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The flavin-containing monooxygenases (FMOs) are impor-
tant for the metabolism of numerous therapeutics and toxicants.
Six mammalian FMO genes (FMO1–6) have been identified,
each exhibiting developmental and tissue- and species-specific
expression patterns. Previous studies demonstrated that human
hepatic FMO1 is restricted to the fetus whereas FMO3 is the
major adult isoform. These studies failed to describe temporal
expression patterns, the precise timing of the FMO1/FMO3
switch, or potential control mechanisms. To address these ques-
tions, FMO1 and FMO3 were quantified in microsomal fractions
from 240 human liver samples representing ages from 8 wk
gestation to 18 y using Western blotting. FMO1 expression was
highest in the embryo (8–15 wk gestation; 7.8 � 5.3 pmol/mg
protein). Low levels of FMO3 expression also were detectable in
the embryo, but not in the fetus. FMO1 suppression occurred
within 3 d postpartum in a process tightly coupled to birth, but

not gestational age. The onset of FMO3 expression was highly
variable, with most individuals failing to express this isoform
during the neonatal period. FMO3 was detectable in most indi-
viduals by 1-2 y of age and was expressed at intermediate levels
until 11 y (12.7 � 8.0 pmol/mg protein). These data suggest that
birth is necessary, but not sufficient for the onset of FMO3
expression. A gender-independent increase in FMO3 expression
was observed from 11 to 18 y of age (26.9 � 8.6 pmol/mg
protein). Finally, 2- to 20-fold interindividual variation in FMO1
and FMO3 protein levels were observed, depending on the age
bracket. (Pediatr Res 51: 236–243, 2002)

Abbreviations
FMO, flavin-containing monooxygenase
TBS, Tris-buffered saline

The FMOs (EC 1.14.13.8) are important for the NADPH-
dependent oxidative metabolism of a wide variety of com-
pounds containing nucleophilic nitrogen-, sulfur-, selenium-,
and phosphorous-heteroatoms (1–4). Examples of known sub-
strates of relevance to pediatric therapeutics include the anti-
psychotic chlorpromazine (5), the antihistaminics prometha-
zine (6) and brompheniramine (7), the H2-receptor antagonists
cimetidine (8) and ranitidine (9), and the gastroprokinetic agent
itopride (10). However, given the prevalence of nitrogen- and
sulfur-heteroatoms in medicinals, this short list is likely a gross
underestimate of FMO’s contribution to pediatric drug dispo-

sition. Environmental agents of particular concern include
several thioether-containing organophosphorous pesticides
(11), the carcinogen 2-aminofluorene (12), and the neurotoxi-
cants nicotine (13) and 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) (14). Finally, a few dietary and/or endoge-
nous FMO substrates have been identified, including
trimethylamine, a break-down product of dietary choline (15),
cysteamine (16), methionine, and several cysteine-S-
conjugates (3).

Unlike the numerous cytochrome P450-dependent monoox-
ygenases, there are only six mammalian FMO enzymes, each
encoded by a distinct gene located on the long arm of human
chromosome 1 (17, 18). As such, the FMO are considered
more versatile with regard to substrate specificity than the
cytochrome P450-dependent monooxygenases, a feature partly
attributable to the FMO’s unique catalytic mechanism (19).
FMO species- and tissue-dependent expression has been well
documented (20–23) and within a given species and tissue,
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gender- (24) and ontogenic-associated factors (23–25) also
may affect FMO expression. Finally, genetic variability within
the FMO locus also influences expression (26–29).
Several studies have documented significant changes in the

