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Abstract Background and purpose: Human type I fatty
acid synthase has been proposed as a chemotherapeutic
target for the treatment of breast cancer based on the
inactivation of human f-ketoacyl synthase activity by
cerulenin. Triclosan, a common antibiotic, functions by
inhibiting the enoyl-reductase enzymes of type II fatty
acid synthases in susceptible bacteria. If triclosan is an
inhibitor of human fatty acid synthase and if inhibition
of fatty acid synthase is toxic to breast cancer cell lines,
triclosan could prove to be a lead compound for the
treatment of breast cancer. Consequently, the inhibitory
activity of triclosan against vertebrate type I fatty acid
synthases and its effects on breast cancer lines in cell
culture were investigated. Methods: The inhibitory
activities of triclosan against human and goose fatty acid
synthases and each of the partial reactions were investi-
gated using spectrophotometric assays. The ability of
triclosan at various concentrations to inhibit growth and
reduce the viability of MCF-7 and SKBr-3 cells in culture
was evaluated. Results: Kinetic studies showed triclosan
to be a slow binding inhibitor of human and goose type I
fatty acid synthase and to inhibit the partial activity of
enoyl-reductase with 1Cs, values between 10 and 50 pa/.
Triclosan at similar concentrations was also shown to
inhibit both viability and growth of MCF-7 and SKBr-3
cells in culture. Conclusions: The results corroborate the
hypothesis that fatty acid synthase may be a target of
breast cancer chemotherapy and suggest that inhibitors
of the enoyl-reductase partial activity of fatty acid
synthase may have chemotherapeutic potential.
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Introduction

The de novo synthesis of saturated fatty acids in mam-
malian cells is accomplished by type I fatty acid synthase
(FAS), a homodimer of 250 kDa monomers. In de novo
synthesis of fatty acids, two carbons derived from
malonyl-CoA are added to the nascent fatty acid that is
covalently linked as a thioester to FAS in a reaction
catalyzed by the condensing enzyme. The keto inter-
mediate is reduced by two equivalents of NADPH as
part of the cycle of six reactions shown in Scheme 1.
Separate catalytic domains of FAS corresponding to
the condensing enzyme, keto-reductase, dehydrase and
enoyl-reductase have been identified [2, 25, 29, 33] and
have some homology with the comparable enzymes of
type II FAS.

FAS is overexpressed in some breast cancer cell lines,
constituting as much as 28% of the soluble protein in
SKBr-3 cells [9, 30], while being minimally expressed in
humans consuming a Western diet [32]. The inactivation
of FAS has been shown to induce apoptosis in breast
cancer cells, and consequently to be a potential chemo-
therapeutic target [12, 13, 14, 22]. Inactivation of type I
FAS has been shown to result in an anticancer effect in
the treatment of tumor xenografts [23].

The most common “‘specific”’ inactivator of FAS is
cerulenin, a fatty acid amide with an «,fS-epoxide, that
has been demonstrated to alkylate an active site cysteine
in the f-ketosynthase active site of both type I and type I1
FAS [7, 19]. Recently, the ability of a series of cerulenin
analogues to inhibit fatty acid synthesis and to prevent
palmitoylation of H-ras and N-ras has been investigated,
with the finding that the anticancer activity correlates
more closely with the ability to inhibit palmitoylation
[15]. We have identified triclosan as an inhibitor of the
enoyl-reductase activity of type I FAS and have dem-
onstrated that it is effective in cell culture against SK Br-3
and MCF-7 breast cancer cell lines. The inhibition of
human FAS by a different mechanism and at a different
active site of FAS supports the proposition that type I
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FAS may be a chemotherapeutic target and additionally
suggests that inhibition of any of the enzymatic activities
of this multifunctional enzyme may be effective.

