 7.88
Free Testosterone (pmol/L) 345 105 329 443 198 275 333 400 541 730 125
SHBG (nmol/L) 343 16.6 30.2 3.89 11.2 22.8 31.5 445 64.7 98.7 21.7
Inhibin-B (pg/mL) 191 77.6 176 52.0 81.8 134 171 241 334 432 107
LH (IU/L) 3.23 1.37 2.96 0.90 1.42 2.22 3.04 3.94 5.64 10.8 1.72
FSH (IU/L) 3.20 1.74 2.77 0.62 1.13 1.85 2.97 4.04 6.73 9.99 2.19
Total Testosterone/LH Ratio 6.10 2.94 5.45 1.78 2.46 3.93 5.40 7.92 11.7 17.7 3.99
Free Testosterone/LH Ratio 123 56.5 111 23.8 51.6 81.6 111 155 223 360 73.0
Inhibin-B/FSH Ratio 90.1 78.4 63.4 7.59 15.6 37.5 61.9 120 265 391 82.7

Abbreviations: MARS, Mesalamine And Reproductive health Study; SD, standard deviation; Perc, percentile; QR: quartile range; SHBG, sex hormone-
binding globulin; LH, luteinizing hormone; FSH, follicle-stimulating hormone
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Table 2.3A. Adjusted percent changes (95%CI) of crossover, crossback and carryover on hormone concentrations among men starting on mesalamine
medication not containing dibutyl phthalate (B;HB,-arm)"

Table 3A. Adjusted B;HB,-arm [Background (B,)- High (H)- Background (B,) dibutyl phthalate exposure]: 26 men, 134 blood samples

Fitted Geometric Means (95%CI) Comparisons
[ 1 i 1
[1) [1) [1)
Hormone serum Baseline Crossover Crossback Crocsﬁz:;; % Cr(glsll;il:gl: % P Cagﬁ:{:’zz %
concentrations
(B1) (H) (B2) ©5%cCr P value (95%CT) value  (95%CI) F value
H-B, B,-H B,-B;
Total Testosterone 16.3 15.6 17.2 -4.28 0.35 104 0.04 5.64 027
(nmol/L) (142,18.8)  (13.6,18.0)  (14.9,19.9)  (-12.7, 4.88) : (0.37, 21.4) ' (-4.29, 16.6) :
Free Testosterone 330 322 355 -2.36 0.61 10.4 0.05 7.77 0.14
(pmol/L) (292,373) (284, 365) (312,404)  (-11.1,7.19) : (0.16, 21.6) ' (-2.53,19.2) :
29.6 29.4 288 0.52 2.14 2.65
SHBG (nmol/L) (245.357)  (243.356)  (237.349)  (-103,103) 22 (-12.1, 8.91) 0.69 (-12.9, 8.85) 0.64
. 162 161 173 0.89 7.28 6.32
Inhibin-B (pg/mL) (137,192) (136, 190) (146, 205) 757,627y %0 021,153 206 (-1.44, 14.7) 0.11
3.29 2.83 322 139 13.8 2.04
LH (IUL) (2.81,385)  (242,332)  (273,380)  (-23.6,-3.02) 01 (0.53, 28.9) 0.04 (-13.8, 11.4) 0.75
323 3.05 3.3 5.79 8.35 2.08
FSH (IU/L) (2.57,407)  (242,384)  (262,417) (128,182 13 (-0.04, 17.4) 0.05 (-6.19, 11.1) 0.63
Total Testosterone/LH 4.95 5.5 5.33 11.1 0.08 -3.17 0.60 7.62 025
Ratio (4.13,592)  (4.59,6.6) (442,642)  (-1.11,24.9) ' (-14.2,9.33) ' (-5.13,22.1) :
Free Testosterone/LH 100 114 110 134 0.06 -3.04 0.66 9.98 0.19
Ratio (84.7,119)  (95.9, 135) (92.4,132)  (-0.71,29.6) : (-15.6, 11.4) ' (-4.68, 26.9) :
o . 50.0 527 523 5.32 0.68 461
Inhibin-B/FSH Ratio (350.715)  (368.753)  (365.75.0) (<445, 161) 30 (102,988 %0 (-5.93, 16.3) 0.40
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Table 2.3B. Adjusted percent changes (95%CI) of crossover, crossback and carryover on hormone concentrations among men starting on mesalamine
medication containing dibutyl phthalate (H;BH,-arm)*

H;BH,-arm[High (H,)-Background (B) - High (H,)] dibutyl phthalate exposure|: 47 men, 207 blood samples

Fitted Geometric Means (95%CI) Comparisons
- A I~ Crossover % Crossback Carryover %'
23;‘;‘:;?:&?:: 3_:11 s)é line Crossover (B) Cl“zi_ib)aCk Change P val % Change P val Change P val
! 2 (95%CT) value (95%CT) value (95%CT) value
B-H, H,-B H,-H,
Total Testosterone 16.0 15.9 17.0 -0.58 0.88 7.13 0.09 6.50 0.12
(nmol/L) (145,17.7)  (143,17.7)  (15.3,19.0)  (-7.86,7.27) : (-1.18, 16.1) ' (-1.59, 15.3) :
Free Testosterone 316 324 343 2.52 0.53 5.90 0.17 8.57 0.05
(pmol/L) (290, 345) (294, 358) (311,380)  (-5.1,10.8) : (-2.49, 15.0) ' (0.18, 17.7) :
317 332 317 4.65 4.50 20.05
SHBG (nmol/L) (27.7,36.3)  (28.8,383)  (27.4,36.6)  (-3.97,14.1) 030 1pg.4s8y 0 (-8.60,930) 0
. 171 185 200 8.52 771 16.9
Inhibin-B (pg/mL) (152, 193) (164,210) (176,226) (237, 15.1) 0.006 | 31, 145 0.02 (10.0,242) 00001
2.96 2.66 2.90 101 8.93 2.09
LH (IU/L) (2.65,331)  (2.35,3.01)  (2.55,3.29) (-18.6,-0.78) 0.03 198,211y M 117,851y 00
2.64 2.42 2.65 8.39 9.63 0.43
FSH (IU/L) 224.311)  (2.05,287)  (224.3.14) (142,223 2009 4074 0008 614, 746 0.9
Total Testosterone/LH 5.41 6.01 5.90 11.0 0.04 _1.80 073 9.01 0.09
Ratio (4.76,6.15)  (5.23,690)  (5.12,6.80)  (0.73,22.3) : (-11.4, 8.86) ' (-1.47,20.6) :
Free Testosterone/LH 107 122 118 14.0 0.02 -2.74 0.64 10.8 0.08
Ratio (94.9,120) (107, 139) (103,136)  (2.07,27.2) : (-13.6,9.42) ' (-1.16,24.3) :
. _ 64.7 76.6 75.2 184 _1.80 16.3
Inhibin-B/FSH Ratio (50.1,834)  (59.1,992)  (58.0,97.5)  (9.12,285) 00001 g¢4 606 008 ©.82,266) 001

Table 2.3: * Adjusted for race (Caucasian or not), age (continuous), BMI (continuous), hour of sample draw (continuous), season (warm or cold), current
smoking, age (continuous), and duration on DBP-containing mesalamine medication at baseline (in years) in the mixed effect model.

P Percentage changes are presented by exponentiating the beta coefficient. Negative sign means % decrease for the corresponding outcome compared to the
measure in the previous period.

“B{HB,-arm: B, represents background low-DBP exposure at baseline, H represents high-DBP exposure after crossover and B, represents background low-
exposure after crossback.

“H,BH,-arm: H, represents high-DBP at baseline, B represents background-DBP exposure after crossover and H, represents high-DBP after crossback.
Abbreviations: MARS, Mesalamine And Reproductive health Study; N, number of men; B;HB,, Background;-High-Background, DBP exposure; H;BH,,
High,-Background-High, DBP exposure; 95% CI, 95% Confidence Interval; DBP, dibutyl phthalate; SHBG, sex hormone-binding globulin; LH, luteinizing
hormone; FSH, follicle-stimulating hormone.



Figure 2.1. Mesalamine And Reproductive health Study (MARS) Design.

Figure 1: Mesalamine And Reproductive health Study (MARS) Design
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Figure 2.1: B{HB;-arm: B, represents background-exposure at baseline, H represents high-DBP exposure after
crossover and B, represents background-exposure after crossback; included 26 men taking mesalamine that did not
contain DBP at baseline. H;BH,-arm: H; represents high-DBP exposure at baseline, B represents background-
exposure after crossover and H, represents high-DBP exposure after crossback; included 47 men taking mesalamine
containing DBP at baseline (25 men for less than 3 years and 22 men with 3 years or more). Abbreviations:

MARS, Mesalamine And Reproductive health Study; DBP, dibutyl phthalate.
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Figure 2.2 Geometric means (95%CI) of reproductive hormone parameters at baseline, crossover and
crossback for the 3 arms (B1HB2- arm, HIBH2-arm with duration on DBP-containing mesalamine
medication at baseline (period) <3 years and HIBH2-arm with period > 3 years) —-MARS.

Panel 2.2A. Unadjusted geometric means Panel 2.2B. Adjusted geometric means (95%CI)
(95%CI)
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Figure 2.2. (Continued)
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Figure 2.2. (Continued)
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Figure 2.2. shows the adjusted geometric means and 95% CI [adjusted for race (Caucasian or not), age (continuous),
BMI (continuous), hour of sample draw (continuous), season (warm or cold), current smoking, age (continuous),
and duration on DBP-containing mesalamine medication at baseline (in years)]. BjHB,-arm, B, represents
background-exposure at baseline, H represents high-DBP exposure after crossover and B, represents background-
exposure after crossback; included 26 men taking mesalamine that did not contain DBP at baseline. H{BH,-arm, H,
represents high-DBP exposure at baseline, B represents background-exposure after crossover and H, represents
high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline. H,BH,-arm is
subdivided into two arms based on the median duration on DBP-containing mesalamine medication at baseline
(period) i.e., <3 years and >= 3 years.

Abbreviations: MARS, Mesalamine And Reproductive health Study; 95% CI, 95% Confidence Interval; DBP,
dibutyl phthalate; SHBG, sex hormone-binding globulin; LH, luteinizing hormone; FSH, follicle-stimulating
hormone.
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Supplementary Materials

Supplementary Figure 2.1: Sample Size Flow Chart-Mesalamine And Reproductive health Study (MARS)

[ 623 Potential participants identified by medical records ]

[ 109 men: not eligible ]

[ 514 potentially eligible men ]

H[ 299 men: unable to reach by mail or phone ]

[ 215 eligible men ]

142 men: refused ]

—\

[ 73 enrolled men, 346 visits ]

9[ 1 man: could not produce one serum sample (fainted)

\
[ 73 men, 345 serum samples ]

4 serum samples dropped from analyses: non-
compliant with crossover or crossback protocol

>

73 men, 341 serum samples entered the analysis
(Average 4.7 samples/ man)

B,HB,-arm: 26 men (134 samples) H;BH,-arm: 47 men (207 samples)
(Average 5.15 samples/ man) (Average 4.40 samples/ man)
H;BH,-arm, H;<3yrs: 25 men (107 samples) H;BH,-arm, H,23 yrs:22 men (100 samples)
(Average 4.28 samples/ man) (Average 4.55 samples/ man)
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Supplementary Figure 2.1. (Continued): MARS Eligibility criteria: 18 to 55 years old males; diagnosed with
mild IBD, visited gastroenterology clinics at Massachusetts General Hospital (MGH), Beth Israel Deaconess
Medical Center (BIMC) or Brigham and Women’s Hospital (BWH), Boston, MA, USA from October 2010 through
March 2016. Participants must have had mild IBD severity, on oral mesalamine for at least the previous 3 months.
Men with history of infertility were not excluded. Men with history of vasectomy, steroid medication in the previous
3 months, diabetes mellitus, hepatic or renal diseases were not eligible. Potentially eligible: men who were eligible
according to the medical records but we could not confirm eligibility due to failure to reach them. Eligible:
eligibility confirmed after contacting the men.

B{HB,-arm, B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback included 26 men taking mesalamine that did not contain DBP at
baseline.

H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and
H, represents high-DBP exposure after crossback included 47 men taking mesalamine containing DBP at baseline.
H;< 3 Yrs: represents high-DBP exposure at baseline for less than 3 years. Hi> 3 Yrs: represents high-DBP
exposure at baseline for 3 years or more.

Note: 3 years was the median duration for men in the H;BH,-arm on high-DBP exposure at baseline (H;).
Abbreviations: MARS, Mesalamine And Reproductive health Study; IBD, Inflammatory Bowel Disease; UC,
ulcerative colitis; CD, Crohn’s disease; DBP, dibutyl phthalate; B{HB,: Background,-High-Background, DBP
exposure; HiBH,; High,-Background-High, DBP exposure.
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Supplementary Figure 2.2: Mesalamine And Reproductive health Study (MARS) Design.
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xg@%ﬁi

(25 & 22 men)
(49 & 44 samples)

QN0 0
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Supplementary Figure 2.2: B{HB,-arm: B, represents background-exposure at baseline, H represents high-DBP
exposure after crossover and B, represents background-exposure after crossback; included 26 men taking
mesalamine that did not contain DBP at baseline. H{BH,-arm: H; represents high-DBP exposure at baseline, B
represents background-exposure after crossover and H, represents high-DBP exposure after crossback; included 47
men taking mesalamine containing DBP at baseline (25 men for less than 3 years and 22 men with 3 years or more).
H;< 3 Yrs: represents high-DBP exposure at baseline for less than 3 years. Hi> 3 Yrs: represents high-DBP

exposure at baseline for 3 years or more.

Note: 3 years was the median duration for men in the H;BH,-arm on high-DBP exposure at baseline (H;).

Abbreviations: MARS, Mesalamine And Reproductive health Study; DBP, dibutyl phthalate.
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Supplementary Table 2.1. Demographics of 73 men contributing 341 blood samples in the MARS Study by

arm.
H;BH,-arm, H;BH,-arm, H,>
Baseline characteristics B HBy-arm H<3Yrs 3Yrs Total P-
(at Visit 1),# men (N)* (26 men, 134 (25 men, 107 (22 men, 100 (73 men, 341 value®
visits) visits) visits) visits)
N(%)/Mean (SD),[Range]
Duration on High-DBP 1.21(0.77),[0.33, 11.1(5.26),[4.07, 3.77 (5.68), [0, i
mesalamine at baseline 0 2.97] 24.1] 24.1]
(H,), years
33.9 (8.97), 32.0 (9.80),[19.6, 38.2(8.57),[24.2, 34.6(9.37),
Age (Years) [20.2, 54.6] 55.7] 55.6] [19.6, 55.7] 0.04
Race 0.44
Caucasian 25 (96%) 21 (84%) 17 (77%) 63 (86%) -
Black/African American 1 (4%) 1 (4%) 1 (5%) 3 (4%) -
Asian 0 2 (8%) 2 (9%) 4 (6%) -
Other 0 1 (4%) 2 (9%) 3 (4%) -
25.3 (3.56), 25.3(6.79),[19.5, 27.5(5.84),[19.7, 26.0(5.54),
BMI (Kg/m2) [19.4,32.7] 54.0] 47.4] [19.4, 54.0] 0.09
BMI-categories 0.38
Normal weight (18.5
<BMI<25) 14 (54%) 16 (64%) 8 (37%) 38 (52%) -
Overweight o o o o
(25<BMI<30) 9 (35%) 7 (28%) 9 (41%) 25 (34%) -
Obese (BMI>30) 3 (11%) 2 (8%) 5(23%) 10 (14%) -
Education 0.92
Below college 3 (14%) 3 (13%) 3 (17%) 9 (14%) -
College graduate 10 (48%) 10 (42%) 6 (33%) 26 (41%) -
Graduate degree 8 (38%) 11 (46%) 9 (50%) 28 (45%) -
Smoking status 0.04
Never smoker 22 (85%) 20 (80%) 16 (73%) 58 (80%) -
Former smoker 1 (4%) 5 (20%) 6 (28%) 12 (16%) -
Current smoker 3 (11%) 0 0 3 (4%) -
Warm season at baseline® 5 (19%) 13 (52%) 7 (32%) 25 (34%) 0.05
IBD diagnosis 0.75
Ulcerative colitis 16 (62%) 18 (72%) 14 (64%) 48 (66%) -
Crohn's disease 10 (38%) 7 (28%) 8 (36%) 25 (34%) -
IBD score’ 1.65(1.38),[0,4] 1.28(1.21),[0,4] 1.09 (1.51),[0, 5] ;j% (1.37), [0, 0.22
Duration since IBD 9.00 (7.84), 7.24 (8.47),[0.70, 14.8 (8.59),[4.47, 10.1(8.76), 0.003
diagnosis (years) [0.28, 29.5] 39.0] 38.0] [0.28, 39.0] '
Time-varying characteristics, #visits®
g::vni season of blood ¢4 (450, 51 (48%) 43 (43%) 154 (45%) 0.79
9.68 (1.62),[7.25, 9.82(1.65),[7.33, 9.62 (1.56), 9.71 (1.61),[7.17,
Hour of the blood draw 13.9] 13.5] [7.17, 13.3] 13.9] 0.57
Hour of. blood draw- 053
categories
7 amto 10 am 74 (55%) 53 (50%) 57 (57%) 184 (54%) -
After I0amto2 pm 60 (45%) 54 (50%) 43 (43%) 157 (46%) -
Fever in previous 3 o o o o
months 2 (2%) 1 (1%) 2 (2%) 5 (1%) 0.87
Illness in previous 3mo 27 (25%) 14 (15%) 15 (17%) 56 (19%) 0.21
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Supplementary Table 2.1.: B;HB,-arm, B, represents background-exposure at baseline, H represents high-DBP
exposure after crossover and B, represents background-exposure after crossback; included 26 men taking
mesalamine that did not contain DBP at baseline; 16 men (62%) on Lialda®, 8 men (31%) on Pentasa®, one man
(4%) on Apriso® and one man (4%) was not on mesalamine medication at the time of recruitment.

H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and H,
represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline; 24
men (51%) on Asacol® and 23 men (49%) on Asacol®HD.

H;< 3 Yrs: represents high-DBP exposure at baseline for less than 3 years. Hi> 3 Yrs: represents high-DBP

exposure at baseline for 3 years or more.
Note: 3 years was the median duration for men in the H;BH,-arm on high-DBP exposure at baseline (H;).

* N (%) for categorical/binary variables and mean (SD), [Range] for continuous variables

" P-values are based on Fisher exact test for categorical variables and Kruskal Wallis test for continuous variables.
¢ Season of sample collection, Warm: April Through September

4IBD score: included bowel frequency and urgency, presence of blood in the stool and general wellbeing. Mild IBD
score: 5 or less on the simple clinical colitis activity index for UC and 4 or less on the Harvey-Bradshaw index for
CD.

