Toxicology and Applied Pharmacology 460 (2023) 116377

Contents lists available at ScienceDirect

Toxicology and Applied Pharmacology

o %

ELSEVIER journal homepage: www.elsevier.com/locate/taap

Benzo[a]pyrene toxicokinetics in humans following dietary
supplementation with 3,3’-diindolylmethane (DIM) or Brussels sprouts

Monica L. Vermillion Maier »™# ", Lisbeth K. Siddens *", Jamie M. Pennington *", Sandra
L. Uesugi®, Susan C. Tilton ™, Emily A. Vertel ", Kim A. Anderson ¢, Lane G. Tidwell °, Ted
J. Ognibene ¢, Kenneth W. Turteltaub “:¢, Jordan N. Smith ', David E. Williams *"¢

2 Linus Pauling Institute, Oregon State University, Corvallis, OR 97331, USA

b Department of Environmental and Molecular Toxicology, Oregon State University, Corvallis, OR 97331, USA

© NIEHS Superfund Research Program, Oregon State University, Corvallis, OR 97331, USA

d Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

€ Biology and Biotechnology Research Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

f Chemical Biology and Exposure Science, Pacific Northwest National Laboratory, Richland, WA 99354, USA

8 Department of Environmental and Molecular Toxicology, ALS 1007, Oregon State University, Corvallis, OR 97331, USA

ARTICLE INFO ABSTRACT

Editor: Lawrence Lash Utilizing the atto-zeptomole sensitivity of UPLC-accelerator mass spectrometry (UPLC-AMS), we previously
demonstrated significant first-pass metabolism following escalating (25-250 ng) oral micro-dosing in humans of

Keywords: [14C]-benzo[a]pyrene ([14C]-BaP). The present study examines the potential for supplementation with Brussels

Benzo[a]pyrene sprouts (BS) or 3,3'-diindolylmethane (DIM) to alter plasma levels of [*4C]-BaP and metabolites over a 48-h period

Brussels sprouts

. following micro-dosing with 50 ng (5.4 nGi) [**C]-BaP. Volunteers were dosed with [}*C]-BaP following fourteen
3,3’-diindolylmethane

. . days on a cruciferous vegetable restricted diet, or the same diet supplemented for seven days with 50 g of BS or 300
Human carcinogen dosing . i 14 i
Accelerator mass spectrometry mg of BR-DIM® prior to dosing. BS or DIM reduced total [ "C] recovered from plasma by 56-67% relative to non-
Toxicokinetics intervention. Dietary supplementation with DIM markedly increased Ty and reduced Cpax for [*C]-BaP indic-
ative of slower absorption. Both dietary treatments significantly reduced Cpax values of four downstream BaP
metabolites, consistent with delaying BaP absorption. Dietary treatments also appeared to reduce the T; 5 and the
plasma AUC(,,) for Unknown Metabolite C, indicating some effect in accelerating clearance of this metabolite.
Toxicokinetic constants for other metabolites followed the pattern for [**C]-BaP (metabolite profiles remained
relatively consistent) and non-compartmental analysis did not indicate other significant alterations. Significant
amounts of metabolites in plasma were at the bay region of [**C]-BaP irrespective of treatment. Although the
number of subjects and large interindividual variation are limitations of this study, it represents the first human trial
showing dietary intervention altering toxicokinetics of a defined dose of a known human carcinogen.
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1. Introduction
1.1. Benzo[a]pyrene (BaP) formation and carcinogenicity

Polycyclic aromatic hydrocarbons (PAHs) are produced from
incomplete combustion of organic materials with common sources being
coal, petroleum, wood, and tobacco (ATSDR, 1995; IARC, 1983, 2010;
US EPA, 2017). Individual PAHs (BaP and benzo[b]fluoranthene) and
PAH mixtures make up three of the top ten chemicals of concern on the
ATSDR Substance Priority List and are drivers of remediation at a
number of EPA Superfund sites (ATSDR, 2019). BaP is designated as a
group 1 known human carcinogen (IARC, 1983) and, based on a large
dataset of carcinogenicity in preclinical models, was proposed (sus-
pended as policy in 2019) as the reference PAH for risk assessment of
environmental mixtures in the EPA's Relative Potency Factor (RPF)
approach to cancer risk assessment (US EPA, 2010).

Human exposure to BaP is primarily (> 90%) through the diet
(Bansal and Kim, 2015; Domingo and Nadal, 2015; Kazerouni et al.,
2001; Sampaio et al., 2021) and is estimated at 250-700 ng/day for a
non-smoking individual in the US (JEFCA, 2005). Serum analysis of BaP
in non-smoking Canadian women showed levels of 220 + 150 pg/mL
(Neal et al., 2008). Pleil et al. (2010) found much lower levels in plasma
(median of 4 pg/mL) from non-smoking students in the US. In a recent
study employing UPLC- accelerator mass spectrometry (UPLC-AMS), a
micro-dose of 250 ng of [1*C]-BaP produced a Cpax of 8.1 + 7.6 fg/mL
plasma (Maier et al., 2021a). The carcinogenicity of BaP is driven pri-
marily by cytochrome P450 (CYP)-oxygenation (Fig. 1) at what is

DNA adducts

7,8-dihydrodiol-9,10-epoxide

Tetraols
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commonly referred to as the “bay region” (Crowell et al., 2014; Shi-
mada, 2006; Shimada and Fujii-Kuriyama, 2004; Uppstad et al., 2010).
CYPs in the 1 family first form the 7,8-epoxide (endo or exo) followed by
hydrolysis to two trans-7,8-dihydrodiols (7,8-DHD). A second epoxyge-
nation produces four enantiomers of the ultimate carcinogenic 7,8-DHD-
9,10-epoxide (DHDE) with the (+)-anti-DHDE being the most potent
mutagen (Conney et al., 1994; Shimada and Fujii-Kuriyama, 2004). BaP-
DHDE alkylates DNA primarily at the N position of guanine and, in the
absence of nucleotide excision repair, results in G to T transversion
mutations and cancer (Kapitulnik et al., 1978; Osborne et al., 1976;
Wood et al., 1977). BaP-DHDE DNA adducts, as well as the 7,8,9,10-tet-
raol DHDE hydrolysis products, are used as biomarkers of BaP exposure
and/or cancer risk (Lodovici et al., 2004; Mensing et al., 2005; Perera
et al., 2005; Villalta et al., 2017).

1.2. Brussels sprouts and DIM as chemopreventive agents

Brussels sprouts are a rich source of the glucosinolate, gluco-
brassicin, that when hydrolyzed by plant or microbial myrosinase results
in production of indole-3-carbinol (I3C) (Hayes et al., 2008; Williams,
2021). 13C is an effective dietary chemopreventive agent in numerous
preclinical cancer models and has been the focus of numerous clinical
trials (reviewed in Williams, 2021). The efficacy of I3C is due to the
production of acid-condensation products in the gut, primarily DIM that
is the major, if not sole, I3C acid condensation product detected in
systemic circulation (Anderton et al., 2004a; Bjeldanes et al., 1991;
Sepkovic et al., 2001) and does not undergo further acid conjugation

Fig. 1. Phase 1 and phase 2 metabolism of benzo[a]lpyrene. CYPs 1A1, 1A2, or 1B1 form the epoxide (2 potential isomers) followed by hydrolysis by epoxide
hydrolase to dihydrodiols (2 potential isomers). A second epoxygenation produces four enantiomers including 7,8-DHD-9,10-epoxide (DHDE). Quinones are formed
through a spontaneous redox reaction following the initial phenol formation. Sites of potential glucuronidation or sulfation represented with circles and potential

sites of glutathione conjugation shown with squares.
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reactions (Anderton et al., 2004b; Reed et al., 2008). Urinary levels of
DIM are reliable biomarkers for the consumption of Brussels sprouts
(Fujioka et al., 2016). Our laboratory has recently characterized mono-
and di-hydroxylated DIM metabolites along with their sulfate and
glucuronide conjugates in human plasma and urine (Maier et al., 2021b)
following the dosing regimen in this study.