Materials and methods

Materials

Triclosan, 2,4,4’-trichloro-2’-hydroxydiphenyl ether, was obtained
from Protameen Chemicals (Totowa, N.J.). Acetyl-CoA, malonyl-
CoA, acetoacetyl-CoA, crotonoyl-CoA and NADPH were from
Sigma. Frozen goose uropygial glands were obtained from Gri-
maud Farms (Aurora, Calif.) and FAS isolated as described pre-
viously [4]. Human FAS from SKBr-3 cells was partially purified
by detaching SKBr-3 cells grown to subconfluence in 100-mm
dishes by trypsinization. The cells were pelleted, washed four times
with cold phosphate-buffered saline (PBS, pH 7.2), resuspended in
homogenization buffer (0.25 M sucrose, 10 mM DTT, 1 mM
EDTA, 0.1 mg/ml trypsin inhibitor, pH 7) at a cell to buffer ratio
of 1:4 and homogenized using a Potter-Elvehjem homogenizer at
+4°C. The homogenate was centrifuged at 100,000 g at +4°C for
1 h and the supernatant concentrated using a Centricon 10 ultra-
filtration device (Amicon).

Cell lines and culture conditions

Both MCEF-7 cells and SKBr-3 cell lines were obtained from the
American Type Culture Collection. The MCF-7 cells were main-
tained in MEM with 10% fetal bovine serum, 2 mM L-glutamine
and 10 U penicillin/10 pg streptomycin at 37°C in an atmosphere
containing 5% CO,. The SKBr-3 cells were maintained in McCoy’s
Sa medium with 10% fetal bovine serum, 15 mM L-glutamine and
10 U penicillin/10 pg streptomycin at 37°C in an atmosphere
containing 5% CO,.

FAS inhibition

The overall activity of FAS was assayed based on the oxidation of
NADPH (100 pM) dependent on acetyl-CoA (25 uM) and malo-
nyl-CoA (100 pM) in phosphate buffer, pH 7.4, monitored at
340 nm. Triclosan, added from an ethanol stock solution, inhibited

the overall activity of FAS in a time- and concentration-dependent
manner. Because of the curvature in the uninhibited assay during
the time course, the triclosan inhibition was characterized by
varying the time of preincubation of triclosan with FAS and
NADPH and monitoring the initial rate of NADPH reduction on
the addition of the CoA substrates. The onset of inhibition could be
characterized by a pseudo-first-order rate constant by plotting
In(A/Ap) versus time, where A is the inhibited initial steady-state
rate and A is the uninhibited initial steady-state rate.

Inhibition of partial reactions

The FAS reaction comprises four enzymatic activities that change
the chemical form of the thioester substrate: condensing enzyme,
3-keto reductase, 3-hydroxyacyl dehydrase and enoyl-reductase.
Each of these reactions, and the ability of triclosan to inhibit each
of them, can be assayed separately. The condensing enzyme activity
is monitored by the production of triacetic lactone from malonyl-
CoA at 280 nm [10, 27]. The f-ketoacyl-reductase is assayed as the
acetoacetyl-CoA-dependent oxidation of NADPH monitored at
340 nm [33]. The o,f-enoyl reductase activity is monitored as the
crotonyl-CoA-dependent oxidation of NADPH at 340 nm [29]. All
spectrophotometric assays were performed with a Hewlett-Packard
8452 diode array under thermostatic control at 25°C. Because of
the time-dependent inhibition of the overall reaction, the triclosan
was incubated for 10 min with the enzyme and NADPH prior to
the addition of the thiolester substrates.

