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USING ESTROGENIC ACTIVITY AND NON-TARGETED
CHEMICAL ANALYSIS TO IDENTIFY CONTAMINANTS IN
SEWAGE SLUDGE

Gabirielle P. Blackl, Guochun He?, Michael S. Denison?, Thomas M. Young!3"
1Agricultural & Environmental Chemistry Graduate Group, University of California, Davis

2Department of Environmental Toxicology, University of California, Davis

SDepartment of Civil & Environmental Engineering, University of California, Davis

Abstract

Diverse organic compounds, many derived from consumer products, are found in sewage

sludge worldwide. Understanding which of these poses the most significant environmental threat
following land application can be investigated through a variety of predictive and cell-based
toxicological techniques. Non-targeted analysis using High Resolution Mass Spectrometry with
predictive estrogenic activity modeling was performed on sewage sludge samples from 12
wastewater treatment plants in California. Diisobutyl phthalate and dextrorphan were predicted
to exhibit estrogenic activity and identified in >75% of sludge samples signifying their

universal presence and persistence. Additionally, the application of an estrogen-responsive cell
bioassays revealed reductions in agonistic activity during mesophilic and thermophilic treatment,
but significant antagonism during thermophilic treatment, which warrants further research.

Ten nontarget features were identified (metoprolol, fenofibric acid, erythrohydrobupropion,

oleic acid, mestranol, 4’-chlorobiphenyl-2,3-diol, medrysone, scillarenin, sudan I, and N,O-
didesmethyltramadol) in treatment set samples and are considered to have influenced the /n
vitro estrogenic activity observed. The combination of predictive and /n vitro estrogenicity with
nontargeted analysis has led to confirmation of twelve estrogen active contaminants in California
sewage sludge and has highlighted the importance of evaluating both agonistic and antagonistic
responses when evaluating the bioactivity of complex samples.
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SUPPORTING INFORMATION
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1. INTRODUCTION

Consumers are exposed to hundreds of anthropogenic chemicals daily. Many synthetic
chemicals have been identified as hormone mimics (agonists) or hormone antagonists,
potentially interfering with hormone signaling processes in humans and in wildlife.1:2
Chronic exposure to these endocrine disrupting chemicals (EDCs) has been suggested
to contribute to increases in diabetes, obesity, and adult cancers, consistent with up to
five times higher rates of breast, pancreatic, endometrial, prostate and kidney cancers.13
Exposure to this group of chemicals can also result in adverse effects on reproduction,
development, and behavior in wildlife species.*2

Many compounds used in households persist past their period of intended use, with
significant fractions reaching wastewater treatment plants (WWTP). Synthetic estrogens
commonly used in chemical contraception, like ethinyl estradiol,10-11 antidepressants like
fluoxetine, sertraline, and venflaxine,12:13 and pharmaceuticals like anticholesteremics,
antibiotics, and chemotherapeutics!4-17 are frequently detected in wastewater treatment
plant effluents. Similarly, a number of known estrogenic chemicals (e.g., bisphenol A18) are
commonly detected in sewage sludge; over 50% of the 7 billion dry tons of sludge produced
annually in the United States is land applied, providing a pathway for environmental
transport.1920 The full spectrum of chemicals that have estrogenic activity and/or can affect
the estrogen receptor (ER) signaling pathway and subsequent downstream physiological
events remains largely unexplored, however.

Targeted chemical approaches have been used to identify numerous anthropogenic
compounds in both WWTP effluent and sludge.?1-24 These methods have the advantage

of high sensitivity, however, a broader spectrum of compounds can be identified via suspect
screening (using high resolution mass spectral libraries) and non-targeted analysis.2>26 Non-
targeted techniques have been used to profile the chemical makeup of many environmental
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samples including household dust,27-28 surface water,2%-31 drinking water,32 roadside
runoff,33 biological tissue,3* and wastewater.35-38 Non-targeted analysis provides a holistic
evaluation of chemicals present without the need for deliberate targets, and therefore
promotes the discovery of new and emerging contaminants in environmental samples.39
Non-targeted analysis results in datasets typically comprising thousands of chemical
features (defined by mass-to-charge at a given retention time) and identification of each

is impractical.*0 Careful statistics and modes of prioritization are necessary to select features
of importance for further identification efforts?4! such as Quantitative Structure-Activity
Relationships (QSAR) and /n vitro bioassay measurements. QSAR is commonly used

to predict activity based on structural moieties and has been used in a wide range of
applications, including adsorption, distribution, metabolism, elimination and toxicity,*2-46
but while QSAR models can be useful tools for predicting the toxicity or biological activity
of individual compounds, chemicals in complex mixtures are often influenced by multiple
compounds acting concurrently, which is where mechanism-based /n vitro bioassays can
help identify endocrine active chemical mixtures.4’

