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glucuronosyltransferase
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Abstract

3,3’-Diindolylmethane (DIM), a major phytochemical derived from ingestion of
cruciferous vegetables, is also a dietary supplement. In preclinical models, DIM is an
effective cancer chemopreventive agent and has been studied in a number of clinical
trials. Previous pharmacokinetic studies in preclinical and clinical models have not
reported DIM metabolites in plasma or urine following oral dosing and the
pharmacological actions of DIM on target tissues is assumed to be solely via the parent
compound. Seven subjects (6 males and 1 female) ranging from 26-65 years of age, on
a cruciferous vegetable-restricted diet prior to and during the study, took 2
BioResponse-DIM® 150 mg capsules (45.3 mg DIM/capsule) every evening for one
week with a final dose the morning of the first blood draw. A complete time course was
performed with plasma and urine collected over 48 hours and analyzed by UPLC-
MS/MS. In addition to parent DIM, two mono-hydroxylated metabolites and 1 di-
hydroxylated metabolite, along with their sulfate and glucuronide conjugates, were
present in both plasma and urine. Results reported here are indicative of significant
phase 1 and phase 2 metabolism and differ from previous pharmacokinetic studies in
rodents and humans which reported only parent DIM present following oral
administration. 2-Ox-DIM, identified as one of the mono-hydroxylated products,
exhibited greater potency and efficacy as an AHR agonist when tested in an XRE-
luciferase reporter assay using Hepal cells. In addition to competitive phytochemical-
drug adverse reactions, additional metabolites may exhibit pharmacological activity

highlighting the importance of further characterization of DIM metabolism in humans.
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Significance Statement

3,3’-Diindolylmethane (DIM), derived from indole-3-carbinol in cruciferous vegetables, is
an effective cancer chemopreventive agent in pre-clinical models and a popular dietary
supplement currently in clinical trials. Pharmacokinetic studies to date have found little
or no metabolites of DIM in plasma or urine. In marked contrast, we demonstrate rapid
appearance of mono- and di-hydroxylated metabolites in human plasma and urine as
well as their sulfate and glucuronide conjugates. The 2-ox-DIM metabolite exhibited
significant AHR agonist activity emphasizing the need for further characterization of the

pharmacological properties of DIM metabolites.
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Introduction

Cruciferous vegetables are a rich source of phytochemicals, such as sulforaphane
(SFN) and indole-3-carbinol (13C), are effective cancer chemoprevention agents in
preclinical models (Bradfield and Bjeldanes,1987a; Hayes et al., 2008; Higdon et al.,
2007; Wattenberg and Loub, 1978). Currently, there are 65 ongoing or completed
clinical trials involving cruciferous vegetables or 13C/3,3-diindolylmethane (DIM)

(www.ClinicalTrials.gov, accessed 06/26/20). Results in clinical trials and epidemiology

studies with cruciferous vegetables have a mixed record of success typically exhibiting
a moderate degree of protection from cancer (Ambrosone and Tang, 2009; Kim and
Park, 2009; Maruthanila et al., 2014; Minich and Bland, 2007; van Poppel et al. 1999).
The variation in previous study results may in part depend upon experimental design
but are also likely a function of dose. For example, to achieve a DIM dose equivalent to
two 150 mg capsules of BR-DIM®, each containing 45.3 mg of DIM, it would require
consumption of 1 kg of freeze-dried Brussels sprout powder (approximately 10.7 kg of

fresh Brussels sprouts) (Shorey et al., 2013).

I3C taken orally undergoes acid condensation reactions forming the dimer DIM as well
as linear and cyclic trimers (Bjeldanes et al., 1991; Bradfield and Bjeldanes, 1987a).
Little or no I3C is found in systemic circulation of rats or humans following oral dosing
and thus the pharmacological effects of I3C are assumed to be due to one or more acid
condensation products (Reed et al, 2006; Stresser et al., 1995b). Other than DIM, the
pharmacology and toxicology of few acid condensation products have been described.

DIM, the initial and major product (~30% of I3C dose) formed by acid condensation of
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I3C, is not subject to further condensation reactions and is often reported as the only

I3C-derived indole in plasma following oral dosing (Reed et al., 2006).

DIM has been employed in humerous animal models of cancer prevention as well as in
human clinical trials with a major focus on breast and prostate cancer (Bradlow, 2008;
Dalessandri et al., 2004; Donovan et al., 2018; Heath et al., 2010; Hwang et al., 2016; Li
and Sarkar, 2015; Paltsev et al., 2016; Thomson et al., 2017; reviewed in Higdon et al.,
2007). Among many pathways impacted by DIM are those mediated by the aryl
hydrocarbon (AHR) and estrogen (ER) receptors (Higdon et al., 2007; Thomson et al.,
2017). The Ky (90 nM) of DIM for AHR is modest compared to other I3C condensation
products such as 6-formylindolo[3,2-b]carbazole (FICZ) or [3,2-b]indolocarbazole (ICZ)
(0.07 and 0.19 nM, respectively) but maximum concentrations achievable in vivo are
typically in the low uM range (Bjeldanes et al., 1991; Faust et al., 2017; Rannug et al.,
1987). Protection against estrogen-driven breast cancer is thought to be due in part to
AHR induction of the CYP 1 family with resultant enhancement of the ratio of 2-hydroxy-
B-estradiol (E>) to 16a-hydroxy-E, (Auborn et al., 2003; Jellinck et al., 1993; Lord et al.,

2002).