expression of xenobiotic metabolizing enzymes during devel-
opment (30–33). FMO1 is the major hepatic isoform in most
mammals examined to date (4), with the exceptions of the adult
human (34) and the adult female mouse (24) where FMO3 is
the predominant isoform. FMO1 is expressed at relatively high
levels in human fetal liver (23, 25) and also represents the
major FMO enzyme in the adult human and rabbit intestine and
kidney (22, 25). Thus, human FMO1 and FMO3 are subject to
developmental and tissue-specific regulation, with a temporal
switch in the hepatic expression of the two genes occurring
some time after birth (23). However, the precise timing of these
events and the control mechanisms remain unclear. Such
knowledge would provide an improved ability to predict the
selective morbidity of numerous toxicants and the efficacy of
therapeutic entities, thus advancing our understanding of child-
hood susceptibility to chemical exposure and our ability to
assess risk.
A goal of the current study was to gain a better understand-

ing of the developmental expression pattern for human hepatic
FMO1 and FMO3, including the definition of and potential
variability in the temporal switch between the two enzymes. A
second objective was to determine overall interindividual vari-
ation in FMO1 and FMO3 expression as a function of age.

METHODS

Materials. Polyclonal antibodies raised against human
FMO1 and FMO3 peptides and horseradish peroxidase-
conjugated goat anti-rabbit IgG were obtained from GENTEST
(Woburn, MA, U.S.A.). Protein molecular weight standards
(bench mark prestained protein ladder) were from Invitrogen
(Carlsbad, CA, U.S.A.). Nitrocellulose membranes and en-
hanced chemiluminescence Western blotting kits were pur-
chased from Amersham Pharmacia Biotech (Arlington
Heights, IL, U.S.A.). The micro bicinchoninic acid protein
assay reagent kit was from Pierce Chemical (Rockford, IL,
U.S.A.). All other reagents were obtained from common com-
mercial sources at the purest grade available.

Tissue samples. Frozen specimens of human liver were
obtained from the Brain and Tissue Bank for Developmental
Disorders, University of Baltimore and University of Miami
(National Institute of Child Health and Human Development
contract N01-HD-8–3284). Additional fetal and embryonic
tissues were procured from the Central Laboratory for Human
Embryology at the University of Washington. A total of 240
liver samples were obtained representing ages from 8 wk of
gestation to 18 y of life. Gender information was provided for
221 samples, 137 being male and 84 female. Other than major
diseases and cause of death, no other sample identifiers were
available. Samples from individuals with disease processes that
potentially would involve liver damage were excluded from the
study. Tissue was stored at �80°C until used for the prepara-
tion of microsomal suspensions. This study was approved by

the Children’s Hospital of Wisconsin and the Medical College
of Wisconsin Institutional Review Boards.

Preparation of microsomes. Liver microsomes were pre-
pared by differential centrifugation as previously described (35,
36) with some minor modifications. The frozen tissue was
allowed to thaw at 4°C in homogenizing buffer containing 100
mM Tris-HCl, pH 7.4, 250 mM sucrose, 5 mM EDTA, 0.1 mM
DTT, and 0.25 mM phenylmethylsulfonyl fluoride. After dif-
ferential centrifugation, the microsomal pellet was resuspended
in 100 mM potassium phosphate (pH 7.4) containing 1 mM
EDTA and 0.15 M potassium chloride and centrifuged again at
104,000 � g for 60 min. The pellet was resuspended in 100
mM potassium phosphate, pH 7.4, 1 mM EDTA, and 20%
(vol/vol) glycerol, and stored in aliquots at �80°C. Protein
concentrations were determined by the micro bicinchoninic
acid protein assay (37) using BSA as a protein standard.

