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A B S T R A C T

Flavin-containing monooxygenase (FMO) expression in male mouse liver is altered after 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) exposure or castration. Because TCDD is slowly eliminated from the

body, we examined hepatic Fmo mRNA alterations for up to 32 days following 10 or 64 mg/kg TCDD

exposure by oral gavage in male C57BL/6J mice. Fmo2 mRNA was significantly induced at 1, 4, and 8 days

whereas Fmo3 mRNA was also induced at 32 days relative to controls. Fmo3 mRNA levels exhibited a

dose-dependent increase at 4, 8, and 32 days after exposure; Fmo1, Fmo4, and Fmo5 mRNA did not exhibit

clear trends. Because castration alone also increased Fmo2, Fmo3, and Fmo4 mRNA we examined the

combined effects of castration and TCDD treatment on FMO expression. A greater than additive effect

was observed with Fmo2 and Fmo3 mRNA expression. Fmo2 mRNA exhibited a 3–5-fold increase after

castration or 10 mg/kg TCDD exposure by oral gavage, whereas an approximately 20-fold increase was

observed between the sham-castrated control and castrated TCDD-treated mice. Similarly, treatment

with 10 mg/kg TCDD alone increased Fmo3 mRNA 130- and 180-fold in the sham-castrated and castrated

mice compared to their controls respectively, whereas, Fmo3 mRNA increased approximately 1900-fold

between the sham control and castrated TCDD-treated mice. An increase in hepatic Fmo3 protein in

TCDD-treated mice was observed by immunoblotting and assaying methionine S-oxidase activity.

Collectively, these results provide evidence for isoform distinct time-, dose-, and castration-dependent

effects of TCDD on FMO expression and suggest cross-talk between TCDD and testosterone signal

transduction pathways.
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1. Introduction

Flavin-containing monooxygenases (FMOs) are microsomal
enzymes that catalyze the addition of oxygen to many sulfur-,
nitrogen-, phosphorus-, and selenium-containing compounds
including pesticides, therapeutics, and dietary substances. Gener-
ally, FMO oxidation acts as a detoxification pathway; however,
specific substrates are bioactivated into more reactive and
deleterious compounds. There are five active and expressed
FMO isoforms (FMO1-5) and several pseudogenes in humans
and mice [1,2]. Importantly, FMO polymorphisms have been
correlated to the human disease trimethylaminuria and to the
Abbreviations: FMO, flavin-containing monooxygenase; TCDD, 2,3,7,8-tetrachlor-

odibenzo-p-dioxin; AHR, aryl-hydrocarbon receptor.
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efficacy of pharmaceuticals [3]. In contrast to their prominent role
in xenobiotic metabolism, a clear physiological role for FMOs has
yet to be established [4].

FMO isoform distribution is species-, tissue-, gender- and age-
dependent. FMOs are regulated by many endogenous factors;
including sex and stress steroids, nutritional status, and circadian
rhythms [5–8]. Hepatic FMO3 expression is gender-dependent in
mice and dogs but this dependency is not observed in other mouse
tissues nor in human, rabbit, or rat liver [9,10]. Testosterone
represses the expression of FMO3, and to a lesser degree FMO1, in
male mouse liver; whereas females exhibit high levels of FMO3
and FMO1 [6]. In mice, castration increases FMO3 and FMO1 levels
[6]. In contrast, FMO activity is reduced in rats after castration
[11]. FMO3 expression increased and FMO1 levels remained
unchanged in male rat liver during sexual maturation (3–11
weeks) a period of increased testosterone secretion [12]. These
data suggest that testosterone effects FMO expression differently
in mice and rats. Estrogen and progesterone have also been
implicated in the modification of FMO expression in various
species and tissues [7,13,14].
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Despite extensive endogenous regulation, FMOs were previ-
ously designated as non-inducible by xenobiotics. Recent studies
have shown hepatic Fmo mRNA or protein expression is altered due
to pharmaceuticals like rifampin in primary human hepatocytes,
and to disease states such as streptozotocin-induced diabetes in
rats, and inflammation models in mice and rats [15–18]. Additional
studies have shown hepatic Fmo mRNA or enzymatic activity
changes by several aryl-hydrocarbon receptor (AHR) ligands,
including 3-methylcholanthrene and 3,30-diindolylmethane in
rats, b-naphthoflavone in mice, and 2,3,7,8,-tetrachlorodibenzo-
p-dioxin (TCDD) in mice and rats [19–23].