Numerous cell-based bioassays have been developed and utilized in major high-throughput
chemical screening efforts, and many of these take advantage of nuclear receptor signaling
pathways to identify and characterize potential endocrine active chemicals. 4849 In addition
to pure chemicals, nuclear receptor bioassays have been widely used to determine the
presence of endocrine active chemicals in a diverse set of environmental, biological,
commercial consumer products, and food.3%-56 The VM7Luc4E2 (previously designated
BG1Luc4E?) bioassay takes advantage of a recombinant human breast carcinoma cell

line that contains a stably-integrated estrogen receptor-responsive firefly luciferase reporter
gene.>”58 These cells respond to estrogenic chemicals with the induction of firefly
luciferase in a chemical-specific, ER, time- and concentration-dependent manner°2:57.59
These bioassays have been accepted by the Organization for Economic Co-operation and
Development (OECD) and have been included in the US Environmental Protection Agency
Endocrine Disruptor Screening Program.48:51-53,60

Combining nontargeted analysis with bioassay activity and predictive toxicology modeling
have been performed on many substrates.#1:49.61 Effects-directed analysis (EDA) and
toxicity identification evaluation (TIE) have been used for both monitoring and identification
of new bioactive, priority substances in the environment by using measured effects

as a method of isolating single compounds responsible for such observations.62-64

Our overall objective is to employ non-targeted high-resolution liquid chromatography

mass spectrometry techniques paired with predictive toxicity to identify anthropogenic,
estrogenic compounds in sewage sludge and to use /n vitroVVMT7Luc4E2 cell bioassays

to better understand the effects of additional sludge treatment on estrogenic activity.

More specifically, we aim to (1) identify commonly detected compounds within a defined
physicochemical space that are predicted to be estrogen active, and (2) investigate sludges
subject to more advanced treatment to determine how additional treatment mechanisms
affect measured estrogenic activity and chemical feature abundances. Our main goal is to
identify consumer product compounds in sewage sludge that present the most significant
environmental barriers to its beneficial reuse as a soil amendment. To the best of our
knowledge, this work presents the first nontargeted chemical analyses of sewage sludge with
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both estrogen agonistic and antagonistic activity, and the first study to evaluate both estrogen
agonistic and antagonistic activity of sewage sludge.

2. EXPERIMENTAL METHODS

2.1 SAMPLE PREPARATION AND ACQUISITION

2.1.1 MATERIALS—Isotopically labeled internal standards were purchased from
Cambridge Isotope Laboratories (Andover, MA) or Toronto Research Chemicals (North
York, ON) and were >98% purity. Solvents and reagents were acquired from Honeywell

— Burdick & Jackson (Muskegon, MI), ACROS organics (Morris Plains, NJ), Sigma
Aldrich (St. Louis, MQ), and Fisher Scientific (Hampton, NH). Deionized water (> 18

MQ) was acquired using a Milli-Q® Integral 5 Water Purification System. Solid Phase
Extraction (SPE) cartridges (Bond Elut Plexa, 45 pum particle size, 500 mg, 6 cc) and PTFE
syringe filters (Captiva, 15 mm diameter, 0.2 um pore size) were purchased from Agilent
Technologies (Santa Clara, CA). a-Minimal Essential Medium (a-MEM) and phosphate-
buffered saline (PBS) were obtained from InVitrogen, phenol red-free Dulbecco’s MEM and
17p-estradiol (E2) from Sigma Aldrich (St. Louis, MI), dimethylsulfoxide (DMSO) from
EMD Chemicals (Burlington, MA), fetal bovine serum (FBS) and charcoal-stripped FBS
from Atlanta Biologicals (Atlanta, GA), and L-glutamine and trypsin from Gibco (St. Louis,
MI). Luciferin reagent and lysis buffer were obtained from Promega (Madison, WI).

2.1.2 SAMPLE COLLECTION—Twelve California wastewater treatment plants
(WWTP) provided sludge samples, and two of these contributed two samples each from
before and after mesophilic and thermophilic treatment. The first treatment set contains
Class B (S9) and Class A (S13) sewage sludge (as defined by the Code of Federal
Regulations 40, part 503- Standards for the Use or Disposal of Sewage Sludge).5® The
Class A sample was produced by anaerobic thermophilic digestion (55° C) for 30-40
hours followed by 10 days of mesophilic digestion (40° C). This set will be referred to
as the “thermophilic treatment set”. The second treatment set contains samples that spent
15 days under mesophilic digestion conditions (35° C) (S3) followed by 5 years in an
open-air, anaerobic digestion pond (ambient) (S2), and will be referred to as the “mesophilic
treatment set”.

The WWTPs contributing samples for this study represent various geographical locations
and feature diverse influent characteristics and treatment processes. All facilities participated
anonymously and have been assigned randomized identifiers. Grab samples of sludge were
collected by WWTP staff in clean 1-gallon glass jars and were returned to the lab using
overnight shipping in ice-filled coolers. Samples were immediately transferred to a dark
room at 4 °C where they were stored until extraction. Samples were prepared and analyzed
within a month of receipt. Because the goal of this work was to identify the most persistent
and recalcitrant compounds in sludge, we hypothesized that any compounds transformed
significantly during storage would likely not be persistent following land application and
therefore were not prioritized. Sample descriptors, dry weights, and ash content for the
sludge samples can be found in SI-1.

Environ Sci Technol. Author manuscript; available in PMC 2022 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Black et al.