Electrophoresis and immunoblotting. SDS-PAGE, using
10% resolving gels and a Tris-glycine running buffer, was
performed according to the method of Laemmli (38). Fraction-
ation was carried out using the Criterion Precast Gel Electro-
phoresis System (Bio-Rad, Hercules, CA, U.S.A.), followed by
electrophoretic transfer to a nitrocellulose membrane using the
Criterion Blotter (Bio-Rad) (39). Twenty micrograms of mi-
crosomal protein were used for each sample. Nonspecific
binding sites were blocked by overnight incubation at 4°C with
5% nonfat dry milk in Tris-buffered saline (TBS; 25 mM Tris,
pH 7.5, 150 mM sodium chloride). The blots were then incu-
bated for 1 h at room temperature with FMO1 or FMO3
primary antibody diluted 1:5000 in TBS containing 0.5%
nonfat dry milk. After extensive washing with several changes
of TBS supplemented with 0.1% Tween-20, the blots were
incubated for 1 h at room temperature with horseradish-
conjugated goat anti-rabbit IgG diluted 1:10,000 in TBS con-
taining 0.5% nonfat dry milk. Blots were then washed with
several changes of TBS supplemented with 0.1% Tween-20
and processed for detection by enhanced chemiluminescence
according to the manufacturer’s instructions. The lumines-
cence produced was detected by exposure of Fuji Super RX
film (Fisher Scientific, Pittsburgh, PA, U.S.A.) and after digi-
tizing the image using a Hewlett Packard 6300C scanner
(Boise, ID, U.S.A.), the integrated OD of immunoreactive
protein bands was determined using a Kodak DC120 digital
camera and Digital Science 1D V 3.0 software (New Haven,
CT, U.S.A.). Human FMO1 and FMO3 were expressed in a
baculovirus vector expression system and insect cell mem-
branes prepared as described previously (25). To quantify the
amount of FMO in the preparations, the flavin adenine dinu-
cleotide content of the membrane preparations was determined
by HPLC (15). For a standard curve, membrane protein prep-
arations representing 25, 50, 100, 250, and 500 fmol of FMO1
and FMO3 were included on each blot. The FMO1- and
FMO3-specific content of the patient samples was determined
by linear regression based on this standard curve (GraphPad
Instat version 3.00, GraphPad Software, San Diego, CA,
U.S.A.). The sensitivity limit was 0.2 fmol of FMO1 or FMO3.
In all blots, bands corresponding to the protein of interest
(FMO1 or FMO3) were identified by reference to the baculo-
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virus-expressed FMO1 and FMO3 and molecular weight
standards.

Data analysis. Data breakpoints giving the maximum vari-
ance between groups and the least deviance within groups were
determined by regression tree analysis using S-Plus 2000, a
statistical package from Insightful Corp. (Seattle, WA,
U.S.A.). Samples with specific contents falling at least 1.5
times outside the 25th to 75th percentile values were consid-
ered outliers and were not included in the analysis. The sig-
nificance of differences between groups was confirmed by a
Kruskal-Wallis nonparametric analysis of variance with Mann-
Whitney U tests used for pair-wise comparisons. Multiple
comparisons were corrected for using a Bonferroni adjustment
(the p value multiplied by 3). A p value � 0.05 was accepted
as significant.

RESULTS

Developmental expression pattern for FMO1 and FMO3.
Previous studies provided evidence for FMO1 and FMO3
differential expression in human liver during development (40,
23, 25). However, none of these reports addressed the temporal
expression pattern of these enzymes, the precise timing of the
FMO1/FMO3 switch, or potential control mechanisms. In the
present study, the developmental expression pattern of human
hepatic FMO1 and FMO3 was determined by SDS-PAGE and
Western blot analysis of microsomal protein prepared from a
bank of 240 human liver samples. Western blotting with
antibodies to FMO1 or FMO3 revealed immunoreactive bands
with apparent molecular masses near 60 kD, corresponding to
full-length FMO1 or FMO3, respectively. Figure 1, A and B,
depicts representative blots with human hepatic microsomes of
different ages. No cross-reactivity was observed between the
respective antibodies and antigens, even at the highest protein
levels used (500 fmol). In agreement with previous studies,
FMO1 expression was present in embryonic and fetal liver
(Fig. 1A) but not in any of the postnatal liver samples. In
contrast, FMO3 expression was not detectable in fetal liver
samples, but was present in postnatal samples (Fig. 1B). The
coefficient of determination (r2) values for the standard curves
ranged from 0.960 to 0.998 (median � 0.990) and typical
coefficients of variation for independent experiments were 5.6
for FMO1 (n � 5) and 4.6 for FMO3 (n � 6).
The overall developmental-specific expression patterns for