¢ Alcohol: the average number of days per week the men drank alcoholic beverages, over the previous 3 months.
Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m,
meter; SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N,
number of men; DBP, dibutyl phthalate; B;HB,, Background;-High-Background, DBP exposure; H;BH,, High;-
Background-High, DBP exposure.
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Supplementary Figure 2.3. based on mixed model: 2 arms
Geometric means (95%CI) of reproductive hormone parameters at baseline, crossover and crossback for the
2 arms (B;HB,- arm and H;BH,-arm -MARS

Panel: A- Unadjusted geometric means (95%CI) Panel: B- Adjusted geometric means (95%CI)
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Supplementary Figure 2.3. (Continued)
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Supplementary Figure 2.3. (Continued)
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Supplementary Figure 2.3. shows the adjusted geometric means and 95% CI [adjusted for race (Caucasian or not),
age (continuous), BMI (continuous), hour of sample draw (continuous), season (warm or cold), current smoking, age
(continuous), and duration on DBP-containing mesalamine medication at baseline (in years)]. BjHB,-arm, B,
represents background-exposure at baseline, H represents high-DBP exposure after crossover and B, represents
background-exposure after crossback; included 26 men taking mesalamine that did not contain DBP at baseline.
H;BH,-arm, H; represents high-DBP exposure at baseline, B represents background-exposure after crossover and
H, represents high-DBP exposure after crossback; included 47 men taking mesalamine-containing DBP at baseline.
Abbreviations: MARS, Mesalamine And Reproductive health Study; 95% CI, 95% Confidence Interval; DBP,
dibutyl phthalate; SHBG, sex hormone-binding globulin; LH, luteinizing hormone; FSH, follicle-stimulating
hormone.
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Adjusted Mixed model: 3 arms:

Supplementary Table 2.2. Adjusted® percent change” (95%CI) of crossover, crossback and carryover on reproductive hormone parameters among men
starting on mesalamine medication not containing dibutyl phthalate (B;HB,-arm)*
Table 2.2.A. Adjusted B;HB,-arm [Background (B,)- High (H)- Background (B,) dibutyl phthalate exposure]: 26 men, 134 blood samples

Fitted Geometric Means (95%CI) Comparisons
() (1) ()
Hormone serum Baseline Crossover Crossback Crossover % Crossback % Carryover %
concentrations (B)) (H) (B,) Change P Change P Change P
(95%CI) value 95%CI) value (95%CI) value
H-B, B,-H B,-B,
17.0 16.3 18.0 -4.18 10.4 5.80
Total Testosterone 036 0.04 026
(nmol/L) (14.5,19.9) (13.9,19.5) (15.3,21.2) (-12.6, 4.98) (0.43,21.4) (-4.13, 16.8)
Free Testosterone 348 340 376 -2.33 0.62 10.4 0.05 7.79 014
(pmol/L) (304, 400) (296, 391) (326, 433) (-11.1,7.23) ' (0.15, 21.6) ' (-2.52,19.2) '
SHBG (nmol/L) 29.0 28.9 28.2 -0.49 0.93 -2.12 0.70 -2.60 64
(23.4, 36.0 (23.2,35.9)  (22.6,35.2) (-10.3, 10.4) (-12.1, 8.98) (-12.92, 8.96)
Inhibin-B (pg/mL) 162 160 171 -1.19 0.73 723 0.06 393 0.13
(133, 196) (132, 194) (141, 208) (-7.80, 5.90) (-0.20, 15.2) (-1.74, 14.2)
3.43 2.96 3.37 -13.8 13.8 -1.9
LH (IU/L) 0.02 0.04 0.77
(2.87,4.10) (2.47,3.54) (2.80,4.05) (-23.6, -2.83) (0.49, 28.9) (-13.77,11.6)
3.07 2.89 3.14 -5.76 8.36 2.11
FSH (IU/L) 0.14 0.05 0.63
(2.36, 4.00) (2.22,3.77)  (2.40,4.09)  (-12.83, 1.88) (-0.05, 17.5) (-6.20, 11.2)
Total Testosterone/LH 4.97 5.52 5.34 11.1 0.08 -3.14 061 7.61 0.25
Ratio (4.04, 6.10) (448,6.79) (4.32,6.61) (-1.15, 24.9) ' (-14.2,9.35) ' (-5.15,22.1) '
Free Testosterone/LH 102 115 112 13.3 007 -3.04 0.66 9.87 020
Ratio (83.8,123) (94.7, 140) (91.3, 136) (-0.84, 29.5) ' (-15.6, 11.4) ' (-4.81, 26.8) '
Inhibin-B/FSH Ratio 52:3 352 47 4.96 0.33 -0.74 0.88 4.18 0.45
(34.8,79.2) (36.5,83.2) (36.2,82.7) (-4.74, 15.6) (-10.2, 9.75) (-6.27, 15.8)
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Supplementary Table 2.2.B. Adjusted HIBH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period< 3 Yrs|: 25 men, 107
blood samples

Fitted Geometric Means (95%CI) Comparisons
Hormone se.rum Baseline Crossover Crossback Crgslfg:;; % P gjr(gﬁgzzt P Cagﬁ’:;;z %
concentrations (H,) B) (Hy) (95%CT) value (95%CT) value (95%CT) P value
B-H, H,-B Hy-H,

Total Testosterone (nmol/L) (14.2?.16 9.1) (15.11?260.6) (15.2?51.2) (-4.66 1.,241‘8.3) 027 (—8.12 3??5.2) 0.2 (-2.198,%2.2) 012
Free Testosterone (pmol/L) (2931,3576) (31?1,641115) (322,745132) (-2.7233,5;1.1) 0.14 (-7.35,9?6.8) 0.51 (0.718?;;6.3) 0.04
SHBG (nmol/L) (25.1(,)57.3) (26.2530.4) (25.31(,)'398.1) (—5.467.?30.8) 0.29 (-17_.53.,9;91) 035 1?4,5 14.1) 0.94
Inhibin-B (pg/mL) (14(1),6?96) (15%24) (172,0350) (4.213? '222.9) 0.005 1191 23 13 001 (15.?;?'307.2) <0.0001
LH (IU/L) (2.637.,1; 67) (2.327.,8;1.39) (2.52.,0; 64) (2 1_.2',4 5.27) 0-17 (-7.873,024.2) 0.37 (-16-.32.,052.0) 0.67
FSH (IU/L) (1.927',439 15) (1 .726.,2;1.85) (1.923.,436 13) (-17TZ,'9-?. 1 003 (-0.392.,7‘2‘0.8) 0.06 (-10-.12.,1;82) 0.82
Total Testosterone/LH Ratio (4.452.,361.38) (5.12,23.69) (4.963.,03.41) (3.111?';5.9) 0.02 (-16-.38',8;‘1 2 060 (-1.2173,'21.2) 0.07
Free Testosterone/LH Ratio (89.15(,)6126) (10;,2154) (101,2?50) (2.311?'369.9) 0.02 (-17-.27',8134.7) 0.73 (-1.()176,§6.6) 0.07
Inhibin-B/FSH Ratio (46.2?‘965.8) (57?93,.?22) (58?5‘??23) (12.22??(1)1.5) 0.0001 (-10.12',214. 08 (13.22753.7) <0.0001
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Supplementary Table 2.2.C: Adjusted HIBH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period>= 3 Yrs]: 22 men, 100

blood samples

Fitted Geometric Means (95%CI) Comparisons
[1) [1) (1)
Hormone serum Baseline Crossover Crossback Crossover % Crossback % Carryover %
concentrations (H,) (B) (H,) Change P Change P Change P
! 2 (95%CI) value (95%CI) value (95%CTI) value
B-H, H,-B H,-H,
145 135 15.1 6.64 11.5 413
Testosterone_mmol L 1) 505 (107 172)  (119,192) (161,385 20 (070,253 007 709167y 0¥
278 270 291 2.78 7.69 4.69
FT_pmol L (228,339) (220, 332) (236, 359) (-128,837) 6! (-4.40, 21.3) 022 (680, 176) %
33.6 345 335 2.53 297 20.52
SHBG_nmol_L (245.462) (2495.477) (24.1,464) (914,157 8 (-14.9,10.7) 065 (16 133 0
. 178 186 193 412 385 8.13
Inhibin-B_pg_mL (134,237) (139, 248) (144, 258) (399, 12.9) O3 (-4.88, 13.4) 040 87180y 08
2.62 2.35 2.60 106 10.9 20.80
LH (IU/L) (2.03,339)  (1.8,307)  (1.99,341) (222,283 12 (-4.83,29.2) 018 146,152 02
3.03 2.82 3.09 6.96 9.58 1.95
FSH (IU/L) (2.05,447)  (1.90,4.18)  (2.08,458)  (-15.1,193) 012 (-0.73, 21.0) 007" (756, 12.5) 0.7
Total Testosterone/LH 5.50 5.74 5.75 4.34 0.54 0.21 0.98 4.56 0.55
Ratio (4.07,7.44)  (4.21,7.82)  (4.20,7.87)  (-8.95,19.6) ' (-13.6, 16.3) ! (-9.64, 21.0) !
Free Testosterone/LH 106 115 112 8.70 0.29 -2.84 0.74 5.62 0.52
Ratio (80.3,140)  (86.3,154)  (83.5,150) (-6.90, 26.9) : (-18.1, 15.2) ' (-10.5, 24.7) '
. . 588 65.5 62.2 11.5 5.1 5.80
Inhibin-B/FSH Ratio (32.0,108)  (35.5,121)  (33.7,115) -046,249) 29 (61 7.28) 040 (634195 036

Supplementary Table 2.2.: * Adjusted for race (Caucasian or not), age (continuous), BMI (continuous), hour of sample draw (continuous), season (warm or
cold), current smoking, age (continuous), and duration on DBP-containing mesalamine medication at baseline (in years) in the mixed effect model.

P Percentage changes are presented by exponentiating the Beta coefficient. Negative sign means % decrease for the corresponding outcome compared to the
measure in the previous period.
“BHB,-arm: B, represents background low-DBP exposure at baseline, H represents high-DBP exposure after crossover and B, represents background low-
exposure after crossback.® HyBH,-arm, period<3 yrs: H; represents high-DBP at baseline for duration less than 3 years, B represents background low-DBP
exposure after crossover and H, represents high-DBP after crossback.
“H;BH,-arm, period>3 yrs: H, represents high-DBP at baseline for duration 3 years or more, B represents background low-DBP exposure after crossover and
H, represents high-DBP after crossback.Abbreviations: MARS, Mesalamine And Reproductive health Study; BMI, body mass index; Kg, Kilogram; m, meter;
SD, standard deviation; IBD, Inflammatory Bowel Disease; UC, ulcerative colitis; CD, Crohn’s disease; N, number of men; DBP, dibutyl phthalate; B;HB,,

Background,-High-Background, DBP exposure; H;BH,, High,-Background-High, DBP exposure.



Sensitivity analyses
Supplementary Table 2.3. Unadjusted Mixed model: 2 arms

Supplementary Table 2.3.A. Unadjusted percent change (95%CI) of crossover, crossback and carryover on hormone concentrations among men
starting on mesalamine medication not containing dibutyl phthalate (B,;HB,-arm)®

00T

Fitted Geometric Means (95%CI) Comparisons
(1) (1} (1)
Hormone serum Baseline Crossover Crossback Cr%s;;:;; % Crocslsll;zcgl: % Cagz::;le. %
concentrations
(By) (H) (By) (95%CI) P value 95%CT) P value (95%CI) P value
H-B, B,-H B,-B,
Total Testosterone 16.7 15.9 17.6 498 026 10.8 0.03 5.27 023
(nmol/L) (14.7,19.0)  (13.9,18.1)  (15.4,20.1)  (-13.1,3.90) ' (0.92, 21.6) : (-4.12, 15.6) :
Free Testosterone 330 320 352 -2.97 0.52 9.82 0.05 6.56 0.19
(pmol/L) (296,368)  (287,358)  (314,395)  (-11.43, 6.30) ' (-0.19, 20.8) : (:3.14,17.2) :
313 316 31.6 0.76 0.11 0.87
SHBG (nmol/L) (258.38.0) (260.384) (259.385)  (:890.114) 0% (989 112 0% (-9.24, 12.1) 0.87
. 167 164 175 2.14 6.66 437
Inhibin-B (pg/mL,) (144.194)  (141,190)  (150,203)  (-8.61,478) 03 068, 145) 008 (-2.84,12.1) 0.24
3.41 2.90 331 148 14.0 2.86
LH (IUL) (2.95.393) (2.51,336) (2.84.385) (242,-429) 0 (0.93, 28.9) 0.04 (-14.0,9.74) 0.64
3.13 291 3.13 6.93 7.32 0.1
FSH (IU/L) (2.55,3.84) (237,358) (254385 (137,039 % (ogr 161y 008 (-7.73,8.13) 0.98
Total Testosterone/LH 4.89 5.45 5.29 114 0.06 -2.88 0.63 8.2 0.19
Ratio (4.15,577)  (4.61,645) (4.46,628)  (-0.56,24.8) ' (-13.8,9.37) : (-3.93,21.9) :
Free Testosterone/LH 97 110 106 14.0 0.05 -3.70 0.59 9.76 0.18
Ratio (83.1,113)  (943,129)  (90.4,125)  (0.07,29.8) ' (-16, 10.4) : (-4.2,25.7) :
. , 534 56.05 55.76 4.95 051 441
Inhibin-B/FSH Ratio (39.0.73.1)  (409.768) (40.6.765) (-4.54.154) 32 (987,980 %2 (-5.46, 15.3) 0.39
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Supplementary Table 2.3.B. Unadjusted percent change (95%CI) of crossover, crossback and carryover on hormone concentrations among men
starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm)*

Fitted Geometric Means (95%CI) Comparisons
(1) (1)
Hormone serum Baseline Crossover  Crossback Crossover % oCrossback Carryover %
concentrations Hy) 3B) (Hy) Change 7o Change Change
1 2 (95%CI) P value (95%CI) P value (95%CI) P value
B-H, H,-B H,-H,
Total Testosterone 15.6 15.6 16.7 -0.45 0.91 7.41 0.08 6.93 0.10
(nmol/L) (142,17.2) (14.0,17.3) (15.0,18.6) (-7.69,7.36) ' (-0.88, 16.4) ' (-1.19, 15.7) :
Free Testosterone 318 325 344 2.33 0.56 5.86 0.17 8.33 0.05
(pmol/L) (293,344)  (297,356)  (313,378)  (-5.23, 10.5) ' (-2.50, 15.0) ' (-0.01, 17.4) :
29.6 311 298 5.23 4.07 0.95
SHBG (nmol/L) (256.341) (267.362) (256,348) (342,147  O?* (nasoy Y7 (1104 0 08
N 167.62 181.6 196 8.33 7.85 16.8
- <
Inhibin-B (pg/mL) (150,187)  (162,204) (174,220) (220,148) %7 (144 147 002 (9.94,24.2)  ~0-0001
2.89 2.59 2.83 102 9.38 ~1.80
LH IU/L) (2.60,321)  (23,2.92) (251,320) (-186,-095) 9 (isa2is %Y (liasggy 07
2.69 247 271 8.33 9.60 0.47
FSH (IU/L) 31,314 @11,28) 31,317 (1412200 "% pa7sy 9 (61749 OF
Total Testosterone/LH 5.42 6.03 5.92 113 0.03 -1.88 07 9.24 0.0
Ratio (4.80,6.12) (5.28,6.89) (5.16,6.78) (1.12,22.6) ' (-11.4, 8.68) ' (-1.2,20.8) :
Free Testosterone/LH 110 125 121 13.8 0.02 -3.19 0.59 10.2 01
Ratio (98.3,123)  (110,142)  (106,139)  (2.04,27.0) ' (-13.9, 8.85) ' (-1.69, 23.5) '
62.3 735 723 18.1 1.64 16.1
L . -
Inhibin-B/FSH Ratio (493.78.6) (57.9.933) (569.918) (8.89,28.0) 00001 965 708 07O 672264y 2001
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Supplementary Table 2.4. Fixed model: 2 arms:

Supplementary Table 2.4.A. BjHB, Arm

B;HB;-arm [Background (B,) -High (H)-Background (B,) dibutyl phthalate exposure]: (26 men, 134 blood samples)
Unadjusted Comparisons Adjusted Comparisons
u Crossover % P Crossback Carryover Crossover % P Crossback P Carryover
ormone Change | % Change P % Change P Change | % Change I % Change P

con;‘;rt‘;‘;‘ﬁons (95%CI) Vl Y1 95%cCn | value | (95%CI) | value | (95%CI) Vi“ (95%CI) Vt“ (95%CI) | value

H-B, B,-H B,-B, H-B, B,-H B,-B,
Total -5.00 10.6 5.06 3.87 11.2 6.88
(Tnerflt:)’ls/tf)m“e 132.395) | 92| 070,215 | %% | (440,155 | O30 | 124,544 | OO 02,224y | OO | (339,182) | 0%
Free 3.22 10.0 6.47 -1.96 11.4 9.17
Testosterone 11.7.613) | %% | 006,210 | %9 | 334173 | %% | 108.777) | %% | 095.228) | “O | 155,210y | 010
(pmol/L)

1.08 -0.10 0.98 0.12 -1.78 1.9
SHBG (nmol/L) =225 79y 1 %% Mooy | %% [@as. 23| %% @96 108 | **® [Ciis.037 | %7 24087 | *7
Inhibin-B 2.25 6.79 4.39 -0.59 7.80 7.17
(pg/mL) (-8.73, 4.69) 0.51 (-0.57, 14.7) 0.07 (-2.86, 12.2) 0.24 (-7.31, 6.63) 0.87 (0.25, 15.9) 0.04 (-0.73, 15.7) 0.08

_14.4 14.14 2.29 -13.6 145 -1.09
LH (IU/L) (-23.9, -3.67) 0.01 (0.95,29.1) 0.03 (-13.7, 10.6) 0.71 (-23.5, -2.46) 0.02 (0.96, 29.9) 0.04 (-13.4,12.9) 0.87

-6.59 723 0.16 5.63 8.23 2.14
FSH IUL) (-13.4,0.77) 0.08 (-0.91, 16.0) 0.08 (-7.49, 8.46) 0.97 (-12.7,2.01) 0.14 (-0.17, 17.3) 0.05 (-6.19, 11.2) 0.62
Total 11.0 3.12 7.52 11.3 2.90 8.05
E?;’;fmne/ Lol cros.245) | 99 | 1a0,008) | 200 | (a67.213) | 2 | ra2.252) | 99 | c1a1.0.76) | 90 | (-5.03.229) | O
Free 13.1 3.62 8.96 13.5 2.74 10.38
Testosterone/L 0.07 0.60 0.22 0.07 0.70 0.19
H Ratio (-0.89, 29.0) (-16.0, 10.5) (-5.09, 25.1) (-0.90, 30.0) (-15.5,11.9) (-4.81,28.0)
Inhibin-B/FSH 4.64 0.41 422 534 0.39 4.93
Ratio (-4.83,15.1) 0.35 (-9.78,9.93) 0.94 (-5.65, 15.1) 041 (-4.45,16.1) 0.29 (-9.98, 10.2) 0.94 (-5.68, 16.7) 0.38
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Supplementary Table 2.4.B. Fixed: HBH, Arm

H;BH,-arm[High (H;)-Background (B) — High (H,) dibutyl phthalate exposure]: (47 men, 207 blood samples)