Page 5

2.1.3 SAMPLE PREPARATION—SIudge extracts were prepared in quadruplicate
following procedures validated for trace contaminant analysis of sludge and published
previously (S1-4) for identification of compounds within the physicochemical space
described by Table 1.46

Sample preparation steps including pH adjustments, solid phase extraction media,

and cartridge washing and elution solvents, were carefully selected to reduce matrix
interferences and enhance surrogate recoveries. Briefly, a 0.5 g sample was split into two
fractions and pH adjusted to 2 and 10. Each fraction was extracted via ultrasonication with
MeOH:ACN (1:1 v/v%) followed by a solid phase extraction (SPE) (Agilent BondElut
Plexa) clean up. Cartridges were eluted with 12 mL of 5% MTBE in MeOH, concentrated

to 1 mL and syringe filtered through a 0.2 um PTFE filter. Two hundred microliter

aliquots were solvent exchanged into dimethyl sulfoxide (DMSQO) for VM7Luc4E?2 bioassay
analysis. Isotopically labeled internal standards (400 ng g~1) were added to all other extracts.
Matrix spikes (1,000 ng g~1) were used for quality control (SI-2).

Ash content was determined for four sludge samples (S2, S3, S9, and S13) that were used in
a before-and-after treatment analysis. Ash content was determined gravimetrically following
the procedures published by Neilsen (2017).56

2.1.5 INSTRUMENTAL ANALYSIS—An Agilent 1260 HPLC pump was used for
chromatographic separation with an Agilent Zorbax Eclipse Plus C18 column (2.1 x 100
mm, 1.8 uM). Deionized water with 0.1% (v/v) formic acid (A) and ACN with 0.1% formic
acid (v/v) (B) were used as mobile phases for positive electrospray ionization (ESI+), and
deionized water with 1 mM ammonium fluoride (A) and ACN (B) were used for negative
electrospray ionization (ESI-). The initial gradient was held at 2% B for 1.5 min, followed
by a linear increase to 100% B at 16.5 min and held for 4 min. A post-run column
equilibration time of 3.0 min was implemented resulting in a total sample run time of

23.5 min. An injection volume of 5 pL was used, the mobile phase flowrate was 350 pL
min~1 and the column temperature was maintained at 30 °C for the duration of the run.

Mass spectra were acquired using an Agilent 6530 Quadrupole Time-of-Flight (QTOF) mass
spectrometer in both data dependent (DDA) and data independent acquisition (DIA) modes.
DIA was acquired using the Agilent A//-/ons acquisition method with collision cell voltages
cycling through 0 eV, 10 eV and 40 eV at a scan speed of 4.5 spectra s™1. DDA was acquired
using targeted MS/MS methods with a list of exact mass targets and retention times where
collision cell voltages again cycled through 0 eV, 10 eV and, 40 eV once a precursor was
isolated. Full scan data (CE 0 eV) was acquired at a rate of 4 spectra s~1 and high energy
scans at 6 spectra s~1. Additional LC-QTOF-MS parameters are summarized in SI-4.

2.1.6 VMT7Luc4E2 CELL BIOASSAYS FOR ESTROGENIC ACTIVITY—Estrogen-
responsive recombinant VM7Luc4E?2 cells were grown and maintained in a-MEM
containing 10% FBS in a humidified incubator at 37 °C with 5% CO,. For analysis,
VM7Luc4E2 cells were transferred into estrogen-free medium (phenol red-free a-MEM
containing 10% charcoal-stripped FBS, 1.9% L-glutamine) and incubated for 3 days before
plating into white, clear-bottomed 96-well tissue culture plates at a density of 75,000
cells/well. Cells were allowed to attach for 24 h and then were incubated with carrier
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Black et al.

Page 6

solvent DMSO (1% final concentration), estradiol (E2, 1 nM), or an aliquot (1 pL) of the
indicated extract (in DMSOQ) for 24 h at 37 °C for agonistic estrogen assays. To measure
estrogen antagonism, E2 (1nM) and an aliquot (1pL) of the extract (in DMSO) was added
to treatment wells then incubated. All samples and controls were analyzed in triplicate.

No cytotoxicity was observed with any chemical or extract treatment. After incubation,
cells were rinsed twice with PBS, lysed with Promega cell lysis buffer, and shaken for

20 min at room temperature to allow complete cell lysis. Luciferase activity in each well
was measured using an automated microplate luminometer (Anthos Lucy?2) in enhanced
flash mode with the automatic injection of 50 pL of Promega stabilized luciferase reagent
as previously described in detail.50 Luciferase activity (relative light units (RLUS)) of
solvent control (DMSO) treated cells was subtracted from that of all treated cells to obtain
the final induced luciferase activity of test samples and values were then normalized to
luciferase activity obtained with a maximal inducing concentration of E2 (set at 100%). For
antagonistic assays, if the luciferase activity of cells incubated with 1 nM E2 and 1 pl of
the sample extract (in DMSOQ) was less than that measured in cells incubated with 1nM E2
and 1 pl of DMSO, assuming the sample extract produced no cell toxicity, then it would be
concluded that the sample extract contained an ER antagonist. The coefficients of variation
for all replicate treatments (n=3) were less than 20%.