FMO1 and FMO3 are shown in Figure 2, A and B. Although
there was significant interindividual variation, the highest level
of FMO1 expression was observed at the earliest gestational
ages, i.e. less than 15 wk (Fig. 2A). After this period, there was
a decline in FMO1 expression up to 40 wk (term). In contrast
to earlier reports (40, 23), low levels of FMO3 expression were
detected in 7 of 38 embryonic samples between 8 and 15 wk
gestation (1.4 � 0.9 pmol/mg microsomal protein). No FMO3
expression was observed between 15 and 40 wk gestation. The
FMO1/FMO3 developmental expression pattern was quite dif-
ferent after birth. As shown in Figure 2B, there was a dramatic
decline in FMO1 expression within the first few days of life.
Although variable, the onset of FMO3 expression was gener-
ally observed during the first year of life followed by moderate

expression up to 11 y of age. Significant interindividual vari-
ability also was observed during this period. A second phase of
FMO3 expression was observed from puberty to adult, where
FMO3 expression increased to a maximum level of approxi-
mately 40 pmol/mg microsomal protein. No correlation was
observed between FMO1- or FMO3-specific content and the
postmortem interval, i.e. the time between death and the freez-
ing of liver tissue (data not shown).

Definition of the FMO1/FMO3 temporal switch. To better
elucidate the precise timing of the hepatic FMO1/FMO3 iso-
form switch, an expanded plot of FMO1 and FMO3 expression
during the neonatal period (birth to 30 d) and the first year of
life was examined (Fig. 3). FMO1 expression was low, but
detectable in most samples within the first 3 d of life, but then
was extinguished in all but a few samples. In contrast, the onset
of FMO3 expression was highly variable during the neonatal
period and, when present, was low relative to expression levels
observed at later ages. A significant increase in expression was
observed between the neonatal period and 1 y of age. As a first
approach to determining the mechanism(s) regulating the
FMO1/FMO3 isoform switch, an analysis of specific FMO
content as a function of gestational and postnatal age was
performed using liver samples from premature infants that
lived for a defined period of time after birth (Fig. 4). From this
analysis, FMO1 expression clearly was extinguished within the
first few days of life, irrespective of gestational age, consistent
with the suppression of FMO1 expression being tightly linked
to the birth process, but not maturity. A direct linkage of birth
to the onset of FMO3 expression was less clear. With the
exception of 4 outliers from a total of 15 samples, FMO3

Figure 1. Western blot analysis of FMO1 and FMO3 expression in human
liver microsomes. Twenty micrograms of microsomal protein were fraction-
ated by SDS-PAGE, electrophoretically transferred to nitrocellulose mem-
branes, and the blots probed with polyclonal antibodies against human FMO1
(A) or FMO3 (B), followed by secondary antibody and detection using
enhanced chemiluminescence with 1- to 5-min exposures. Lane 1, 25 fmol;
lane 2, 50 fmol; lane 3, 100 fmol; lane 4, 250 fmol; lane 5, 500 fmol of FMO1
(A) or FMO3 (B) standards. Remaining lanes on each blot represent 20 �g of
microsomal protein from a selected group of liver samples.
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expression was nondetectable during the first 3 d of life,
irrespective of gestational age. From Figure 2A, no FMO3
expression was detectable in any of the late fetal samples that
did not survive for any defined period after birth. Low but
detectable FMO3 expression was observed in 4 of 13 samples
between 4 d and 30 wk postnatal age, irrespective of gesta-
tional age at the time of birth. Together with the results
presented in Figure 3, these data are consistent with birth being
necessary but not sufficient for the onset of FMO3 expression.
Interindividual and temporal variation in FMO1 and