Cruciferous vegetable-derived indoles including I3C and DIM are described as “blocking
agents” in preclinical models as greatest efficacy is seen when given prior to and/or
during carcinogen exposure (Fujioka et al., 2016; Stresser et al., 1994a; 1994b;
Takahashi et al., 1995). The proposed mechanism is thought to be AHR-dependent
induction of both phase 1 (CYPs) and 2 (glutathione-S-transferases and UDP-
glucuronosyltransferases) enzymes (Bradfield and Bjeldanes, 1987b; Lampe et al.,

2000; Navarro et al., 2009; Peterson et al., 2009; Walters et al., 2004).
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This research is part of a larger study using UPLC-accelerator mass spectrometry to
examine [**C]-benzo[a]pyrene (BaP) toxicokinetics following oral microdosing and the
possible effects of dietary intake on kinetics (Madeen et al., 2019). One component of
this study involved administration of DIM (BioResponse®, BR-DIM® 150) daily for 1
week prior to [**C]-BaP dosing to assess the importance of the blocking mechanism in
humans toward an important dietary carcinogen. We performed UPLC-MS/MS analysis
of plasma and urine prior to supplementation (T: -7 days), the morning (overnight fast)
of [**C]-BaP micro-dosing (T: 0) and at subsequent timed intervals (plasma, 0.25, 0.50,
1.0, 1.5, 2.0, 3.0, 4.0, 8.0, 24 and 48 hours; urine 0-6, 6-12, 12-24 and 24-48 hours). In
contrast to previously published studies (Anderton et al., 2004; Paltsev et al., 2013;
Reed et al., 2006; 2008; Sepkovic et al., 2001) we found rapid and significant sulfate
and glucuronide conjugates of DIM in plasma and urine characterized by a marked
interindividual variability. These conjugates were derived from 3-methylenehydroxy-
DIM (tentatively identified as the breakdown product pyrano-DIM) with lesser amounts
of 2-ox-DIM and 3-methylenehydroxy-2-ox-DIM. These findings support a rapid and

significant metabolism after oral administration of BR-DIM® 150.
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Materials and Methods

All chemicals and solvents were HPLC, LC-MS, or Optima grade. DIM (D9568) as well
as deconjugating enzymes (all from Helix pomatia) sulfatase (S9751), B-glucuronidase
(G7017 and B-glucuronidase/arylsulfatase (BGALA-RO) were purchased from Sigma
Aldrich (St. Louis, MO). Surine (S-020) was purchased from Cerillium (Round Rock,
TX). [?H2]-DIM was a gift from Stephen S. Hecht (University of Minnesota, Minneapolis,
MN). BR-DIM® (BioResponse-DIM® 150), a commercially available formulation with
clinically demonstrated enhanced bioavailability, was generously provided by Dr.
Michael Zeligs of BioResponse, L.L.C. under a Material Transfer Agreement with
Oregon State University. *H (400 MHz, Varian) spectrum was recorded in DMSO-ds. *H
NMR chemical shifts are reported in ppm (d) relative to tetramethylsilane with the
solvent resonance employed as the internal standard (DMSO-ds, (6 = 2.50 ppm). Data
are reported as follows: chemical shift, multiplicity (s = singlet, bs = broad singlet, d =

doublet, t = triplet, m = multiplet), coupling constants (Hz) and integration.

Svynthesis of (3-((1H-indol-3-yl)methylindolin-2-one) (2-0x-DIM)

The 2-ox-DIM was synthesized according to a modification of Pillaiyar et al., (2017).
Indole-3-carbaldehyde (4 mmol) and 2-oxindole (4 mmol) were dissolved in ethanol (20
mL). Benzylamine (44 pL, 0.4 mmol) and acetic acid (23 pL, 0.4 mmol) were added and
refluxed for 5 hours. The reaction was monitored by TLC (hexanes/ethyl acetate = 1:1).
The resulting mixture was cooled to 0°C, sodium borohydride (0.76 g, 20 mmol) added
in small portions over 5 minutes at 0°C, and the mixture stirred at room temperature
overnight. The reaction was quenched with a saturated aqueous solution of ammonium

chloride, extracted with ethyl acetate three times, washed with brine, and the ethyl
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acetate layer dried over anhydrous sodium sulfate. The ethyl acetate was then
evaporated under reduced pressure and the residue purified by flash column
chromatography (silica gel, hexanes/ethyl acetate = 5/1 to 3/1) to give product (442 mg,
42%, 2-0x-DIM, R¢ = 0.39, hexanes/ethyl acetate = 1:1). *H NMR (400 MHz, DMSO-ds)
5 10.75 (bs, -N1-H, 1H), 10.26 (bs, -N,-H, 1H), 7.53 (d, J = 7.95 Hz, Cs-H, 1H), 7.29 (d,
J =8.02 Hz, C4-H, 1H), 7.11-7.00 (m, Cs-H, 2H), 6.98 (m,Ce-H, 2H), 6.92 (m, C7-H, 1H),
6.82 (td, J = 7.52, 0.96 Hz, Cg-H, 1H), 6.72 (d, J = 7.74 Hz, Ce-H, 1H), 3.78 (dd, J =
7.52, 4.73 Hz, Cyo-H, 1H), 3.41 (dd, J = 14.7, 7.52 Hz, Cy;-H, 1H), 3.12 (dd, J = 14.7,
7.52 Hz, Ci2-H, 1H) (Supplemental Figure 1). HRMS (TOF-MS/ESI): m/z calculated for

C17H1sN20" [M+H]", 263.1179; found, 263.1179.

Recruitment and Enrollment of Volunteers, Dietary Restrictions and Food Diary

All protocols and procedures including plans for recruitment and volunteer informed
consent documents followed the Declaration of Helsinki and were approved by the
Oregon State University Institutional Review Board (protocol #8789 under FDA IND
#117175 and registered at ClinicalTrials.gov (identifier NCT03802721)). Healthy men
and women ages 21-65 were recruited from the local community. Exclusion criteria
included smoking of tobacco or other substances or use of smokeless tobacco in the
past 3 months; a history of kidney, liver or gastrointestinal diseases such as Crohn’s
disease, ulcerative colitis, Celiac disease or gastrointestinal surgery; the use of
medications that affect gut motility or nutrient absorption; and allergy to cruciferous
vegetables. Additionally, female volunteers were required to be postmenopausal or
surgically sterile. Seven individuals were screened for eligibility, and all were enrolled

after a health history review and physical exam by the study physician. Volunteers

10
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included six males and one female, ranged from ages 26-65 years in age, and BMI

22.4-37.4. The demographics of volunteers are given in Table 1.