2.2 DATA PROCESSING

2.2.1 FEATURE ALIGNMENT AND PRIORITIZATION

Commonly Detected.: All samples, including instrument blanks and matrix spikes (56
injections in both positive and negative modes) were deconvoluted and aligned using
MassHunter Profinder (B.08) following methods previously reported (S1-5).27 Aligned data
was imported into Mass Profiler Professional (MPP, 14.9) where a one-way Analysis of
Variance (ANOVA) was performed against a blank with asymptotic p-value computation
and Benjamini Hochberg False Discovery Rate correction. A frequency filter was applied
to eliminate any features (mass-to-charge (/7/2) at a retention time (RT)) not present in

all technical replicates (n=4) of at least one sample. A Venn diagram tool was used to
find features that were present in more than 75% of the sludge samples. All features were
required to be present at an abundance greater than 5 times the abundance observed in the
blank injections.

Treatment Sets.: Aligned feature abundances were normalized in the four samples making
up the treatment sets using each samples’ organic matter content. This removed any bias

of feature abundance caused by decreases in overall sludge mass during treatment. Whole
sample extracts (constituted in DMSO with no isotopically labelled standard additions) for
the four treatment samples were run on the VM7Luc4E2 estrogenic cell bioassays. Features
that significantly increased or decreased after treatment were identified via a moderated
pairwise t-test and fold change analysis. A corrected p-value cutoff of 0.001 was used with
a fold change of 5 and a minimum raw abundance of 100,000 counts to stringently select
high abundance features that drastically changed in intensity with treatment. The abundance
cutoff was set to 100,000 or greater to identify features that made significant contributions to
the overall ion count. Internal standard abundances varied by up to 50% across samples due

Environ Sci Technol. Author manuscript; available in PMC 2022 May 18.
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to varying matrix interferences; therefore, a fold change factor of 5 was used to eliminate
any features that had significant changes in abundances solely due to signal interference.

2.2.2 TENTATIVE IDENTIFICAITON—Lists of emerging environmental substances
(>40,000 compounds) were downloaded from the Norman Network, entered into the
VEGA-QSAR model (version 1.2.4, downloaded from www.vegahub.eu)®’, and modeled for
Estrogen Receptor Mediated Effect (ERME, EPA-CERAPP model) and Estrogen Receptor
Binding Affinity (ERBA, IRFMN model). Compounds that were predicted to be active on
one or both of these pathways were screened against prioritized feature lists in /D Browser
(Agilent Technologies, version B.08). Designation of a chemical as a positive identification
required less than a 5 ppm mass error and a match score >75%. The m/z and retention

times of positively identified features from the Norman substance list were used to acquire
targeted MS/MS data for /n silico fragmentation.58

Targeted MS/MS (tMS/MS) data was imported into MS-DIAL (version 3.40,
http://prime.psc.riken.jp/Metabolomics_Software/MS-DIAL/index2.htm1)89 and in silico
fragmentation performed in MS-FINDER (version 3.12, http://prime.psc.riken.jp/
Metabolomics_Software/MS-FINDER/index2.html).69-71 The SMILES codes for the top
three structural results were used to run the VEGA-QSAR model for ERBA and ERME
activity. Only compounds that returned positive results for one or both pathways were
investigated further.”2 Additional matching parameters are reported in SI-6.

2.2.3 Quality Control and Assurance of in silico Identifications—Twenty-three
compounds (SI-2) were fortified in sludge prior to sample preparation and data acquisition.
Spectra from these fortified samples were aligned in MS-DIAL and imported into MS-
FINDER as described. The correct structure was proposed in one of the top 3 hits 88%
(21/23 compounds) of the time, where the top hit was the correct structure 65% of the

time. One compound was missed entirely, and one was the 41" ranking identification. Due to
the molecular nature of many contaminants of concern (many containing only C, H, N, O
elements that result in similar MSMS spectra) and because the top 3 proposed structures are
analyzed, false detections are frequent. Manual investigation into each proposed structure
resulting from prioritized features is performed and either confirmed or rejected based on
expert analyst examination, online MS/MS spectra, or pure chemical reference standards.

With each analytical batch, fortified samples, analytical standards, and blanks were
measured and analyzed via the workflows described. Identification of the 21 compounds

in fortified samples and standards were used for quality assurance. Furthermore, instrument
and method blanks were manually investigated for contamination and internal standards
were used to monitor consistent retention times, mass accuracy, and abundances. Due to the
complex nature and variation of these samples, we observed up to a 50% variation in internal
standard abundances and have structured appropriate fold change analyses thresholds and
other statistical filters to account for these discrepancies.
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3. RESULTS & DISCUSSION