Unadjusted Comparisons

Adjusted Comparisons

Hormone Crossover % Crossback Carryover Crossover % Crossback Carryover
serum Change P % Change P % Change P val Change P % Change P % Change P val
concentration (95%CI) value (95%C) value (95%CI) value (95%CD) value (95%CI) value (95%CD) value
s B-H, H,-B H,-H, B-H, H,-B H,-H,
Total -0.49 7.55 7.02 -0.24 7.41 7.15
(Tne;t(‘)’ls/tlf)r one | (758,749) | " | 018,166 | “O | c12n160) | Y10 | 270,783 | O | 095,165 | OO | 116162) | OO
Free 2.30 5.95 8.39 2.27 6.07 8.48
(Tpe;t(‘)’ls/tlf)r one | sa7,107) | O s, s | O o2y | % | sse0m | O | @an1s2) | MO | coasimsy |00
SHBG 5.43 -3.98 1.24 5.76 431 1.21
2 . . . . .
(nmol/L) (-3.33, 15.0) 0.23 (-12.3,5.13) 0.38 (-7.53,10.8) 0.79 (-3.07, 15.4) 021 (-12.6, 4.80) 0.34 (-7.56, 10.8) 0.79
Inhibin-B 8.16 7.75 16.5 8.46 7.62 16.7
<
(pg/mL) (1.98, 14.7) 0.009 (1.32, 14.6) 002 (9.59,23.9) 0.0001 (2.25, 15.0) 0.007 (1.21, 14.4) 0.02 (9.80, 24.1) <0.0001
-11.5 9.65 -2.95 -11.3 9.5 -2.85
LH (IUL) (-20.0, -2.07) 0.02 (-1.35,21.9) 0.09 (-12.7, 7.87) 0.58 (-19.9, -1.74) 0.02 (-1.55,21.8) 0.09 (-12.6, 8.02) 0.59
-8.36 9.57 0.40 -8.37 9.65 0.47
FSH (IU/L) (-14.1,-2.21) 0.009 (2.37,17.3) 0.009 (-6.19, 7.46) 091 (-14.2,-2.17) 0.009 (2.42, 17.4) 0.008 (-6.14, 7.54) 0.89
Total 12.4 -1.92 10.3 12.4 -1.91 10.3
Testosterone/ 0.02 0.71 0.06 0.02 0.71 0.06
LH Ratio (1.89,24.1) (-11.5, 8.70) (-0.50, 22.2) (1.80, 24.2) (-11.6, 8.80) (-0.52, 22.3)
Free 15.6 -3.38 11.7 15.3 3.13 11.7
Egtﬁitgf)"“e/ 324,204) | OO0 | cian sy | @7 | cos,257) | %07 | 285,202) | OO0 | 140,900 | %6 | 081,257y | O7
Inhibin- 18.0 <0.00 -1.66 16.1 18.4 <0.00 -1.85 16.2
B/FSH Ratio (8.81, 28.0) 01 | (-9.67,7.06) 0.7 (6.61,26.4) 0.0006 (9.04, 28.5) 01 [ (-9.89,6.92) 0.67 (6.68, 26.5) 0.0006
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Supplementary Table 2.5. Sensitivity: Mixed adjusted model with empirical standard error (sandwich estimator)

B;HB,-arm [Background (B,)- High (H)- Background (B,) dibutyl phthalate exposure]: 26 men, 134 blood samples-empirical----- Mixed model
sensitivity:
Fitted Geometric Means (95%CI) Comparisons
Crossover % Crossback % Carryover
H
cg:clg::f, ;tei:;l:sn Baseline (B;) Crossover (H) Cro(s];b)ack Change P Change P % Change P
2 (95%CI) value (95%CI) value (95%CI)  value
H-B, B,-H B,-B,
Total Testosterone 16.3 15.6 17.2 -4.28 0.38 10.4 0.02 5.64 0.15
(nmol/L) (14.4, 18.5) (13.9, 17.6) (15.3, 19.4) (-13.3,5.63) ' (1.94, 19.5) ) (-1.99, 13.9) )
Free Testosterone 330 322 355 -2.36 0.64 10.4 0.05 7.77 0.09
(pmol/L) (296, 367) (285, 364) (318, 397) (-11.6,7.87) ) (-0.12, 22) ) (-1.29,17.7) )
29.6 29.4 28.8 -0.52 -2.14 -2.65
SHBG (nmol/L) (24.2,36.1) (24.3, 35.6) (23.88, 34.7) (-9.10, 8.80) 091 (-11, 7.65) 0.66 (-11.3, 6.88) 0.57
. 162 161 173 -0.89 7.28 6.32
Inhibin-B (pg/mL) (135, 195) (135, 192) (142, 209) 613.465)  °7° o2y 0 os7 124 003
3.29 2.83 3.22 -13.9 13.8 -2.04
LH (IU/L) (2.86,3.79) (2.40, 3.34) (2.78,3.73) (-23.6, -3.03) 0.01 (3.11, 25.6) 0.01 (-12,9.00) 0.70
3.23 3.05 3.30 -5.79 8.35 2.08
FSH (IU/L) (2.57,4.08) (2.41, 3.85) (2.57,4.24) (-11.4,0.13) 0.06 (1.12, 16.1) 0.02 (-5.55,10.3) 0.60
Total Testosterone/LH 4.95 5.50 5.33 11.1 0.05 -3.17 0.53 7.62 0.26
Ratio (4.09, 5.99) (4.60, 6.58) (4.39, 6.47) (0.09, 23.4) ' (-12.4,7.01) ) (-5.35,22.4) '
Free Testosterone/LH 100 114 110 13.4 0.03 -3.04 0.59 9.98 0.14
Ratio (84.1, 120) (97.2,133) (91.9, 132) (1.50, 26.8) ) (-13.5, 8.70) ) (-3.17,24.9) )
- . 50.0 52.7 523 5.32 -0.68 4.61
Inhibin-B/FSH Ratio 5, » 73 0y (363, 76.5) (348.787) (161,127 O (83758 % (539,157 038
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Supplementary Table 2.5. (Continued)

H;BH,-arm[High (H;)-Background (B) - High (H,)] dibutyl phthalate exposure]: 47 men, 207 blood samples-empirical

Mixed model sensitivity:

Fitted Geometric Means (95%CI) Comparisons
(1) ()
Hormone serum Baseline Crossover Crossback Crgs;z:;; % P CroCslslgicgl; % P Carryover % p
: o
concentrations (Hy) (B) (H,) (95%CT) value (95%CT) value Change (95%CI) value
B-H, H,-B H,-H,
Total Testosterone 16.0 15.9 17.0 -0.58 0.88 7.13 0.10 6.5 0.17
(nmol/L) (14.4,17.8)  (14.1,17.9) (15.6,18.7)0  (-7.63,7.01) : (-1.39, 16.4) ' (-2.70, 16.6) :
Free Testosterone 316 324 343 2.52 0.53 5.90 013 8.57 010
(pmol/L) (285,351)  (292,360)  (317,373) (-5.17, 10.8) : (-1.74, 14.1) ' (-1.69, 19.9) :
317 332 317 4.65 4,50 20.05
SHBG (nmol/L) (27.9,36.1)  (29.3,37.7)  (27.5,36.5)  (-4.37, 14.5) 0.32 107,219 18 (-10.41, 11.5) 0.99
. 171 185 200 8.52 771 16.9
Inhibin-B (pg/mL) (153,191)  (169,203)  (179.222)  (213.153) 299 oiey 00 (6.70, 28.0) 0.0009
2.96 2.66 2.90 101 8.93 2.09
LH (IUL) (2.64,332)  (2.37,2.99) (2.59,324)  (-17.9,-1.55) 0.02 0.08,186) 09 (-11.1, 7.80) 0.67
2.64 2.42 2.65 78.39 9.63 0.43
FSH (IU/L) (2.28,3.06)  (2.08,2.81) (2.29,3.08)  (-14.5,-1.88) 0.01 385,157y 001 (-5.43, 6.64) 0.89
Total Testosterone/LH 541 6.01 5.90 11.0 0.03 -1.80 073 9.01 0.04
Ratio (4.80,6.10)  (5.19,6.95) (5.21, 6.68) (1.24,21.7) : (-11.6, 9.09) ' (0.28, 18.5) :
Free Testosterone/LH 107 122 118 14.0 0.01 -2.74 0.61 10.8 0.02
Ratio (95.2,120)  (107,139) (105, 134) (2.85,26.3) : (-12.6, 8.17) ' (1.45,21.1) :
. . 64.7 76.6 752 18.4 _1.80 16.3
Inhibin-B/FSH Ratio (51.4,81.4)  (62.3,94.1)  (60.4, 93.6) 860,200y 20002 409858y 072 (3.72, 30.4) 0.01
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Supplementary Table 2.6. Unadjusted Mixed model: 3 arms

3 Arm Analyses

Supplementary Table 2.6.A: Unadjusted BiHB,-arm [Background (B,)- High (H)- Background (B,) dibutyl phthalate exposure]: 26 men, 134 blood

samples
Fitted Geometric Means (95%CI) Comparisons
Hormone serum Crossover Crossback Crossover % Crossback Carryover
concentrations Baseline (B,) (H) (B,) Change P % Change P % Change P
? (95%CI) value (95%CI) value (95%CI) value
H-B, B,-H B,-B,
Total Testosterone 16.7 15.9 17.6 -4.98 0.26 10.8 0.03 5.27 028
(nmol/L) (147,190)  (139,181)  (154,20.1)  (-13.1,386) 095,216 (-4.09,15.6)
Free Testosterone 330 320 352 -2.97 0.52 9.8 0.05 6.56 0.19
(pmol/L) (296,368) (287, 358) (314, 395) (-11.4,0) ' (0.19,208) (3.14,172)
31.3 31.6 31.6 0.76 0.10 0.87
SHBG (nmol/L) (25.8,38.1)  (25.9,384)  (25.9,38.6) 892,115 8 (o011 "% (926,121 Y
. 167 164 175 -2.15 6.66 4.37
Inhibin-B (pg/mL) (144, 194) (141, 190) (150, 203) (854.469) 03 (060,145 Y (2761200 *24
3.41 2.9 3.31 -14.8 14.04 -2.88
LH (IU/L) (296,393)  (251,336)  (2.85.385)  (2425.-425) 0007 ggg 39y 004 141 975y 064
3.13 291 3.13 -6.93 7.32 -0.12
FSH (IU/L) (2.55, 3.84) (2.37,3.58) (2.54, 3.85) (-13.7,0.41) 0.06 (-0.84, 16.2) 0.08 (-7.76, 8.16) 0.98
Total Testosterone/LH 4.89 5.45 5.29 11.4 0.06 -2.89 0.63 8.19 0.19
Ratio (4.14,578)  (4.60,646)  (445,629)  (-055,248) (-138,936) (:3.94,21.9)
Free Testosterone/LH 97.0 110 106 14.0 0.05 -3.7 0.59 9.75 0.18
Ratio (83.1,113)  (943,129) (903, 125) (0.04,29.8) : (-16.0,104) (422,258)
. . 53.4 56.0 55.76 4.94 -0.51 4.4
Inhibin-B/FSH Ratio (39.0,73.1)  (40.9,76.8)  (40.6,76.5) 448,153 31 (o81073) %2 (540152 0¥
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Supplementary Table 2.6.B: Unadjusted HIBH2-arm [High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period<3 Yrs]: 25

men, 107 blood samples

Fitted Geometric Means (95%CI) Comparisons
Hormone serum Baseline Crossover  Crossback Crossover % oCrossback Carryover %
concentrations (Hy) (B) (H,) Change P 7 Change P Change P value
(95%CI) value 95%CI)  value (95%CI)
B-H, H,-B H,-H,
Total Testosterone 16.0 17.1 17.8 6.70 0.24 3.76 0.52 10.7 0.07
(nmol/L) (14.1,18.3)  (14.8,19.8) (15.3,20.6) (-4.16, 18.8) (-7.18, 16.0) (-0.84, 23.6)
Free Testosterone 322 349 365 8.37 0.15 448 0.45 13.2 0.03
(pmol/L) (289,360)  (308,397)  (321,416)  (-2.84,20.9) (-6.84,17.2) (1.22, 26.6)
30.4 32.9 30.7 8.22 641 1.28
SHBG (nmol/L) (249.37.0) (266,40.6) (248.38.1) (429.24) 21 (175618 O3 (-10.7, 14.9) 0.84
. 169 191 214 132 12.1 27.0
Inhibin-B (pg/mL) (145.196)  (163.224)  (183.251) (426.229) 99 3062000 909%® 167,351y 00001
3.00 2.79 3.02 9.62 8.20 222
LH (IUL) (2.67,3.57)  (2.36,330) (2.55,358) (-21.5,398) 010 (66253 0P (453129 0.76
2.47 2.22 2.46 -10.0 10.6 -0.50
FSH (IU/L) (2.01,3.04)  (1.79,276) (1.98,3.05) (-180,-127) 0 (058,216 %9 (053,043 0.92
Total Testosterone/LH 5.19 6.19 5.94 19.2 0.01 -4.04 0.57 14.4 0.06
Ratio (439,6.14)  (5.13,7.46) (4.91,7.18)  (3.91,36.7) (-16.8, 10.6) (-0.65, 31.6)
Free Testosterone/LH 104 125 121 19.7 0.02 -3.45 0.67 15.6 0.08
Ratio (89.3,122)  (104,150)  (100,145)  (2.45,39.9) (-18.0, 13.7) (-1.49, 35.6)
. , 683 86.0 87.2 26.0 <0.000 1.39 278
Inhibin-B/FSH Ratio (49.6,94.0)  (62.0,119)  (62.8,121)  (12.3,41.4) 1 -9.83.140) 082 (135,438 ~0:0001
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Supplementary Table 2.6.C: Unadjusted HIBH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period>= 3 Yrs]: 22

men, 100 blood samples

Fitted Geometric Means (95%CI) Comparisons
o,
Hormone serum Baseline Crossover Crossback Crocsﬁg:;; % P OCA)rOCslsll;zcgl: P Carryover % P
3 o,
concentrations (Hy) (B) (Hy) (95%CT) value (95%CT) value Change (95%CI) value
B-H, H,-B H,-H,
15.2 14.2 15.7 -6.80 11.1 3.56
Testosterone_nmol_L 0.19 0.07 0.54
- - (13.2,17.4) (12.2,16.4)  (13.5,18.4) (-16.16,3.61) (-0.97, 24.7) (-7.46, 15.9)
312 303 324 -3.08 7.04 3.75
FT _pmol L 0.57 0.26 0.53
- (278, 351) (266, 344) (283,371) (-13.0, 7.99) (-4.90, 20.5) (-7.50, 16.4)
28.7 29.4 28.9 2.46 -1.59 0.83
SHBG nmol L 0.69 0.81 0.9
- - (23.2,35.4) (23.6,36.6)  (23.1,36.2) (-9.18, 15.6) (-13.6, 12.1) (-11.3, 14.6)
Inhibin-B L 166 173 178 4.02 0.34 3.14 0.49 7.28 011
MIbIn=b_pg_m (142,195)  (146,204)  (151,211)  (-4.06,12.8) (-5.48,12.6) (-1.55, 16.9) '
2.67 2.39 2.64 -10.5 10.5 -1.07
LH (IU/L) 0.12 0.20 0.89
(2.29,3.11) (2.02,2.83)  (2.22,3.15) (-22.1,2.85) (-5.04, 28.6) (-14.6, 14.6)
2.97 2.77 3.01 -6.76 8.67 1.32
FSH (IU/L) 0.13 0.10 0.79
(2.38,3.71) (2.21,3.47) (2.39,3.78) (-14.86,2.11) (-1.48,19.9) (-8.01, 11.6)
Total 5.68 5.92 5.93 4.21 0.24 4.46
Testosterone/LH 0.55 0.97 0.55
Ratio (4.75, 6.79) (4.88,7.18)  (4.86,7.24) (-8.96, 19.3) (-13.5,16.1) (-9.51, 20.6)
Free Testosterone/LH 117 126 123 8.26 031 -3.09 071 491 057
Ratio (99.0, 138) (105, 152) (101, 149) (-7.22,26.3) ' (-18.1, 14.7) ' (-10.9, 23.6) '
56.0 62.3 59.1 11.2 -5.14 5.50
Inhibin-B/FSH Ratio 0.06 0.39 0.38
(39.8,78.7) (44.0,88.0)  (41.7,83.7)  (-0.64,24.5) (-16.0, 7.10) (-6.42, 18.9)
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Supplementary Table 2.7. Adjusted Fixed model- 3 arms

Supplementary Table 2.7.A. Adjusted percent change (95%CI) of crossover, crossback and carryover on reproductive hormone parameters among

men starting on mesalamine medication not containing dibutyl phthalate (B1HB2-arm)®

Adjusted B;HB,-arm [Background (B,) -High (H)-Background (B,) dibutyl phthalate exposure]: (26 men, 134 blood samples)

Means (95% CI) Comparisons
Hormone serum Baseline (B,) ChCa I‘I:)SSOVeI(') o Crossbacl; o Cagl)n/;)r‘nzz %
concentrations 1 ge (95%CI) P value Change (95%CI) P value 95%CT) P value
H-B, B,-H B,-B,
ﬁ,",fﬁl/TLef“’“em“e (14.15?.? 9.9) (-1 2_;',759 S1) 041 (l.lllf .232.4) - (-3.274?? 8.4) o
ity (304, 300 (0597 B ogme 0B G, 00
SHBG (nmol/L) (23.233 6.0) (-9.;;,017 0.9) 0.99 (-1 1-.18.,795.44) 0.75 (-12._31 ;,;210.0) 0.75
[nhibin-B (pg/mL) (13;,6?96) (-7;%,960.24) 080 (0.231',713 5.8) 004 (-1.()66,7?5.2) 009
LH AUL) (2.837.,4:.10) (-23_.143,'?27.25) 0.02 (0.916‘,‘.360.0) 0.04 (-13._;)4??3.3) 0.9
FSH (IU/L) (2.336.,01.00) (-12-.57',529.09) 0.15 (-0.189',2?7.4) 0.06 (-6.12 é,l ? 1.3) 0.62
i?ltt?(i FestosteroncLH (4.01.,967. 10) (-1.;,1 225.1) 0.08 (—14.-5;,;2;.76) 0.64 (5. 17 6,9i2.9) 0.24
ﬁgifoTeStOStemne/LH (83;(,)2123) (-1. 1113,;9.7) 0.07 (1 5._522?61 1.9) 0.70 (-5.()150,.;7.8) 0.20
Inhibin-B/FSH Ratio (34.25'759.2) (-4.745.,915.7) 0.33 (-9.509.,4 160.1) 0.93 (-6.()14?41‘6.2) 042
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Supplementary Table 2.7.B. Adjusted percent change (95%CI) of crossover, crossback and carryover on reproductive hormone parameters among
men starting on mesalamine medication containing dibutyl phthalate (H;BH,-arm)”

Adjusted HIBH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period< 3 Yrs]: (25 men, 107 blood samples)