Volunteers were asked to avoid cruciferous vegetables and condiments (see
Supplemental Table 1) such as mustard, horseradish, and wasabi or any supplements
containing 13C or DIM for two weeks prior to time 0 hour and through the 48-hour study
cycle. All foods and non-water beverages were recorded in a food diary that spanned 3
days prior to and throughout the 48-hour 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., 2016).

Dosing of Volunteers with BioResponse DIM® 150 and Collection of Blood and Urine

Volunteers were instructed to consume 2 capsules (300 mg total) of BioResponse DIM®
150 (45.3 mg DIM/capsule) each evening with dinner for 7 days prior to the 48-hour
study cycle. Based on self-report capsule intake diaries, compliance was 100%.
Volunteers also consumed 2 BR-DIM capsules at the start of the 48-hour

pharmacokinetic study (T: 0).

Prior to consumption of BR-DIM capsules (T: -7 days), spot urine and 25 mL of blood
were collected for baseline analysis. Subjects were instructed to fast overnight (10-12
hours) prior to the 48-hour study cycle. In the morning, prior to final DIM dosing, an
indwelling catheter was placed in an antecubital vein and a spot urine and 25 mL of
blood collected. Blood was sampled at 0, 0.25 0.5, 1.0, 1.5, 2, 3, 4, 8, 24, and 48 hours.

Samples at 0-4 hours were collected from the catheter and 8-48 hour samples by

11
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straight stick phlebotomy. Breakfast was provided after 2 hours. Volunteers were
instructed to collect all urine from 0-48 hours in a separate amber glass container for
each voiding. Urine was pooled for the 0-6, 6-12, 12-24, and 24-48 hour collections. To

protect confidentiality, all specimens were deidentified at time of collection.

Extraction of Plasma and Urine for DIM and Metabolite Quantitation

Urine or plasma (1 mL) was adjusted to pH 5.0 with 0.06 M sulfuric acid. A mixture of 3-
glucuronidase (100,00 Fishman units/mL) and arylsulfatase (800,000 Roy units/mL) was
added and incubated (37°C) overnight (18-20 hours). An internal standard, [*H,]-DIM
was added and samples extracted with 4 mL methyl tert-butyl ether (plasma) or ethyl
acetate (urine) (Staub et al.,, 2006). For extraction, samples were mixed by hand
inversion for 1 min, centrifuged for 5 min at 2,000 x g, and aliquots evaporated to
dryness under a gentle stream of nitrogen. Samples were reconstituted in 200 pL
water:acetonitrile (90:10, v:v), centrifuged at 2,000 x g for 10 min, and transferred to low
volume injection vials. Spiked synthetic urine (Surine) was used to prepare quality

control samples. Samples were stored at -20°C until UPLC-MS/MS analysis.

UPLC-MS/MS Quantitation of DIM and Metabolites in Plasma and Urine

Quantitative analysis was performed on a Shimadzu (Shimadzu Scientific, Inc.
Columbia, MD) Nexera LC-30AD UPLC system interfaced to a Shimadzu LCMS-8060
triple quadrupole mass spectrometer (MS/MS). The quantitation method was adapted
from previously published methods (Baenas et al., 2017; Fujioka et al., 2014; Staub et
al., 2006). Briefly, chromatographic separation was performed using a Waters (Milford,

MA) ACQUITY UPLC BEH (2.1 x 50 mm, 1.7 um) Cig column with a gradient of water

12
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(13 mM ammonium acetate, pH 4.0 with acetic acid; MPA) and acetonitrile (0.1% acetic
acid; MPB). The gradient conditions were as follows: 10% MPB 0-0.2 min, linear
increase to 60% MPB 0.2-5.0 min, 60% MPB 5.0-9.0 min, return to initial 9.0-9.1 min
and hold 9.0-10.0 min at a flow rate of 0.18 mL/min. The column oven temperature was
40°C. Quantitation of DIM and 2-ox-DIM was determined daily by running a standard

curve of instrument response versus injection (0-10 pmol) for the two standards.

Positive ion electrospray mass spectrometry and multiple reaction monitoring (MRM)
was used for quantitative analysis. Compound-dependent parameters such as
precursor/product ion information, voltage potentials (Q1 and Q3) and collision energy
(CE) are shown in Supplemental Table 2. The dwell time was set at 20 msec. The
optimal ESI conditions for detection of the analytes were: nebulizer gas, 2.9 L/min;
heating gas, 10 L/min; drying gas, 10 L/min; interface temperature, 300°C; desolvation
line temperature, 250°C; heat block temperature, 400°C. LabSolutions LCMS Ver.5.80

(Shimadzu Scientific, Inc. Columbia, MD) was used for data collection and quantitation.

Extraction of Non-Deconjugated Plasma and Urine for Structural Analysis

Plasma or urine (200 pL) was combined with cold 100% methanol (400 pL), mixed on a
vortex for 30 sec, and incubated at -20°C 1 hr to precipitate proteins. Samples were
centrifuged 10,000 x g 15 min at 4°C. Aliquots (525 pL) of supernatant were transferred
to clean vials, evaporated to dryness with a nitrogen stream, and solubilized in 200 pL
of 100% methanol. Samples were centrifuged at 2,000 x g for 5 min and transferred to

low volume injection vials.

UPLC-MS/MS Analysis of DIM, Oxygenated DIM and Conjugates in Plasma and Urine

13
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UPLC was performed with a Shimadzu Nexera system (Shimadzu; Columbia, MD)
coupled to a high-resolution hybrid quadrupole-time-of-flight (TOF) mass spectrometer
(MS) (TripleTOF® 5600; SCIEX; Framingham, MA). UPLC separations were as
described above with a sample injection volume of 5 pL and flow rate of 0.18 mL/min.
TOF-MS was operated with an acquisition time of 0.15 sec and a scan range of 60—
1000 Da. MS/MS acquisition was performed with collision energy set at 40 V and
collision energy spread of 15 V. Each MS/MS scan had an accumulation time of 0.1 sec
and a range of 40—-1000 Da using information-dependent acquisition (IDA). The source
temperature was 500°C with lonSpray voltage at 5.5 kV in positive ion mode and -4.5
kV in negative ion mode, respectively. Data was processed using Peak View software
Ver. 2.1 (SCIEX). Chromatographic peaks of metabolites were annotated using the
extract ion chromatogram lists based on high accuracy MS, MS/MS fragmentation, and

isotopic distribution.