3.1 NON-TARGET RESULTS FOR COMMONLY DETECTED FEATURES

The 2,334 features (148 ESI-, 2,186 ESI+, SI-7) detected in greater than 75% of sludge
samples were screened against the accurate mass list of the 4,954 estrogenic Norman
Suspects. The screen resulted in 173 tentative matches (138 in ESI+, 35 in ESI-) whose
m/z values were used to trigger targeted MS/MS experiments for /n silico fragmentation

in MS-FINDER. Potential structures (453 total, 434 in ESI+, 19 in ESI-) were proposed
(analyzing the top three structural matches for each feature). Of the 453 potential structures,
84 (76 ESI+, 8 ESI-) were predicted to have estrogenic activity on at least one of the
estrogen endpoints used in the VEGA-QSAR model, 31 of which were hypothesized to be of
anthropogenic origin and were further investigated in this study. Only estradiol and topanol
CA (4,4°,4”°-(1-methylpropanyl-3-ylidene)tris[6-tert-butyl-m-cresol]) were predicted to be
active on both endpoints, where 20 of the 31 compounds were predicted to be active on only
the ERRBA model, and 9 were predicted to be active on only the ERME endpoint. These
31 compounds consisted of fragrances, antibiotics, synthetic hormones, pain medications,
antiproliferative tumor medications, and plasticizer metabolites. Reference standards were
commercially available for only 7 of the 31 proposed structures (testosterone propionate,
levorphanol, licochalcone A, estradiol, diisobutyl phthalate, monoethylhexyl phthalic acid,
and methy| tetradecanoate). MS/MS fragments and retention times of diisobutyl phthalate
and levorphanol were used to confirm in silico identifications, while the remaining 5 were
rejected with reference standards. In the case of monoethylhexyl phthalic acid (structure
rank 1), diisobutyl phthalate was proposed as the second ranked structure and ultimately
confirmed only after comparison with a reference standard. Both structures had structure
scores >7 and were proposed based on the identification of two fragments (m/z 149.0233
and 57.0704) equally plausible for each structure. Unfortunately, for most of the remaining
proposed structures (24), MS/MS spectra were unavailable in the Agilent libraries or the
MoNA mass spectral database. MS/MS spectra were available for Irganox 1035 in mzcloud
and MoNA, but instrument parameters of the library MS/MS spectra were not similar
enough to the instrument conditions used here to draw any further conclusions. For Irganox
1035 and the remaining 23 structures, reference standards were unavailable, so these remain
as level 5 identifications with suggested molecular formula assignments (SI-8).72

The identification of diisobutyl phthalate and levorphanol in over 75% of sludge samples
analyzed here signifies their widespread use in California. Diisobutyl phthalate is a common
plasticizer used in soft plastics like shower curtains, raincoats, food wraps, bowls, car
interiors, vinyl fabrics, and floor tiles, and its metabolites have been repeatedly detected in
human urine’ and is known to have low removal efficiencies in wastewater treatment.’#7°
Levorphanol is a long-lasting opioid pain medication but is often referred to as “the
forgotten opioid” after the release of longer-lasting morphine, oxycodone and fentanyl.76-78
Levorphanol, however, is the D-enantiomer of dextrorphan, the human liver metabolite
(o-demethylation product) of dextromethorphan (DM, a synthetic codeine analog and the
active ingredient in most over-the-counter cough medicines) (Figure 1).7%-82 Because the
two compounds are optical isomers with the same logKgyy, and therefore the same retention
time and MS/MS fragments, we cannot distinguish between them using these methods and
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are unable to confidently differentiate between the isomers.83 Evaluating usage data for each
compound strongly suggests this compound is dextrorphan. The Center for Disease Control
and Prevention estimated that 37% of adults in the United States took pain medications
stronger than morphine, a class which would include levorphanol, whereas the Consumer
Healthcare Products Association found that 73% of parents and caregivers administer cough

medicine to children or dependents experiencing a cough, and 66% of adults self-administer
it 84,85

3.1.1 HOMOLOGOUS SERIES IDENTIFICATION—Envihomolog (https://
www.envihomolog.eawag.ch/)8 was used to identify homologous series present among the
commonly detected features to highlight major classes of compounds present. Repeating
units between 12 and 100 m/z with a 10 ppm mass accuracy tolerance were examined. Of
the 2,334 features present, 27% of features in positive mode, and 3% in negative mode,
were identified as part of a homologous series. All homologous series identified had mass
differences consistent with alkyl chain series. The only series detected in negative mode,
and 11% of the homologous series detected in positive mode, had a mass increment of
28.0313 (-C,yHy4-) .. Additionally 33% of the positive mode series had a mass increment

of 14.157 (-CH>) ,, 19% had a mass increment of 42.047 (-C3Hg-), and 37% had a

mass increment of 21.0235, suggesting an alkyl compound (C3Hg-) ;) with a doubly
charged head group. This series likely belongs to a broad range of quaternary ammonium
cationic surfactants including poly-dialkyldimethylammonium (poly-DADMACS), poly-
alkyltrimethylammonium (poly-ATMACS) and poly-benzylalkyldimethylethylammonium
(poly-BACs). These are commonly used as flocculants in wastewater treatment, particularly
in sludge dewatering applications, while their monomeric analogues are widely used

in disinfectants, antistatics, biocides, personal care products, and cleansers.8-%0 Ten
quaternary ammonium surfactants downloaded from the EPA’s Comptox Database were
modeled using the VEGA-QSAR estrogen prediction endpoints and were all predicted to be
inactive (SI-9).