TCDD, a ubiquitous environmental contaminant, is a model
compound for a range of chemicals that act through the AHR and
the aryl-hydrocarbon nuclear translocator. TCDD exposure causes
liver toxicity and other deleterious effects [24]. There has been
extensive characterization of TCDD-induced xenobiotic metabo-
lizing enzymes, such as cytochrome P450s, UDP-glucuronosyl-
transferases, and glutathione-S-transferases [25]. In contrast,
TCDD regulation of Fmo expression has only been recently
discovered and is not fully characterized.

Hepatic Fmo2 and Fmo3 induction was detected in an AHR-
dependent manner by microarray in male mice 19 h after 1000 mg/
kg TCDD was administered by gavage [22]. Notably, TCDD was able
to overcome testosterone repression of Fmo3 mRNA expression in
male mouse liver. Further studies showed 24 h after i.p. injections of
30 mg/kg TCDD hepatic Fmo1, Fmo2, and Fmo3 mRNA were
upregulated and Fmo5 mRNA was downregulated in male mice
[26]. Fmo1 and Fmo2 mRNA were not induced in female mice. In male
mice, TCDD exposure from 0.1 to 10 mg/kg, induced hepatic Fmo2

and Fmo3 mRNA in a dose-dependent fashion [26]. These data
suggest complex regulation for Fmos in response to AHR ligands.

This study sought to further characterize the induction of Fmo

mRNA for up to 32 days post-TCDD treatment to determine the
duration and maximum of mRNA alterations. To our knowledge,
no previous study has examined Fmo mRNA levels beyond 24 h.
Doses were based on a dose response study in which 10 mg/kg was
able to cause maximal transcription of known target genes and
64 mg/kg was able to cause toxic endpoints such as hepatomegaly,
hydropic degeneration, and inflammation [24]. Additionally, we
examined the combined effects of TCDD and castration because of
reported gender-dependent TCDD alterations in mouse hepatic
Fmo mRNA [26].

2. Materials and methods

2.1. Materials

b-Nicotinamide adenine dinucleotide phosphate reduced
tetrasodium salt (NADPH), methionine, methionine sulfoxide,
and 1-fluoro-2,4-dinitrobenzene were obtained from Sigma–
Aldrich Chemicals (St. Louis, MO). TCDD was purchased from
Cambridge Isotope Laboratories (Woburn, MA). Human cDNA-
expressed FMO3 and FMO5 and anti-human FMO3 and FMO5
antibodies were purchased from BD Gentest (Woburn, MA). Rabbit
anti-rat FMO4 antibody was previously characterized [27]. Goat
anti-rabbit secondary antibody was purchased from Jackson
ImmunoResearch Laboratories Inc. (West Grove, PA).

2.2. Animals and treatments

For the time course experiment, C57BL/6J male mouse liver
sections from mice that were administered TCDD (10 or 64 mg/kg) or
corn oil alone by oral gavage were obtained from Dr. Chris Bradfield’s
laboratory [24]. For the castration experiment, male C57BL/6J mice
(5–6 months old; The Jackson Laboratory, Bar Harbor, ME) were
maintained on a 12 h light/dark cycle with food (5015 Mouse Diet,
PMI Nutrition International, Brentwood, MO) and tap water
available ad libitum. Procedures were approved by the Animal Care
and Use Committee at the University of Wisconsin–Madison. Male
mice were castrated via the scrotal route under isoflurane
anesthesia. Mice were sham-castrated via a scrotal incision and
wound closure. Mice were given 14 days for recovery after surgery.
Then, TCDD (10 mg/kg in corn oil) or vehicle (corn oil) was
administered by oral gavage. Four days post treatment mice were
euthanized by CO2 overdose and the livers were removed. The four-
day post-TCDD time point was chosen based on preliminary
observations illustrating significant Fmo3 mRNA induction. For
mRNA analysis, liver sections of approximately 100 mg were placed
in RNAlater (Qiagen, Valencia, CA) overnight and the following day
the excess RNAlater was removed. The rest of each liver was snap
frozen for immunoblotting and enzymatic activity assays.