Pharmacokinetic Analysis: Pharmacokinetics of DIM and metabolites were evaluated

using non-compartmental and compartmental analyses. Area under the curve (AUC) of
DIM and metabolite concentrations 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 1% moment curve extrapolated 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. A one-compartment pharmacokinetic model was used
to evaluate the time course of DIM concentrations in plasma (Equations 1-3), where

“‘A0”, “Al”, and “A2” represent the amount DIM in the absorption/formation and central

14
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compartments, respectively; “ka”, and “ke” are first-order rate constants. The
concentration of the central compartment (C1l) was calculated by normalizing the

amount with the apparent volume of distribution (V1, L, Equation 3).

dAo
_—— ka>< AO
g - A )
Z2 = (ka x A0) — (ke x A1) @)
Cl=é
Vi1 (3)

Optimizations of model parameters were obtained using a maximum log likelihood
objective and the Nelder-Mead algorithm. Initial values were set by adjusting
parameters visually. 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).

AHR Reporter Assay: Hepal mouse hepatoma cells, transfected with a xenobiotic

response element (XRE)-luciferase reporter were plated in 96 well plates at 1 x 10* cells
per well. After growth overnight, each well was treated with 0.1, 1.0 or 50 uM DIM or 2-
ox-DIM (each concentration in triplicate in 0.1% DMSO) and incubated for 18-24 hours.
Cells were lysed in 100 pL passive cell lysis reagent (Promega Corp., Madison, WI) for
15 minutes and luciferase activity measured using a luminometer (Tropix TR717
microplate luminometer, Applied Biosystem, Bedford, MA). The potent AHR indole

ligand FICZ was used as a positive control at 0.1 pM.

15
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Results

Metabolites in Plasma

No DIM or DIM metabolites were detected prior to initiation of the one week of
supplementation (T: -7 hr). After an overnight fast (10-12 hours after last daily DIM
dose), urine and plasma were collected (T: 0 hr) and subjects given a final dose of DIM
along with 50 ng of [**C]-BaP. When plasma samples were treated with PB-
glucuronidase/sulfatase followed by extraction and UPLC-MS/MS, both 2H,-DIM
(249.10>132.05) and DIM (247.10>130.05) eluted at 7.00 minutes whereas the major
polar metabolite (5.85 minutes), initially thought to be 2-ox-DIM (263.12>130.15), on
closer examination eluted slightly later than the 2-ox-DIM standard (5.65 minutes)
(Figure 1). Standard curves of instrument response versus pmol of DIM and 2-ox-DIM
standards established that the latter generated a 70-fold greater signal (Figure 1).
Utilizing the Sciex 5600 QTOF, 2-o0x-DIM in the samples was confirmed by mass (< 5
ppm error), retention time, MS/MS fragmentation and isotope distribution. The major
peak was tentatively identified as pyrano-DIM, formed spontaneously from 3-
methylenehydroxy-DIM based on fragmentation pattern (Figure 2). Estimation of
pyrano-DIM (3-methylenehydroxy-DIM) was done with the assumption that the
instrument response was approximately equivalent to 2-ox-DIM. In addition to the two
mono-hydroxylated metabolites, a significant amount of the di-hydroxylated metabolite,
3-methylenehydroxy-2-ox-DIM (279.09 > 146.06) was detected following deconjugation
(Supplemental Figure 2). The identity of this metabolite was confirmed by mass
accuracy (m/z 279.1128, MS/MS fragmentation (m/z 146.0592) and isotope distribution.

This metabolite was not quantified owing to the lack of a di-hydroxylated standard. Our
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TOF-MS/MS results are not consistent with hydroxylation of the phenyl ring in

agreement with metabolism of DIM in vitro by MCF-7 cells.

The time course for appearance of DIM, 2-ox-DIM and pyrano-DIM in plasma treated
with deconjugation enzymes is shown in Figure 3 for each of the seven subjects. A
large interindividual variability is apparent with two individuals exhibiting little or no
parent plasma DIM with robust yield of the pyrano-DIM. Pharmacokinetic analysis of
the data was performed with both one- and non-compartmental models (Table 2). The
mean Tnax Values for DIM and pyrano-DIM and conjugates are 2.67 + 0.98 and 2.96 +
2.44 hours, respectively (Table 2A). The mean Cax for DIM and the mono-hydroxylated
metabolites and their respective conjugates, are 423 + 610 and 1910 + 3190 pmol/mL
plasma, respectively (Table 2A). The Tmax and Cnax (average ~ 0.4 uM) for DIM is
consistent with previous studies (Paltsev et al., 2013; Reed et al., 2008). Mean non-
compartmental half-life, apparent clearance and apparent volume of distribution for DIM
were 4.29 + 2.48 hours, 161 + 132 L x hr'* and 1010 + 693 L, respectively. The relatively
large apparent volume of distribution would indicate that little of the administered dose
was in the central plasma compartment suggesting DIM was poorly absorbed or
extensively distributed to other compartments. For comparison, non-compartmental

half-lives for mono-hydroxylated metabolites and their conjugates was 9.34 + 3.13.

A one-compartment model was utilized to estimate rate constants, apparent volume of
distribution and half-life for DIM (Table 2B). The compartmental modeling approach
estimated lower apparent volumes of distribution compared to the non-compartmental
modeling approach (492 vs. 1010 L, respectively); however, they were still relatively

high compared to body weights of volunteers suggesting low fraction of absorption

17

20z ‘8T |udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on May 25, 2021 as DOI: 10.1124/dmd.120.000346
This article has not been copyedited and formatted. The final version may differ from this version.

and/or high distribution to tissues. Again, the large standard deviation of the means for

these pharmacokinetic constants reflect a large interindividual variability.