It is made particularly clear in this step, in addition to the relative number of ESI+ and
ESI- features isolated during the alignment process, that the sample preparation method
used in this work strongly favors cationic species. Previously, many others have found high
abundances of anionic surfactants, predominantly nonylphenol polyethoxylates (NPnEQSs),
in sewage sludge that are not reported here.2391 Furthermore, NPnEQ’s have been shown
to mimic the effects of estradiol both /in vitroand in vivo and have been evaluated
extensively.92-%4 We believe this method may have allowed for the identifications of lower
abundance, negatively ionized compounds that otherwise may have been suppressed by
NPNEOs, linear alkylbenzenesulfonates, or other compounds with a strong affinity for
electrospray ionization.

3.2 EFFECTS OF ADDITIONAL TREATMENT ON ESTROGENIC ACTIVITY

3.2.1 VMT7Luc4E2 CELL BIOASSAY ACTIVITY—Reduction in estrogenic agonist
activity after sludge treatment was observed in both the mesophilic and thermophilic
treatment sets (Figure 2). Mesophilic treatment decreased agonist activity from 115% to

Environ Sci Technol. Author manuscript; available in PMC 2022 May 18.
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90%, whereas a more dramatic reduction was observed in the thermophilic treatment set
from 85% to a non-detectable level.

The elimination of agonist activity of the post-thermophilic treatment (PostThermo) sample
suggested the presence of antiestrogenic compounds (i.e. ER antagonists). To test this
hypothesis, antagonistic VM7Luc4E2 assays were run. The luciferase activity of the
PostThermo extract was 19% on the antagonist assay, indicating an 81% suppression

of agonist activity (relative to the control), confirming the presence of antiestrogenic
compounds. This high degree of antagonistic activity suggests that treatment does not
eliminate all detectable estrogenic response, as would have been concluded if only agonistic
assays were run.

Evidence of antiestrogenic effects present in waste streams is abundant in the literature,

but little has been published on antiestrogenic compounds in sewage sludge, or specific
chemicals responsible for antiestrogenic behavior in general.25:9 Only dioxins, polycyclic
aromatic hydrocarbons (PAHs),%"-100 chiorinated polar compounds, 19 polychlorinated
biphenyls (PCBs), carbamate pesticides, and indol-3-carbinol derivativesl?2 have been
reported as antiestrogenic compounds. EPA’s ToxCast Dashboard (https://actor.epa.gov/
dashboard/, version 2), however, contains experimental antiestrogenicity data obtained
using the VM7Luc4E2 antagonism assay (formerly identified as ERa_LUC_BG1) for

739 compounds and these data were downloaded on May 23, 2019 (SI-10) and screened
against the mesophilic and thermophilic treatment sets, using the parameters detailed in
section 2.2.2. Presence across 75% of technical replicates (n=4) and peak heights five
times the height in the blank were required. A total of 77 (13 ESI+, 64 ESI-) compounds
were found, 14 were unique to the PostThermo sample, 13 unique to pre-thermophilic
treatment (PreThermo), 5 unique to the pre-mesophilic treatment (PreMeso), and 9 unique
to PostThermo. Of the 14 compounds unique to PostThermo, MS/MS spectra were available
for six: calcifediol, emodin, nitroxoline, acitretin, gestrinone, and tropisetron but ultimately
not confirmed. All 14 of these chemical features are assigned as level 5 identifications
(SI-11) because it is plausible that the presence of these compounds in PostThermo
contribute to its observed antiestrogenic activity even though they remain unidentified.

Knowing the complexity of these samples, it is likely that a mix of agonistic, synergistic,
and antagonistic compounds are significant contributors to overall bioassay activity, and
further work is needed to better understand the bioactive complexity of these samples.

3.2.2 SIGNIFICANT CHANGES IN CHEMICAL FEATURES WITH ADDITIONAL
SLUDGE TREATMENT—A second route to identifying estrogen active compounds that
have been removed or amplified by treatment operations was to isolate features with
significant increases or decreases (fold change of 5 or greater, p<0.05)) in normalized
abundance. This approach supports discovery of compounds that may have a relationship
with estrogen activity based on relative abundance.

3221 MESOPHILIC TREATMENT SET: 506 chemical features decreased in
abundance by a fold change of 5 or greater (p < 0.001, abundance > 100,000) within
the mesophilic treatment set. Of these, 223 features had accurate masses consistent with
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predicted estrogen active Norman compounds, resulting in 426 potential structures proposed
via /n sifico fragmentation (top 3 structures per feature, when available). 56 of these
compounds were predicted to have estrogenic activity in one or both of the pathways
predicted by the VEGA-QSAR model and 17 were believed to be of anthropogenic origin.
Reference standards were used to confirm (level 1) the identification of (1) metoprolol,

a beta blocker used to treat high blood pressure, angina, and heart failure, (2) fenofibric
acid, the active metabolite of a commonly prescribed cholesterol medication, fenofibrate,
and (3) erythrohydrobupropion, a metabolite of buproprion, which is prescribed as an
antidepressant and smoking cessation aid.103:104 MS/MS spectra from MoNA were used

to confirm (level 2a) oleic acid, a naturally occurring omega-3 fatty acid found in

oils used for human consumption. Reference standards were unavailable for 4 of the