1.3. AMS and micro-dosing of humans with carcinogens

The extreme sensitivity of AMS allows for micro-dosing of humans
with [*C]-labeled carcinogens with de minimus risk (Brown et al., 2006;
Dueker et al., 2011; Enright et al., 2016). AMS has been utilized to assess
covalent binding to DNA following dosing of humans with [1*C]-labeled
PAHs, heterocyclic amines (IQ, MeIQ, PhiP) from cooked meat (Malfatti
et al., 1999; Turteltaub et al., 1999), as well as aflatoxin B; (AFB;)
(Cupid et al.,, 2004). Jubert et al. (2009) demonstrated that co-
administration of chlorophyll or chlorophyllin (CHL) was effective in
reducing the plasma Cpay and AUC of [C]-AFB;eq in human partici-
pants using total [1*C] via AMS-graphite analysis. This study provided
mechanistic support for results from a clinical trial in a region of China
(Qidong Province) with an extremely high incidence of hepatocellular
carcinoma (HCC). Administration of CHL tablets to participants reduced
the AFB;-DNA adduct repair product, aflatoxin-N”-guanine, a biomarker
of AFB; exposure and cancer risk (Egner et al., 2001). The development
of a UPLC interface for AMS (Thomas et al., 2011) now allows for the
determination of the metabolic profile and toxicokinetics of procarci-
nogens requiring metabolic activation.

1.4. UPLC-AMS in determination of [ 14¢1-BaP toxicokinetics and
metabolite profiles

Our initial studies employed graphite AMS (total [**C] only) in the
micro-dosing of humans with [1*C]-PAHs utilized dibenz[def,p]chrysene
(DBC) followed by BaP (Madeen et al., 2015, 2016). UPLC-AMS allowed
for characterization of the metabolic profile and toxicokinetics of [**C]-
BaP as a function of dose (25-250 ng). It was somewhat surprising to
observe the extent of metabolism (90-97% in plasma) following oral
administration of [**C]-BaP over this dose range (Maier et al., 2021a).
The 7,8,9,10-tetraols, as well as 7,8- and 9,10-DHD and the 9-phenol
(bay region metabolites), were the predominant metabolites. In the
present study we describe the impact of seven days of supplementation
with Brussels sprouts or BR-DIM® on the metabolic profile and phar-
macokinetics of a subsequent dose of 50 ng [14C]—BaP.

2. Material and methods
2.1. Human subjects

2.1.1. Recruitment, enrollment, and pre-dosing protocol

This study was conducted in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki). Seven subjects
(6 males and 1 female) ranging from 26 to 65 years old with BMIs of
23.8-33.4 (Table 1) were recruited and enrolled under the guidelines of

Table 1
Demographics of participants and dosing dates.

Toxicology and Applied Pharmacology 460 (2023) 116377

an FDA IND (#117175) and IRBs at both Oregon State University (OSU;
protocols 8233 and 8789) and Lawrence Livermore National Laboratory
(LLNL; Protocol #2017-008). Exclusion criteria can be found at
ClinicalTrials.gov (NCT03802721) and Madeen et al. (2019). Volunteers
were given a list of foods from which to abstain (e.g. charcoal-broiled
meats and smoked meats or cheeses) for two weeks prior to and dur-
ing the study. They were also instructed to avoid cruciferous vegetables
and certain condiments over this same period (Supplemental Table 1). In
order to estimate BaP consumption, all foods and non-water beverages
were recorded in a food diary that spanned 3 days prior to and
throughout the 48-h study cycle. Volunteers also completed the Arizona
Cruciferous Vegetable Food Frequency Questionnaire (ACVFFQ) to
assess their usual intake of cruciferous vegetables and condiments in the
previous three months (Thomson et al., 2007, 2016) (Supplemental
Table 2). A three-week minimum separation between doses was estab-
lished as a washout period with the requirement that all three doses
were administered in less than one year (Table 1).

2.1.2. Dietary intervention with Brussels sprouts or DIM

Brussels sprouts were provided precooked, frozen, in seven individ-
ually vacuum-sealed packets. Volunteers consumed either Brussels
sprouts (50 g, thawed, warmed, and seasoned as desired) or two capsules
(300 mg total) of BioResponse DIM® 150 (45.3 mg DIM/capsule) daily
with dinner for seven days prior to the 48-h study cycle. Based on self-
report diaries and empty return vials, compliance was 100%. Volun-
teers also consumed two BR-DIM® capsules at the start of the 48-h
toxicokinetic study during the DIM arm of the study. Prior to con-
sumption of BR-DIM® capsules and/or [**C]-BaP, 25 mL of blood and
spot urine were collected as a baseline for background DIM. This plasma
was also used to obtain background levels of 64 different PAHs by
GC-MS/MS as previously described (Maier et al., 2021a). Subjects fasted
overnight (10—12h) prior to the initiation of the 48-h study of [**c]-BaP
toxicokinetics.

2.1.3. Micro-dosing with [ 14C]-BaP, timed blood collection, and
preparation of plasma

Participants were given a food-grade capsule containing 50 ng of
[14C]-BaP (5.4 nCi) with 200-250 mL water. Quality control with
respect to the purity of ['*C]-BaP as well as preparation and quality
control of the capsule was approved by FDA (IND117175) and has been
previously described (Hummel et al., 2018). Fasting continued for 2 h
following dosing after which participants were provided a breakfast.
Blood was drawn into heparinized tubes prior to the study (time 0, 25
mL) and 0.25, 0.5, 1, 1.5, 2, 3, and 4 h post-dose (10 mL) using an in-
dwelling catheter. Later blood collections at 8, 24, and 48 h post-dose
(10 mL) were done by straight needle stick. Blood was centrifuged
(ref ~ 1000 for 10 min) immediately following the draw and held at
4 °C until extraction.

Volunteer Age Sex BMI* Race Hispanic Dosing Date (& days since initial dose) Dosed BS DIM
BaP021 27 M 24.3 White N 9-10-19 (+56) (+28)
BaP022 65 M 31.8 White N 7-25-18 (+285) (+201)
BaP025 44 M 28.0 White N 7-23-18 (+259) (+231)
BaP028 49 M 28.0 White N 3-18-19 (+259) (+217)
BaP031 59 F 33.4 White N 1-22-19 (+126) (4+96)
BaP041 26 M 23.8 Black/AA N 11-12-19 (+104) (+62)
BaP042 43 M 37.1 White N 10-15-19 (+105) (+64)

@ BMI listed is at the time of initial dosing of [*4C]-BaP. The BMIs at the time of dosing following Brussels sprouts and DIM were BaP021, 24.8, 24.7; BaP022, 32.8,
32.6; BaP025, 26.0, 26.3; BaP028, 28.5, 28.0; BaP031, 33.6, 33.9; BaP041, 23.8, 23.0; BaP042, 37.7, 36.0.
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2.2. Extraction of plasma and UPLC-AMS at Lawrence Livermore
National Laboratory (LLNL)

2.2.1. Plasma extraction

All plasma was extracted within 2 h of collection with established
methods (Crowell et al., 2011; Hummel et al., 2018). Plasma aliquots
(1.5 mL) were acidified and vortexed thrice with ethyl acetate (1.5 mL)
containing K2SO4. Ethyl acetate extracts of each sample were pooled,
evaporated to dryness under nitrogen, reconstituted with 100 pL ethyl
acetate and shipped on dry ice to the BioAMS Center at LLNL. Plasma
aliquots used to determine pre-dosing levels of PAHs were stored at
—80 °C until GC-MS/MS analysis by the Analytical Chemistry Core of
the Oregon State University Superfund Research Program (Maier et al.,
2021a).