FMO3 expression. To better summarize the different phases of
FMO1 and FMO3 developmental expression, as well as quan-
tify the interindividual variability in expression, the data pre-
sented in Figures 2–4 were re-analyzed using regression trees.
This method determined data breakpoints that would provide
for maximal variation in data between groups and minimal
deviation within a group. Results of this analysis are shown in
Figure 5. From this analysis of the data, FMO1 expression
divides into three phases approximately matching the trimes-
ters of development. Maximum FMO expression was observed
in samples �15 wk gestation (7.8 � 5.3 pmol/mg microsomal
protein). During the second trimester (15 wk to 6 mo), mean

expression levels decreased by approximately 50% (3.8 � 2.6
pmol/mg microsomal protein) and again by a further 50% (2.1
� 1.8 pmol/mg microsomal protein) in the third trimester.
FMO1 expression was essentially nondetectable after 3 d
postpartum. Interindividual variation in FMO1 expression dur-
ing the prenatal period was 10- to 20-fold. FMO3 expression
was only observed in a small number of samples and only
during the embryonic period at�15 wk gestation (see Fig. 2A).
After 2–3 d postpartum, overall FMO expression (FMO1 plus
FMO3) was absent in the majority of samples and remained
low to nondetectable for the first 3 wk of life. In those with
detectable protein, FMO3 predominated with expression levels
that were �5% of those observed in the adult (1.1 � 3.3

Figure 2. Developmental-specific expression pattern of FMO1 and FMO3.
(A) A scatter plot analysis of FMO1- (open triangle) and FMO3- (filled circle)
specific content as a function of gestational age (weeks) is depicted. (B) A
scatter plot analysis of FMO1 (open triangle) and FMO3 (filled circle) specific
content as a function of postnatal age (years) is depicted.

Figure 3. Expression pattern of FMO1 and FMO3 in the first year of life. An
expanded plot of FMO1- (open triangle) and FMO3- (filled circle) specific
content as a function of age within the first year is shown. Note the split x axis
to better illustrate the expression pattern during the neonatal period.

Figure 4. Regulation of FMO1 suppression and onset of FMO3 expression by
maturity and/or birth. FMO1 (open triangle) and FMO3 (filled circle) specific
content in samples from premature patients who lived for defined periods of
time after birth were plotted as a function of both gestational age (days) at time
of birth and postnatal age (days) at time of death.
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pmol/mg microsomal protein). The regression tree analysis
suggests that the postneonatal FMO3 expression can be divided
into three phases. Between 3 wk and 10 mo, mean FMO3
expression increased 5-fold (4.7 � 5.9 pmol/mg microsomal
protein) and then another approximate 3-fold between 10 mo
and 11 y (12.7 � 8.0 pmol/mg microsomal protein). Between
11 and 18 y of life, there was a third significant increase in
mean expression levels (2-fold increase to 26.9� 8.6 pmol/mg
microsomal protein). Pair-wise comparisons of FMO1- and
FMO3-specific content between each of the age brackets dem-
onstrated significant differences between all age brackets (p �
0.05).

Gender-selective FMO expression. Given the previous stud-
ies indicating the ability of the sex steroids and/or gender to
modulate FMO expression in animal models (24, 41–45) and
the evident increase in FMO3 expression at puberty in the
current study, the potential role of gender in regulating post-
natal human hepatic FMO expression was examined. When
gender was entered as a possible categorical variable in the
regression tree analysis, it failed to enter into the model (data
not shown). Thus, in the human, gender-associated factors do
not appear important in either the pre- or postpuberty phases of
FMO3 expression.