12 remaining compounds, which also lacked MS/MS spectra in public repositories, so
further identification efforts ceased here for ximaosteriod D (MS-FINDER 2" structure
rank), brevicolline (MS-FINDER 379 structure rank), 4,4-bis((tert)amylperoxy)valeric acid
butyl ester (MS-FINDER 15t structure rank), and 2,4-diphenyl-1-butene (MS-FINDER 1%t
structure rank). These compounds are therefore reported as level 5 identifications, or
masses of interest. Reference standards ultimately rejected linoleic acid (MS-FINDER 1%t
structure), CX-516 (MS-FINDER 2" structure), cintiapride (MS-FINDER 3" structure), n-
lauroylglycine (MS-FINDER 15t structure), 4-oxo-retinoic acid (MS-FINDER 15t structure),
and 4-(1h-imadzaol-1-yl)phenol (MS-FINDER 2" structure). The remaining 8 compounds
without available MS/MS spectra were manually inspected for data quality, resulting

in the rejection of two compounds, 4-ketoifosfamide and 6-hydroxy-3,4-dihydro-2(1H)-
quinolinone due to the low abundance of their molecular ions.

676 features increased in abundance by a factor of 5 or greater (p < 0.001, abundance

> 100,000 counts), 56 were mass-matched with the estrogen-predicted Norman list,

and 36 (24 in ESI-, 12 in ESI+) are of anthropogenic origin. Targeted MS/MS was
performed on these 36 features and 5 structures were assigned that were active on one

or both of the VEGA-QSAR estrogen pathways. Of these 6 structures, 3 are believed

to be of anthropogenic origin. The main fragment of mestranol (m/z 96.96) was used

to tentatively confirm mestranol acetate. (2-methoxy-4-prop-2-enylphenyl) and 2-[4-(2-
methylpropyl)phenyl]propanoate, metabolites of ibuprofen were identified as a single
feature, but rejected after investigating the three distinct entities and determining that the
plausibility of the retention time with these structures was unlikely. 4’-chlorobiphenyl-2,3-
diol was identified, but could not be confirmed or rejected using online MS/MS spectra.

3222 THERMOPHILIC TREATMENT SET: Thermophilic treatment decreased the
normalized abundance of 576 features by a factor of 5 or greater, 90 of which were
consistent with accurate masses of predicted estrogen active compounds from the Norman
lists, resulting in 288 proposed structures identified via /n silico fragmentation (some
features resulted in two or more MS/MS experiments due to retention time shifts, and

thus, more than three potential structures per feature sometimes occur). Of these, 26 were
predicted to be estrogenic in one or both estrogen pathways predicted by the VEGA-QSAR
model, but only 5 of these compounds were believed to be of anthropogenic origin. MS/MS
spectra were available for 3 of the 5 anthropogenic compounds (testosterone propinoate,
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medrysone, and coniferyl alcohol). Reference standards were used to confirm medrysone,
a synthetic glucocorticoid used as an anti-inflammatory in ophthalmology, and scillarenin,
the active metabolite of proscillarenin used to treat congestive heart failure and cardiac
arrhythmia; and used to reject testosterone propinoate, an anabolic steroid used in the
treatment of low testosterone. Coniferyl alcohol (MS-FINDER 15t structure) was rejected
upon comparison with MS/MS spectra available in MoNA, and gugglusterone was rejected
for poor MS/MS data quality due to low abundance of the molecular ion.

1,304 features increased in abundance by a factor of 5 or greater (p < 0.001, abundance

> 100,000 counts), 97 were mass-matched with the estrogen-predicted Norman list.
MSFINDER assigned 50 plausible structures to these features, 11 were active on one

or both of the VEGA estrogen pathways, and 7 were believed to be of anthropogenic

origin. Sudan I, and N,O-didesmethyl tramadol were compared to online MSMS spectra

in MoNA and confirmed with matching fragment ions. Standards and online MSMS

spectra were unavailable for ruspolinone and N,N,O-tridesmethylvenlaflaxine. Ethyl paraben
and cinnamic acid were rejected upon comparison with reference standards, and 1,2’-
dinaphthylmethane was rejected for its inability to be measured under the instrumental
conditions used here.