2.2.2. UPLC-AMS separation, detection, and identification

Just prior to UPLC-AMS analysis, samples were taken to dryness
under vacuum and reconstituted with 50 pL acetonitrile. Samples were
maintained in the autosampler of a Waters Acquity UPLC H-Class System
at 20 °C, the column at 28 °C, and injection volume set at 10 pL. Elution
of [C]-BaP and metabolites was achieved over 20 min with a Waters
Acquity UPLC BEH C;g 1.7 pm 2.1 x 50 mm column equipped with a
guard column (Vanguard HSS PFP 1.8 pm 2.1 x 5 mm) and a gradient of
0.3% formic acid in water (A) and PEG-free acetonitrile (B) at 0.25 mL/
min (0.0 min, 70:30 A:B; 0.1 min, 60:40; 10.0 min, 54:46; 10.1 min,
43:57; 14.3 min, to 16.3 min, 0:100; 16.4 min to 20 min 70:30). [14C]—
BaP metabolites were identified by retention time using analytical
standards obtained from Oregon State University Superfund Program
PAH repository (http://limsweb.science.oregonstate.edu/). Elution
times of metabolites and parent compound included in the analytical
standard are given in Supplemental Table 3. The eluate first went
through a PDA detector and then was split; 0.12 mL/min (48%) with
deposition onto a moving wire interface for AMS and the remainder sent
to waste. The eluate was carried by a periodically indented nickel wire
through a drying oven to evaporate solvent followed by a combustion
oven to convert analytes to [1*C]-CO,, allowing transfer to the CO,-gas-
accepting ion source of the 250 kV AMS (Ognibene et al., 2015; Thomas
et al., 2011). 13C and 'C have known isotope ratios allowing for
quantification of [*C]-BaP and metabolites. Accuracy (1-3%), precision
(expressed as a coefficient of variation of 1-6%), and sensitivity
expressed as limit of detection (LOD) of 1 attomole of [*c] (0.58 fg for
[**C]-BaP) have been established (Keck et al., 2010; Ognibene et al.,
2019). The LOQ (0.60 fg/mL) was established with plasma blanks from
each individual and at elution times for each compound quantified
(Maier et al., 2021a).

AMS measurements of 12C, 13C, and '*C in biological samples vary by
source article, individual, and sample type (Keck et al., 2010; Salehpour
et al., 2008). AMS counts individual 14C atoms in relation to '2C and/or
13C jon currents with extremely high sensitivity, and any variation in
background signal impacts the degree of confidence in LOQ. To increase
confidence, a matrix-matched LOQ was established using the standard
deviation of the signal in the samples from each participant taken just
prior to dosing with [1*C]-BaP. By time-matching signal to noise ratios
from blanks and study samples, the LOQ is matched to individual peaks
of interest and compared to background noise. This results in an LOQ
equal to 10-x the signal standard deviation in blanks (at the respective
elution times).

Due to the unavailability of radiolabeled BaP metabolite standards,
chromatography and metabolite identification cannot be confirmed
with AMS directly. In order to use BaP metabolite standards with known
retention times to identify metabolites, the UPLC eluate went to a PDA
detector and a moving wire interface for AMS analysis; however, not all
peaks seen using UPLC-AMS could be identified using the analytical
standard mix. Unknown A eluted at the beginning of the chromatog-
raphy run (0.48 min) and is likely conjugated metabolites. BaP phenols,
dihydrodiols, dihydrodiol-epoxides, and quinones are all subject to
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conjugation (glucuronides, sulfates, and glutathione) and would be the
most polar BaP metabolites in plasma. Based on retention times, Un-
knowns B (3.16 min) and C (4.85 min) are possibly additional dihy-
drodiols. Unknown D (5.39 min) is either a late eluting dihydrodiol or a
quinone, while Unknown E (9.18) is likely a quinone. The peak identi-
fied as the 3-phenol may also contain small amounts of the 7- and/or 1-
OH-BaP phenols as these minor hydroxylated metabolites tend to co-
elute. As reported previously (Maier et al., 2021a) no PAHs, including
BaP (LOD, 240 pg/mL), classified as known or probable human carcin-
ogens, were detected in plasma from any participant by GC-MS/MS
prior to micro-dosing with [14C]-BaP.

2.3. Toxicokinetic analysis

Time-course concentrations of [14C]-BaP, individual BaP metabo-
lites, and a sum of BaP metabolites were evaluated using non-
compartmental analyses. Area under the curve (AUC) of concentra-
tions in plasma from time zero to the last measured time point and
extrapolated to infinity (using last 3 time points) were calculated using
the trapezoidal rule (Gibaldi and Perrier, 1982). Mean residence times
were calculated as a ratio of AUC under the 1st moment curve extrap-
olated to infinity to AUC extrapolated to infinity. Non-compartmental
half-lives were calculated as the product of mean resident times with
the natural log of two. Linear regression models were used to evaluate
impact of BMI on non-compartmental pharmacokinetic parameters from
participants receiving ['*C]-BaP only. We used linear mixed effects
models to examine the relationship between non-compartmental BaP
and BaP metabolite pharmacokinetic parameters maximum concentra-
tion (Cpax), AUC to last time point (AUC(p4s)), AUC to infinity
(AUC(g,)), half-life (Ty/2), clearance (Cl), and volume of distribution
(V) and effects of DIM and Brussels sprouts supplementation. In order to
account for repeated measures, linear mixed effects models set treat-
ment effects (i.e. BaP only, DIM, or Brussels sprouts) as fixed effects with
random intercepts for subjects. P-values were obtained using the like-
lihood ratio tests of the full model with the effect in question against the
model without the effect in question. The non-parametric Friedman
Rank Sum Test was used to evaluate treatment effects on Tpax (Sup-
plemental Table 4). We analyzed non-detect data using two assumptions
consistent with maximum upper and lower biases. First, we assumed
non-detects were 0, providing a maximum lower bias to the data. Sec-
ond, we assumed non-detects were approximate limits of detection (0.6
fg BaP/mL), providing the maximal upper bias. We acknowledge that
the reality is somewhere in between these two assumptions. Major
overall conclusions did not change when using both assumptions, and
we reported p-values assuming non-detects were O in the text and pro-
vide both p-values in the supplemental information (Supplemental
Table 5). Software used to statistically analyze data was “R: A language
and environment for statistical computing” Version 4.0.3 (R Foundation
for Statistical Computing, Vienna, Austria). Linear mixed effects models
were fit using the lme4 package (Bates et al., 2015).