DISCUSSION

Previous studies provided evidence for FMO isoform
switching in the human from FMO1 in fetal liver to FMO3 in
the adult (23, 25). However, the precise timing of this event
and specific control mechanism(s) remained unknown. Further,
these previous studies were limited in scope to short windows
of time during development and also by relatively small sample
sizes. In the present study, an effort was made to comprehen-
sively characterize the developmental expression pattern for
human hepatic FMO1 and FMO3, better defining the temporal
switch between the two enzymes and determining interindi-
vidual variation in expression. Western blot analysis of 240
human liver microsomal samples, ranging from 8 wk gestation
to 18 y of life, confirmed that FMO1 is the major fetal isoform
whereas FMO3 is the major adult isoform. The highest level of
FMO1 expression was observed in embryonic samples at 8 to
15 wk gestation. In contrast to earlier reports (40, 23), low
levels of FMO3 expression were detectable in some embryonic
samples, but not in fetal samples. This discrepancy may be due
to the low sample numbers used in previous studies, uncer-
tainty about the age of these samples, and/or the sensitivity of
the assay used. The results reported herein also suggest that
FMO1 suppression occurs within the first few days of life in a
process that is tightly coupled to birth, but not gestational age.
However, FMO1 suppression is not directly linked to the onset
of FMO3 expression (linear regression correlating FMO1- and
FMO3-specific content during first year of life, r2 � 0.009)
(data not shown). The latter is highly variable, with most
individuals failing to express FMO3 during the neonatal period
(first 30 d of life). When neonatal expression was detectable, it
was 5 to 10% of adult levels, although one individual exhibited
FMO3 protein levels approaching those seen in the adult. Thus,
with rare exception, hepatic FMO expression is absent or low
during the neonatal period in the human. This conclusion
assumes the absence of other FMO isoforms, however, previ-
ous studies have suggested that FMO2, FMO4, and FMO5 are
not expressed, or are expressed at very low levels in the human
liver (46). Very little is known regarding FMO6 and, thus, the
contribution of this enzyme remains a potential limitation to
the interpretation of these data. FMO3 expression is detectable
in most individuals by 1–2 y of age and is expressed at
intermediate levels until approximately 11 y. Taken together
with the absence of detectable fetal FMO3 protein, these
results suggest that birth is necessary but not sufficient for the
initial onset of FMO3 expression. A further increase in FMO3

Figure 5. Determination of the interindividual variability in FMO1 and
FMO3 developmental expression. A box and whisker plot analysis of the
complete data set of FMO1- (A) and FMO3- (B) specific content is depicted.
Optimal age brackets were determined using regression trees (see “Materials
and Methods”). The boxes represent the 25th to 75th percentiles and the
horizontal bar the median of the data. The vertical bars represent 5th to 95th
percentiles of the data. These analyses excluded outliers, defined as having
specific contents outside 1.5 times the 25th to 75th percentiles. Data points
representing these outliers are depicted. The sample size within each bracket
(N), age ranges (W, weeks; D, days;M, months; Y, years;� indicates postnatal
age in A), FMO-specific content (mean � SD, pmol/mg microsomal protein),
and the fraction of samples with nondetectable protein (%ND) for each age
bracket also are shown. With the exception of the 0- to 3-wk age bracket for
FMO3, the calculations of mean � SD also excluded outliers.
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expression is observed from 10 to 18 y of age, reaching a
maximum level of approximately 40 pmol/mg microsomal
protein in the current sample population. This level of FMO3
expression is not as high as the maximum reported by Overby
et al. (47), but does fall within the range of values reported by
these investigators (5–112 pmol/mg microsomal protein). It is
possible that maximum adult levels have not been reached by
the highest age represented in the current study, i.e. 18 y.
Importantly, neither the onset of FMO3 expression nor the
increase in expression at puberty appears linked to gender.
Finally, FMO1 and FMO3 expression varies 2- to 20-fold
among individuals, depending on the age bracket.
A few studies have reported FMO developmental expression