The results reported here are consistent with past literature. Lorenzen (2004) observed

a significant increase in estrogenic activity in anaerobically digested sewage sludge,
which is supported by Paterakis (2012) who observed a reduction in estrogens

and nonylphenol ethoxylates (NPnEOSs) during bench-scale thermophilic, anaerobic
digestion.105.106 Holbrook (2002) reported a similar increase, but noted that thermophilic
anaerobic digestion increased estrogenic activity more so than mesophilic anaerobic
digestion.197 The discrepancy between results published by Holbrook and those reported
here likely stem from the high extractability of nonylphenol polyethoxylates (NPNEQs),
with Holbrook and others attributing much of the observed estrogenic activity to these
compounds.108-111 Ag discussed here, our sample preparation method focused on analyzing
contaminants at a trace level and has excluded the coextraction of NPnEOs and therefore,
the estrogenic activity observed in this study is due to other, unidentified contaminants.
A review of the scientific literature failed to identify any studies investigating estrogen
antagonistic activity of sewage sludge samples, yet, many suggest more bioassay-focused
studies to better understand the endocrine disrupting potential of sewage sludge.112

The chemical features whose abundances increased with each treatment suggest (1) they
are potentially estrogen antagonistic and correlated with the observed antagonism, (2) they
are persistent and are concentrated due to biomass reductions during treatment, 197 or (3)
these features are transformation products that were formed during treatment. Alternatively,
features that decreased with treatment are believed to be degraded or transformed and
potentially correlate with decreased agonist activity observed. More work is needed with

a larger sample size to correlate features with observed activity and to further confirm
individual compounds’ activity contributions with effects directed analyses.
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4. |IMPLICATIONS OF RESULTS

The debate over safely using human waste-derived material, like sewage sludge, as soil
amendments is ongoing. The benefit of recycling nutrients necessary for crop production
and avoiding the production of energy intensive synthetic fertilizers can be significant, but
best management practices for preventing harmful exposures are still being investigated. The
work presented here represents the first nontargeted chemical analysis of sewage sludge,
and aimed at better understanding biologically relevant chemicals of concern. Additional
work using this technology can provide information to regulators and consumers so that
the use of products containing such chemicals can be reduced, making sewage sludge

safer and eventually, more widely accepted. Furthermore, the evaluation of both agonistic
and antagonistic estrogen receptor bioassays revealed how crucial it is to include both
mechanisms when evaluating overall activity. The mesophilic and thermophilic treatment
techniques evaluated in this study reduced estrogen active compounds, but increased
antagonistic behavior and further work is needed to identify the compounds directly
affecting antagonistic activity. Additional studies are critically needed to determine suitable
methods that evaluate overall estrogenic activity when both agonists and antagonists are
present.
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Liver Metabolism via
CYP2D6 pathway

HO

Dextromethorphan Dextrorphan
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Figurel.
(a) demethylation pathway of dextromethorphan, the primary ingredient found in all cough

medicines, via the liver metabolic CYP2D6 pathway into dextrorphan, an optical isomer of
levorphanol (b).
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ER-CALUX activity measured in estradiol equivalents Agonist activity is percent activity
relative to 1 nM E2 treatment. Antagonist activity is the observed suppression of 1nM E2
(calculated 1 — observed activity of extract where 1nM E2 was added).
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Physicochemical properties defining chemical space coverage of the sample preparation and analytical method

(Black et al, 2019)

Parameter Range
LogKow -3.27-5.96
Molecular weight (m/z) 170 - 414
Hydrogen bonding acidity (A) 0.0-1.04
Hydrogen bonding basicity (B) 0.41-1.98
McGowan volume characteristic (V) 1.38-2.72
Polarizability (S) 0.88 — 2.55
Partitioning coefficient between gas phase and hexadecane (L) | 7.12-13.14
Excessive molar refraction (E) 0.49-2.40
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Summary of identified compounds in commonly detected and treatment set features.

Table 2
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Confirmed Compound Molecular CASRN Exact Mass | RT Confidence Identification
Formula (min) Level

Diisobutyl Phthalate C16H2,04 86-69-5 278.1521 14.75 1 Commonly Detected
(<75%)

Dextrorphan ™ Cy7H23NO 125-73-5 257.1721 6.71 2a Commonly Detected
(<75%)

Metoprolol C15H5NO3 51384-51-1 267.1834 6.88 1 Decreased with mesophilic
treatment

Fenofibric Acid C17H15Cl0O, 42017-89-0 318.0659 12.83 1 Decreased with mesophilic
treatment

Erythrohydro-bupropion C13H2CINO 99102-04-2 241.1233 8.87 1 Decreased with mesophilic
treatment

Oleic Acid C1gH340, 112-80-1 282.2559 17.95 2a Decreased with mesophilic
treatment

Mestranol Cy1Hy60, 72-33-3 310.1938 6.73 2a Increased with mesophilic
treatment

4'-chlorobiphenyl-2,3-diol C1,HoCIO, 119386-13-9 220.0291 12.74 4 Increased with mesophilic
treatment

Medrysone CyoH3,03 2668-66-8 344.2351 11.37 1 Decreased with
thermophilic treatment

Scillarenin Co4H3204 565-22-5 384.2300 11.08 1 Decreased with
thermophilic treatment

Sudan 1 CygH12N,0 842-07-9 248.0949 10.05 2a Increased with
thermophilic treatment

N,O-didesmethyl Cy4H»1NO, 138853-73-3 235.1572 9.61 2a Increased with

tramadol thermophilic treatment

*
Dextrorphan was confirmed using a pure chemical standard of its optical isomer, levorphanol but based on usage statistics, dextrorphan is the
more plausible identification.
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