3. Results
3.1. Dietary crucifer consumption by participants

Volunteers were instructed to restrict intake of cruciferous vegeta-
bles (Supplemental Table 1) for two weeks prior to administration of
supplements and during the 48 h period following [1*C]-BaP dosing. In
addition, the Arizona Cruciferous Vegetable Food Frequency Question-
naire (Thomson et al., 2007) was conducted to estimate crucifer con-
sumption over the three-month period preceding the study
(Supplemental Table 2). A wide range of cruciferous vegetable con-
sumption (64 + 40 g/day with a range of 4-127 g/day) was observed for
the participants in this study. For comparison, the average daily con-
sumption in the US is 25-30 g/day (IARC, 2004). For participants in this
study, total glucosinolate consumption is estimated at 54 + 34 mg/day
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(range 8-105 mg/day) based on reported crucifer intake. The US daily
average intake is estimate at 21-25 mg/day (IARC, 2004).

3.2. Consumption of BaP estimated from diet diaries

Volunteers were provided a list of foods highest in BaP to avoid for
two weeks prior to initiation of the study and throughout the study as
previously described (Maier et al., 2021b). Daily dietary consumption of
BaP was estimated over three days pre-study as well as during the study.
The average low estimates for the three pre-dosing periods were 206 +
79, 201 £ 52, and 187 + 114 ng/day with a range of 75-384 ng/day
(Table 2). The high intake estimates for the three pre-dosing periods
were 256 + 83, 283 + 82, and 262 + 170 ng/day with a range of
80-556 ng/day. These values are near or below the range for the daily
dietary intake for a non-smoking individual in the U.S of 250-700 ng
(JEFCA, 2005). The low and high estimates of daily BaP intake for the
non-supplemented group during the 2-day study was 408 + 287 ng and
514 + 378 ng, respectively. During the study period, following a week of
Brussels sprout supplementation, the low and high BaP daily intake es-
timates were 253 + 134 ng and 324 + 155 ng, respectively. Following a
week of DIM supplements the low and high BaP daily intake estimates
were 201 + 83 and 273 + 113 ng, respectively (Table 2).

3.3. Background levels of PAHs in plasma

As previously described, GC-MS/MS analysis capable of quantifying
64 PAHs was employed to analyze levels in plasma for all individuals
prior to each micro-dosing with [1#C]-BaP. A complete description of the
method and results can be found in Maier et al. (2021a) and results for
this study given in Table 3. Naphthalene was present at quantifiable
levels in plasma from all individuals over all three arms of the study. The
levels and frequency of naphthalene and alkylated naphthalenes were in
the range and frequency of our previous study, as was fluorene (Maier
et al., 2021a). Phenanthrene, pyrene, and 1-methylpyrene were similar
with respect to previous plasma levels, but the percentage of detects for
both phenanthrene and pyrene was higher in this study (50% versus
18% of samples, and 68% compared to 25%, respectively). As before, the
PAH found at the highest level was perylene (18-24 ng/mL), but it was
only present in 3/22 samples. Retene, a PAH especially abundant in
smoke from wildfires, was present in all but one sample at levels of 5.3
+ 2.2 ng/mL (range < LOQ-11.8 ng/mL) compared to our previous
study (8.8 + 10.7 with 100% frequency). In addition to the high levels,
frequency of detection and presence in wildfire smoke, retene is of in-
terest given it appears effective in activation of AHR signaling and AHR-
dependent toxicity in zebrafish (Geier et al., 2018). Retene is not capable

Table 2
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of being metabolized to a DHDE, but human HepG2 cells produce toxic
mono- and di-ortho quinones (redox cycling), probably through CYP1A1
and epoxide hydrolase production of DHDs followed by aldo-keto
reductase oxidation to catechols (Huang et al., 2017).

3.4. Toxicokinetics of [ 14C] BaP in plasma

Following an oral dose of 50 ng ['*C]-BaP, the seven participants
displayed similar time course patterns of [*4C]-BaP in plasma (Fig. 2).
Maximum concentrations (Cpax) of [*C]-BaP in blood peaked at 3.69 +
4.12 fg/mL (mean + SD) at a median time of 1.25 h. [14C]—BaP T1/2in
blood was 3.69 + 3.80 h (mean + SD) and only one blood sample had
detectable BaP at 48 h. No statistically significant relationships among
Crmax» AUC(0,48 1), AUC(0,00), T1/2, clearance, or Vq were observed as a
function of BMI or age (p > 0.35).

Supplementation for one week with DIM significantly altered [14C]—
BaP toxicokinetics in plasma of human participants. Treatment of DIM
significantly reduced [1*C]-BaP Cpay 5-fold (p = 0.048) and significantly
increased T 9-fold (p = 0.033) compared to no treatment (Fig. 2,
Table 4). Effects of Brussel sprouts on BaP Cpax and Tpax were not
statically significant. BaP AUCs, Ti,», V4, and clearance were not
significantly affected by dietary treatments (p > 0.29). These changes
provide evidence that DIM treatment delayed BaP absorption (reduced
Cmax and increased Tpay).

3.5. Toxicokinetics of [ 141 BaP metabolites in plasma over 48 h

The toxicokinetics for the sum of all [14C]-BaP metabolites in plasma
(Fig. 3) followed concentric patterns in all three arms of the study
(Fig. 4-6, Table 4). Although not statistically significant, Cy,ax of the total
metabolites from ['*C]-BaP and summed bay region metabolites from
plasma of non-supplemented subjects appeared higher than those given
dietary supplements (p = 0.057 and 0.065, respectively). Total [**C]-
BaP metabolites made up 96.1-100% of the total [*clin plasma even at
the earliest sampling time, indicating rapid and extensive metabolism of
BaP (Fig. 3). As in our previous study (Maier et al., 2021a) the Tpax
ranged between 1 and 2 h and little or no ['*C] remained in plasma
24-48 h post-dose. Total metabolite AUCs, T1,2, and Tpax values were
not significantly affected by dietary treatment (p > 0.11).

Early eluting peaks, indicative of more water-soluble metabolites,
predominate (Fig. 4). We have posited that Unknown A (no reference
standard available for any of the metabolites labeled as unknowns)
likely represents highly polar conjugates such as glucuronides, sulfates,
or glutathione (Maier et al., 2021a). Tetraols are a mix of isomers of
7,8,9,10-tetraol formed following hydrolysis of the four enantiomers of

Estimated average low and high dietary BaP consumption prior to and during study as estimated by self-reported food logs (ng/day)®.

Volunteer ~ Pre-dosing”  Post- dosing”  Pre-dosing Brussels Post-Brussels sprouts Pre-dosing Post-DIM after Average + SD Low  Average + SD High
sprouts® after dosing* DIM¢ dosing

L H L H L H L H L H L H
021 189 200 130 165 151 179 167 173 78 80 121 169 139 + 39 161 + 42
022 138 208 247 325 154 196 462 538 107 168 128 187 206 + 134 270 + 142
025 331 393 274 368 220 305 151 228 194 356 315 438 248 + 071 348 +73
028 141 222 783 1215 273 389 208 449 384 556 291 408 347 + 229 540 + 348
031 208 289 829 876 253 381 128 161 276 356 244 312 323 + 253 396 + 247
041 148 178 572 663 211 283 420 462 75 108 121 190 258 + 196 314 + 210
042 170 193 343 387 147 250 236 258 195 207 184 205 213 +70 250 + 72
Average 206 256 408 514 201 283 253 324 187 262 201 273
+ SD 79 83 287 378 52 82 134 155 114 170 83 113

2 The source of the low (L) and high (H) estimates in foods was taken from Jakszyn et al., 2004; Kazerouni et al., 2001; EFSA, 2008; Wu and Yu, 2012; Zelinkova and

Wenzl, 2015

The “pre-“is the 3 days prior to ['“C]-BaP dosing and the estimates for columns labeled “post-“are from the 2-days post dosing.

b Non-supplemented.
¢ Brussels sprout arm of the study.
4 The DIM arm of the study.