Means (95% CI) Comparisons
H Crossover % Crossback % Carryover %
ormone se.rum Baseline (H,) Change (95%CI) P value Change (95%CI) P value Change (95%CI) P value
concentrations B-H H.-B H.-H
| 2 P |
Total Testosterone 16.6 7.37 021 2.56 0.66 10.1 0.1
(nmol/L) (14.4,19.1) (-3.86, 19.9) ’ (-8.45, 14.9) ) (-1.73,23.4) )
Free Testosterone 332 8.27 3.86 12.4
(pmol/L) (294, 376) (-3.34,21.3) 0.17 (-7.58, 16.7) 0.52 (0.04, 26.4) 0.05
30.8 9.32 -6.42 2.30
SHBG (nmol/L) (25.4,37.3) (-3.49, 23.8) 0.161 (-17.7, 6.39) 0.31 (-10.03, 16.3) 0.73
. 166 13.5 11.0 26.01
Inhibin-B (pg/mL) (140, 197) (4.46,23.4) 0.00 (1.88,20.9) 0.02 (15.64, 37.3) <0.0001
3.13 -12.01 6.96 -5.88
LH (IU/L) (2.67, 3.67) (-24.0, 1.82) 0.086 (-7.95, 24.3) 0.38 (-19.03, 9.39) 0.43
2.49 -10.2 9.91 -1.34
FSH (IU/L) (1.97, 3.15) (-18.3, -1.43) 0.024 (-0.18, 21.0) 0.05 (-10.41, 8.65) 0.783
Total Testosterone/LH 5.31 22.0 -4.11 17.0
Ratio (4.42, 6.38) (5.93, 40.6) 0.01 (-17.09, 10.9) 0.57 (1.14, 35.4) 0.035
Free Testosterone/LH 106 23.0 -2.9 19.5
Ratio (89.523, 126) (4.59, 44.7) 0.01 (-17.8, 14.8) 0.73 (1.05, 41.3) 0.037
- . 66.6 26.5 0.99 27.7
Inhibin-B/FSH Ratio (46.3,95.8) (12.6, 42.1) <0.0001 (-10.4, 13.8) 0.87 (133, 44.0) <0.0001
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Supplementary Table 2.7.C. Adjusted percent change (95%CI) of crossover, crossback and carryover on reproductive hormone parameters
among men starting on mesalamine medication containing dibutyl phthalate (H,BH,-arm)”

Adjusted HIBH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period>= 3 Yrs]:22 men, 100 blood samples

Means (95% Comparisons
CI) P
H Crossover % P Crossback % Carryover % P
ormone serum Baseline (H;)  Change (95%CI) Change (95%CI)  Pvalue  Change (95%CI)
concentrations value value
B-H, H,-B H,-H,
145 7.03 12.6 4.68
Testosterone_nmol L (11.49, 18.3) (-16.6, 3.60) 0.19 (0.18, 26.5) 0.047 (-6.8, 17.6) 0.44
278 3.19 8.3 4.85
FT_pmol L (228,339) (-13.4,8.19) 0.57 (-3.93,22.1) 0.19 (-6.93, 18.1) 0.43
33.6 2.46 21 031
SHBG_nmol L (24.48,46.2) (932, 15.8) 00% (42, 117) 0752 (-12.0, 14.4) 096
. 178 3.76 3.99 7.89
Inhibin-B_pg_mL (134, 237) (-4.38, 12.6) 0.37 (-4.78, 13.6) 0.38 (-1.15,17.8) 0.09
2.62 21054 12.3 0.46
LH (IU/L) (2.03, 3.39) (-22.5,3.21) 0.126 (-3.75, 31.0) 0.14 (-13.83, 17.1) 0.95
3.03 26.54 9.44 2.29
FSH (IU/L) (2.05, 4.47) (-14.7, 2.44) 0.15 (-0.87, 20.8) 0.07 (-7.30, 12.9) 0.65
Total Testosterone/LH 5.50 393 0.257 4.20
Ratio (4.07, 7.44) (-9.52, 19.4) 0.58 (-13.7, 16.4) 0.97 (-10.2, 20.9) 0.59
Free Testosterone/LH 106 8.23 -3.56 4.37
Ratio (80.3, 140) (-7.70, 26.9) 0.33 (-18.8, 14.5) 0.68 (-12.0, 23.8) 0.62
. . 58.8 11.0 498 5.48
Inhibin-B/FSH Ratio (32.0, 108) (-0.94, 24.4) 0.07 (-16.0, 7.44) 0.41 (-6.66, 19.2) 0.39




Supplementary Table 2.8. Unadjusted Fixed model- 3 arms

Supplementary Table 2.8.A. Unadjusted percent change (95%CI) of crossover, crossback and carryover on reproductive hormone parameters among
men starting on mesalamine medication not containing dibutyl phthalate (B1HB2-arm)”

B;HB,-arm [Background (B,) -High (H)-Background (B,) dibutyl phthalate exposure]: (26 men, 134 blood samples)

[4n"

Means (95% CI) Comparisons
0
Hormone serum Baseline (B,) CFOSSO(;‘;I;/:/EIC): hanee P value Cmcslslgi‘lcglz ¢ P value Cl?:rf ryo;gn;/"/él
concentrations ! (95%CI) ge (95%CI) P value
H-B, B,-H B,-B,
gnor:lﬂl/TL(;StOStemne (14.17?'17 9.0) (-13_.52.,0;) 93) 0.26 (0.712(,)'7? 1.4) 0.03 (4.3%??5.4) 0.30
(F;;eoﬁs)msmne (292?268) (-1 1734226 13) 049 (-0.0160,'21 1) 0.05 (-3.364?17.3) 0.20
SHBG (nmol/L) (25.38f .;8.1) (—8.617-,0?1.9) 0.83 (-10_.(1.,1 ?1.0) 0.99 (-9.2()6,9812.3) 0.86
Inhibin-B (pg/mL) (14411,6194) (—8.&27',2:.62) 0.51 (-0.566,7?4.6) 0.07 (-2.748,3?2.1) 0.24
LH AUL) (2.92,431.93) (-24?(1),4;4;.63) 0.01 (0.9114,"219.1 ) 0.04 (-13_.27',2 190.6) 0.71
FSH (IU/L) (2.535',1; 84) (-13-.3',5(?.80) 0.08 (-0.974,2?6.1) 0.08 (-7.502',1 2.48) 0.97
1221?«1 Festosteronc/LH (4. 1‘:1',859 78) (-1.0141,'24.5) 0.07 (-14;.?).,192.16) 0.60 (—4.675.,5; 3) 0.24
ﬁgiioTeStOStemne/LH (83.917,.(1)13) (-o.;?él9.0) 0.07 (-16_.?).,6120.6) 0.60 (-5. 18 6,925. 1) 0.22
Inhibin-B/FSH Ratio (39.?)? :3.1) (-4.;i,6‘1‘5.0) 0.34 (-9.;02.,4 91.86) 0.93 (-5.519',015.0) 0.41
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Supplementary Table 2.8.B. Unadjusted percent change (95%CI) of crossover, crossback and carryover on reproductive hormone parameters among
men starting on mesalamine medication containing dibutyl phthalate (H1BH2-arm)®

H1BH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period<3 Yrs]: (25 men, 107 blood samples)

Means (95% Comparisons
CI) Y
H Crossover % Change Crossback % Change Carryover %
cgf:;‘;‘;i;ﬁ;‘:s“ Baseline (H,) (95%CI) P value (95%CI) Pvalue  Change (95%CI) P value
B-H, H,-B H,-H,
Total Testosterone 16.0 7.06 3.63 10.95
(nmol/L) (14.1, 18.3) (-4.10, 19.5) 0.22 (-7.33,15.9) 0.53 (0.91,24.2) 0.07
Free Testosterone 322 8.22 4.50 13.09
(pmol/L) (289, 360) (-3.35,21.2) 0.17 (-6.84,17.2) 045 (0.69, 27.0) 0.04
30.4 9.14 -6.62 1.92
SHBG (nmol/L) (24.9, 37,0) (-3.63, 23.6) 0.17 (-17.7, 5.96) 0.29 (-10.3, 15.8) 0.7
o 169 13.3 12.1 27.0
Inhibin-B (pg/mL) (145, 196) (422,23.1) 0.004 (3.00, 22.0) 0.008 (16.6, 38.3) <0.0001
3.09 -12.3 8.01 -5.24
LH (IU/L) (2.67,3.57) (-24.1, 1.44) 0.08 (-6.80, 25.2) 0.31 (-18.4,9.99) 048
2.47 -10.3 10.6 -0.83
FSH (IU/L) (2.01, 3.04) (-18.3, -1.54) 0.02 (0.57,21.6) 0.04 (-9.89, 9.14) 0.86
Total Testosterone/LH 5.19 22.0 -4.06 17.1
Ratio (4.39, 6.14) (6.04, 40.5) 0.006 (-16.8, 10.7) 0.57 (1.36,35.3) 0.03
Free Testosterone/LH 104 234 -3.25 19.4
Ratio (89.3, 122) (4.95, 45.0) 0.01 (-17.9, 14.0) 0.69 (1.10, 40.9) 0.04
- . 68.3 26.3 1.37 28.0
Inhibin-B/FSH Ratio (49.6, 94.0) (12.5, 41.8) <0.0001 (-9.86, 14.0) 0.82 (13.7,44.2) <0.0001
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Supplementary Table 2.8.C. Unadjusted percent change (95%CI) of crossover, crossback and carryover on reproductive hormone parameters
among men starting on mesalamine medication containing dibutyl phthalate (H1BH2-arm)*

H1BH2-arm|[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period>= 3 Yrs]: (22 men, 100 blood samples)

Means (95% Comparisons
CI) P
H Crossover % Crossback % Carryover %
ormone serum Baseline (H,) Change (95%CI) P value Change (95%CI) P value Change (95%CI) P value
concentrations
B-H, H,-B H,-H,
152 722 11.6 3.57
Testosterone_nmol L (13.2,17.4) (-16.7,3.33) 0.17 (-0.57,25.3) 0.06 (-7.64, 16.1) 0.53
312 3.02 7.28 4.04
FT_pmol L (278, 351) (-13.2,8.33) 0.59 (-4.75, 20.8) 0.25 (-7.51, 17.0) 0.51
2877 1.97 1.16 0.79
SHBG_nmol_L (23.2, 35.4) (-9.71,15.2) 0.75 (-13.28,12.7) 0.86 (-11.5, 14.7) 0.91
. 166 3.66 2.99 6.76
Inhibin-B_pg_mL (142, 195) (-4.44,12.5) 0.39 (-5.64, 12.4) 0.51 (-2.10, 16.4) 0.14
2.67 -10.8 11.5 0.51
LH (IU/L) (2.29,3.11) (-22.6, 2.83) 0.12 (-4.27,29.9) 0.16 (-14.5, 15.7) 0.95
2.97 ~6.46 8.58 1.56
FSH (IU/L) (2.38,3.71) (-14.6, 2.47) 0.15 (-1.56, 19.8) 0.10 (-7.84, 11.9) 0.75
Total Testosterone/LH 5.68 3.99 0.11 4.11
Ratio (4.75, 6.79) (-9.36, 19.3) 0.58 (-13.6, 16.1) 0.99 (-10.1, 20.5) 0.59
Free Testosterone/LH 117 8.71 -3.80 4.58
Ratio (99.0, 138) (-7.19,27.3) 0.30 (-18.8, 14.0) 0.65 (-11.6,23.7) 0.60
. . 56.0 10.8 5.15 5.12
Inhibin-B/FSH Ratio (39.8, 78.7) (-1.02,24.1) 0.08 (-160, 7.10) 0.39 (-6.79, 18.6) 0.41
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Supplementary Table 2.9. Empirical Adjusted 3 arms analyses
Adjusted B;HB,-arm [Background (B,)- High (H)- Background (B,) dibutyl phthalate exposure]: 26 men, 132 blood samples

Fitted Means (95%CI) Comparisons
Hormone serum Baseline Crossover Crossback Crossover P Cr:fs; lft'Ck P Ca:;;i(c):fer p
3 (1)
concentrations By) H) (By) effect (95%CI) value (95%CT) value (95%CI) value
H-B, B,-H B,-B,
Total Testosterone 17.0 16.3 18.0 -4.18 04 104 001 5.80 014
(nmol/L) (14.7,19.8)  (14.1,18.8)  (15.6,20.8) (-13.2,5.77) ' (2.02, 19.5) ' (-1.92, 14.1) ’
Free Testosterone 348 340 376 -2.33 10.4 7.79
0.64 0.05 0.10
(pmol/L) (309, 393) (298, 389) (332, 425) (-11.6, 0) (-0.12,22.0) (-1.31, 17.7)
29.0 28.9 28.2 -0.49 -2.12 -2.6
LNSHBG _nmol L 0.91 0.66 0.58
- - (22.8,36.8) (22.8,36.5) (22.5,35.5) (-9.1, 8.93) (-11.0, 7.68) (-11.4,7.07)
Inhibin-B (ne/ml. 162 160 171 -1.19 0.66 7.23 0.005 5.95 0.04
nhibin-B (pg/mL) (133,197)  (132,194)  (139,210)  (-6.37,4.28) = (2.15,12.6) (0.26,12.0)
3.43 2.96 3.37 -13.8 13.8 -1.9
LH (IU/L) 0.01 0.01 0.72
(2.92,4.03) (2.47,3.54) (2.85, 3.98) (-23.5, -2.90) (3.16, 25.6) (-11.8,9.12)
FSH (IU/L) 3.07 2.89 3.14 -5.76 0.06 8.36 0.02 2.11 0.6
(2.32,4.07) (2.17,3.85) (2.32,4.24) (-11.4,0.18) (1.13, 16.1) (-5.55,10.4)
Total Testosterone/LH 4.97 5.52 5.34 11.1 0.05 -3.14 053 7.61 026
Ratio (4.08,6.04) (4.59, 6.63) (4.38, 6.52) (0.04, 23.4) ' (-12.4,7.05) ' (-5.35,22.3) '
Free Testosterone/LH 102 115 112 13.3 0.03 -3.04 0.59 9.87 015
Ratio (84.7, 122) (97.7, 135) (92.5,135) (1.38,26.7) ' (-13.5, 8.70) ' (-3.25,24.8) ’
Inhibin-B/FSH Ratio 525 332 >4.74 4.96 0.17 0.74 0.85 4.18 0.42
(34, 81.2) (35.8, 85.0) (34.4,87.2) (-2.01,12.4) (-8.31, 7.46) (-5.79, 15.2)




911

Supplementary Table 2.9. (Continued)

Adjusted HIBH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period<3yrs]: 25 men, 107 blood samples

Fitted Means (95%CI) Comparisons
Hormone serum Baseline Crossover Crossback CIE);;eOc\;er P CrE;fs:)CiCk P Carryover p
trati H B H Effect (95%CI
concentrations () ®) () O5%CD  vale  OS%CD  vame et OID e
B-H, H,-B H,-H,
Total Testosterone 16.6 17.6 18.2 6.24 03 2.89 0.69 9.32 028
(nmol/L) (14.3,19.2)  (15.1,20.6) (15.9, 20.7) (-5.2,19.1) ' (-10.7, 18.5) ’ (-7.05, 28.6) '
Free Testosterone 332 361 375 8.53 020 3.96 051 12.8 0.17
(pmol/L) (285, 388) (313, 415) (333, 423) (-4.24, 23.0) ' (-7.51,16.9) ' (-5.06, 34.1) '
30.8 32.9 30.9 6.86 -5.94 0.51
LNSHBG_nmol L 0.41 0.24 0.96
- - (25.3,37.4) (27.0,40.0) (25.0, 38.2) (-8.80, 25.2) (-15.1,4.18) (-17.0,21.7)
Inhibin-B (ne/ml. 166 187 209 13.2 0.009 11.3 0.13 26.0 0.003
nhibin-B (pg/mL) (142,193)  (164,215) (176, 247) (3.24,24.1) ' (:3.06,278) (8.01, 47.0) '
LH (IU/L) 3.13 2.84 3.03 -9.42 0.16 7.00 0.27 -3.08 071
(2.67,3.67) (2.39,3.36) (2.59, 3.56) (-21.1,3.93) (-5.06, 20.6) (-17.6, 14.1)
2.49 2.24 2.46 -9.90 9.74 -1.12
FSH (IU/L) 0.10 0.04 0.84
(2.01,3.08)  (1.78,2.82) (1.96, 3.09) (-20.5, 2.14) (0.27, 20.1) (-11.6, 10.6)
Total Testosterone/LH 5.31 6.28 6.04 18.4 0.02 -3.84 0.64 13.81 0.06
Ratio (4.47,6.30)  (5.00, 7.89) (5.02,7.27) (2.83, 36.2) ' (-18.3,13.2) ' (-0.44, 30.1) '
Free Testosterone/LH 106 127 123 19.6 0.02 -2.83 071 16.2 0.02
Ratio (90.2, 125) (104, 156) (105, 145) (2.41, 39.7) ' (-16.5,13.1) ' (2.84,31.4) '
66.6 83.9 84.9 26.0 1.21 27.5
Inhibin-B/FSH Ratio 0.0008 0.90 0.01
(47.9,92.4)  (61.0,115) (60.6, 119) (10.1, 44.2) (-15.8, 21.6) (4.92, 55.0)
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Supplementary Table 2.9. (Continued)

Adjusted HIBH2-arm[High (H1)-Background (B) - High (H2)] dibutyl phthalate exposure-period>=3yrs]: 22 men, 102 blood samples

Fitted Means (95%CI) Comparisons
Hormone serum Baseline Crossover  Crossback Crossover Effect Crossback Carryover Effect
concentrations (Hy) (B) (Hy) (95%CI) Effect (95%CI) (95%CI) ll)
value
B-H, H,-B H,-H,
14.5 13.5 15.1 -6.64 11.5 4.13
Testosterone_nmol_L 0.07 0.02 0.32
- - (11.0,19.1) (10.0,18.2) (11.6,19.7) (-13.4, 0.60) (1.67,22.4) (-3.89, 12.8)
278 270 291 -2.78 7.69 4.69
FT _pmol L 0.49 0.14 0.37
(231,334)  (217,336) (244, 347) (-10.3,5.34) (-2.49, 18.9) (-5.28, 15.7)
33.6 345 335 2.53 -2.97 -0.52
SHBG nmol L 0.58 0.53 0.93
- - (23.7,47.7) (24.1,49.4) (22.6,49.5) (-6.19, 12.1) (-11.8, 6.74) (-11.4,11.7)
InhibinB L 178 186 193 4.12 028 3.85 0.06 8.13 0.02
nhibin®_pe_m (140,227)  (149,231)  (154,242) (:3.25,12.1) ' (:0.09, 7.96) ' (1.54, 15.2) '
LH QUL 2.62 2.35 2.60 -10.6 0.08 10.9 0.00 -0.80 0.88
( ) (1.94,3.56) (1.77,3.12) (1.93,3.51) (-20.9, 1.14) ' (-1.6, 25.0) ’ (-10.6, 10.1) '
3.03 2.82 3.09 -6.96 9.58 1.95
FSH (IU/L) 0.02 0.01 0.45
(1.90,4.81) (1.80,4.40) (1.97,4.83) (-12.3,-1.32) (2.79, 16.8) (-3.04, 7.20)
Total 5.50 5.74 5.75 4.34 0.21 4.56
Testosterone/LH 0.42 0.97 0.34
Ratio (4.40,6.88) (4.59,7.17) (4.65,7.11) (-5.86, 15.6) (-12.3, 14.5) (-4.53, 14.5)
Free Testosterone/LH 106 115 112 8.70 0.19 -2.84 071 5.62 038
Ratio (84.7,133)  (92.8,143) (87.7,143) (-4.05,23.2) ' (-16.3, 12.8) ’ (-6.57,19.4) '
58.8 65.5 62.2 11.5 -5.11 5.80
Inhibin-B/FSH Ratio 0.03 0.17 0.23
(30.9,112) (36.6,117) (34.2,113) (1.00, 23.1) (-12.0,2.31) (-3.54,16.1)
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Abstract
Background: Personal care products (PCPs) are exposure sources to phthalates and parabens, however

their contribution to men’s exposure is understudied.