2.3. RNA isolation, cDNA synthesis, and real-time qPCR

Frozen hepatic samples were homogenized with a pestle and
passed through a Qiashedder column (Qiagen) according to the
manufacturer’s instructions. Total RNA was isolated with the
Qiagen RNAeasy Mini kit (Qiagen) by the manufacturer’s instruc-
tions. RNA purity was assessed in 10 mM tris pH 7.5 and all
samples exhibited a 260/280 ratio greater than 1.8. The RNA
samples were determined to be of adequate quality (mean
RIN = 7.5) on an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). cDNA was synthesized as previously described
[28]. cDNA was diluted in H2O and stored at �80 8C until used.
Real-time qPCR primers were from mRNA sequences reported in
the Entrez database (National Center for Biotechnology Informa-
tion) and were selected using Primer3 software [29]. Primer
sequences and accession numbers are listed in Table 1. Real-time
qPCR was performed as previously described [30]. A melting curve
was performed to confirm the formation of a single amplicon.
Changes in relative gene expression were calculated using the
comparative threshold (Ct) cycle. Crossing points were determined
using the Roche Light Cycler software version 3.5.3. The
housekeeping gene peptidyl prolyl isomerase (Ppia) did not exhibit
a noticeable difference between control and treated samples and
the data was normalized to this gene. The data was normalized by
calculating the difference between Ct for the housekeeping gene
and the Fmo genes (DCt). The difference between the control and
treated animals was calculated 2�ðDCt TCDD DCt controlÞ.

2.4. Immunoblotting

Hepatic samples were snap frozen and stored at �80 8C. Tissue
was made into ‘‘washed’’ microsomes [31]. Protein concentration
was determined by an average of three separate bicinchoninic acid
protein assays (Thermo Scientific, Waltham, MA). Hepatic micro-
somal proteins were separated by SDS-PAGE on a precast Criterion
12.5% resolving gel (Bio-Rad, Los Angeles, CA). Each gel contained
Kaldiescope molecular weight standards (Bio-Rad) and a protein
standard with cDNA-expressed human FMO3, FMO5 (BD Gentest)
or rat kidney microsomes. Samples were run on the gel and
transferred to nitrocellulose as previously described [32]. Transfer
efficiency and loading were checked by Ponceau S staining (Sigma–
Aldrich) with a visual assessment of staining amounts. The
following antibodies were used for detecting anti-human FMO3
(BD Gentest), anti-human FMO5 (BD Gentest), rabbit anti-rat
FMO4 [27] followed by goat anti-rabbit secondary (Jackson
ImmunoResearch Laboratories Inc., West Grove, PA). Membranes
were incubated with enhanced chemiluminescence (Thermo-
Scientific) and transferred to film. Quantitation was performed
by obtaining the volume (optical density �mm2) of each band
with Quantity One software (Molecular Dynamics). To our



Table 1
FMO primers for real-time qPCR.

Gene Forward/reverse primer Accession number Position Product size (bp)

FMO1 50-CGATTCCTCTGGGTGAAGAAG-30 NM_010231 102–122 144

50-TTACGTTGGAGCAAGGGATG-30 245–226

FMO2 50-ACTCAGAGCAACGGAAAGGAG-30 NM_018881 432–452 102

50-ACCTGGGAATGACTTGAGTGG-30 533–513

FMO3 50-CAGCATTTACCAATCGGTCTTC-30 NM_008030 193–214 102

50-TTGCTGTGATGCATGAAGTTG-30 294–274

FMO4 50-TCCTGAGCCCACATTTACCTC-30 NM_144878 478–498 139

50-CCAGTGTTTCCAAGACCAACC-30 616–596

FMO5 50-CATCCAACAGTGAATGATGACC-30 NM_010232 931–952 114

50-CCTGGAGCCATCCTCAAATAC-30 1044–1024

CYP1A1 50-CCTCCGTTACCTGCCTAACTC-30 NM_001136059.1 830–850 149

50-AATGCTCAATGAGGCTGTCTG-30 958–978
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knowledge, antibodies that specifically recognize mouse FMO1
and FMO2 are not commercially available.