The metabolic profile was also analyzed for plasma not treated with deconjugation
enzymes. The time course for appearance in plasma of the sulfate and glucuronide
conjugates of mono-hydroxylated and di-hydroxylated DIM is shown in Figure 4. 1t is
apparent that a significant amount of the DIM dose is present in plasma as sulfate and
glucuronide conjugates of mono- (and di-) hydroxylated metabolites (Figure 4)
throughout the time course, and 24 hours is sufficient to mostly clear the DIM dose from
blood. DIM-O-sulfate and DIM-O-glucuronide represent conjugation at the 3-
methylenehydroxy- and/or 2-ox-position. Although we cannot make a definitive
assignment by TOF-MS/MS, based on the relative amounts of 2-ox-DIM and pyrano-
DIM following deconjugation we can assume the large majority of conjugation occurred
at the 3-methylenehydroxy position (Figure 3). The plasma levels at T: 0 for each
metabolite includes the contribution from the previous night's DIM dose (little or no
parent DIM present at T: 0). The Tnax for the conjugated metabolites is 2-3 hours
similar to parent DIM. If one assumes a comparable instrument response, it appears

that sulfate conjugates predominate.

Urinary Metabolites

Urine was collected 10-12 hours after the last of the 7 daily DIM doses (T: 0) and
examined for DIM and DIM metabolites. As in plasma, upon deconjugation, pyrano-DIM
was predominant (Figure 5) with much smaller amounts of 2-ox-DIM. Of the identified
components in urine, parent DIM (29%) and 3-methylenehydroxy-DIM conjugates

(70%) made up almost the entire profile (Figure 5). The relatively large apparent
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volume of distribution would indicate that little of the orally administered dose was in the
plasma compartment, which could suggest low oral absorption of DIM. In urine, we
accounted for 5% of the administered DIM dose in urinary elimination of DIM, pyrano-
DIM, and 2-ox-DIM. With respect to the time-course, DIM, 2-0x-DIM and pyrano-DIM in
deconjugated samples from urine were observed at T: 0 (10-12 hours after the last of
the daily doses) and peaked in the 6-12 hour pool. As in plasma, levels of pyrano-DIM

were 2-3-fold higher than parent DIM.

In urine samples not treated with deconjugation enzymes there were abundant amounts
of sulfate (Figure 6) and glucuronide (Figure 7) conjugation metabolites of 3-
methylenehydroxy-DIM and 3-methylenehydroxy-2-ox-DIM. The morning following the
last dose, urine was collected prior (T: O hr) to the final acute dose and pooled over the
time periods 0-6, 6-12, 12-24 and 24-48 hours. With DIM supplementation there were
still significant amounts of parent DIM, conjugated mono-hydroxylated metabolites and
the di-hydroxylated metabolite, after the 10-12 hour fast just prior to the acute dose at T:
0 hours. The levels of metabolites decreased with time although there were still small
amounts present in the 24-48 hour fraction. Urine collected from the seven volunteers
just prior to initiation of DIM supplementation (T: -7 days) did not indicate the presence
of DIM or any DIM metabolites (Figure 5) confirming the effectiveness of the

implemented dietary restriction.

We compared non-compartmental half-lives of DIM and DIM metabolites in plasma and
urine using a compartmental model. DIM metabolite half-lives in plasma and urine
demonstrated good agreement (12.4 and 11.2 hours, respectively for 2-ox-DIM and for

3-methylenehydroxy-(pyrano)-DIM) 9.3 and 9.8 hours respectively, suggesting urine is
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the primary route of elimination for the mono-hydroxylated metabolites (data not
shown). In contrast, plasma and urine half-lives for DIM differed by 2-fold (4.3 and 8.6
hours, respectively), suggesting other processes, like metabolism, were at least partially
responsible for clearing DIM. In this study, we measured urinary elimination of DIM, 3-
methylenehydroxy-(pyrano)-DIM and 2-ox-DIM and their conjugates (Table 2) but have
not accounted for potential routes of elimination such as feces or additional metabolites

such as 3-methylenehydroxy-2-ox-DIM and all conjugates.

We tested the only metabolite standard available to us, 2-ox-DIM, in a mouse Hepal
AHR reporter assay and found significantly greater efficacy with the metabolite,

significant at 1 (p=0.017) and 50 (p=0.031) uM (Figure 8).

20

20z ‘8T |udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on May 25, 2021 as DOI: 10.1124/dmd.120.000346
This article has not been copyedited and formatted. The final version may differ from this version.

Discussion

I3C is formed from hydrolysis of glucobrassicin by the plant and bacterial enzyme
myrosinase. DIM is the major (~30%) condensation product formed from I3C in the
stomach after oral ingestion and is considered the major bioactive indole from
cruciferous vegetables, the dietary source of glucobrassicin. In fact, urinary levels of
DIM have been shown to be an accurate biomarker of human dietary crucifer ingestion
(Fujioka et al., 2016). DIM and I3C are popular dietary supplements and effective
cancer chemopreventive agents in pre-clinical models. Clinical trials show promise
especially with respect to ER-responsive breast cancer and androgen receptor (AR)-
dependent prostate cancer (Heath et al., 2010; Hwang et al., 2016; Li and Sarkar, 2015;
Thomson et al.,, 2016). I13C and DIM are also effective in treatment of cervical

intraepithelial neoplasia (Ashrafian et al., 2015).

There are numerous mechanisms proposed for DIM’s cancer chemoprevention
including AHR-dependent induction of CYP1A2 with resultant increases in the ratio of 2-
hydroxy- to 16a-hydroxy-E2 (Auborn et al., 2003; Jellinck et al., 1993; Lord et al., 2002).
DIM can also modulate ER and AR signaling. important in prevention of breast and
prostate cancers (Hwang et al.,, 2016; Marconett et al., 2010; Thomson et al., 2017).
Other targets include components of cell cycle control and apoptosis (Aggarwal and
Ichikawa, 2005; Bonnesen et al., 2001; Firestone and Bjeldanes, 2003; Hsu et al., 2008;

Kim and Milner, 2005; Rajoria et al., 2011; Weng et al., 2008).