Objectives: We examined the association between PCP-use and urinary concentrations of phthalate

metabolites and parabens in men.

Methods: In a prospective cohort, at multiple study visits, men self-reported their use of 14 PCPs and
provided a urine sample (2004-2015, Boston, MA). We measured urinary concentrations of nine phthalate
metabolites and methylparaben, propylparaben, and butylparaben. We estimated the covariate-adjusted
percent change in urinary concentrations associated with PCP-use using linear mixed and Tobit mixed
regressions. We also estimated weights for each PCP in a weighted binary score regression and modeled
the resulting composite weighted PCP-use.

Results: 400 men contributed 1,037 urine samples (mean of 3 /man). The largest percent increase in
monoethyl phthalate (MEP) was associated with use of cologne/perfume (83%, p-value<0.01) and
deodorant (74%, p-value<0.01). In contrast, the largest percent increase for parabens was associated with
the use of suntan/sunblock lotion (66-156%) and hand/body lotion (79-147%). Increases in MEP and
parabens were generally greater with PCP-use within six hours of urine collection. A subset of ten PCPs
that were used within six hours of urine collection contributed to at least 70% of the weighted score and
predicted a 254% to 1,333% increase in MEP and parabens concentrations. Associations between PCP-

use and concentrations of the other phthalate metabolites were not statistically significant.

Conclusions: We identified ten PCPs of relevance and demonstrated that their use within six hours of

urine collection strongly predicted MEP and paraben urinary concentrations.

121



Introduction

There is ubiquitous general population exposure to ortho-phthalates (hereto referred to as phthalates) and
several parabens (2). Phthalates are a family of chemicals commonly used as plasticizers in polyvinyl
chloride plastics and in consumer products, including personal care products (PCPs), medications, and
food processing and packaging materials (2). Diethyl phthalate (DEP) is the most commonly used
phthalate in PCPs (67). Parabens are a family of chemicals with antimicrobial preservative properties that
are also widely used in PCPs, pharmaceuticals, food, and beverages to increase the shelf life of the
product (59-61,146). Methylparaben, propylparaben and butylparaben are most commonly used in PCPs

(59,68,69).

In multiple urine samples collected from two men and three women, Koch et al. (147) found that
concentrations of the metabolites of low molecular weight phthalates such as DEP, di-n-butyl phthalate
(DnBP), and di-isobutyl phthalate (DiBP) had a cyclical pattern of rise and decline suggestive of ongoing
repeated non-food exposures. Koch et al (147) also found that monoethyl phthalate (MEP), metabolite of
DEP, concentrations increased following showers which suggested PCPs as a major source of DEP
exposure. Koch et al (148) also found that urinary concentrations of the parabens were lower when the

participants were given products without parabens.

Exposure to phthalates and parabens from PCP-use occurs through direct dermal application (62,63),
inhalation, oral ingestion or even transdermal exposure from air (64). Phthalates and parabens have short
biological half-lives (6-24 hours) (62,65,149), and urinary concentrations of phthalate metabolites and

parabens are the preferred exposure biomarkers (2,66).

Certain phthalates and parabens are endocrine disruptors and have been linked to adverse health outcomes
(150-155). Identifying the most important sources of phthalate and paraben exposure is of paramount
importance given the widespread use and potential health effects of these chemicals. Prior
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epidemiological studies on the contribution of PCP-use to exposure to phthalates and parabens focused
primarily on women and children (68,69,76-82). However, there have been limited studies in men
(68,83). Given the differences in type and frequency of PCP-use across genders, better understanding of
the specific PCPs contributing to urinary phthalate metabolite and paraben concentrations in men is

necessary.

Given this gap in knowledge on the contribution of PCP-use to exposure to phthalates and parabens in
men, we explored the association between self-reported use of 14 PCPs and urinary concentrations of nine
urinary phthalate metabolites and three parabens in men recruited as part of a prospective cohort study.
Because of the known use of DEP, DiBP and parabens in PCPs (32,59), we focused on MEP, mono-
isobutyl phthalate (MiBP), a metabolite of DiBP, methylparaben, propylparaben and butylparaben. We
considered mono-n-butyl phthalate (MnBP), a metabolite of DnBP, but because DnBP is infrequently

used in PCPs (67) it was not a focus of our analysis.

Methods

Participants

The Environment And Reproductive Health (EARTH) Study (2004-present), a prospective cohort,
enrolled couples seeking fertility treatment at the Massachusetts General Hospital (MGH) Fertility Center
to identify determinants of fertility (69,156). Among male partners who were 18—55 years of age,
approximately 50% agreed to participate. Male participants were followed from study enrollment until
their partner had a live birth or the couple discontinued treatment at MGH. Approximately 30% of
EARTH men had a primary diagnosis of male factor infertility (156). In the current analysis, men were
eligible if they provided at least one urine sample and completed the PCP questionnaire (Supplementary

material) between December 2004 and June 2015. All men provided informed consent. The EARTH
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study was approved by institutional review boards at MGH, the Harvard T.H. Chan School of Public

Health, and the Centers for Disease Control and Prevention (CDC).

Personal care product (PCP) use questionnaire

Upon enrollment, men completed questionnaires that collected information on demographics, lifestyle
and health information and a research nurse measured their height and weight. At recruitment and each
subsequent visit, men completed a questionnaire on PCP-use within the past 24-hours and at what time
they last used each PCP prior to the collection of each urine sample. There were questions for the use of
16 PCPs but in the analysis we excluded toothpaste (used in 98% of men) and nail polish (<1% use).
Therefore, we included deodorants, shampoo, conditioner/créme rinse, hairspray/hair gel, combined other
hair care products (including mousse, hair bleach, relaxer, perm and straightener), shaving cream,
aftershave, cologne/perfume, mouthwash, bar soap, liquid soap/body wash, hand sanitizer, hand/body

lotion and suntan/sunblock lotion.

Based on our previous publication that showed higher urinary concentrations of MEP following PCP-use
in men from the same fertility clinic population (83) and another study that showed higher urine
concentrations following dermal exposure through lotion application (139),we a priori decided to explore
both a six hour and a 24 hour time window for PCP-use before the urine collection. Furthermore, in
women from the same fertility clinic population, we reported higher urinary biomarker concentrations

when the product was used within six hours prior to urine sample collection (69).

Urinary measurements of phthalate metabolite and paraben concentrations
At each visit, men collected urine in a sterile polypropylene cup using standard procedures. Study staff

recorded time of collection and measured specific gravity (SG) using a handheld refractometer (National

124



Instrument Co. Inc., Baltimore, MD). Urine samples were divided into aliquots, frozen, and stored at —
80°C before shipment on dry ice to the CDC. Briefly, the analytical technique for quantification of the
urinary biomarkers involved enzymatic deconjugation of the urinary metabolites, followed by solid-phase
extraction, separation by high-performance liquid chromatography, and detection by isotope-dilution

tandem mass spectrometry.

As previously described (157,158), the CDC used solid phase extraction-high performance liquid
chromatography-isotope dilution tandem mass spectrometry to quantify total (free plus conjugated)
urinary concentrations (ug/L) of three parabens (methylparaben, propylparaben and butylparaben) and
nine phthalate metabolites: MEP, MnBP, MiBP, monobenzyl phthalate (MBzP) metabolite of butylbenzyl
phthalate (BBzP), mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-oxohexyl) phthalate
(MEOHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-carboxypentyl)
phthalate (MECPP) metabolites of di(2-ethylhexyl) phthalate (DEHP), and mono(3-carboxypropyl)
phthalate (MCPP), non-specific metabolite of DnBP, di-n-octyl phthalate (DOP) and other high molecular
weight phthalates. We also calculated the molar sum of DEHP metabolites (3 DEHP) (69). The limits of
detection (LOD) ranged from 0.10 (propylparaben, butylparaben) to 1.20 pg/L (MEHP). Concentrations
below the LOD were replaced by LOD/V2 for all biomarkers detected in at least 90% of the samples

(159,160).

Statistical analysis

We calculated descriptive statistics for participants’ baseline characteristics, e.g., age, race, education,
BMLI, and smoking and time-varying characteristics, e.g., time of the day, season, and calendar year of the
sample collection and personal care product use patterns. Because of the relatively short half-lives of
phthalates and parabens (62,65,149) and previous publications, we defined PCP-use within the last 24 and

6 hours before urine collection. We used two approaches for assessing men’s use of PCPs. The first
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approach (single-PCP analyses) defined use of each PCP as a binary variable (yes/no use within 24 hours
preceding urine collection). Because multiple PCPs contributed to the overall body burden of phthalates
and parabens, in our second approach (multi-PCP analyses) we used a composite weighted PCP-score

(continuous variable) as explained below.

The nine urinary concentrations of phthalate metabolites, > DEHP, and three parabens were modeled as
continuous variables. We examined distributions for the urinary concentrations, and due to observed
skewness we used a natural log-transformation to satisfy regression model assumptions. We examined the

Spearman correlations among the concentrations of phthalate metabolites and parabens.

Covariate adjustment
Selection of covariates was based a priori on directed acyclic graphs and previous literature (69,83,161).
The final model included urine specific gravity (continuous) (162) to account for urine dilution, race
(Caucasian or not), age (continuous), body mass index (BMI) (continuous), calendar year (continuous) as
it has been shown that urinary concentrations of several phthalate metabolites have changed over time in
the United States (U.S.) (163), three categories for time of urine sample collection (early morning
(between 5am to 9am), late morning (between 9:01am to 12pm) or afternoon (after 12:01pm)), current
smoking (yes/no) and warm season (April through September) (yes/no) to account for seasonality in

Boston with higher use of certain products, specifically sunscreen, in the summer.

Multiple imputations of the data
Some men had incomplete PCP-use data across their repeated visits and two men were missing BMI. The
missingness for each PCP question ranged from 5 (for shampoo) to 339 (for hand/body lotion) (Table
3.2). Distributions of the urinary concentrations of phthalate metabolites and parabens were not
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statistically different when comparing the complete and incomplete PCP-use data suggesting that
missingness was not related to our outcomes and would not likely impact our findings.. We investigated
missingness patterns for PCPs-use and the concordance of PCP-use within the same man over repeated
visits. We used multiple imputation to account for the missing data, using chained equations (MICE)
(164,165) for imputing missing PCP-use data and covariates (two men missing BMI). For any given PCP
at any time point, the predictors were the same PCP used at other time points, urine specific gravity (162),
race, age, BMI, calendar year, time of sample collection, current smoking and season. We generated 10
imputed datasets for each analysis and used these imputed datasets in the main analysis using both of the

analytical approaches described below using proc mianalyze.

Regression models analysis

(1) Single-PCP Analyses
We first regressed each biomarker (and > DEHP) concentration on a single-PCP and covariates in
separate linear mixed effects models (LMEM) with a random intercept to account for within-person
correlation among multiple longitudinal measures of a given biomarker. Because MEHP and
butylparaben had >10% non-detectable concentrations, we used mixed Tobit regression (166) models
with random intercepts for left-censored data (160). For MEHP and butylparaben, we took into account
LODs from different analytic batches over the study period by specifying a unique LOD for each sample
collection within the Tobit regression. In addition, we regressed all biomarkers on a continuous variable

for total sum (0 to 14) of the PCPs used by each man at each visit.

We created heatmaps for better visualization of the estimated percent change in the urinary concentrations
associated with each PCP-use based on LMEM (or Tobit models for MEHP and butylparaben). We
adjusted for the covariates mentioned above in all models. We considered two-sided alpha <0.05 as

statistically significant and indicated significance as stars in heatmaps.
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We further explored the association between the PCP-use within six hours before urine collection (yes/no)
for five of the urinary concentrations that were most likely to have PCP-use as sources of their parent
compound i.e., MEP (for DEP), MiBP (for DiBP), methylparaben, propylparaben and butylparaben

(32,59,77,79).

(2) Multi-PCP Analyses
To analyze the simultaneous impact of the 14 PCPs on a given biomarker concentration, we modified the
weighted quantile score (WQS) regression model previously used for quantifying the impact of
environmental mixtures on an outcome (167-171). Due to the high dimensionality and inherent
correlations among the use of different PCPs as well as correlations among phthalate metabolites and
parabens urinary concentrations, traditional regression is unsuitable (169). In addition, in previous
simulation analyses, the WQS showed improvements over ordinary regression and LASSO (169). The
WQS approach assumes that a given biomarker urinary concentration is associated with a PCP-use
composite score, where this score encompasses a linear combination of PCP (0/1) use indicators. For a
given urinary concentration, the approach estimates simultaneously PCP weights and an effect estimate
for the resulting composite score within a regression model framework. Within each imputed dataset, we
used bootstrapping to empirically estimate the weights, and the data set was split (50/50) into a training
and a test set to provide valid inferences (e.g., p-values) for the estimated slope of the composite score.
For biomarkers with a small percent of non-detectable concentrations (up-to 10% below LOD), we
constructed a weighted binary score (WBS) within the linear regression framework. For biomarkers with
a moderate percent of concentrations below the LOD (>10% and <70% below LOD), we performed WBS

estimation within the Tobit regression model.

We present results as weighted percentage change in urinary concentrations of MEP, MiBP and the three

parabens associated with an increase in the weighted score of the 14 PCPs as well as the corresponding
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weight for each PCP (sum to 100%). Similarly, we a priori chose to present the number of PCPs (could be
different depending on the chemical) that summed to at least 70% of the weighted score. The 70% of the
weighted score should provide a reasonable prediction of exposure as compared to 100% of the weighted
score, and may therefore be applicable for future research on exposure from PCPs.We repeated these
analyses for PCPs-use with six hours of urine collection for the five urinary concentrations of higher

interest.

Sensitivity analyses
Given the low detection frequency for butylparaben (31%), we performed a secondary analysis using
generalized estimating equations (GEE) with logit link after we dichotomized butylparaben urinary
concentrations into detectable versus non-detectable (156). We adjusted for the same covariates as in the
primary analyses. We report adjusted odds ratios of detection associated with PCP-use along with p-
values. We repeated all analyses using only the complete case analyses (with no imputation). Analyses

were also repeated after imputing the missing PCP data as “0”, assuming missing was no use.

We conducted statistical analyses using SAS version 9.4 (SAS Institute Inc., Cary, NC) and used the

(heatmap.2) R package for heatmap generation.

Results

In the final analysis, 400 men contributed 1,037 urine samples with an average of three samples per man
(upto 12 samples); 29% of the men provided one urine sample, 31% provided two, and 40% provided at
least three. The median time between any two consecutive urine collections per man was 77 days

(interquartile range: 34 to126 days).
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The men were mostly Caucasian (86%), non-smokers (93%), had a median age of 36 years, median BMI
of 27 kg/m’, and a college or graduate education (84%) at time of enrollment. Urine collection time
ranged from 6 am to 6 pm with 42% collected between 9 am and noon, and 46% of the samples collected

in the warm season (Table 3.1).

Deodorants and shampoos were the most frequently (> 80%) used PCPs. Suntan/sunblock lotion and
other hair care products were the least frequently (< 10%) used PCPs (Table 3.2). The concordance
between specific PCP-use at different study visits within the same men was relatively high, ranging from

47% for hand sanitizer to 93% for suntan/sunblock lotion.

The percentage of samples (2004 to 2015) with detectable urinary concentrations of phthalates and
parabens biomarkers ranged from 90% to 100% except for MEHP (78%) and butylparaben (31%) (Table
3.3). The men’s median urinary MEP and paraben concentrations were substantially lower than the
medians for women from the same cohort (69) but comparable to male urinary concentrations from
NHANES (2) (Table 3.3). Spearman correlations were generally weak between phthalate metabolites and
parabens (range: 0.09 to 0.32), weak to strong among different phthalate metabolites (range: 0.22 to
>0.99) with the strongest correlation occurring between metabolites from the same parent compound
(e.g., DEHP), and moderate to strong among different parabens (range: 0.41 to 0.80) (Figure. S1). Strong
correlations indicate similar sources and weak correlations indicate different sources of exposure. These

correlations are in accordance with results shown in Figure 3.1.

The adjusted percent changes in urinary concentrations (by the single-PCP approach) were highest for

MEP (e.g., 83% increase with cologne/perfume use and 74% increase with deodorant use) (Figure 3.1).
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Hairspray/hair gel, aftershave, mouthwash, shaving cream and other hair care products predicted MEP
concentrations (18 to 31% increase). For the three parabens, the strongest predictors were use of
suntan/sunblock lotion (66% to 156% increase) and of hand/body lotion (79% to147% increase).
Hairspray/hair gel, shaving cream, aftershave, mouthwash and deodorant were moderate predictors for
parabens. Liquid soap/body wash use was a strong predictor only for butylparaben (86%). Apart from
hand sanitizer and bar soap, the rest of the PCPs were moderate to weak predictors of the three parabens.
Each additional type of PCP used, regardless of which PCP, was associated with a 12% increase in MEP
and a 14% to 29% increase in parabens urinary concentrations. While shampoo use was significantly
associated with a 33% increase in the urinary concentrations of MEHP, it was not significantly associated
with the other DEHP metabolites.The associations between PCP-use and urinary concentrations of other
phthalate metabolites were weak to null, and sometimes even negative, but none were statistically
significant. The percent increase in the urinary concentrations associated with PCP-use within six hours
of urine collection was generally larger and more statistically significant than for use within 24 hours

(Figure 3.2).

In the multi-PCP approach, we presented the different weights for each PCP depending on the association
with each biomarker so that the 14 PCPs sum to 100%. When regressing these composite scores, we
found that a one unit increase in the weighted score of the use of all 14 PCPs was associated with an
increase in MEP and paraben urinary concentrations ranging from 700% to 1,398% for samples collected
within 24 hours of PCP-use (Figure 3.3-Panel A). When we limited PCP-use to the last six hours, one unit
increase in the weighted score was associated with a 458% to 3,626% increase in urinary concentrations

of MEP and the parabens (Figure 3.3-Panel B).

We also present in Figure 3.3 (Panels C&D) the adjusted weighted % change in the urinary

concentrations associated with the PCPs making up at least 70% of the weighted score as contributed by
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the highest weighted PCPs for each chemical use within 24 and 6 hours of urine collection, along with the
weights for each PCP (sum to at least 70%). The adjusted weighted % change in the urinary
concentrations of MEP and the three parabens was associated with six or fewer PCPs (depending on the
biomarker) and ranged from a 111% to 591% increase within 24 hours of urine collection and up-to
1,333% increase within six hours of urine collection. MiBP urinary concentration was not strongly

predicted by the weighted PCP-score.