Cell growth inhibition assays

A 20 mg/ml stock solution of triclosan was prepared in DMSO.
Both the MCF-7 and SKBr-3 cells, which were harvested during
exponential growth, were plated at 2x10° cells/well in six-well
plates. After attachment, the medium was replaced by fresh medium
containing a series of dilutions of triclosan. The cells were incubated
for a further 1-4 days. After removal of the supernatant, the cells
were incubated with 0.05% trypsin/0.53 mM EDTA at 37°C for
5 min, washed once in normal medium, spun at 700 g for 5 min, and
resuspended in PBS. Cell counting was performed using a hemo-
cytometer and light microscope. Alternatively, after removal of the
supernatant from the cell culture, the cells were washed once in PBS,
fixed in 100% methanol for 10 min, stained with 0.5% crystal violet
in 20% methanol for 10 min, and washed with tap water. After air-
drying, the stained cells were solubilized in 1% SDS. Absorbance of
the retained crystal violet was determined at ODsys. The cell density
is reported as the ratio of triclosan-treated cells to control cells
expressed as a percentage. The inhibitory concentration at the 50th
percentile of cell growth (ICso) was determined.

Cell viability assay

Cell viability was determined using a trypan blue exclusion assay.
Detached cells were collected from the supernatant, and attached
cells were collected by incubation with 0.05% trypsin in 0.53 mM
EDTA at 37°C for 5 min. Both detached and attached cells were
mixed, washed and resuspended in normal medium. Cells were
stained with 0.2% (w/v) trypan blue and incubated for 2 min at
room temperature. Viable cells were not stained by trypan blue
while dead cells were. Viability was expressed as the percentage of
viable cells in relation to the sum of viable and nonviable cells.

Results
Triclosan inhibition of FAS

Triclosan was an effective inhibitor of FAS as shown in
Fig. 1. The inhibition was time-dependent, suggesting



slow binding inhibition [20]. Under the assay condi-
tions the ICsy was between 10 and 20 pM. An exact
1C5y was difficult to obtain because it was a function
of the time that the inhibitor was preequilibrated with
the enzyme. The inhibition was reversible. If inhibitor
and enzyme were incubated for 30 min at 100 uM
triclosan and then diluted 100-fold into assay buffer,
active enzyme was recovered (data not shown). Both
goose uropygial gland FAS and human FAS from
SKBr-3 cells were inhibited by triclosan in a similar
manner. The determination of the pseudo-first-order
rate constants for the time-dependent inhibition of
both goose and human enzymes are shown in Fig. 2.
The rate constants were 15 and 4.7 M 's™!, respec-
tively.

Triclosan inhibition of the partial reactions

The inhibition by triclosan of the partial reactions
catalyzed by FAS were examined by standard assays.
The only partial reaction inhibited by triclosan was
the o,f-enoyl-reductase activity. The ICsq for triclosan
in this reaction was 90 pM with 1.0 mM Cr-CoA as
the substrate. Since we could not approach saturation
with crotonyl-CoA, it was not possible to determine if
triclosan was a competitive inhibitor of crotonyl-CoA
reduction. The key result is that triclosan was capable
of specifically inhibiting the enoyl-reductase partial
reaction of type I FAS.
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Fig. 1 Time-dependent inhibition of FAS by triclosan. The
inhibition of oxidation of NADPH dependent on acetyl-CoA and
malonyl-CoA by goose uropygial gland FAS was monitored as a
function of triclosan concentration. Increasing concentrations (in
micromolar, shown above each line) resulted in greater curvature of
the time courses and, at higher concentrations, complete inhibition
of FAS activity. The slow onset of inhibition made determination
of a precise K; impractical
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Inhibition of MCF-7 and SKBr-3 cell growth
by triclosan

Triclosan inhibited the proliferation of MCF-7 cells in
both a time- and a dose-dependent manner, as shown in
Fig. 3. The growth inhibition became obvious at a tri-
closan concentration of 5 ug/ml on the 2nd day of cul-
ture. The growth inhibition was also quantified by
determining the extent of staining with crystal violet by
measuring the ODsgs of solubilized cells. The results
shown in Fig. 4A reinforce the time- and concentration-
dependence of the inhibition. The ICs, decreased from
8 pg/ml for a 1-day incubation to 4 pg/ml for 3- and
4-day incubations with MCF-7 cells. The growth inhi-
bition of SKBr-3 cells on exposure to triclosan required
slightly higher concentrations in this assay, as shown in
Fig. 4B.