2.5. Enzymatic activity

Methionine S-oxidase activity was correlated to FMO3 protein
levels in male and female dog, rat, and rabbit liver and kidney [9].
Low levels of endogenous methioinine S-oxidase activity were
observed in male mouse liver and were not correlated to FMO3
protein, which has extremely low expression [9]. The correlation of
FMO3 protein and methionine S-oxidase in other tissues, including
female mouse liver, suggests this assay would measure increases in
FMO3. Methionine S-oxidase activity assays and HPLC analysis
were conducted in the same manner as describe previously [32].
Briefly, assays were performed at 37 8C with constant shaking.
Liver microsomes (0.25 mg), NADPH (final concentration 2 mM),
and buffer (10 mM potassium phosphate, 1 mM EDTA, pH 7.6)
were pre-incubated for 5 min. Control incubations were run
without NADPH. The reaction (final reaction volume 0.25 ml) was
started with the addition of methionine (final concentration
10 mM) and incubated for 10 min at 37 8C. The enzymatic reaction
was stopped with the addition of cold ethanol (0.25 ml).
Methionine reaction aliquots (350 ml) were derivatized by the
addition of 9 ml of 1-fluoro-2, 4-dinitrobenzene (10% (v/v) in
ethanol) and 6 ml of 1 M NaHCO3 and incubated for 30 min at 37 8C
and then in the dark at room temperature for 6 h. HPLC analysis of
the reactions was carried out using a Beckman System Gold 125
Solvent Module equipped with a Beckman Ultrasphere column
(4.6 mm � 25 cm) and a Beckman System Gold Detector 166. The
system was run at 1 ml/min with the detector set at 360 nm.
Quantitation of the methionine sulfoxide was carried out by
comparing peak areas, corrected for the nonenzymatic activity, to a
standard curve. The standard curve was of chemically synthesized
methionine sulfoxide (Sigma) and was derivatized and run on the
HPLC at the same time as the assay. The correlation coefficient of
the standard curve was excellent (r > 0.99).

2.6. Statistical analysis

Statistical analysis of data for each treatment was performed
with a Kruskal–Wallis test (Mstat, http://www.mcardle.wisc.edu/
mstat/). Results were considered significant if p < 0.05.

3. Results

3.1. Time course of FMO mRNA changes after TCDD exposure

The time points of 1, 4, 8, and 32 days were chosen to examine
sustained Fmo mRNA alterations following 10 or 64 mg/kg TCDD.
Compared to time-matched controls Fmo2 mRNA was signifi-
cantly induced by 10 and 64 mg/kg TCDD on 1, 4, and 8 days after
exposure (Fig. 1). Fmo2 mRNA was increased 3–5-fold 4 and 8
days after exposure to 10 or 64 mg/kg TCDD. Fmo3 mRNA was
significantly increased 1, 4, 8 and 32 days after 10 or 64 mg/kg
TCDD exposure compared to time-matched controls. The largest
Fmo3 induction was 4 days after the exposure, with 230- and
1200-fold increase for the 10 and 64 mg/kg TCDD doses
respectively. Fmo3 was the only FMO isoform to show a dose-
dependent induction. At 4, 8, and 32 days post-TCDD, Fmo3

mRNA was significantly higher in mouse liver following 64 mg/kg
TCDD than following 10 mg/kg TCDD (Fig. 1). Fmo1, Fmo4, and
Fmo5 mRNA were also examined but trends in TCDD regulation
were not as clear (Fig. 1). Cyp1a1 mRNA expression was
significantly increased at all time points after 10 and 64 mg/kg
TCDD exposure compared to time-matched controls. The Cyp1a1

mRNA expression levels were not significantly different between
the two doses.

3.2. FMO mRNA levels after castration and TCDD exposure

Fmo expression changes due to castration and TCDD treatment
were examined in male mouse liver at four days after 10 mg/kg
TCDD exposure (Fig. 2). Castration increased Fmo3, Fmo2, and Fmo4

mRNA 11-,5.4-,1.8-fold respectively in comparison to sham-
operated controls.

Fmo2 and Fmo3 mRNAs were induced by TCDD in intact and
castrated mice. TCDD treatment increased Fmo2 mRNA in sham-
castrated and castrated mice approximately 3–4-fold relative to
the respective controls. Fmo3 mRNA increased after TCDD
treatment approximately 130- and 180-fold in sham-castrated
and castrated mice respectively, relative to their respective vehicle
controls. The change in mRNA expression between the sham-
castrated control and the castrated TCDD-treated was approxi-
mately 20-fold for Fmo2 and 1900-fold for Fmo3 mRNA.