Table 3
Background levels of PAHs for each subject and treatment group®.

Subject/ Naphthalene" 1- 2- 1,6- and 2,6- 2- Phenanthrene  2- Fluorene  Pyrene  1- Perylene  Retene

Following ¢ Methylnaphthalene Methylnaphthalene Dimethylnaphthalene Ethylnaphthalene Methylpheneanthrene Methylpyrene

Cycle”

021/BaP 1.44 - 0.20 - - 0.64 - 0.39 0.60 0.72 - 9.19
only

021/BS 0.63 0.16 0.39 - - 0.57 0.51 0.16 0.71 0.64 - 6.68

021/DIM 0.59 0.19 0.55 0.45 0.25 0.44 - 0.12 0.67 0.48 - 5.90

022/BaP 1.45 - 0.99 - - - - 0.53 - 0.32 - 3.05
only

022/BS 0.23 - - - - - - - 1.20 - 19.2 6.85

022/DIM 0.39 - - - - 0.34 - - - 0.77 - 11.8

025/BaP 0.38 - - - - - - 0.40 - - - 1.01
only

025/BS 0.14 - - - - - - - 0.16 - - -

025/DIM 0.48 - - - - - - - - 0.38 - 4.62

028/BaP 0.67 - - - - - - - - 0.34 - 4.64
only

028/BS 0.45 0.17 0.63 0.51 - - 0.30 0.14 0.44 0.43 - 4.22

028/DIM 0.43 - 0.65 0.55 - 0.38 0.42 0.15 0.62 0.49 - 5.66

031/BaP 0.88 - - - - - - - - 0.35 - 4.38
only

031/BS 0.20 - - - - - - - 0.87 - 18.1 5.50

031/DIM 0.26 - - - - - - - 0.62 - 24.1 6.00

041/BaP 0.58 0.20 0.28 0.46 - 0.38 0.47 0.16 0.52 0.55 - 5.80
only

041/BS 0.32 - 0.32 0.43 - 0.58 0.62 0.16 0.88 0.51 - 5.34

041/DIM 0.34 - 0.24 - - 0.55 0.51 0.18 0.93 0.58 - 6.32

042/BaP 0.37 - 0.55 0.53 - 0.55 0.43 0.14 0.58 0.45 - 4.10
only

042/BS 0.37 - 1.08 - - 0.97 0.30 - 0.59 0.40 - 3.10

042/DIM 0.31 0.14 0.57 0.52 - 0.69 0.48 0.17 0.91 0.57 - 5.60

2 64 PAHs were analyzed in plasm from blood taken just prior to the dosing of [1*C]-BaP; BaP only, BS and DIM are the non-supplemented, Brussels sprouts, and DIM arms of the study.
b Results are in ng/mL of plasma.

¢ Only the PAHs above the LOQ for at least one occurrence are tabulated and no BaP or any other PAH classified by IARC as a known or probable human carcinogen was present above the LOQ.
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-o- Dose only
-# Dose following Brussels sprouts
—— Dose following DIM
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Fig. 2. Time course of [*“C]-benzo[a] pyrene in plasma from seven individuals over 48 h. The mean plasma levels (fg/mL) + SE of [*4c] for parent BaP is shown with
no supplementation (black circles), one week of Brussels sprouts (green squares), or one week of DIM (blue triangles). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Table 4
Summary of pharmacokinetic constants for [**C]-BaP?.
Dose
Parameter” BaP only BS DIM
Chax (fg BaP/mL)" 3.69 + 4.12 1.67 + 1.03 0.68 + 0.51
Tmax (h)‘l 1.58 + 1.16 1.14 + 0.90 14.00 + 19.17
AUC (fg BaP/mL x h) 10.93 + 9.19 9.34 + 10.02 5.51 + 6.17
AUC(o,0) (fg BaP/mL x h) 10.93 + 9.19 9.34 + 10.02 5.49 + 6.15
Ty/2 (h) 3.69 + 3.80 3.86 + 4.62 9.75 + 13.25
Cl (L/h)¢ 14,836.59 + 26,620.71 51,409.16 + 80,206.38 22,025.01 + 33,131.07
Vq (L) 48,883.70 + 78,019.06 54,224.57 + 44,889.28 106,380.48 + 88,815.96

# The values shown are the mean + standard deviation of all participants.

b Toxicokinetic measures that were significantly different are shown in bold as determined by the Freidman test (Tpax only), or the likelihood ratio tests of mixed

effect models.
¢ DIM significantly reduced [1*C]-BaP Cpax (p = 0.048).
4 DIM significantly increased [*C]-BaP Tpax (p = 0.034).

¢ Note: BaP was through oral administration and bioavailability has not been determined in this study.

300+

fg/mL ['“C]

Time in Hours

-o- Dose only
-# Dose following Brussels sprouts
-4 Dose following DIM

Fig. 3. Time course of the sum of total metabolites over 48 h. The total [**C] plasma levels (fg/mL) of the combined twelve metabolites from seven participants is
shown with no supplementation (black circles), one week of Brussels sprouts (green squares), or one week of DIM (blue triangles). Standard error of the sum too low
to be visualized. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the carcinogenic metabolite BaP-7,8-DHD-9,10-E. The 9,10- and 7,8-
DHDs are the next to elute flanked by 3 unknowns (Fig. 5) which may
be a diol (unknown B), additional diols or quinones (unknowns C and D)
followed by the 1,6- and 3,6-quinones, the 9- and 3-phenols (Fig. 6) and
finally parent BaP (Supplemental Table 3).

Dietary treatments caused significant changes to a number of non-
compartmental pharmacokinetic parameters of certain metabolites.
Cmax Of 4 different metabolites (Unknown A, 9,10-DHD, Unknown D,
and 3,6-dione) were significantly reduced by DIM and/or Brussel sprout
treatments ((p < 0.033, Table 5). These observed downstream effects are
consistent with dietary treatments delaying BaP absorption as observed

with DIM effects on BaP concentrations in plasma. Interestingly, 3,6-
dione was not detected following either dietary supplement. Unknown
metabolite E was only detected following DIM treatment. 9-phenol was
not detected following DIM treatment. Brussels sprouts significantly
reduced the T /5 of Unknown C (p = 0.022), and while not significant,
DIM trended in a similar pattern (p = 0.17). Both dietary treatments
significantly reduced the AUC(g,,) of Unknown C (p = 0.015,). Brussels
sprouts significantly reduced AUC and AUC(p,) of Unknown D (p <
0.037, Table 5). These observed patterns of non-compartmental tox-
icokinetic parameters of metabolites are consistent with dietary treat-
ment effects on ['*C]-BaP absorption with resulting downstream
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Fig. 4. Time course of the ['*C] plasma
metabolites unknown A, tetraols, 9,10- and
7,8-dihydrodiols over 48 h from seven par-
ticipants. The mean plasma levels (fg/mL) +
SE of [*C] for the (upper left) unknown
peak A (likely conjugates), (upper right) mix
of 7,8,9,10-tetraol isomers, (lower left) 9,10-
and (lower right) 7,8-dihydrodiols are shown
with no supplementation (black circles), one
week of Brussels sprouts (green squares), or
one week of DIM (blue triangles). (For

Tetraols

48 interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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Fig. 5. Time course of the ['*C] representing indi-
vidual plasma metabolites unknown B, C and D as
well as 1,6-quinone over 48 h from seven partici-
pants. The mean plasma levels (fg/mL) + SE of *cy
for the (upper left) unknown peak B, 1,6-quinone
(upper right) unknown peak C, and (lower center)
unknown D are shown with no supplementation
(black circles), one week of Brussels sprouts (green
squares), or one week of DIM (blue triangles). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

1,6 - quinone

6 8 24 48
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impacts on metabolites.