The AHR-dependent induction of CYPs 1A1, 1A2 and 1B1 alter the toxicokinetics of
BaP in rodent models but at BaP doses orders of magnitude higher than daily human

exposure. To examine the potential for DIM supplementation in alteration of the
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toxicokinetics of oral BaP (>95% exposure is dietary) in humans at relevant
environmental exposures we have utilized UPLC-accelerator mass spectrometry at
Lawrence Livermore National Laboratory in an NIH-funded study with an FDA IND
approval (Madeen et al., 2019). The study reported here was not designed as a DIM
pharmacokinetic study although it resembles a previous protocol with I13C (Reed et al.,
2006) in which women in a Phase 1 trial were given 200 mg 13C for 4 weeks followed by
4 weeks of 400 mg daily I3C. The pharmacokinetic study was then performed following
an acute 400 mg dose after an overnight fast. Subsequent analysis of plasma only
guantified DIM (no acid condensation products of 13C or DIM metabolites were
detected). In a subsequent study Reed et al., (2008) found the Cnax for an acute dose
of 200 mg DIM (104 = 94 ng/mL) was similar (93 £ 30 ng/mL) to 600 mg I3C (Reed et
al., 2006), although there was significant inter-individual variation and a small (n=3 plus
1 placebo for each of 6 different dose groups) sample size. Again, no DIM metabolites
were reported. The inter-individual variation across the six dosage groups was not
related to sex, age or BMI (Reed et al., 2008). Heath et al., (2010) also found high inter-
individual variation (n=12 total men divided into 4 dose groups) in a phase 1 dose-
escalation study of castrate-resistant, non-metastatic prostate cancer. In the present
study we report a similar plasma Cpnax (111 + 160 ng/mL, n=7) for parent DIM in
individuals dosed with 2 x 150 mg BR-DIM® 150 capsules each containing 45.3 mg

DIM.

In this study upon examination of plasma and urine levels following an acute dose of
DIM, 10-12 hours subsequent to 1 week of supplementation (2 x 150 mg BioResponse-

DIM® 150 in the evening with dinner), we were struck by the amount of sulfate and
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glucuronide conjugate metabolites present in plasma and urine. Again, previous
pharmacokinetic studies of orally administered DIM in rodent models and human trials
reported all DIM to be present as parent compound with no metabolites reported. Given
that the [**C]-BaP was a micro-dose (50 ng at T: 0), an impact on DIM metabolism or

pharmacokinetics is extremely unlikely.

The DIM metabolites in plasma were sulfate and glucuronide conjugates of 3-
methylenehydroxy-DIM, 2-ox-DIM, and 3-methylenehydroxy-2-ox-DIM. Lacking
standards for conjugates, 3-methylenehydroxy-DIM (pyrano-DIM) or the di-hydroxylated
metabolite, 3-methylenehydroxy-(pyrano)-2-ox-DIM, we are not reporting quantities but
can report amounts of 2-ox-DIM and estimate pyrano-DIM (assuming the latter mono-
hydroxylated metabolites elicits a similar ionization response from the mass
spectrometer) in samples treated with B-glucuronidase/sulfatase. Pyrano-DIM is
present at much higher levels than 2-ox-DIM. Appreciable amounts of the conjugated
(and small amounts of the free) 3-methylenehydroxy-(pyrano)-2-ox-DIM, are also

present in plasma.

In urine, not treated with deconjugation enzymes, there were significant amounts of the
same sulfate and glucuronides observed in plasma with sulfate conjugates appearing to
be dominant. As with resveratrol, the difference observed between sulfate and
glucuronide conjugates may be partly due to a greater instrument response (area X/IS)
to the sulfate (Muzzio et al., 2012). The ratio of sulfate/glucuronide may also be lower
than predicted by instrument response, as assessed by the yield of 2-ox-DIM and 3-
methylenehydroxy-2-ox-DIM, following incubation of urine samples with pure sulfatase

or B-glucuronidase as well as B-glucuronidase containing sulfatase (Supplemental
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Figure 2). As pyrano-DIM would be blocked from further oxygenation at the 2-position,
and also could not be conjugated, the 3-methylenehydroxy-DIM must be stable long
enough for the second oxygenation or conjugations by UGT and SULT to occur. We did
not find any di-sulfate (exact mass 437.0119), di-glucuronide (exact mass 628.1551) or

mixed sulfate and glucuronide metabolites in plasma or urine.

Our results strongly suggest robust metabolism of DIM in these subjects following oral
administration (Figure 9), again, conflicting with previous studies in the literature. In an
in vitro study with human MCF-7 breast cancer cells (Staub et al., 2006), incubation with
DIM resulted in a metabolite pattern very similar to our present in vivo study although
the hydroxylation and sulfation of DIM was not as robust. It took 48 hours of incubation
with 1 pM [H]-DIM for levels of metabolites in media to exceed parent DIM. After 72
hours, in media 35% was present as DIM with the remainder sulfate conjugates
whereas in the cell 81-93% of [°H] was parent DIM perhaps indicating active transport of
sulfate conjugates from MCF-7 cells. Staub et al. (2006) demonstrated, via the use of
specific CYP1A2 inducers and inhibitors, that CYP1A2 was primarily responsible for
initial hydroxylation. CYP1A2, unlike CYP1Al1 and CYP1B1, is constitutively expressed
at significant levels in liver as are numerous sulfotransferases and B-glucuronidases
which may explain the robust first-pass metabolism (intestine may also play a role).
I3C/DIM is known to induce hepatic CYP1A2 in rodents (Katchamart et al., 2000;
Manson et al.,, 1997) and I3C supplementation (400-800 mg daily for 8 weeks) in
women (measured as DIM in vivo), was effective in induction (4-fold) of CYP1A2 as
determined by caffeine metabolism (Reed et al., 2005). Similarly, administration of

resveratrol to humans at 1000 mg daily for 4 weeks resulted in induction of CYP1A2
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activity (Chow et al., 2010). During human supplementation with DIM co-administration
of inhibitors or inducers of CYP1A2 such as quercetin, resveratrol or caffeine could
inhibit first-pass metabolism with possible resultant increased levels of parent DIM in

plasma.