For MEP and the three parabens individually, seven or fewer PCPs used within 24 or 6 hours explained at
least 70% of the weighted PCP-score. The adjusted weighted % changes within six hours were generally
higher than within 24 hours of urine collection. Overall, use of ten PCPs within six hours prior to
collection explained at least 70% of the weighted score. These included: cologne/perfume, deodorant,
suntan/sunblock lotion, hand/body lotion, aftershave, other hair care products, mouthwash,
conditioner/créme rinse, hairspray/hair gel and liquid soap/body wash which explained at least a 254%
and up-to a 1,333% increase in MEP and the three parabens urinary concentrations (Figure 3.3 Panel C

and D).

Secondary analyses performed by modeling butylparaben as a dichotomous outcome (detected versus
non-detected) provided odds ratios that were consistent with the direction of the % changes from Tobit
regression (Table 3S.2). Sensitivity analyses using the complete case analysis (with no imputation) and
after imputing the missing PCP-use as no use gave consistent results with the main analysis (Figure. 3S.2

to 3S.5 and Tables 3S.3 to 3S.6).
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Discussion

We found that self-reported PCP-use among men was associated with higher urinary concentrations of
MEP and three parabens (methyparaben, propylparaben and butylparaben). As expected and consistent
with a prior study of women in the same cohort (69), due to the short half-lives of phthalates and parabens
(62,65,149) and the episodic use of PCPs, observed associations were stronger for PCP-use within six
hours of urine collection as compared with use 24 hours prior to collection. PCP-use did not predict MiBP
or the other phthalate metabolite urinary concentrations, consistent with infrequent use of these phthalates

in PCPs (59).

To our knowledge only two large scale studies investigated the association between PCP-use and urinary
phthalate metabolites and parabens in men. Duty et al.(83) explored associations of five PCPs used within
48 hours of a single spot urine sample collection in 406 men recruited from the MGH Andrology
Laboratory (2000-2003); cologne and aftershave were predictors of MEP urinary concentrations (83).
More recently, using data from the National Health and Nutrition Examination Survey (NHANES),
Ferguson et al.(68) reported that mouthwash was a more important source of paraben exposure in men
than in women. Our results were consistent with the findings from these previous studies even though
both relied on only one spot urine sample per participant and had limited information about the time of
PCP-use relevant to the urine collection. Duty et al.(83) assessed PCP-use within 48 hours before urine
collection, likely to be too long a time window that could contribute to attenuation of associations.
Ferguson et al.(68) had no information on last time of use relative to urine sample collection. Instead,
PCP-use was recorded as always, sometimes or never, introducing exposure misclassification that is
likely non-differential. Our study, with repeated urine samples from the same man and more detailed
information on time of PCP-use extends the literature by identifying specific predictors of phthalates and

parabens exposure.
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In our study, men’s self-reported information on PCP-use was predictive of select phthalate (mainly DEP)
and paraben exposures. Based on our results, the exposure assessment of phthalates and parabens can be
improved by asking only about the most “important” PCPs used within six hours before urine collection.
We showed that ten PCPs contributed to at least 70% of the weighted score and explained more than a
250% increase in the urinary concentrations of MEP and the three parabens. Our recommendation for
refining the questionnaire includes focusing on the following ten PCPs: cologne/perfume, deodorant,
suntan/sunblock lotion, hand/body lotion, aftershave, other hair care products, mouthwash,
conditioner/créme rinse, hairspray/hair gel, and liquid soap/body wash. Shortening the questionnaire
would likely decrease missingness and improve participant’s response rate. In addition, restricting the
period of inquiry to the six hours prior to urine collection would provide a more precise estimate of
exposure to phthalates and parabens since the urinary concentrations of the biomarkers are a better
reflection of exposure in the last 6 hours than in 24 hours. It is also likely that participants will better

recall their PCP-use within a shorter time frame.

Our study had several potential limitations. First, our single-PCP approach may be susceptible to multiple
testing statistical issues. However, we also used a multi-PCP approach using WBS regression to account
for multiple testing and the resulting estimated % changes were even larger, making it unlikely that any
false positives in the single-PCP analysis accounted for our findings. Butylparaben had a low detection
frequency which was consistent with findings from NHANES (2,68,172) and a German study (173). We
addressed this in two ways. First, to explicitly model non-detectable concentrations, we used Tobit
regression which accounts for missingness better than replacing those concentrations with LOD/A2 and
linear regression (68). Second, we applied a sensitivity analysis using GEE (detected versus non-detected)
as performed before (156), and these sensitivity analyses produced comparable results to the Tobit

regression.
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We had no information about frequency of PCP-use, amount of product used, whether it was used with
hot or cold water, phthalates and parabens product content or brand names of the PCPs. Nevertheless, the
lack of this information would have likely introduced non-differential measurement error and thus
attenuated our results toward the null. In addition, knowing the brand name may not remedy this potential
limitation as even the same brand might change product formulations over time and chemicals are not
always listed on product labels. Because of short half-lives and episodic use, urinary concentrations of the
biomarkers will depend on the frequency of voids between PCP-use and urine collection and we did not
collect this information. We only focused on exposures from PCP-use, not accounting for other exposure
sources. However, this is less likely to affect our results for MEP and the parabens because the PCPs are
considered a major source of exposure to these compounds (or their precursors) (62,69,81,139) whereas
for other phthalates such as DEHP, food is a major source of exposure (174). In addition, it is unlikely
that other sources of exposure such as diet would meet the confounder definition as they are unlikely to be
associated with PCP-use, hence not affecting the study validity. Finally, most men in our study were
Caucasian, overweight or obese, highly educated, and non-smokers. Therefore, our results may be only

generalized to men with similar characteristics.

Our study had several strengths including the use of repeated collection of self-reported PCP-use and
urinary concentrations of phthalate metabolites and parabens for a large number of men over a ten year
period; these repeated urine samples likely increased the precision of the measurements compared to a
single sample. We included in the analysis 14 PCPs, the largest number of PCPs investigated in men upto
date. We also included a large number of phthalate metabolites and three parabens. We assessed PCP-use
within 24 and 6 hours before urine collection, more relevant exposure windows compared to the last 48

hours (81,83).
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Another novel aspect of our study compared to previous research was the use of a weighted PCP-score to
predict urinary concentrations. The WBS analyses yielded different weights for each PCP depending on
the association with each biomarker. Using the single-PCP analyses for modeling, the crude sum of PCPs
likely attenuated the effect due to non-differential misclassification by giving equal weights to each PCP
in association with each biomarker. In addition, the multi-PCP approach was able to adjust for the other
correlated PCPs and estimate the joint effect of multiple PCP-use, rather than simply using the crude sum
of the PCPs or modeling each PCP separately. This approach has been used in linear regression settings
(167-171), and we extended the basic weighted quantile strategy in earlier work to the repeated measures

data and in Tobit regression framework.

Conclusions

Among a large cohort of men, we identified PCP predictors of urinary concentrations of MEP and three
parabens. The results will be useful in future exposure assessment studies on PCP-use as an important
source of exposure to phthalates (mainly DEP) and parabens. Collecting concise PCP-use information can
be achieved by only asking specific questions about the use of the most relevant PCPs within a narrow
exposure window (six hours) to potentially decrease missingness and improve recall decreasing

misclassification while also optimizing research cost and time.
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Table 3.1. Demographics for 400 men who contributed 1,037 urine samples in the Environment and
Reproductive Health (EARTH) Study

Baseline characteristics N(%) or Mean+ SD[Range]
Age (years) 36.5+5.50 [23.9, 66.6]
Race
Caucasian 343 (86%)
Black/ African American 13 (3%)
Asian 29 (7%)
Other 15 (4%)
BMI (Kg/m?)* 27.5+ 4.45 [18.6, 50.0]
BMI Categories
Underweight: <18.5 2 (1%)
Normal weight: 18.5 <=bmi<25 114(28%)
Overweight: 25<=bmi<30 192 (48%)
Obese: bmi>=30 92 (23%)
Education Categories
Less than college graduate 50 (16%)
College graduate 109 (34%)
Graduate degree 158 (50%)
Current Smoking Status
Yes 26 (7%)
No 374 (93%)
Time varying Characteristics for urine sample collection n(%)
Warm season (April through September) 477 (46%)
Calendar year
2004 through 2009 522 (50%)
2010 through 2015 515 (50%)
Time of the day
Early morning: Sam< and <=9am 385 (37%)
Late morning until noon: 9am< and <=12pm 432 (42%)
Afternoon: >12pm 220 (21%)

Table 3.1. :Abbreviations: N, men’s number; n, urine samples’ number; SD, standard deviation; BMI, body mass
index; Kg, Kilogram; m, meter.

N or n (%) for categorical/binary variables and mean+ SD [Range] for continuous variables.

* 2 men missing information on BMI and 83 missing education.
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Table 3.2. Self-reported use of 14 personal care products (PCPs) within 24 and 6 hours of collection of urine sample among 400 men in the EARTH
Study

jaa"

Personal care products (PCPs) n (answered n (answer(-ed ye§/n0 and n (%) yes within  n (%) yes within % cor{cordanta
yes/no) reported time since last used) 24 hours 6 hours over time
Deodorant 1029 1023 879 (85%) 723 (71%) 82%
Shampoo 1032 1024 832 (81%) 584 (57%) 74%
Conditioner/Creme Rinse 946 941 220 (23%) 149 (16%) 76%
Hairspray/Hair Gel 952 948 291 (31%) 222 (23%) 83%
Other hair care products’ 914 910 66 (7%) 46 (5%) 90%
Shaving Cream 993 993 390 (39%) 263 (26%) 62%
Aftershave 800 799 79 (10%) 53 (7%) 87%
Cologne/Perfume 955 952 202 (21%) 145 (15%) 79%
Mouthwash 975 969 325 (33%) 199 (21%) 72%
Bar Soap 1003 1001 755 (75%) 567 (57%) 81%
Liquid Soap/Body Wash 1016 990 732 (72%) 508 (51%) 55%
Hand Sanitizer 726 714 219 (30%) 128 (18%) 47%
Hand/Body lotion 698 695 162 (23%) 102 (15%) 81%
Suntan/Sunblock Lotion 863 862 25 (3%) 12 (1%) 93%

Table 3.2.: Abbreviations: EARTH, Environment and Reproductive Health Study; n, number of visits/ urine samples; PCPs, personal care products.

* Concordant: same answer for product use within 24 hours over different visits for the same man, only includes observations for men who completed at least 2
visits.

P Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.
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Table 3.3. Distributions of urinary concentrations of phthalate metabolites and parabens measured in 400 men (n=1,037 urine samples)” in the
Environment and Reproductive Health (EARTH) Study

b o 10" 25™ 50 75™ oo™ GM GM GM
Urinary concentrations’ (ug/L)* (>LOD) GM (NHANES)® (NHANES)* (NHANES)*
d Pere — pere  pere - PEre  PEC 50052006 2009-2010  2011-2012
Monoethyl phthalate (MEP) 100% 48.8  6.86 16.6 42.0 145 458 107 61.0 38.1
Mono-n-butyl phthalate (MnBP ) 98% 10.6  2.00 4.90 12.4 247 436 19.8 14.5 8.14
Mono-isobutyl phthalate (MiBP) 97% 6.44 1.20 3.20 7.40 149 272 5.65 7.80 6.54
Monobenzyl phthalate (MBzP) 95% 325 0.50 1.37 3.60 8.10 16.2 9.47 6.93 4.80
Mono(2-ethylhexyl) phthalate (MEHP) 78% 3.03 <LOD 0.85 2.80 7.80 249 3.40 1.83 1.51
Mono(2-ethyl-5-oxohexyl) phthalate 99% 103 140 3.80 9.80 248 84.1 18.3 9.14 5.50
(MEOHP)
Mono(2-ethyl-5-hydroxyhexyl) phthalate 100% 173 240 6.00 16.2 453 148 29.6 15.2 8.71
(MEHHP)
Mono(2-ethyl-5-carboxypentyl) phthalate 100% 27.7  4.30 10.5 26.1 65.5 209 43.6 23.4 14.3
(MECPP)
> DEHP (Di(2-ethylhexyl) phthalate) - 0.20 0.03 0.07 0.19 049 1.57 - - -
metabolites (umol/L)"
Mono(3-carboxypropyl) phthalate (MCPP)  97% 385 0.60 1.60 3.70 9.70 232 2.32 3.37 3.52
Methylparaben 99% 28.0 4.70 9.40 232 80.4 226 29.8 31.7 23.2
Propylparaben 90% 2.86 0.14 0.60 2.30 12.1 58,6 296 2.77 2.44
Butylparaben 31% 026 <LOD <LOD <LOD 030 220 <LOD <LOD <LOD

Table 3.3. Abbreviations: SD, standard deviation; LOD, limit of detection; GM, geometric mean, NHANES, the National Health and Nutrition Examination
Survey; Perc, percentile.

* Phthalate metabolites were measured in 1037 urine samples from 400 men and parabens in 965 samples from 383 men.

P Urinary concentrations were ordered according to the molecular weights within phthalates and within parabens.

¢ Concentrations in pg/L (except for YDEHP) not corrected for urine dilution; concentrations < LOD were replaced by LOD/Y2.

4 LOD range for [MnBP: 0.4, 0.6], [MCPP: 0.18, 0.2],[MEHHP: 0.2, 0.7], [MEOHP: 0.2, 0.7], [MEHP: 0.5, 1.2], [MiBP: 0.2, 0.3], [MBzP: 0.2, 0.3], (M_pb:
1),[B pb: 0.1, 0.2], [B_pb: 0.1, 0.2 Jug/L.

¢ Concentrations from NHANES (2005-2006), (2009-2010), and (2011-2012) because our data encompassed the years 2004-2015.

'S DEHP metabolites (pmol/L)= pmol/L sum of MEHP + MEOHP + MEHHP + MECP.



Figure 3.1. Heatmap for adjusted % change in urinary phthalate metabolite and parabens concentrations
associated with self-reported use of personal care products (PCPs) within 24 hours of urine sample collection
among 400 men who contributed 1037 urine samples in the Environment and Reproductive Health (EARTH)
Study

Adjusted Percent Change
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Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01.

DEHP means: Y DEHP metabolites (umol/L)= sum of pmol/L of MEHP+ MEOHP+ MEHHP+ MECPP

Analysis was based on 10 imputed data using chained equations method.

Multiple imputing (MI) missing based on concordance of product use within persons. For any given PCP at any time
point, the imputation model included PCP-use at other time points, urine specific gravity (continuous), race
(Caucasian or not), age (continuous), BMI (continuous), calendar year (continuous), time of sample collection (early
morning (Sam< and <=9am), late morning (9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no) and
warm season (April through September) (yes/no).

Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon (>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).Total products: the crude sum of PCP used within 24 hours.
The last column for the total products represents percent changes associated with each additional type of PCP used,
regardless of which PCP.

Urinary concentrations were ordered according to the molecular weights within phthalates and within parabens.
Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.
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Figure 3.2.(Continued)

Panel 3.2D. Methylparaben urinary concentration

Panel 3.2C. Butylparaben urinary concentration
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Figure 3.2.(Continued)
Panel 3.2E. Propylparaben urinary concentration
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Figure 3.2. Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01.

Analysis was based on 10 imputed data using chained equations method.

Multiple imputing missing based on concordance of product use within persons. Imputation model included urine
specific gravity (continuous), race (Caucasian or not), age (continuous), BMI (continuous), calendar year
(continuous), time of sample collection (early morning (Sam< and <=9am), late morning (9am< and <=12pm) or
afternoon(>12pm)), current smoking (yes/no) and warm season (April through September) (yes/no).

Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

Total products: the crude sum of PCP used within 24 hours.The total products’ bars represent percent changes
associated with each additional type of PCP used, regardless of which PCP. Combined other hair care products
included mousse, hair bleach, relaxer, perm and straightener.
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Figure 3.3. Weights of personal care products (PCPs) that contribute 100% and at least 70% to the overall urinary concentrations of biomarkers

associated with PCPs-use within 24 hours and 6 hours of sample collection
Panel 3.3.A. Weights of personal care products (PCPs) that contribute 100% to the overall urinary concentrations associated with PCPs-use within 24

hours and their overall weighted percent change
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Panel 3.3.B. Weights of personal care products (PCPs) that contribute 100% to the overall urinary concentrations associated with PCPs-use within 6
hours and their overall weighted percent change
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Panel 3.3.C. Weights of personal care products (PCPs) that contribute at least 70% to the overall urinary concentrations associated with PCPs-use

within 24 hours and their overall weighted percent change
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Panel 3.3.D. Weights of personal care products (PCPs) that contribute at least 70% to the overall urinary concentrations associated with PCPs-use
within 6 hours and their overall weighted percent change
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Figure 3.3. (Continued): Numbers presented inside the stack bars represent the weights associated with PCP-use.
The weights of the 14 PCPs are summed to ~100 due to approximation.

The percent presented above the stacked bars represent the percent change associated with PCPs.

The weights presented are NOT summed to the percent change, instead summed to 100% for the 14 PCPs and 70 %
or more for the PCPs presented above.

The percent changes are calculated by exponentiation of the weighted beta coefficient based on the PCPs used given
the weights.

Analysis was based on 10 imputed data using chained equations method.

Multiple imputing missing based on concordance of product use within persons. For any given PCP at any time
point, the imputation model included PCP-use at other time points, urine specific gravity (continuous), race
(Caucasian or not), age (continuous), BMI (continuous), calendar year (continuous), time of sample collection (early
morning (Sam< and <=9am), late morning (9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no) and
warm season (April through September) (yes/no).

Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.
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Supplemental Material

Product Use Questionnaire in the Environment and Reproductive Health (EARTH) Study.

DATE: __i__i__ TvE__:__swien | RODYCT USE QUESTIONNAIRE  EnrTH study () ofe
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Figure 3.S1. Spearman correlation between urinary concentrations of phthalate metabolites and parabens
among 965 samples provided by men in the Environment and Reproductive Health (EARTH) Study.

Correlation Structure of Natural Log transformed urinary metabolites
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Figure 3.S1.: # 1037 urine samples were analyzed for phthalate metabolites and 965 for parabens.
P For Spearman correlations, data was restricted to 965 urine samples for which both phthalate metabolites and
parabens were measured.
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Table 3.S1. Adjusted * percent change associated with the weighted score: (based on binary use up-to 24
hours use and 6 hours) using the weighted binary score (WBS) in the 10 imputed data.