When examined individually, three participants (BaP022, BaP025
and BaP028) exhibited a marked reduction in the Cy,x of 7,8-DHD
(immediate precursor of BaP-7,8-DHD-9,10-E) plus the 7,8,9,10-tetraols
(hydrolysis product of the 4 enantiomers of BaP-7,8-DHD-9,10-E)
following a week of supplementation with either Brussels sprouts or
DIM (Fig. 7). One individual (BaP031, the lone female) showed
increased formation of 7,8-DHD and tetraols following supplementation
with DIM. The remaining three individuals showed little or no change.
Individuals with the large decreases were the most robust producers of
the precursor (7,8-DHD) and product (tetraols) of the ultimate BaP
carcinogenic metabolite prior to supplementation.

Time in Hours

4. Discussion

The atto-zeptomole sensitivity of AMS allows for micro-dosing of
humans with known ['*C]-labeled carcinogens with de minimus risk
(Enright et al., 2016; Hah et al., 2009). Initial micro-dosing studies with
[*4C]-chemical carcinogens examined covalent DNA damage utilizing a
graphite technique that quantified total ['*C] without speciation
(Farmer et al., 2005). Development of a UPLC interface allows for
identification (based on co-elution with standards) of metabolites along
with the parent carcinogen (Thomas et al., 2011). Our group has used
both approaches to examine the toxicokinetics of the PAHs DBC and BaP
(Madeen et al., 2015, 2016, 2019; Hummel et al., 2018). The results
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Fig. 6. Time course of the ['*C] representing individual plasma 3,6-quinone, unknown E, and phenol metabolites over 48 h from seven participants. The mean
plasma levels (fg/mL) + SE of [*C] for the (upper left) 3,6-quinone, (upper right) unknown E, (lower left) 3-phenol and (lower right) 9-phenol are shown with no
supplementation (black circles), one week of Brussels sprouts (green squares), or one week of DIM (blue triangles). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

with graphite (DBCeq and BaPe) fit the PBPK model previously devel-
oped for rodents (Crowell et al., 2011; Pande et al., 2021) supporting its
use in extrapolation to humans. The FDA (Kinders et al., 2007) has
recognized the power of micro-dosing in Phase 0 protocols in part due to
results such as from Lappin and Garner (2008) in which 15 of 18 drugs
exhibited linear pharmacokinetics, when micro-dosed, not significantly
different than therapeutic doses and consistent with our results to date
with micro-dosing of PAHs. The potential value of AMS in cancer che-
moprevention studies was discussed by Kensler and Groopman (2009) in
conjuncture with the study by Jubert et al. (2009). As in the present
study with BaP and DIM or Brussels sprouts, co-administration of
chlorophyllin or purified chlorophylls to humans dosed with ['*C]-
aflatoxin B; (AFB;) reduced the k,, Cphax and AUC (graphite analysis for
total [*C]). The mechanism was postulated to be complexation (pi-pi
stacking) of chlorophylls and CHL with AFB; (observed in vitro and in
preclinical models) inhibiting intestinal absorption. This mechanism is
unlikely to apply in our study as all groups were fasted overnight prior to
dosing with [1C]-BaP. In the DIM group, a final dose was given con-
current with [14C]—BaP administration, but there is no evidence of
complexation of DIM with BaP. In a previous study to determine if
coadministration of a complex mixture of PAHs would impact [*C]-BaP
toxicokinetics, we fed participants 22 or 125 g of smoked salmon con-
taining a complex mixture of PAHs (Confederated Tribes of the Umatilla
Indian Reservation with 10-x the [14C]-BaP dose as BaP,y) or 180 g of
commercially obtained canned salmon containing low levels of PAHs.
The ki, Crax, and AUC of [*4C]-BaP were markedly reduced, but the
effect was due to the quantity of salmon consumed and not the presence
or absence of PAHs (Hummel et al., 2018). The impact of DIM or Brussels
sprouts on kinetic constants could not be due to differences in stomach
contents as all groups were fasted overnight and not given food until two
h post [C]-BaP dose.

Cruciferous vegetables and DIM have been thoroughly studied in
preclinical models and have been the subject of numerous clinical trials
(Ambrosone and Tang, 2009; Higdon et al., 2007; Kim and Park, 2009;

Minich and Bland, 2007; van Poppel et al., 1999; Williams, 2021). In
addition to I3C, the immediate precursor of DIM, cruciferous vegetables
contain other cancer chemopreventive agents such as sulforaphane,
fiber, and antioxidants supporting the assertion that the whole food
would be superior to isolated bioactives such as I3C, DIM, and sulfo-
raphane (Ambrosone and Tang, 2009; Higdon et al., 2007; Kim and
Park, 2009; Minich and Bland, 2007; van Poppel et al., 1999; Williams,
2021). The overall impact of crucifer supplementation in human cancer
prevention is positive, but not impressively so. A key factor is simply
dose. Brussels sprouts are a rich source of glucobrassicin, the precursor
of I3C and subsequently DIM, but one would need to consume over 10 kg
(Shorey et al., 2013) to achieve the manufacturer's daily-recommended
dose of 300 mg (BR-DIM®, 90.6 mg DIM).

The mechanisms attributed to the chemopreventive properties of
cruciferous vegetables, I3C, and DIM are numerous. One widely studied
mechanism involves binding to and activating the aryl hydrocarbon
receptor (AHR). Induction of phase 1 xenobiotic metabolizing enzymes
such as cytochromes P450 (CYPs) and phase 2 enzymes such as
glutathione-S-transferases  (GSTs), UDP-glucuronosyl transferases
(UGTs), and sulfotransferase (SULTs) would reduce metabolic activation
of procarcinogens and enhance formation and excretion of non-toxic
conjugates (Bjeldanes et al., 1991; Bradfield and Bjeldanes, 1987;
Fahey and Kensler, 2007; Higdon et al., 2007; Lampe et al., 2000;
Navarro et al., 2009; Peterson et al., 2009; Pool-Zobel et al., 2005;
Stresser et al., 1994; Williams, 2021; Wu et al., 2015). Enzyme induction
is unlikely to explain the altered toxicokinetics in this study given that
we did not see increased ['*C]-BaP metabolites including conjugates.