Given the robust metabolism, PBPK models developed in rodents (Anderton et al.,
2004) may have to be modified for humans and further work on potential
pharmacological properties of metabolites deserve attention. Staub et al., (2006) tested
2-0x-DIM as a potential ER ligand and found no activity. In this study 2-ox-DIM was
effective in activating mouse AHR in a Hepal hepatoma cell line to a degree
significantly greater than DIM and was comparable to the well-known tryptophan

metabolites kynurenine, indole-3-aldehyde and indole-3-acetate (data not shown).

As the pharmacological activity of DIM metabolites has not previously been reported, a
comparison to indole and 3-methylindole is useful. Indole (IND) and 2-ox-indole (2-ox-
IND) are the major indoles found in both mouse and human feces and production in
mice is entirely microbial (Dong et al., 2020). IND and 2-ox-IND are human selective
AHR agonists but somewhat active in a Hepal reporter system (Dong et al., 2020). If 2-
ox-DIM is also human AHR-selective the fact that we see significant AHR agonist
activity with mouse AHR in Hepal cells suggest 2-ox-DIM would be even more active
with human AHR. The potent mutagen and pulmonary toxicant, 3-methylindole (mIND),
also produces 2-ox-mIND through CYP oxygenation, as well as hydroxylation at the 3-
methyl position to generate 13C. 2-Ox-mIND formation is efficiently catalyzed by the
CYP2A family (D’Agostino et al., 2009; Hartog et al., 2019) whereas CYP1A1l, 1A2 and

1B1 are active in 3-methyl hydroxylation (Lanza and Yost, 2001).
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In vitro studies with trout liver slices demonstrated that the relatively potent (Kg, low pM)
estrogenic activity of DIM could be significantly blocked by the CYP inhibitor, SKF-525A
(Shilling et al., 2001). This observation, along with those by our laboratory and others,
demonstrating DIM is an inhibitor of multiple rat and humans CYPs (Parkin et al., 2008;
Stresser et al., 1995a), raises the possibility that DIM metabolites, in addition to
activating AHR, may exhibit significant drug (phytochemical)-drug interactions as seen
with reduced tamoxifen metabolites in serum of women taking DIM long-term (Thomson
et al., 2017). With respect to conjugates, SULT conjugation of 3-hydroxyindole produces
the potent uremic toxicant indoxyl sulfate (Banoglu and King, 2002). The potential for
sulfate or glucuronide metabolites of DIM to exhibit any pharmacological activity is not

known.

A recently completed unpublished study (Dr. Emily Ho, Oregon State University and
Drs. Cynthia A. Thomson and H.H. Sherry Chow, University of Arizona, personal
communication) saw results (urine only) similar to the present study. Following 6
months of BR-DIM® 150 (twice daily to women) an untargeted metabolomics study
demonstrated urine contained substantial amounts of glucuronide and sulfate

conjugates of hydroxylated DIM.

In the present study we employed the commercially available BioResponse® 150 DIM
supplement as it has been shown in clinical trials to have enhanced oral bioavailability
in mice (Anderton et al., 2004). There is no rationale to expect that the BioResponse-
DIM® 150 formulation (30% DIM in micro-encapsulation containing phosphatidylcholine
and polyethylene glycol carriers to stimulate absorption) would be metabolized

differently than pure DIM.
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In addition to examination of a broader range of individuals in vivo, we plan to conduct
in vitro studies with human intestinal and hepatic S9, as well as individually expressed
CYPs, SULTs and UGTs followed by testing of metabolites for pharmacological activity

to better understand the mechanism(s) of chemoprevention by DIM supplementation.
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Figure Legends

Figure 1. Quantitation of DIM and Hydroxylated Metabolites in Plasma by UPLC-
MS/MS Following Deconjugation. Top Panels: DIM and 2-ox-DIM standards; DIM
(m/z 246.95>130.15), 0.25 pmol with instrument response with standards on right; 2-ox-
DIM (m/z 263.12—130.15), 0.5 pmol with instrument response with standards on right;
Bottom Panel, UPLC of plasma extract from a single individual at T= 0 hour. One mL of
plasma was adjusted to pH 5.0 and treated with B-glucuronidase and sulfatase.
Following an overnight incubation the extract was analyzed by UPLC-MS/MS as
described in Materials and Methods.

Figure 2. MS/MS spectrum of mono-oxygenated DIM at m/z 263.1179. The
fragmentation pattern for the oxygenated product of DIM was obtained from A. the 2-ox-
DIM standard; B. the peak corresponding to the retention time of the 2-ox-DIM standard
from an extract from urine; C. proposed oxygenated DIM distinct from 2-0x-DIM from
urine (3-methylenehydroxy-DIM or pyrano-DIM) with specific fragment ion m/z
146.0596.

Figure 3. Plasma Levels of DIM, 2-0x-DIM and Pyrano-DIM Over Time. Blood was
collected from each of the 7 individuals at time points indicated. Plasma was isolated,
treated with sulfatase/B-glucuronidase, extracted and analyzed by UPLC-MS/MS as
described in Material and Methods. DIM and 2-ox-DIM were quantified utilizing standard
curves; pyrano-DIM was estimated based on instrument response with 2-ox-DIM.

Figure 4. Plasma Levels of Sulfate and Glucuronide Conjugates of Mono- and Di-
Hydroxylated DIM and Free Di-Hydroxylated-DIM. Blood was collected from the 7
individuals at the time points indicated. Plasma was isolated, extracted and analyzed by
UPLC-MS/MS as described in materials and methods. Bars indicate the mean (n=7)
peak area of instrument response and the bars the S.D.