patterns in experimental animal models, although most limited
their studies to late fetal stages and postnatal development. In
the rabbit lung, FMO2 expression was observed in the fetus
and during the neonatal period, in some instances approaching
levels observed in the adult animal (48). However, in the liver,
FMO1 is a major isoform observed in the rabbit and most other
mammalian species, and as such, it is difficult to extrapolate
results from these models to the human. A possible exception
is the mouse. Cherrington et al. (24) demonstrated the presence
of substantial FMO1 and FMO5 expression in CD-1 mouse
liver as early as 15 d gestation. However, FMO3 was nonde-
tectable during any prenatal period. FMO3 was detectable in
the CD-1 mouse liver by 2 wk postpartum. However, in
contrast to what is observed in the human, hepatic FMO1
continues to be expressed postpartum in the mouse. Also in
contrast to the human, substantial gender differences in hepatic
FMO expression become apparent in the adult rodent models.
Thus, FMO3 expression is suppressed in the adult male, but not
female mouse and FMO1 expression also is significantly
higher in the female versusmale. FMO3 expression in the adult
rat was gender-independent. Thus, the similarities between the
animal models and the human appear restricted to the expres-
sion of FMO1 in the fetal liver and the onset of FMO3
expression shortly after birth. The absence of FMO1 suppres-
sion and the overall gender differences in FMO expression
again cause one to question the validity of extrapolating data
from these animal models to the human.
The observed FMO1 and FMO3 developmental expression

pattern is somewhat reminiscent of the pattern observed for
two human CYP3A isoforms. Similar to what is observed in
the present study, CYP3A7, but not CYP3A4, is expressed at
easily detectable levels in human embryonic hepatic tissues at
7–9 wk of gestation (49), as well as in later fetal stages of
development (50). Maximal CYP3A7 activity is observed
within the first week of life, but then slowly declines to
nondetectable levels in the adult. In contrast, CYP3A4 expres-
sion is low or nondetectable in the fetal period, but is activated
during the first week of life irrespective of gestational age. By
1 y, CYP3A4 expression is at a level approximately 50% of
that seen in the adult (50). Although the temporal switch in
CYP3A expression shows some similarity to that observed for
FMO, important differences also are noted. First, in contrast to
CYP3A4, FMO3 expression is nondetectable in the fetal liver.
Second and perhaps more importantly, the suppression of
CYP3A7 and activation of CYP3A4 appear directly linked

such that overall CYP3A expression is essentially constant
(50). In contrast, the suppression of FMO1 and the activation
of FMO3 do not appear linked. FMO1 suppression occurs
within the first 2 to 3 d of life whereas the onset of FMO3
expression does not occur in some individuals until 1–2 y.
Thus, in contrast to CYP3A, overall FMO expression is low to
nondetectable in the neonatal period. Given the differential
ability of FMO1 and FMO3 to catalyze the oxidation of
trimethylamine to its N-oxide (15), this observation likely
explains the observation of trimethylaminuria in a 2-mo- and a
4-y-old patient that resolved with no intervention by 4 mo and
5 y, respectively (51). Finally, C/EBP� (CCAAT/enhancer-
binding protein alpha) and DBP (D-element-binding protein)
transcription factors have been implicated as controlling fac-
tors for the temporal CYP3A switch (52). Although a role for
these factors in regulating the onset of FMO3 expression has
not been examined, HNF1� and HNF4� have been shown to
be the major transcription factors controlling the expression of
rabbit and human FMO1, whereas C/EBP� does not appear to
have a significant role (53). Taken together, these observations
suggest very different mechanisms controlling the CYP3A and
FMO temporal switches in the human.
Several studies have implicated a role for sex steroids and/or

gender in regulating FMO expression in animal models. Tes-
tosterone has been shown to suppress FMO1 and FMO3
hepatic activity in the mouse, but stimulatory effects of 17�-
estradiol were not observed (41, 44). These modulating effects
of testosterone largely account for the hepatic FMO1 and
FMO3 gender differences in this species. In contrast, 17�-
estradiol has been shown to suppress FMO activity in rat
hepatocytes (45), however, no gender-dependent FMO1 or
FMO3 expression was observed in the livers of intact animals
(12). Both progesterone and glucocorticoids have been impli-
cated in stimulating FMO2 expression in the rabbit lung and
kidney (54, 43), perhaps explaining some of the noted gender
differences in FMO expression observed in this species (22). In
marked contrast to results for each of these animal models,
there is little or no evidence for steroid-regulation of human
hepatic FMO expression (24). Consistent with this observation,
neither the repression of FMO1 at birth, the onset of FMO3
expression at 1–2 y, or the increase in FMO3 expression at
puberty were correlated with gender in the current study.
Significant interindividual variability in the expression of