The results from this study are consistent with our previous AMS
studies with DBC and BaP in that a large interindividual variability is
apparent. A previous study employing graphite AMS (total [**C] rep-
resenting parent BaP plus metabolites) and repeated dosing of the same
individual resulted in relatively small variations between dosings with
no relationship to the length of the interval between dosing. In the
present study, individuals (BaP022, 025 and 028) with the greatest
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Table 5
Summary of pharmacokinetic constants for [**C]-BaP individual metabolites.?
Compound Following Clox Tomax AUC? AUC(g,00)° T,
(fg BaP/mL) (h) (fg BaP/mL x h) (fg BaP/mL x h) (h)
Unknown A BaP only 10.63 + 8.59 1.5 + 0.7 88.26 + 67.48 99.38 + 70.48 14.46 + 17.83
BS 6.28 + 4.85 1.3 + 1.0 47.63 + 28.47 47.63 + 28.47 6.52 + 3.89
DIM 5.07 + 4.24 1.4 + 0.8 49.33 + 37.09 49.31 + 37.10 9.26 + 8.65
Tetraols BaP only 6.89 + 5.06 1.9 + 1.1 78.31 + 65.08 80.88 + 65.40 8.93 + 5.23
BS 3.65 + 1.10 7.8 + 7.8 58.50 + 30.23 52.01 + 27.26 7.95 + 3.26
DIM 4.13 + 3.26 18.1 + 22.0 54.06 + 50.93 53.23 + 59.27 10.68 + 10.77
9,10-dihydrodiol BaP only 5.61 + 4.10 2.1 + 1.3 54.86 + 41.68 54.86 + 41.68 6.04 + 3.06
BS 2.22 + 0.35 2.3 + 2.7 29.56 + 17.48 29.55 + 17.47 10.00 + 6.14
DIM 2.64 + 2.04 18.2 + 21.9 33.57 + 30.42 30.94 + 32.46 9.78 + 11.45
Unknown B BaP only 6.68 + 7.38 1.4 + 0.3 32.98 + 37.79 32.98 + 37.79 3.98 + 2.69
BS 2.15 + 0.88 1.4 + 0.8 9.64 + 7.01 9.64 + 7.01 2.62 + 1.50
DIM 2.46 + 2.25 4.7 + 9.2 9.98 + 12.84 9.97 + 12.84 5.52 + 10.42
7,8-dihydrodiol BaP only 3.06 + 2.94 1.6 + 0.7 20.13 + 30.87 20.13 + 30.87 3.66 + 3.87
BS 1.51 + 0.60 1.2 + 0.5 6.47 + 5.55 6.47 + 5.55 2.73 + 1.74
DIM 1.69 + 1.46 11 + 0.4 8.96 + 10.31 8.95 + 10.30 8.34 + 11.65
1,6-quinone BaP only 2.82 + 2.08 2.9 + 2.5 41.25 + 47.16 41.25 + 47.16 5.80 + 3.94
BS 1.45 + 0.39 6.9 + 8.1 18.14 + 13.02 18.14 + 13.01 7.26 + 7.10
DIM 1.95 + 1.79 9.2 + 19.0 17.01 + 18.35 17.00 + 18.35 8.38 + 10.87
Unknown C BaP only 5.16 + 3.43 4.4 + 2.5 118.92 + 89.90 160.14 + 107.74 26.26 + 23.18
BS 3.12 + 1.57 10.2 + 9.8 59.86 + 34.51 55.77 + 35.89 8.39 + 4.64
DIM 3.24 + 2.69 18.4 + 21.8 59.17 + 33.64 63.91 + 47.84 13.84 + 7.06
Unknown D BaP only 2.56 + 2.07 4.3 + 3.1 41.17 + 36.08 43.11 + 44.22 10.47 + 3.86
BS 0.77 + 0.64 13.4 + 9.9 11.09 + 9.74 11.09 + 9.74 9.56 + 6.20
DIM 1.20 + 0.89 20.9 + 22.7 18.16 + 13.33 18.08 + 13.34 13.95 + 11.23
3,6-quinone® BaP only 0.48 + 0.48 3.1 + 3.3 4.45 + 10.64 4.45 + 10.64 3.61 + 4.94
Unknown E¢ DIM 0.39 + 0.49 16.8 + 27.0 1.89 + 4.62 1.88 + 4.60 11.67 + 18.71
9-OH*¢ BaP only 1.49 + 2.32 1.3 + 0.6 2.17 + 3.65 2.17 + 3.65 1.22 + 0.35
BS 0.17 + 0.46 2.0 + - 0.13 + 0.35 0.13 + 0.35 1.39 + -
3-OH BaP only 3.68 + 3.38 1.5 + 0.4 7.41 + 7.51 7.41 + 7.51 1.53 + 0.64
BS 1.69 + 1.02 1.2 + 0.5 2.65 + 1.79 2.65 + 1.79 1.16 + 0.53
DIM 1.12 + 2.17 1.3 + 0.4 2.22 + 5.19 2.22 + 5.19 1.15 + 0.49

aThe values shown are the mean + standard deviation of all participants.

bToxicokinetic constants that were significantly different are shown in bold as determined by the Freidman test (Tyax only), or the likelihood ratio tests of mixed effect

models.

¢, d3,6-quinone was not seen following either of the supplemented diets (Cyax Was significantly different, p = 0.011), Unknown E was only seen following DIM
supplementation (Cp,x Was significantly different, p = 0.037), and 9-OH was not seen following DIM supplementation.

dCpax Unknown A (p = 0.024) was significantly reduced following DIM supplementation; Brussels sprouts (9,10-dihydrodiol, p = 0.031; Unknown D, p = 0.030).
eAUC(p,) of Unknown C was significantly reduced following both Brussels sprouts (p = 0.024) and DIM (p = 0.040) supplementation, as was Unknown A (full model p

= 0.041), and Unknown D by Brussels sprouts (p = 0.037).

fT;,» was significantly reduced following Brussels sprouts (Unknown C, p = 0.037).
gAUC was significantly reduced following Brussels sprouts (Unknown D, p = 0.019).
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Fig. 7. Impact of supplementation on metabolism of the bay region of [**C]-
BaP. Sum of the [*C] representing Cpax (fg/mL plasma) for 7,8,9,10-tetraols
and 7,8-dihydrodiol for each individual before (Cycle 2), or after one week of
supplementation with Brussels sprouts (Cycle 6) or DIM (Cycle 7).

reduction in total [14C] and bioactivation (bay region metabolites) were
also those with the longest interval between dosings (201-237 days
compared to 28-96 days). The intervals between DIM and Brussels
sprout [14C]—BaP dosing were much shorter (28-48 days). If the interval
length were important, this would be consistent with the similarity in

10

BaP toxicokinetics in those groups.

Inter-individual variability of BaP metabolism is a function of ge-
netics, environment, and gene-environment interactions. Our study
design attempted to minimize the environmental impact with dietary
restrictions, food diaries, and rigorous quality control in the preparation
and administration of the [*“C]-BaP dose as well as sample collection,
extraction, and analysis. Based on the dietary questionnaire, the mean
daily BaP consumption during the three pre-dosing cycles exhibited low
estimates of 189 + 78, 201 + 52, and 187 + 114 ng/day and highs of
240 £ 76, 283 + 82, and 262 + 170 ng/day which fall in the low range
of the JEFCA (2005) estimate (250-700 ng/day) for non-smokers in the
US. During the 48 h of the three studies the mean for the low estimates of
daily dietary BaP were 454 + 275, 253 + 134, and 201 + 83 with high
estimates of 571 + 369, 324 + 155, and 273 + 113 ng/day. The en-
zymes involved in phase 1 and phase 2 metabolism of BaP, as well as
transporters, exhibit genetic polymorphisms and would be expected to
be a large contributor to intraindividual variability in BaP tox-
icokinetics. The participant with the greatest production of 7,8-DHD and
7,8,9,10-tetraols (BaP022) is homozygous for the CYP1B1*3 and
GSTM1*0 (null) alleles and a CYP1A2 genotype (163C > A; 5347C > T)
(data not shown) associated with ultrarapid metabolism, all of which
would be consistent with enhanced production of these bay region
metabolites.