Percent change associated with Percent change associated

the weighted score for the 14 with the weighted with the

PCPs: (based on binary use up- weighted score: (based on

to 24 hours use) binary use up-to 6 hours use)
Urinary biomarker % Change (95% CI) p-value "C/ol)Change O5% p-value
MEP 700 (258, 1686) 2.42E-06 961 (485, 1823) 1.80E-14
MnBP 39.0 (-29.5, 174) 0.33 13.7 (-18.5, 58.6) 0.45
MiBP 47.0 (-23.1, 181) 0.24 16.1 (-19.6, 67.6) 0.43
MBzP 20.6 (-41.3, 148) 0.60 -1.79 (-40.1,61.1) 094
MEHP -2.20 (-58.6, 131) 0.96 -21.4(-56.7,42.9) 0.43
MEOHP 9.14 (-46.5, 123) 0.81 -25.3(-58.4,342) 0.32
MEHHP 6.20 (-50.1, 126) 0.87 -20.6 (-55.5,41.9) 0.43
MECPP 3.60 (-48.3, 107) 0.92 -19.6 (-51.8,34.1)  0.40
YDEHP " 5.46 (-47.6, 112) 0.88 -21.4(-53.7,33.5)  0.37
MCPP 3.48 (-59.5, 165) 0.94 -33.9(-60.3,9.99)  0.11
Methylparaben 1013 (-90.8, 135010)  0.29 1806 (417, 6925) 0.00008
Propylparaben 1398 (-96.1, 575248)  0.35 3626 (535,21763)  0.0002
Butylparaben 192 (-77.1, 3617) 0.40 458 (58.3, 1868) 0.009

Abbreviations: PCP; personal care product, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP;
Mono-n-butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-
ethylhexyl) phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl)
phthalate, MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites,
MCPP; Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

> Y DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight.
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Table 3.S2. Adjusted * odds ratio for detected versus undetected urinary butylparaben associated with last 24
hours personal care product use in the 10 imputed data.

Personal care prodcut Odds ratio (OR) (95% CI) p-value
Total poduct 1.14 (1.06, 1.23) 0.0004
Deodorant 1.08 (0.72, 1.63) 0.70
Shampoo 1.21 (0.86, 1.70) 0.26
Conditioner/Creme Rinse 1.24 (0.84, 1.83) 0.28
Hairspray/Hair Gel 1.34(0.92, 1.96) 0.13
?et.zirrlrll?)ﬁs(;zfehgirro gileca:zh, relaxer, Perm, straightener) 1.62(0.93,2.84) 0.09
Shaving Cream 1.18 (0.90, 1.56) 0.23
Aftershave 1.08 (0.69, 1.68) 0.75
Cologne/Perfume 1.16 (0.81, 1.68) 0.41
Mouthwash 1.38 (1.00, 1.90) 0.049
Bar Soap 0.92 (0.65, 1.32) 0.66
Liquid Soap/Body Wash 1.39(1.01, 1.93) 0.046
Hand Sanitizer 0.92 (0.63, 1.33) 0.65
Hand/Body lotion 1.39 (0.98, 1.96) 0.06
Suntan/Sunblock Lotion 2.27(1.00, 5.18) 0.05

Abbreviations: OR; odds ratio, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-
butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl)
phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate,
MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP;
Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

" Generalized estimating equations (GEE) was used for modeling butylparaben as binary variable: detected vs
undetected in the 10 imputed data.
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Figure 3.S2. Heatmap for adjusted % change in urinary concentrations of phthalate metabolites and
parabens associated with self-report use of personal care products (PCPs) within 24 hours of urine sample
collection among 400 men who contributed 1037 urine samples in the Environment and Reproductive Health
(EARTH) Study in the complete case data.
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* Significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

® DEHP means: Y DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight

¢ Analysis was based on complete case analyses.

 Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

¢ Total products: the crude sum of PCP used within 24 hours

"The last column for the total products represents percent changes associated with each additional type of PCP used,
regardless of which PCP.

& Urinary concentrations were ordered according to the molecular weights within phthalates and within parabens.

" Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener.

156



Table 3.S3. Adjusted * odds ratio for detected versus undetected urinary butylparaben associated with last 24

hours personal care product use in the complete case data.

Personal care prodcut OR (95% CI) p-value
Total poduct 1.16 (1.04, 1.29) 0.0055
Deodorant 1.10 (0.72, 1.66) 0.6691
Shampoo 1.23 (0.87, 1.72) 0.2444
Conditioner/Creme Rinse 1.18 (0.80, 1.74) 0.4109
Hairspray/Hair Gel 1.36 (0.93, 1.97) 0.1087
8;&2&2:1&? g}lecafcszh, relaxer, Perm, straightener) 1.81(0.98,3.35) 0.0572
Shaving Cream 1.20 (0.91, 1.60) 0.1967
Aftershave 0.99 (0.61, 1.61) 0.978
Cologne/Perfume 1.29 (0.87, 1.90) 0.201
Mouthwash 1.43 (1.03, 1.98) 0.0331
Bar Soap 0.94 (0.65, 1.36) 0.7558
Liquid Soap/Body Wash 1.41 (1.01, 1.96) 0.0407
Hand Sanitizer 0.93 (0.66, 1.31) 0.6812
Hand/Body lotion 1.36 (0.91, 2.05) 0.1355
Suntan/Sunblock Lotion 3.44 (1.60, 7.40) 0.0016

Abbreviations: OR; odds ratio, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-
butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl)
phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate,
MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP;
Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

P Generalized estimating equations (GEE) was used for modeling butylparaben as binary variable: detected vs
undetected in the complete case data.
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Figure 3.S3. (Panels A to E): Adjusted % change in urinary concentrations of parabens and phthalate metabolites associated with use of 14 personal

care products within 24 and 6 hours of urine collection in the complete case analysis.

Panel 3.S3.B. Mono-isobutyl phthalate (MiBP) urinary concentration
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Panel 3.S3.D. Methylparaben urinary concentration

Panel 3.S3.C. Butylparaben urinary concentration
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Panel 3.S3.E. Propylparaben urinary concentration
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* Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

" Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

¢ Total products: the crude sum of PCP used within 24 hours

® The total products’ bars represent percent changes associated with each additional type of PCP used, regardless of
which PCP.

¢ Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener
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Table 3.S4. Adjusted * percent change associated with the weighted score: (based on binary use up-to 24
hours use and 6 hours) using the weighted binary score (WBS) in the complete case data.

Percent change associated
with the weighted score:
(based on binary use up-to
6 hours use)

Percent change associated with
the weighted score: (based on
binary use up-to 24 hours use)

Urinary biomarker % Change (95% CI) p-value % Change(95% CI) p-value
MEP 281 (23, 1081) 0.02 429 (31, 2027) 0.02
MnBP 1(-51, 107) 0.98 107 (4, 313) 0.04
MiBP -16 (-59, 70) 0.62 62 (-31, 281) 0.26
MBzP 52 (-13, 164) 0.14 22 (-40, 147) 0.58
MEHP -28 (-63, 39) 0.33 -41 (-74, 30) 0.19
MEOHP -17 (-60, 74) 0.62 -34 (-70, 43) 0.29
MEHHP -7 (-56, 96) 0.84 -28 (-67, 58) 0.41
MECPP -26 (-64, 56) 0.43 -45 (-73, 12) 0.10
YDEHP " -15(-57,72) 0.66 -38 (-70, 26) 0.19
MCPP -45 (-79, 46) 0.23 -69 (-88, -15) 0.02
Methylparaben 7597 (2087, 26997) <.0001 9957 (2812, 34641) <.0001
Propylparaben 4949 (721, 30966) <.0001 23225 (3536, 149522)  <.0001
Butylparaben 577 (133, 1864) 0.0004 198 (-14, 928) 0.08

Abbreviations: 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-butyl phthalate,
MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl) phthalate, MEOHP;
Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate, MECPP; Mono(2-ethyl-
S-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP; Mono(3-carboxypropyl)
phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

> S DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight.
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Figure 3.S4. Heatmap for adjusted % change in urinary concentrations of phthalate metabolites and
parabens associated with self-report use of personal care products (PCPs) within 24 hours of urine sample
collection among 400 men who contributed 1037 urine samples in the Environment and Reproductive Health
(EARTH) Study in the imputed missing as zero.
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* Significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

P Imputation for the missing values of PCP-use was assumed to be “0” i.e. no use.

“ DEHP means: Y DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight

4 Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

¢ Total products: the crude sum of PCP used within 24 hours

" The last column for the total products represents percent changes associated with each additional type of PCP used,
regardless of which PCP.

& Combined other hair care products included mousse, hair bleach, relaxer, perm and straightener
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Table 3.S5. Adjusted * odds ratio for detected versus undetected urinary butylparaben associated with last 24
hours personal care product use in the imputed missing as zero.

Personal care prodcut OR (95% CI) P-value
Total poduct 1.14 (1.05, 1.23)  0.001
Deodorant 1.05(0.70,1.57)  0.83
Shampoo 1.23(0.87,1.73)  0.24
Conditioner/Creme Rinse 1.13(0.78,1.64)  0.52
Hairspray/Hair Gel 1.35(0.94,1.93) 0.10

Other hair care products

(e.g., mousse, hair bleach, relaxer, Perm, straightener) 1.63(0.91,2.90)  0.10

Shaving Cream 1.19(0.90, 1.57)  0.22
Aftershave 0.95(0.61,1.49) 0.82
Cologne/Perfume 1.28 (0.87,1.88)  0.21
Mouthwash 1.40 (1.02,1.93)  0.04
Bar Soap 0.93(0.65,1.33)  0.68
Liquid Soap/Body Wash 1.33(0.97,1.84) 0.08
Hand Sanitizer 0.88 (0.62,1.24) 045
Hand/Body lotion 1.11 (0.78, 1.57)  0.56
Suntan/Sunblock Lotion 3.25(1.53,6.93)  0.002

Abbreviations: OR; odds ratio, 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-
butyl phthalate, MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl)
phthalate, MEOHP; Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate,
MECPP; Mono(2-ethyl-5-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP;
Mono(3-carboxypropyl) phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

" Generalized estimating equations (GEE) was used for modeling butylparaben as binary variable: detected vs
undetected in the imputed missing as zero.0.
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Figure 3.S5. (Panels A to E): Adjusted % change in urinary concentrations of parabens and phthalate metabolites associated with use of 14 personal

care products within 24 and 6 hours of urine collection in the imputed missing as zero.

Panel 3.S5.B. Mono-isobutyl phthalate (MiBP) urinary

Panel 3.S5.A. Monoethyl phthalate (MEP) urinary concentration

concentration

sponpoad ejo [,
uonoT J20[qUNS/UBNINS

ono] Apog/pueH

® Within 24 hours
m Within 6 hours

Jozniues pueH

sepy Apogdeog pmbiy
BOS Je¢]

USEMIINO [\
aungpJAuse[o)
DARUSIOYY

wea) suraeys
sjonpotd aaeo Jiey sy
2D drepy/Avidsaer

ASUIY LAI)/IBUOITIPUO))

oodueysg
JuBIOpOa(]
f T T T T T T T 1
[=] = = = f= =] = = =
U0 EIUIII0D

ayereyd [ANqosi-ouofy Areurm jo dsuey) %,
sponpoad [eo [,

¥

107 Mao[qung/uejung
uono| Apog/puet

BZNIURS puek]

m Within 24 hours
® Within 6 hours

ysep Apogdeog pinbi-y

USEMUNO N

P

WNLDJ/AUS0[0))
DARUSOYY

wieal) swaeys
sjonpo.ad aaes Jrey IO
2D diep/Avidsaie]

ISUNY SWRID/IDUOT)IPUOY)

oodweys
- JURIOPOA(]
&

r T T T T T T T 1
= = o =] 2 =) o =] =]
o — (=)} - L] o — — o
— — 1 1

uonenuIIued eeyyd jApaouc]y Aleurm jo asuey) o,

164



Panel 3.S5.D. Methylparaben urinary concentration

Panel 3.S5.C. Butylparaben urinary concentration
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Panel 3.S5.E. Propylparaben urinary concentration
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Conditioner/Creme Rinse
Hairspray/Hair Gel
Other hair care products
Shaving Cream
Cologne/Perfume

Liquid Soap/Body Wash
Hand Sanitizer
Hand/Body lotion
Suntan/Sunblock Lotion
Total products

* Statistical significance indicated as *: if p-value < 0.05, **: if p-value < 0.01

® Imputation for the missing values of PCP-use was assumed to be “0” i.e. no use.

¢ Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (5am< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)
(yes/no) and the product use within 24 hours (yes/no).

4 Total products: the crude sum of PCP used within 24 hours

¢ The total products’ bars represent percent changes associated with each additional type of PCP used, regardless of
which PCP.

fCombined other hair care products included mousse, hair bleach, relaxer, perm and straightener.
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Table 3.S6. Adjusted * percent change associated with the weighted score: (based on binary use up-to 24
hours use and 6 hours) using the weighted binary score (WBS) in the imputed missing as zero.

Percent change associated with the Percent change associated with the

weighted score: (based on binary use up-  weighted score: (based on binary use

to 24 hours use) up-to 6 hours use)
Urinary biomarker % Change (95% CI) p-value % Change (95% CI) p-value
MEP 980 (496,1858) <.0001 1483 (729,2924) <.0001
MnBP 68 (11,155) 0.02 115 (34,246) 0.002
MiBP 89 (12,220) 0.02 102 (18,246) 0.01
MBzP 6 (-36,76) 0.81 10 (-37,94) 0.74
MEHP 3 (-38,71) 0.91 -4 (-47,75) 0.91
MEOHP 3 (-35,61) 0.91 13 (-28,76) 0.60
MEHHP -1 (-38,60) 0.98 19 (-27,94) 0.49
MECPP 0(-33,50) 0.99 12 (-21,59) 0.51
SDEHP " 1(-34,53) 0.98 12 (-24,65) 0.57
MCPP 47 (-19,167) 0.21 -9 (-51,72) 0.78
Methylparaben 6202 (2785,13668) <.0001 9350 (3876,22362) <.0001
Propylparaben 6512 (2099,19778) <.0001 17283 (4909,60235) <.0001
Butylparaben 199 (54,479) 0.001 487 (199,1055) <.0001

Abbreviations: 95% CI; 95% confidence intervals, MEP; Monoethyl phthalate, MnBP; Mono-n-butyl phthalate,
MiBP; Mono-isobutyl phthalate, MBzP; Monobenzyl phthalate, MEHP; Mono(2-ethylhexyl) phthalate, MEOHP;
Mono(2-ethyl-5-oxohexyl) phthalate, MEHHP; Mono(2-ethyl-5-hydroxyhexyl) phthalate, MECPP; Mono(2-ethyl-
S-carboxypentyl) phthalate, DEHP; (Di(2-ethylhexyl) phthalate) metabolites, MCPP; Mono(3-carboxypropyl)
phthalate.

* Analysis adjusted for urine specific gravity (continuous), race (Caucasian or not), age (continuous), BMI
(continuous), calendar year (continuous), time of sample collection (early morning (Sam< and <=9am), late morning
(9am< and <=12pm) or afternoon(>12pm)), current smoking (yes/no), warm season (April through September)

(yes/no) and the product use within 24 hours (yes/no).
» Y DEHP metabolites= MEHP+ MEOHP+ MEHHP+ MECPP weighted by the molecular weight.
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Discussion and Conclusions

Phthalates and parabens are endocrine disrupting chemicals with ubiquitous human exposure. Medication
coatings and personal care products (PCPs) are important exposure sources, however, their contribution to

men’s exposure as well as health effects are understudied.

Discussion of Chapters 1 and 2

In Chapters 1 and 2, we examined the association between very high exposure to dibutyl phthalate (DBP)
from mesalamine medication with semen quality, and serum reproductive hormones in adult men. We
used an innovative crossover-crossback study (Mesalamine And Reproductive health Study (MARS)).
We found that on average when men who were on non-DBP mesalamine (background exposure) at
baseline (B;HB,-arm; Background,-High-Background,) were newly-exposed to high-DBP mesalamine
(crossover) for four months, their serum concentrations of both testicular hormones (testosterone and
inhibin-B) and gonadotropins (luteinizing hormone (LH) and follicle-stimulating hormone (FSH))
decreased. As these hormones play critical roles in normal testicular function and spermatogenesis, there
were also decrements in most of their semen parameters, primarily sperm motility (% total sperm
motility, % progressive sperm motility and motile sperm count)(29). When the same men crossed-back to
their original non-DBP mesalamine (background exposure) for four months, concentrations of both
testicular hormones and gonadotropins increased and for some they even exceeded their baseline
concentrations whereas their semen parameters continued to decrease despite removing high-DBP
exposure(29). One potential explanation for the continued decline of semen parameters may relate to the
longer duration for spermatogenesis (average of 70 days)(94) which potentially may result in a lagged
spermatogenesis response to removal of high-DBP exposure. Also, the effect might be mainly on Sertoli

cells as some studies suggested that DBP preferentially targets Sertoli cells in older animals(104,105).
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Because Sertoli cell envelops and supports the germ cell undergoing progressive differentiation and

development into mature spermatozoa(175), thus spermatogenesis response may persist longer.

These results differed as compared to men in the H;BH,-arm (High,-Background-High,). We found that
the duration of high-DBP exposure history modified the responses of reproductive hormones and semen
parameters to high-DBP exposure from mesalamine. The hormone changes were only found in men
exposed to high-DBP for a shorter duration of less than three years (H;BH,-arm, <3 yrs) with a similar
pattern of response as the newly exposed men (B;HB,-arm). This was in contrast to the response among
men exposed to high-DBP for a long duration of three years or more (H;BH,-arm, H,;>3 yrs) who had

non-significant hormonal changes either after crossover or crossback.

In general there was no change in semen parameters in the H;BH,-arm during either crossover or
crossback as we found in Chapter 1. When we conducted the three-arm analysis for the semen parameters
(Chapter 1 Appendix) as we did in Chapter 2 for the reproductive hormones, we found that, similar to the
hormonal changes, the duration of high-DBP exposure at baseline modified the crossover and crossback
effects on semen parameters primarily sperm concentration and count. Specifically, after removal of high-
DBP exposure for four months (crossover), only men in (H;BH,-arm, < 3yrs) had an increase in their
testosterone (total (TT) and free (FT)) concentrations along with corresponding increases in their sperm
counts and sperm concentrations. In addition, TT/LH, FT/LH and inhibin-B/FSH ratios increased
suggesting improved Leydig and Sertoli cell functions that was reflected primarily on sperm count and
concentrations. After crossback to their high-DBP mesalamine, their testosterone concentrations increased
but of smaller magnitudes along with decreased sperm counts and concentrations following similar

patterns suggesting decreased functions of Leydig and Sertoli cell functions.

In contrast, among men with long duration of exposure to high-DBP mesalamine at baseline (H;BH,-arm,
H,>3 yrs), the four month wash-out period during the crossover to non-DBP mesalamine was not long
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enough to ‘reverse’ the effects of high-DBP exposure on reproductive hormones or on semen
parameters(29). One potential explanation is that the response following removal of high-DBP exposure
differs based on duration of high-DBP exposure. These results may suggest potential different modes of
actions for the endocrine and spermatogenesis responses to high-DBP based on the duration of DBP-

exposure history which need further research.