human FMO has been reported. Using monospecific antibod-
ies, Overby et al. (47) reported a 10-fold variation in hepatic
FMO3-specific content which, despite a limited sample size (n
� 5), agrees favorably with several reports on activity mea-
surements using specific substrates and preparations of human
hepatic microsomes (55–57). A similar earlier study on fetal
liver, also limited to a sample size of five, reported a 2-fold
variation in FMO1 specific content (25). Most importantly,
other than restricting their studies to fetal or adult samples,
these reports failed to control for changes in FMO1 and FMO3
expression as a function of age. Based on the data reported
herein, this is a major confounding factor in interpreting these
earlier reports. In the current study, the much larger sample
size allowed for stratification according to major age brackets
between which significant differences in FMO expression were
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observed. In general, the results corroborate the earlier reports,
providing confidence in the conclusion of considerable inter-
individual variability in both FMO1 and FMO3 expression.
Within each age bracket and excluding samples in which no
immunoreactive FMO was detectable as well as outliers, spe-
cific content varied from 2- to 20-fold. Dietary indoles are the
only environmental substances known to modulate FMO ex-
pression, suppressing FMO3 levels 2- to 3-fold (58, 59).
However, it is unknown whether indoles are able to similarly
modulate FMO1 and further, it is unlikely that such dietary
components would be responsible for the variability among the
fetal and neonatal samples. Interindividual variation might also
be explained by genetic differences. Although no polymor-
phisms have been reported for human FMO1, several genetic
variants have been reported for human FMO3 (26–28, 60–65).
However, variants representing nonsense mutations that would
be expected to affect FMO3 specific content are rare (62, 61).
Thus, the variation observed in the present study most likely
represents variation in factors controlling FMO1 and FMO3
expression and/or regulatory polymorphisms that remain to be
elucidated.
In summary, this study describes the developmental expres-

sion pattern for human hepatic FMO1 and FMO3. The tempo-
ral switch between these two enzymes has been defined. Fur-
ther, it is clear from these data that the variability in the switch
is almost exclusively accounted for by variability in the onset
of FMO3 expression. Considerable interindividual variation in
FMO1 and FMO3 expression within each of the defined age
brackets also has been confirmed, most likely because of
variation in factors regulating expression. The relatively high
levels of FMO1 expression observed throughout prenatal de-
velopment and in particular during the embryonic periods
cause one to question whether or not this enzyme might be
playing some developmentally important function. However, a
role for FMO, and, in particular, FMO1, in the metabolism of
endogenous substances remains elusive. FMO1 has been im-
plicated in the oxidation of methionine, cysteamine, and nu-
merous cysteine-S-conjugates (3), but the significance of these
pathways to development, if any, is not apparent. In contrast,
the FMO are recognized as being important for the metabolic
disposition of a wide variety of therapeutics and environmental
toxicants. It is clear that isoform switching, changes in expres-
sion as a function of age, and interindividual variability in
expression will have a significant impact on therapeutic effi-
cacy and toxicant susceptibility. This particularly will be true
for drugs with narrow therapeutic indices and toxicants that
require metabolism for either detoxification and/or bioactiva-
tion. Although our knowledge concerning the molecular mech-
anisms controlling FMO expression remains deficient, the data
reported in this study offer significant insight into the devel-
opmental expression pattern for both FMO1 and FMO3 that
will be important for the elucidation of these regulatory
mechanisms.
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