Previous work has shown that urinary levels of DIM are reliable
biomarkers for the consumption of Brussels sprouts despite reported
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issues of participant compliance due to the high volume of raw Brussels
sprouts required (Fujioka et al., 2016). In an effort to have presumed
urine levels of DIM be within the range of those shown to be reliable
biomarkers and encourage volunteer compliance, 50 g Brussels sprouts
were consumed, thawed, warmed, and seasoned as desired. Glucosino-
lates and subsequently glucobrassicin concentrations in crucifers vary
by cultivar, and are effected by harvesting, storage, and cooking
methods, potentially altering downstream concentrations of I3C and
DIM (McNaughton and Marks, 2003). Brussel sprout glucobrassicin
levels were not quantified in this study, however, in order to control for
variation in the Brussels sprouts between participants all provided
Brussels sprouts purchased were the same brand and lot number, then
combined, weighed, and stored together in individual vacuum pouches.
Following the Brussels sprout regimen in this study, DIM and DIM me-
tabolites were not quantifiable in participants fasted overnight, consis-
tent with previous work (Fujioka et al., 2016).

The final dose of DIM was administered to fasted participants just
prior to administration of [1“C]-BaP. We adopted this strategy to ensure
we would be able to observe effects due to direct inhibition as well as
enzyme induction. Our recent study found a Tj /5 in plasma of 4.3 + 2.5
h in agreement with pharmacokinetic studies of DIM in humans (Maier
et al., 2021a; Reed et al., 2008). Although parent DIM was not detected
in participants fasted overnight, substantial amounts of the sulfate and
glucuronide conjugates were present (Maier et al., 2021b). These results
confirm that little or no DIM would be present in plasma the morning of
[1*C]-BaP dosing. Our laboratory and others have shown DIM to be a
non-specific inhibitor of multiple rodent and human CYPs with K;s in the
low pM range (Parkin et al., 2008; Schiering et al., 2017; Stresser et al.,
1995; Williams, 2021). If the liver/plasma ratio is similar to mice
(Anderton et al., 2004a, 2004b), based on the Cy.x we observed (~0.4
pM), estimated liver concentrations of DIM in this study would be 3-4
pM and in the range expected to inhibit human CYPs 1A1, 1A2, and 3A4
(Williams, 2021). In addition, we would expect that if CYP inhibition
were responsible for the alteration of toxicokinetics, there would be a
corresponding increase in unmetabolized BaP. The yield of bay region
metabolites (bioactivation) remained constant (32-34%) across all
groups, again arguing against DIM inhibition of CYP-dependent BaP
metabolism as the mechanism involved as is the observation that the
Cmax for metabolites follow the same pattern as for parent BaP Cpax
while Cljy is not altered. The markedly reduced Tpax and Cpax for BaP
and reduced Cpax of four downstream BaP metabolites for [*C]-BaP are
indicative of slower absorption. Overall, both Brussels sprouts and more
so Dim appear to reduce the overall absorption of BaP, however the
variability between participants, and subsequent pharmacokinetic pa-
rameters, does not allow for adequate statistical evidence. DIM is known
to enhance intestinal barrier integrity and alter xenobiotic transporters
which could explain the reduction in overall [14C] with no impact on
metabolite profiles (Kim et al., 2019; Metidji et al., 2018; Penta et al.,
2021; Schiering et al., 2017). The issue with any of the mechanisms for
DIM discussed above is that it does not account for the similar effects
observed following one week of dietary supplementation with Brussels
sprouts.

This study demonstrated that a whole food and dietary supplement,
described as effective dietary chemopreventives in numerous preclinical
cancer models, showed promise in this small human clinical trial.
Validation of AMS micro-dosing studies for establishing absorption,
metabolism, distribution and excretion (ADME) in drug development
(CREAM study, Lappin et al., 2006) prompted the FDA to approve a
Phase O approach saving pharmaceutical companies time and money
needed to conduct a typical Phase 1 trial (FDA, 2008). In drug devel-
opment, phase 0 trials can also be used for establishing a lead candidate
(Kinders et al., 2007). Kensler and Groopman (2009), in proposing the
use of AMS in chemoprevention studies, suggested the term “reverse
phase 0” for human trials involving micro-dosing with carcinogens to
evaluate chemopreventive agents. The atto- to zepto-mole sensitivity
allows analysis of chemopreventive agent-dependent alterations in
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carcinogen toxicokinetics in vivo in humans (as was done in this study).
The exquisite sensitivity of UPLC-AMS also allows for detection of
carcinogen-DNA adducts (and their identity) with a sensitivity (1 adduct
in 1011-10'2 bp) 10,000-fold greater than conventional LG-MS/MS ad-
ductions (Brown et al., 2006). Comparison of DNA adduction (an
important tool in cancer chemoprevention studies) following treatment
with MeIQx to humans and rodents in vivo showed a 10-x greater level
of adduction per unit dose in humans (Turteltaub et al., 1997, 1999)
highlighting the perspective as discussed by Seymour (2009) that “The
Best Model for Humans is Humans”. The current cost/sample is about
$500 for UPLC-AMS. The low number (4-8) of participants needed
(Penner et al., 2012) and use of a single dose followed over 2-3 days
(rather than multiple dosing over months) results in a cost of about
$9000 per participant for a complete time-course of plasma and urine
analysis. A 250 kV AMS is currently 2-3-times the cost of a conventional
triple quadrupole mass spectrometer and the cost and availability of
AMS instrumentation continues to decrease. For all of these reasons, the
use of UPLC-AMS in “reverse phase 0” human clinical trials has a great
deal of potential utility and should be an important tool in cancer che-
moprevention. Although this study could not definitely establish a
mechanism of chemoprevention for DIM or Brussels sprouts, we were
able to eliminate alteration of metabolism of [1*C]-BaP. Future studies
could examine potential mechanisms related to absorption and DIM or
Brussels sprout impact on the microbiome.

5. Conclusions

This study employed UPLC-AMS to assess the potential for the whole
food Brussels sprouts or DIM, a dietary supplement that is a major
bioactive and known cancer chemopreventive agent in preclinical
models, to alter the toxicokinetics of a known human dietary carcin-
ogen. Although not uniformly statistically significant, due to a large
interindividual variability among the seven subjects, one week of sup-
plementation with either Brussels sprouts or DIM did significantly
reduce the Cp,ox for parent BaP as well as four of the eleven metabolites
observed. Dietary treatments also appeared to reduce the Ty, and the
plasma AUC(p,) for Unknown Metabolite C, indicating some effect in
accelerating clearance of this metabolite. This reduction occurred with
little change in the overall metabolite profile and no change in the
relative oxygenation at the bay region of BaP. Our toxicokinetic analysis
suggest DIM and Brussels sprout supplementation reduced the rate but
not the extent of BaP absorption from the gut. Although DIM is a known
inhibitor of CYPs, the observation that the C,,x for metabolites followed
the same pattern as BaP and overall Cl rates for these metabolites was
not significantly impacted, argues against DIM inhibition of CYP-
dependent BaP metabolism as the mechanism. This is the first study in
humans documenting the impact of a whole food or dietary supplement
on the toxicokinetics, including metabolic profiles, of a known dose of
an IARC group 1 human carcinogen.
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