In cross-sectional analysis of baseline values only, men exposed to high-DBP for a long duration of three
years or more (H;BH,-arm, H,>3 yrs) had the lowest TT, FT, and LH concentrations (non-significant
though) than men exposed for a shorter duration of less than three years (H;BH,-arm, <3 yrs) which in
turn had even lower baseline levels than men who were not exposed at all (B;HB,-arm). However, at
baseline, unexpectedly, men exposed to high-DBP for a longer duration (H;BH,-arm, H,>3 yrs) had non-
significant slightly higher sperm parameters (except semen volume) than men exposed for a shorter
duration (H;BH,-arm, <3 yrs). However, among men in the HBH,-arm, there was a downward trend in
all semen parameters at baseline associated with increased duration on high-DBP mesalamine. This
negative association with the duration on high-DBP mesalamine among men in H;BH,-arm argues against
a ‘protective’ effect on semen quality of high-DBP. The overall difference between H;BH, and B;HB,arm
at baseline suggests chance sampling variability due to non-randomization at the baseline and cautions
against cross-sectional analyses. These results highlight the power of our crossover-crossback study that
by design removes person to person variability from the comparison of interest, thus avoiding the purely

cross-sectional analysis that is likely to suffer from this random variability and lack temporality.

Adequate testosterone production and stimulation by FSH are prerequisites for normal human
spermatogenesis(176). Also, inhibin-B is a marker of testicular function and positively correlated with
sperm count and testicular volume(177). Studies suggest that the regulation of inhibin-B production is

mediated by a complex interaction between FSH, Sertoli cells, Leydig cells, and germ cells(178). Inhibin-
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B and FSH are considered spermatogenesis markers and even a possible surrogate for measuring semen

quality or fecundability in epidemiologic studies(179,180).

We speculate that effect on spermatogenesis may be through hormonal changes whose effects continued
beyond one spermatogenesis cycle of 70 days but also perhaps through other independent or synergistic
modes of actions. There is a caveat that there are limited comparable animal data to explain modes of
action of high-DBP exposure in adult life especially with such unique crossover-crossback design, and no
data on the potentially modified hormone responses by the duration of exposure. In addition, many of the

experimental animal studies only measured testosterone and not gonadotropins.

Experimental studies have focused on the more vulnerable fetal exposure to DBP rather than adult
exposure. Studies during fetal development showed that DBP was anti-androgenic resulting in decreased
testosterone production by Leydig cell due to interference with steroidogenesis, down-regulating gene
and/or protein expression essential for the steroidogenic pathway, and cholesterol transport and
metabolism(107,110,111), while increasing oxidative stress along with reactive oxygen species(113).
Experimental studies, primarily during postnatal exposure(87,100), showed that decreased serum
testosterone concentration and FSH and LH concentrations in male rats exposed to butyl benzyl phthalate
(BBzP), other anti-androgenic phthalate, which suggested tubular atrophy and loss of the germinal
epithelium as a result of Sertoli cell injury. Postnatal exposure to other di(2-ethylhexyl)phthalate (DEHP),
another anti-androgenic phthalate, caused germ cell apoptosis with increased membrane localization of
Fas(101,102) or germ cells detachment from the seminiferous epithelium probably due to cellular
adhesion loss between Sertoli cells(103). Only few studies primarily focused on peri-pubertal DBP-
exposure and observed changes in the expression of proteins involved in spermatogenesis and in the
number and function of Sertoli and Leydig cells(40,41) and some studies suggested that DBP

preferentially targets Sertoli cells in older animals (104,105).
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Our results also suggest that high-DBP exposure in the newly exposed men decreased both testicular
hormone and gonadotropin serum levels with disruption of the negative feedback of the gonadotropins in
response to the changes in the testicular hormones. Similar results of suppression of both gonadotropins
and testosterone as well as decreased semen quality were observed in the newly-exposed men to high-
DBP mesalamine and were also observed in DEHP newly-exposed pre-pubertal and mature
animals(130,131). In adult DEHP-exposed animals, pituitary LH and FSH protein expression decreased
significantly(132,133). The testosterone decrease might indicate suppression of Leydig cell function and
inhibin-B decrease might indicate suppression of Sertoli cell function as well as germ cell production in
adult testis(134). Similarly, in humans, both inhibin-B and FSH decreased with DEHP exposure(135)
suggesting that the normal endocrine communication between the pituitary and the testis might be
disrupted(41,135) hence disruption of the hypothalamo-pituitary-testis axis (HPT). We speculate that
high-DBP exposure from mesalamine was associated with HPT axis disruption targeting both the gonads
and the pituitary in the newly exposed men. However, our results also suggest that the negative
gonadotropin feedback response was functioning in men who were exposed to high-DBP before but for a
short duration (<3yrs). This may suggest that after short exposure only the testicular hormones remain
suppressed and the negative gonadotropin feedback might be regained. However, after longer duration of
high-DBP exposure (>3yrs), the reproductive hormones were suppressed and desensitized to exposure

removal.

Recent epidemiological studies investigated the association between environmental (background) DBP-
exposure on reproductive hormones and/or semen quality in adult men. However the results were
inconsistent. A recent meta-analysis that included fourteen publications on phthalates and semen quality
concluded that higher urinary monobutyl phthalate (MBP) concentration, the primary metabolite of DBP,

was associated with reduced sperm concentration and straight line velocity(99). All fourteen publications
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were cross-sectional with eleven conducted in infertility clinics. Two recent US studies(42,43) on fertile

men not included in the meta-analysis did not find significant associations.

Also, urinary MBP was negatively correlated with FT among occupationally exposed Chinese men(136).
Studies in infertility clinics observed that urinary MBP was associated with a significant testosterone
decrease in men from Slovenia(49), China(57), and India (only in the unadjusted analysis)(50) but not in
men from Poland(58). Both pooled and non-pooled analysis of infertile and fertile men in the US did not
find any significant associations between urinary MBP and any of the reproductive hormones(44-46).
Only a few studies included men from the general population. Urinary MBP was inversely associated
with testosterone only in men aged 40-60 years from the National Health and Nutrition Examination
Survey (NHANES)(47), but no strong evidence from studies in Denmark (only a significant increase in

LH)(48), Sweden(137), or China(138).

Our study differs in many respects from the earlier cross-sectional studies, including all studies described
above, that used a single semen sample or a single serum sample to measure the semen quality parameters
or hormone concentrations, respectively at the same time when urinary MBP was measured. In addition,
most of the studies were based in infertility clinics. To our knowledge, Janjua et al(139) conducted the
only human study with some similarity to our design examining the association between DBP-exposure
(dermally) and short term effects only on reproductive hormones and did not examine semen quality. It
was a placebo controlled crossover study in which men were assigned to daily whole-body topical DBP-
exposure for a week after a week of placebo exposure. They did not find associations of topical DBP-
exposure with reproductive hormones. These results need to be interpreted cautiously due to a small
sample size (n=26), non-randomization, likely too short washout period (one week), only assessing the
short term effects, and considering only topical exposures with much lower anticipated exposure
compared to our study. Our study assessed the chronic high-DBP exposure from oral mesalamine
medications that was estimated to be approximately 1000 times higher than the median levels reported for

men in the US general population(36) and was not investigated before. We used a more powerful
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crossover-crossback prospective design and therefore had repeated blood and semen samples from men
during both high and background DBP exposure. This allowed for within-person comparisons and was by
design adjusted for non-time varying covariates(121). Furthermore, our design allowed us to assess the

potential carryover effect.

Many studies identified DBP and other phthalates in coatings of many licensed including over-the-
counter medications in the US(23-26), Canada(28,35), United Kingdom(30), Germany(27,32) and
China(31). Phthalate concentrations in medications may not be openly displayed, due to proprietary
formulations(23). Medications with phthalates in the coating include mesalamine, didanosine,
omeprazole, theophylline(24) and others(23,27,32). Our research and others have shown that mesalamine
medications with DBP contribute to a very high-DBP exposure as measured by urinary MBP
concentration(24-26). The human daily DBP intake from the maximum recommended dose of Asacol® is
21 mg(34,114) and of AsacolHD is 48 mg(115). Therefore, the estimated maximum daily DBP intake
for a 60 kg person who is under high-DBP mesalamine (Asacol® or Asacol*HD) is 350 or 800
ug/kg/day(29), respectively. These exposures are considered very high-DBP exposures compared to the
estimated average DBP human intake of 0.84 - 5.22 pg/kg/day(116), the US Environmental Protection
Agency (EPA) reference dose of 100 ug/kg/day(26), and the European tolerable daily intake of 10

ng/kg/day(117).

The urinary MBP in persons under Asacol® was approximately 1000 times higher than the median levels
reported for men in the US general population (NHANES)(36). Therefore, we used a priori medication
type as assigned as a proxy for high-DBP exposure as an intention to treat analyseis(29) rather than
measuring urinary MBP concentrations which represent only the past several hours of DBP-exposure due
to its short half-life(139). Due to the unique crossover-crossback design and the well-documented very
high exposure from Asacol®(23—27,32,34,1 14,115), that urinary MBP concentrations would have not
added significant information beyond using the assigned medication. Also, statistically, we would
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essentially dichotomize exposure according to the different mesalamine formulations (DBP versus non-
DBP containing) even if we had the continuous urinary data and use the same modeling approach we used
due to the expected non-overlapping large differences in urinary MBP. Thus, the effect estimates would

have been completely dominated by the medication type(29).

Study limitations
Our study had several potential limitations including that we did not randomize the men to high-DBP or

non-DBP containing mesalamine coatings at baseline. However physicians do not prescribe mesalamine
based on DBP in the enteric coating nor on their hormonal concentrations or semen quality. Mesalamine
medications (with or without DBP coating) for treating inflammatory bowel disease (IBD) have the same
active ingredients, therefore confounding by indication was unlikely. Although our sample size was not
very large due to the innovative study and participation length, the power of the study came from the
unique design and the intra-person comparison rather than the inter-person variability avoiding the purely
cross-sectional analysis that may be confounded and lack temporality. We also conducted a post-hoc
power analysis and the study had a sufficient number of participants to provide 80% power for detecting
at least 7% change in TT or FT, 8% in SHBG, 6% in inhibin-B and FSH, 9% in LH, 23% in sperm
concentration and an absolute mean difference of at least 0.4 ml in ejaculate volume, 1% in
morphologically normal sperm, 6% in motile sperm and 4% in progressive motile sperm, which are all
reasonable for a study of this design. Although there may be a concern of generalizing results from men
with IBD whose incidence is significantly increasing worldwide especially in industrialized
countries(140), these results raise concerns about high-DBP exposure and reproductive hormones. In

addition, there is no evidence that IBD or mesalamine is linked to male infertility(123,124).

Study strengths
Our study had several important strengths. MARS has a unique innovative design rarely conducted in

environmental epidemiology. We were able to compare, within the same men, their hormone parameters
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during periods of high-DBP to background-DBP exposure and vice versa accounting for confounding by
measured and unmeasured non-time-varying characteristics(121). This is a major strength compared to all
existing cross-sectional studies. We had repeated measures up to six time points per man which increased
the reliability of the measures. The different orders of exposure and unexposure in the different arms gave
us a unique opportunity to observe the potential reversibility and carryover effect of the changes under the
study period. Our study was not restricted to infertile men unlike most of the previous literature. We used
the gold standard methods for semen and hormone analyses especially testosterone that accurately and
precisely measured total using LC-MS/MS methodology(141). We did not use the free androgen index
(FAI) as a surrogate for FT as most of the studies did because the FAI correlates poorly with FT in
men(141). Instead, we used the actual measured SHBG, albumin and TT applying Vermeulen et al.’s
method which is considered the most useful estimate of FT in blood(129,141). We had the opportunity to
examine high-DBP exposure (1000 times background) compared to environmental background exposure.

Therefore, we had more power to detect significant changes.

Implications of the study
Our results are of a potential high concern because testosterone deficiency in adult men is a risk factor not

only for decreased semen quality as we observed but also for infertility, decreased libido, energy,
intellectual capacity, bone mass, and muscle strength, and associated with erectile dysfunction,
osteoporosis, abdominal obesity, type-2 diabetes, metabolic syndrome, and, cardiovascular disease, and
hence increased mortality(142-145). Recently, there was a consensus that women with IBD who are
pregnant or might become pregnant may need to avoid high-DBP mesalamine(28) leaving men in
reproductive age with no recommendations and no guidance about any other medications that contain
phthalate coating. Therefore, our results suggest the need to reconsider the use of DBP containing

mesalamine and other DBP containing medications for men.
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Future suggestions for a crossover-crossback design
Although our study had a unique innovative design with several strengths, we have some suggestions for

future research or for those considering a similar crossover-crossback study. The following
recommendations include enrolling more men within each arm so we gain more power to detect
significant effects. We would recruit men taking DBP containing medications include mesalamine,
didanosine, omeprazole and theophylline(24) with the same prescribed condition e.g., mesalamine for
inflammatory bowel disease (IBD) or theophylline for asthma to investigate how generalizable the results
are. We would recruit men taking each medication and with the same condition with enough power. We
can always test in the analyses if the results are different within men with the same condition. Although
the results are important even within these subgroups, however, it is important to know how much the
results are generalizable to men from the general population with lower but ubiquitous exposure with
potential high-DBP exposure from medications. This would have even more important implications for
public health and for the regulatory agencies. We would recruit men in the B;HB,-arm as twice in number
as in the H;BH,-arm so we have more power to examine effects in the newly exposed men who were
more susceptible to changes than the ones with previous history of high-DBP exposure from medications.
We would recruit half of men in the H;BH,-arm with a short high-DBP exposure history e.g., < 3 years
and the second half of men in the H;BH,-arm with a long high-DBP exposure history e.g., > 3 years.
Thus, we have enough power to examine the heterogeneity of response to high-DBP exposure. We would
also recruit men especially the ones with long exposure history preferably starting their high-DBP
exposure from medications in their childhood i.e., pre-pubertal so we have the opportunity to examine the
potential difference in response if the exposure started early in childhood and for longer duration versus if

the exposure started after puberty and for shorter duration.

We would keep the number of the samples (urine, blood and semen) as six samples each similar to the
original MARS study to keep the good compliance we had (average of five sample per man overall)

however, we plan to change the sample spacing to get more information about the variability over time.
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We would collect only one baseline sample (v1) instead of two. We also would choose a priori the
‘crossover and ’crossback’ periods to be six months. We would want to examine the reversibility of
responses after enough washout periods of more than two spermatogenesis cycles instead of four months.
However, instead of collecting the two crossover samples after the whole crossover period, here six
months, we would collect one crossover sample (v2) after four months and the other crossover sample
(v3) would be after additional two months. The participants will need to crossback to their original
medications after v3 for another six months. The first crossback sample (v4) would be after four months
of crossback then the second crossback sample would be after additional two months (v5). Then, we
would plan to collect the last sample (v6) for each participant after one year from v5 while the
participants are still on their original medications to be able to test for potential reversibility if any after

one year. See (Figure 4.1) for our proposed new design.

Conclusions of Chapters 1 and 2

Although, some medications are a high-exposure source especially for certain subpopulations such as IBD
patients, this source is relatively overlooked and the focus has been more on background low
environmental exposure. To our knowledge, MARS is the only and the first study that examined the
association between such high-DBP exposure and health outcomes and we used an innovative crossover-

crossback design.

Our results present evidence that high-DBP exposure disrupted serum levels of pituitary-gonadal
hormones that largely reversed after exposure removal, but only in men with no history of or a short
duration (<3yrs) of previous high-exposure. Paradoxically, among men with longer duration of high-DBP
exposure, exposure removal did not change hormone levels, suggesting that long-term high-DBP
exposure may alter the pituitary-gonadal axis and make it insensitive to changes in exposures.

We believe that our research should be of relevance for the regulatory agencies such as FDA and EPA as

well as the clinical community and the general population.
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Figure 4.1 Mesalamine And Reproductive health Study (MARS) new proposed design.
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B{HB,-arm: B, represents background-exposure at baseline, H represents high-DBP exposure after crossover and
B, represents background-exposure after crossback; includes men taking mesalamine that did not contain DBP at
baseline. HBH,-arm: H; represents high-DBP exposure at baseline, B represents background-exposure after
crossover and H, represents high-DBP exposure after crossback; includes men taking mesalamine-containing DBP
at baseline. Abbreviations: MARS, Mesalamine And Reproductive health Study; DBP, dibutyl phthalate; Mo,

month.
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Discussion of Chapter 3

In Chapter 3, we examined the association between self-reported use of fourteen personal care products
(PCPs) and urinary concentrations of nine urinary phthalate metabolites and three parabens in men
participated in a prospective cohort (Environment And Reproductive Health (EARTH)) study. We found
that self-reported PCP use among men was associated with higher urinary concentrations of monoethyl
phthalate (MEP) and three parabens (methyparaben, propylparaben and butylparaben). Due to the short
half-lives of phthalates and parabens(62,65) and the episodic use of PCPs, observed associations were
stronger for PCP use within six hours of urine collection as compared with use twenty four hours prior to
collection. We showed that ten PCPs contributed to at least 70% of the weighted score and explained
more than a 250% increase in the urinary concentrations of MEP and the three parabens. Mono-isobutyl
phthalate (MiBP) or the other phthalate metabolite urinary concentrations did not predict PCP use,

consistently with infrequent use of these phthalates in PCPs(59).

In this work, men’s self-reported information on PCP use was a useful tool for assessing mainly diethyl
phthalate (DEP) and paraben exposures. Our recommendation for refining the questionnaire includes
focusing on the following ten PCPs: cologne/perfume, deodorant, suntan/sunblock lotion, hand/body
lotion, aftershave, other hair care products, mouthwash, conditioner/créme rinse, hairspray/hair gel, and

liquid soap/body wash.

To our knowledge only two studies(68,83) investigated the association between PCP use and urinary
phthalate metabolites and parabens in men. Our research is the first to use repeated collection of self-
reported PCP use and urinary concentrations of phthalate metabolites and parabens from the same man
for a large number of men over a ten year period and to use detailed information on time of PCP use.
Another novel methodological aspect of this work was the use of a weighted PCP score to predict urinary
concentrations in the multi-PCP approach. The weighted binary score (WBS) analyses yielded different
weights for each PCP depending on the association with each urinary biomarker. In addition, the multi-
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PCP approach could adjust for the other correlated PCPs and estimate the joint effect of multiple PCP
use, rather than simply using the crude sum of the PCPs or modeling each PCP separately. A similar
approach has been used in linear regression settings(167-170,181), and we extended the basic weighted

quantile strategy in earlier work to the repeated measures data and in Tobit regression framework.

Conclusions of Chapter 3

In this work, we identified PCP predictors of urinary concentrations of MEP and three parabens in a large
cohort of men. The results will be useful in future exposure assessment studies in men on PCP use as an
important source of exposure to phthalates (mainly DEP) and parabens. Collecting concise PCP use
information can be achieved by only asking specific questions about the use of the most relevant
“important” PCPs within a narrow exposure window (six hours). Shortening the questionnaire would
likely decrease missingness and improve participant’s response rate. In addition, restricting the duration
of inquiry to the six hours prior to urine collection would provide a more precise estimate of exposure to
phthalates and parabens since the biomarkers urinary concentrations are a better reflection of exposure in
the last 6 hours than in 24 hours. It is also likely that participants will better recall their PCP use within a

shorter time frame hence decreasing misclassification while also optimizing research cost and time.
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