Figure 5. Urine Levels of DIM, 2-0x-DIM and 3-Methylenehydroxy(Pyrano)-DIM
Over Time. All urine was collected over 48 hours post-dosing and pooled in fractions of
0-6, 6-12, 12-24 and 24-48 hours. Aliquots of 1 mL were treated with sulfatase/f-
glucuronidase, extracted and analyzed by UPLC-MS/MS as described in Materials and
Methods. No DIM or DIM metabolites were seen prior to initiation of 1 week of DIM
supplementation (-7d). The 0 hour time point was urine collected just prior to the last
dose (morning of day 8). Bars indicate the mean (n=7) in pmol/mg creatinine and the
bars the S.D. DIM and 2-ox-DIM were quantified utilizing standard cures; pyrano-DIM
(from 3-methylenehydroxy-DIM) was estimated based on instrument response with 2-
ox-DIM standards.

Figure 6. Sulfate Conjugates of Mono- and Di-Hydroxylated DIM Metabolites in
Urine. One 1 mL aliquots of urine collected from a single individual (BaP022), 6-12
hours post-dosing, was treated with sulfatase, extracted and analyzed by UPLC-MS/MS
as described in Materials and Methods. The molecular ions exhibited m/z values of
343.0731 (peak eluting at 4.585 minutes) for the sulfate conjugate of mono-
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hydroxylated DIM and 359.0686 for the sulfate conjugates of di-hydroxylated-DIM
(peaks eluting at 3.550 and 3.867 minutes. The fragment ion at 146.0596 is diagnostic
for pyrano(3-methylenehydroxy)-DIM and is not seen with 2-ox-DIM.

Figure 7. Glucuronide Metabolites of Mono-Hydroxylated DIM. One 1 mL aliquots
of urine collected from a single individual (BaP022) 6-12 hours post-dosing was treated
with B-glucuronidase, extracted and analyzed by UPLC-MS/MS as described in
Materials and Methods. The peak eluting at 3.682 minutes exhibited an m/z value of
439.1743. The fragment ion at 146.0596 is diagnostic for pyrano(3-methylenehydroxy)-
DIM and is not seen with 2-ox-DIM.

Figure 8. AHR Activation in a Hepal Reporter System by DIM and 2-o0x-DIM. DIM
and 2-ox-DIM were incubated with a mouse hepatoma cell line (Hepal) with an XRE-

containing luciferase reporter in a 96 well plate. FICZ was included as a positive control.

Test compounds (in 0.1% DMSO) were added to 200 pL of media in wells and
incubated for 18-24 hours prior to analyzing luciferase activity as reported in Materials
and Methods. The bars are the mean of triplicates (£ SD). Significant differences
between identical concentrations of DIM and 2-ox-DIM were determined with a two-tail t
test and are indicated by *(p<0.05).

Figure 9. Phase 1 (CYP) and Phase 2 (UGT and SULT) of DIM in Humans. The
pathway for formation of two mono-oxygenated metabolites and one di-oxygenated
metabolite is shown with subsequent conjugation by UGT and SULT. The identity of the
2-0x-DIM is confirmed with a synthesized standard. The second hydroxylated
metabolite is tentatively identified as 3-methylenehydroxy-DIM which spontaneously is
converted to a pyrano product. The di-oxygenated product is tentatively identified as 3-
methylenehydroxy-2-ox-DIM. Highlighted figure on right is the proposed pathway for
spontaneous conversion of 3-methylenehydroxy-DIM to pyrano-DIM.
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Table 1. Volunteer Demographics

Volunteer | Age Sex BMI at Race Hispanic
screening (Y/N)
visit

BaP021 27 M 24.3 White N

BaP022 |65 M 32.5 White N

BaP025 |44 M 27.5 White N

BaP028 | 49 M 28.1 White N

BaP031 |59 F 33.7 White N

BaP041 26 M 22.4 Black/AA | N

BaP042 |43 M 37.4 White N
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Table 2A. Individual Pharmacokinetics of DIM, 2-Ox-DIM plus Pyrano-DIM (3-Methy|enehydroxy-IM): Non-Compartmental

Table 2B. Individual Pharmacokinetics of DIM: One-Compartmental Modgl

Volunteer Ka Kie V1 Tip
hrt hrt (L) (hr)
DIM DIM DIM DIM

BaP021 - - - -
BaP022 | 0.28 0.28 513 2.45
BaP025 | 0.70 0.70 222 0.99
BaP028 | 0.18 0.84 166 0.82
BaP031 | 0.08 1.16 72.1 0.60

BaP041 - - - -
BaP042 | 0.29 0.29 1490 2.37
030+ |0.65+ |492+ 1.45 +

0.23 0.37 580 0.89

“The reported Tpax is for pyrano-DIM

43

202 '8

Model S
o
8
g8
o
Volunteer Tmax Tmax Cmax Cmax AUC0—48hr AUC0-48hr T1/2 Tl/2 g_ Cl Vdis
(hr) (hr) (pmol/mL) | (pmol/mL) | (pmol x hr x mL™) | (pmol x hr x mL™)? | (hr) (hn 3 (L) | (L
DIM | OH-DIM* | DIM OH-DIM®> | DIM OH-DIM DIM | OH-yM*® | DIM* DIM!
BaP021 |- 0.25 - 4230 - 11,100 - 9.84 12 - -
BaP022 [ 4.0 8 265 205 2890 2740 413 83682 127 759
BaP025 [ 1.5 1.5 1770 8280 4190 16,600 387 [5.123 87.7 490
BaP028 [ 3.0 3.0 362 290 2990 4510 3.76 14182 123 669
BaP031 [ 3.0 3.0 380 184 5020 2910 8.85 |11.99 73.3 937
BaP041 [ 15 2.0 68 125 72 1500 1.22 [6.14% - -
BaP042 [3.0 3.0 120 80 935 699 392 [9.93 393 2220
267+ | 296+ 423 + 1910 + 2300 * 5730 + 429+ [ 934+ 161+ |1010+
098 |244 610 3190 2000 5900 248 3138 132 693
"The reported Tmax is for pyrano-DIM 2
*The reported Crax and AUCq4gnr are for the sum of 2-0x-DIM and pyrano-DIM 2
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