To test the viability of all of the cells, a trypan blue
exclusion assay was utilized. As shown in Fig. 5,
treatment with triclosan reduced the viability of MCF-
7 cells in the same time- and concentration-dependent
manner as observed in the other growth inhibition
studies.

Morphological changes in MCF-7 cells
The growth inhibition was accompanied by morpho-

logical changes in the MCF-7 cells as shown in Fig. 6.
Representative colonies and/or cells in the presence of
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Fig. 2 Pseudo-first-order rate constants for the apparent inactiva-
tion of FAS by triclosan. Preincubation of triclosan with FAS
resulted in apparent first-order inactivation. Data for goose
uropygial gland and human FAS are shown with preincubation
for various times with either 30 uM triclosan for the goose enzyme
(filled circles, solid line), or 100 pM for the enzyme isolated from
SKBr-3 cells (open circles, dashed line). Linear regression provided
pseudo first-order rate constants for inactivation of 0.024 and
0.028 min !, which correspond to second-order rate constants for
the association of triclosan with the goose and human enzymes of
15 and 4.7 M 's™!, respectively
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various concentrations of triclosan on the 3rd day of
exposure are shown. The morphological changes fol-
lowing exposure to triclosan were dependent on the
triclosan concentration.
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Fig. 3 Growth inhibition curves of MCF-7 cells treated or not
treated with triclosan evaluated using cell counting. Each line
represents one concentration of triclosan. MCF-7 cells were seeded
at 2 x 10° per well into six-well plates on day 1. After attachment
(about 8 h) the medium was replaced by fresh medium containing a
series of triclosan dilutions followed by incubation for 1, 2, 3 and
4 days. Growth inhibition was dependent on both triclosan
concentration and incubation time. All the cells were collected
as described on days 1, 2, 3 and 4. The normal growth curve of
MCF-7 cells is shown (squares), along with the effects of triclosan
at 2.5 (circles), 5 (triangles), 7.5 (inverted triangles), 10 (diamonds),
and 20 pg/ml (crosses)

Fig. 4A, B Effects of triclosan on MCF-7 (A) and SKBr-3 (B)
cells. The growth of the breast cancer cell lines was evaluated by
crystal violet staining monitored at 595 nm, as described in
Materials and methods. Exponentially growing cells were replated
into a six-well plate at 2 x 10° cells/well. After attachment, the
medium was replaced by fresh medium containing different
concentrations of triclosan in DMSO followed by incubation for
1,2, 3 and 4 days. Cells were washed, fixed and stained with crystal
violet. Absorbance of solubilized stain was measured at 595 nm.
The percentage cell density was calculated from the ratio of
triclosan-treated cells to control cells. The data from different days
are indicated as (squares day 1, circles day 2, triangles day 3,
inverted triangles day 4)
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Discussion

Triclosan has been in use for over 30 years as an anti-
biotic in soaps mouthwashes and other oral dentifrices.
Recently, the mechanism of antibiotic action has been
identified as the specific inhibition of type II enoyl-
reductases [8, 17]. Crystallographic studies have sug-
gested that the 2-phenoxyphenol moiety resembles an
enol intermediate in the reaction, interacting favorably
with the nicotinamide of the dinucleotide cosubstrate as
well as the enzyme active site [16, 24, 26, 28]. Triclosan
has a very high affinity for these bacterial type II FAS
enoyl-reductases and this is enhanced by the presence of
the oxidized dinucleotide substrate, the K values being
in the low picomolar range [31].