Fmo4 mRNA was significantly induced by TCDD in sham-
castrated mice 1.8-fold but not in the castrated mice. There was
a 2-fold increase between the sham-castrated control and
castrated TCDD-treated mice. Significant changes in Fmo1 and
Fmo5 mRNA expression were not observed due to TCDD
treatment alone. Fmo1 mRNA was increased 2.6-fold and
Fmo5 mRNA was decreased 0.37-fold between the sham-
castrated control and castrated TCDD-treated mice. Thus,
Fmo1, Fmo2, and Fmo3 mRNA exhibited a greater than additive
response to castration and TCDD.

Significant increase in Cyp1a1 mRNA expression was observed
in the 10 mg/kg TCDD samples (Fig. 2). We also observed a 2-fold
increase in Cyp1a1 mRNA between the sham-castrated and
castrated mice that received vehicle.

http://www.mcardle.wisc.edu/mstat/
http://www.mcardle.wisc.edu/mstat/


Fig. 1. Time course of Fmo mRNA levels in adult male mouse liver in vehicle and TCDD-treated animals. Adult male mice were dosed with 10 mg/kg TCDD, 64 mg/kg TCDD, or

corn oil alone and euthanized 1, 4, 8, or 32 days later. Livers were removed and mRNA levels were measured by real-time qPCR as described in Section 2. mRNA levels are

expressed relative to time-matched control. Cyp1a1 mRNA was measured as a positive control. *p < 0.05 compared to time-matched control; **p < 0.01 compared to time-

matched control; zp < 0.05 compared alternate dose at that time point; plotted bars represent mean � SD; n = 3–4 mice in treated groups and 3–8 mice in control groups.

Fig. 2. Fmo mRNA levels in the livers of adult male mice after castration and TCCD treatment. Mice were sham-castrated or castrated and allowed 2 weeks for recovery. Mice

received vehicle or TCDD (10 mg/kg) and livers were collected 4 days later. mRNA levels were measured by real-time qPCR as described in Section 2. Cyp1a1 mRNA was

measured as a positive control. *p < 0.05 compared to SV; zp < 0.05 compared to CV; plotted bars represent mean � SD; n = 3–5 mice per group.
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Fig. 3. Methionine S-oxidase activities of mouse liver microsomes were determined

as described in Section 2. Incubations contained 10 mM methionine, 2 mM NADPH,

and 0.25 mg microsomal protein. Reaction time was 10 min with a 5 min pre-

incubation before the addition of substrate. Mice were sham-castrated (S) or

castrated (C) and allowed two weeks for recovery. Then, mice received vehicle (V) or

10 mg/kg TCDD (T) and were euthanized four days later. *p < 0.05 compared to SV:
**p < 0.01 compared to SV; zp < 0.05 compared to CV; plotted bars represent

mean � SD; n = 4–5 mice per group.

Fig. 4. Immunoblot for FMO3 protein in adult the livers of adult male mice after

castration and TCCD treatment. 50, 25, 10, or 5 fmol of human cDNA-expressed FMO3

(BD Gentest), determined by manufacturer’s FAD content, and 10 mg microsomal

protein were resolved on an SDS polyacrylamide gel, transferred to nitrocellulose and

incubated with rabbit polyclonal anti-human FMO3 as described in Section 2. Mice

were sham-castrated (S) or castrated (C) and received vehicle (V) or 10 mg/kg TCDD

(T). 4 treatment groups are shown. n = 5 mice per group. Protein load and transfer

efficiency were visually assessed by Ponceau S staining of the membrane.
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3.3. FMO activity and protein levels after castration and TCDD

exposure

Liver microsomal enzymatic activity of the oxidation of
methionine to methionine sulfoxide was increased by TCDD
treatment (Fig. 3). Castration alone did not cause a significant
increase in the methionine S-oxidase activity. TCDD treatment
caused a 1.3-fold increase in activity in sham-castrated and
castrated animals and a 1.7-fold induction between the sham-
castrated control and castrated TCDD-treated mice.

Immunoblotting for Fmo3 revealed a large induction of Fmo3
protein after TCDD treatment (Fig. 4). It was difficult to quantify
the change in Fmo3 protein abundance due to TCDD because it
was close to non-detectable in vehicle control samples.
However, even without quantification the differences between
vehicle and TCCD treated samples are clearly evident. Quantifi-
cation of the protein values of TCDD-treated samples from the
sham-castrated and castrated animals showed a 1.6-fold
increase but it did not reach significance (p = 0.07). Immuno-
blotting for Fmo4 and Fmo5 was also performed but did not
exhibit clear trends (data not shown).

4. Discussion

FMOs are important enzymes in the bioactivation and
detoxification of xenobiotics; yet, the regulation of FMOs is not
well understood. This study sought to further characterize the
time-, dose-, and castration-dependent response of FMOs to TCDD
treatment.
TCDD is resistant to metabolic processing and thus causes
sustained gene alterations. For example, TCDD-dependent induc-
tion of Cyp1a1 and Cyp1a2 mRNA persists at least 64 days after
treatment [24]. Hepatic levels of TCDD in mice after receiving
10 mg/kg by oral dose were maximal at 72 h and decreased 50%
between 72 and 168 h [33]. The distribution and excretion of TCDD
in C56BL/6J mice have been described and TCDD was detected in
the liver at 42 days after exposure [34]. Thus, it is not surprising to
see the largest induction of Fmo2 and Fmo3 at 4 days post-TCDD
and to have Fmo3 mRNA induction remaining at 32 days. Changes
in Fmo1, Fmo2, and Fmo3 mRNA in male mouse liver after
treatment with AHR ligands have been observed previously
[21,22,26] but, to our knowledge, this is the first examination of
TCDD-induced alterations in these genes beyond 24 h.

Known TCDD target genes, such as Cyp1a1 and Cyp1a2, exhibit
maximal induction at 10 mg/kg in male mice [24]. TCDD exposure
from 0.1 to 10 mg/kg, induced hepatic Fmo2 and Fmo3 mRNA levels
at 24 h in a dose-dependent fashion in male mice [26]. In this
study, Fmo3 mRNA exhibited a greater induction after 64 mg/kg
TCDD in comparison to 10 mg/kg TCDD but Fmo2 mRNA did not
exhibit a difference between the two doses. Perhaps, the dose-
dependent induction of Fmo3 mRNA at high doses is due to the
initial low expression level and hormonal repression. It is also
possible the change in Fmo3 mRNA expression in mice that
received 64 mg/kg TCDD is due to direct induction through the AHR
and indirect induction through other TCDD-induced cellular
changes. The differences between the two doses are only observed
at later time points after indirect mechanisms would have time to
occur. A possible mechanism may be TCDD-induced depression of
testosterone levels which has been previously observed in rats two
days after administration of 15 mg/kg TCDD [35].

Previously, significant changes were observed for Fmo1 and
Fmo5 mRNA in male mouse liver after 30 mg/kg TCDD exposure
[26]. We observed similar trends but the change in mRNA
abundance in this study did not reach significance. In agreement
with our data, other mouse liver microarray studies also only
reported Fmo2 and Fmo3 mRNA as upregulated by AHR ligands and
did not report changes in Fmo1, Fmo4, or Fmo5 mRNA [21,22].
Regardless, the differences in dose, route of exposure, and the time
points studied after exposure could explain the variability of the
results among the different reported studies.

It was previously reported that FMO3, and to a lesser extent
FMO1, are repressed by testosterone in male mouse liver whereas
FMO5 is not affected [6]. We observed increased Fmo3, Fmo2, and
Fmo4 mRNA after castration. This suggests that Fmo2 and Fmo4

mRNA may be weakly repressed by androgens. To our knowledge, a
gender difference has not been reported for FMO2 or FMO4 in mice.
Mouse hepatic Fmo2 and Fmo4 mRNA levels are low and these
proteins have few known isoform-specific substrates; thus, if a
small gender difference exists it may not be easily observed [36].
Further studies are necessary to determine if the observed changes
in Fmo mRNA after castration are androgen-related.

Our results show a greater than additive effect of castration and
TCDD treatment on Fmo1, Fmo2, and Fmo3 mRNA. If the effect of
testosterone and TCDD were independent, we would expect the
fold change after castration and TCDD exposure to be additive but
we observed greater than additive changes for Fmo mRNAs,
suggesting possible cross-talk between the androgen receptor and
TCDD signal transduction pathways. Previous studies have
reported cross-talk between androgen receptor and AHR in other
tissues. In prostate cancer cells, testosterone treatment inhibited
the induction of CYP1A1 by TCDD [37,38]. In mouse prostate
development, TCDD exerts both androgenic and anti-androgenic
effects [30]. Additionally, inclusion of TCDD blocked androgen-
dependent cell proliferation in cell culture [39]. A mechanism for
the cross-talk was proposed where the androgen receptor and the
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AHR form a complex, altering transcription [40]. Further studies
showed that activated AHR decreased the protein level of androgen
receptor through an increase in targeted protein degradation
through an E3 ubiquitin ligase complex in prostate cancer cells
[41]. The AHR pathway is known to be involved in cross-talk with
estrogen signaling and pathways essential to cycle regulation,
apoptosis, and cellular kinases [41,42].