Comparisons of the human FAS protein sequence or
its enoyl-reductase domain [5, 6, 11] with E. coli or
Brassica napus Fabl sequences using BLAST [1] have
revealed no identifiable regions of homology between
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Fig. 5 Triclosan reduced the viability of MCF-7 cells. The viability
of MCF-7 cells incubated with increasing concentrations of
triclosan for 3 days was determined by trypan blue exclusion.
The averages and standard deviations from three independent
experiments are shown
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Fig. 6A-F Morphological changes in MCF-7 cells treated and not
treated with triclosan on day 3. MCF-7 cells (2x10° cells/well) were
grown on a six-well plate and treated with different concentrations
of triclosan. After 3 days of incubation the cells were examined by
inverted phase contrast microscopy. MCF-7 cells growing (A) in
normal medium or (B-F) in normal medium augmented with
triclosan at 2.5 (B), 5 (C), 7.5 (D), 10 (E) and 20 pg/ml (F)

these different enzymes. However, there is significant
homology with numerous enoyl-reductase domains of
multifunctional polyketide synthases and type I FAS
from Mycobacterium tuberculosis. The reaction mech-
anism of the two classes of FAS enoyl-reductases is
anticipated to be similar based on the identical chem-
ical reactions catalyzed. If triclosan is mimicking a
common intermediate in the reduction reaction, it has
the potential to be a potent inhibitor of the enoyl-re-
ductase of type I FAS. Our studies showed triclosan to
be an inhibitor of both the overall reaction of goose
and human type I FAS and the enoyl-reductase partial
reactions. The affinity was six orders of magnitude
lower than that measured for triclosan binding to the
NADP " complex of the E. coli enzyme, which repre-
sents an interaction at least 8 kcal/mol less favorable.
This large difference in binding energy may reflect steric
differences in the active sites of the different enoyl-re-
ductases, which would suggest that other 2-hydrox-
ydiphenylethers could be more effective inhibitors of
the type I enzyme.

The inhibition of human FAS by triclosan would be
of only modest mechanistic interest if it were not for the
observation that inhibition or inactivation of FAS in
breast cancer cells is cytotoxic and induces apoptosis.
These observations suggest FAS is a potential chemo-
therapeutic target [12, 13, 14]. Two lines of evidence
indicate that the inhibitors may not be functioning by
inhibiting FAS. First, the requirement for de novo

palmitate synthesis in the presence of serum palmitate is
undemonstrated, and second exogenous palmitate is
unable to rescue cells treated with FAS inactivators [9].
All of the current inhibitors and inactivators of human
FAS target a cysteine at the f-ketoacyl synthase active
site. These alkylating reagents have the potential to be
nonspecific, and a stronger correlation with inhibition of
ras palmitoylation than with fatty acid synthesis has
been reported [15].

The fact that triclosan inhibited human FAS by a
completely different mechanism from the previously
described inactivators but was still cytotoxic in cell
culture with MCF-7 and SKBR-3 cells supports the
contention that FAS is a potential chemotherapeutic
target for the treatment of breast cancer. The inhibition
of FAS is attributable to the inhibition of the enoyl-
reductase activity. While these two effects do not have
to be identical, the inhibition of human FAS with an
ICso of about 50 uM and the concentration yielding
50% growth inhibition (5 pg/ml or 17 pM) are com-
parable.

Our results suggest that enoyl-reductase may be an
alternative target site for pharmaceutical intervention.
The inhibition by triclosan is specific, as the cytotoxicity
of 3-chlorophenol with both cell lines is over 100-fold
less (data not shown). In spite of inhibiting human and
goose FAS, triclosan has been shown to have minimal
toxicity in rats, dogs and baboons when included in the
diet at less than 100 mg/kg per day, and only minor
pharmacological effects at up to 1000 mg/kg per day
over months of treatment [3]. Additionally, enoyl-
reductase is a particularly attractive target because in-
hibition at this site will increase the concentration of the
enoyl thiolester intermediate. This o,f-unsaturated
intermediate resembles both CM55 [21] and C75 [14] as
shown in Scheme 2.
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Similar o,f-unsaturated thiolesters are inactivators of

numerous enzymes, functioning as Michael acceptors
[18]. Because of the minimal homology of the FAS and

E.

coli enoyl-reductases, we anticipate that varying the

substituents of the 2-phenoxyphenol may yield a more
effective inhibitor of the human FAS enoyl-reductase.
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