The large change in Fmo2 and Fmo3 mRNA in male mouse after
TCDD exposure could be utilized to further characterize FMO
activity. FMO2 is active in mice [43] but inactive in Caucasian and
Asian human subjects due to a mutation [44]. Approximately 26%
and 5% African and Hispanic Americans express active FMO2,
respectively [45,46]. In sub-Saharan Africa, there are populations
where almost 50% of individuals express active FMO2 and it was
estimated that approximately 220 million people worldwide
express the active enzyme [47]. This allele may increase the risk
of pulmonary damage due to thiourea exposure because thioureas
are activated by FMO2 to reactive sulfenic acids [48]. Additional
substrates for the active FMO2 include the antitubercular drugs
ethionamide and thiacetazone, which may be metabolized
differently in individuals with active FMO2 [49]. FMO3 is highly
expressed in human liver and is the predominant isoform in
human drug metabolism. FMO3 substrates include important
therapeutics such as amphetamine, clozapine, tamoxifen, ethion-
amide and thiacetazone [4]. FMO3 is the FMO isoform that has
exhibited the lowest Km values with methionine, S-allyl-cysteine,
and S-(1,2-dichlorovinyl)-L-cysteine, a metabolite of trichloroeth-
ylene [50,51]. Thus, the effect of TCDD on FMO2 and FMO3
expression could alter an organism’s response to many therapeu-
tics or chemicals and provide an opportunity for further
characterization.

Protein levels are not always well correlated to mRNA levels
due to the complex relationship between transcription and
translation, differences in stability between mRNA and protein,
and the cellular localization and molecular associations of
proteins. FMO protein levels did not correlate to mRNA levels
in human liver [52]. As we seek to understand the physiological
implications of mRNA changes, a relationship to protein content
and activity must be established. Previously, large increases in
TCDD-induced Fmo mRNA resulted in smaller (�1.4) fold-
increases in methimazole activity which is metabolized by
multiple FMO isoforms [26]. Although our observed 1.7-fold
increase in methionine S-oxidase activity was not large, it
suggests an increase in FMO3 after TCDD exposure. Methionine
S-oxidase activity has been previously observed in untreated male
mouse liver [9] and is likely due to metabolism by FMO1 or FMO4,
which are expressed in male mouse liver [6,27,50,53]. It is likely
the observed 1.7-fold increase in activity is from the change in
FMO3 level. Thus, the activity of newly expressed FMO3 protein is
about equivalent to activity of FMO1 and FMO4 combined. In this
light, a 1.7-fold change in activity suggests a significant increase in
the amount of protein. To our knowledge this was the first
detection of an increase in FMO3 protein between vehicle and
TCDD-treated mice by immunoblotting. We did not expect the
change in protein to be as great as the change in mRNA. In addition
to the normal difficulty in predicting protein level from mRNA
level, TCDD causes an increase in many genes; thus, the molecular
machinery used to make protein may be unable to translate the
additional mRNA into protein. It is also possible the enzymatic
activity increases less than the protein because of limited
incorporation of FAD into the FMO3 active site.

Determination of Fmo expression in response to xenobiotics
and signal transduction pathways is necessary to understand their
endogenous regulation and xenobiotic response. About 85% of the
gene response to TCDD is species-specific between rats and mice
[54] and the effect of TCDD on FMO expression in humans is
unknown. Further analysis of the promoter regions and DNA
regulatory elements may provide insight into how transcription
factors control the species-, tissue-, and gender-dependent
expression of FMOs. In addition, experiments on changes to
FMO metabolism and protein levels in relation to mRNA
expression will provide valuable data on the physiological effects
of these alterations. Changes in FMO expression level could have
profound effects on the metabolism of therapeutics and may alter
an organism’s response to xenobiotic exposure. An endogenous
role for FMOs has yet to be determined and it is unlikely that these
enzymes evolved to metabolize the known FMO substrates. FMO
induction, especially chronic FMO induction, may alter metabolic
homeostatisis and have an impact on the organism.
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