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Abstract

1. Niclosamide is an old anthelmintic drug that shows potential in fighting against cancers.
Here, we characterized the metabolism of niclosamide by cytochrome P450 enzymes (CYPs)
and UDP-glucuronosyltransferases (UGTs) using human liver microsomes (HLM) and
expressed enzymes.

2. NADPH-supplemented HLM (and liver microsomes from various animal species) generated
one hydroxylated metabolite (M1) from niclosamide; and UDPGA-supplemented liver
microsomes generated one mono-O-glucuronide (M2). The chemical structures of M1
(3-hydroxy niclosamide) and M2 (niclosamide-2-O-glucuronide) were determined through
LC–MS/MS and/or NMR analyses.

3. Reaction phenotyping revealed that CYP1A2 was the main enzyme responsible for M1
formation. The important role of CYP1A2 in niclosamide metabolism was further confirmed
by activity correlation analyses as well as inhibition experiments using specific inhibitors.

4. Although seven UGT enzymes were able to catalyze glucuronidation of niclosamide, UGT1A1
and 1A3 were the enzymes showed the highest metabolic activities. Activity correlation
analyses demonstrated that UGT1A1 played a predominant role in hepatic glucuronidation of
niclosamide, whereas the role of UGT1A3 was negligible.

5. In conclusion, niclosamide was subjected to efficient metabolic reactions hydroxylation and
glucuronidation, wherein CYP1A2 and UGT1A1 were the main contributing enzymes,
respectively.
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Introduction

Poor pharmacokinetic property is one of the main causes to

the high rate of drug attrition (Kola & Landis, 2004; Prentis

et al., 1988). Drug metabolism, an indispensable component

of pharmacokinetics, is a main determinant to the drugability

of lead compounds (Costa et al., 2014). Extensive metabolism

tends to result in fast drug clearance (and very short half-life),

low bioavailability and therapeutic failures, whereas poor (or

undesired) metabolism would lead to drug accumulation (in

off-target tissues) and side effects. Knowing the enzymes

involved in the metabolism of a drug is also useful in

predicting variability (e.g. if the enzymes are polymorphic)

and potential drug–drug interactions with co-administered

drugs (or herbal remedies). Hence, it is of great importance

to determine the metabolic profiles and to establish the

relationships between metabolism and efficacy/toxicity for

drugs and drug candidates.

Drug metabolism is classified into phase I and phase II

metabolism. Phase II metabolism (conjugation) often occur on

metabolites produced by phase I oxidation but does occur

directly on parent drugs bearing appropriate functional

moieties such as hydroxyl group and carboxylic acid.

Cytochrome P450 enzymes (CYPs) are the principal phase I

enzymes that catalyze the oxidation and reduction reactions.

CYP enzymes are classified into 17 families and 39

subfamilies; the main enzymes contributing to drug metabol-

ism are often from the CYP1, 2 and 3 families, including

CYP1A2, 1B1, 2A6, 2C8, 2C9, 2C19, 2D6, 2E1 and 3A4

(Ortiz de Montellano, 2005). UDP-glucuronosyltransferases

(UGTs) mediated glucuronidation is responsible for clearance

of 35% of drugs that are metabolized by phase II enzymes

(Evans & Relling, 1999). The glucuronidation reaction occurs

via transfer of a glucuronic acid moiety to the substrates (Wells

et al., 2004). In humans, UGT enzymes are divided into four

families, UGT1, UGT2, UGT3 and UGT8 (Mackenzie et al.,

2005). Enzymes from UGT1A (with nine members) and 2B

families (with seven members) are the main contributors to
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xenobiotic/drug metabolism. It has been reported that the CYP

and UGT enzymes in total contribute to metabolism of over

80% clinical drugs (Emoto et al., 2010). Therefore, it is of great

value to characterize the metabolism of drugs (and drug

candidates) by both CYPs and UGTs in humans.

The anthelmintic drug niclosamide has been used in

management of tapeworm infections for half a century

(Al-Hadiya, 2005). Niclosamide kills tapeworms through

inhibition of oxidative phosphorylation and stimulation of

adenosine triphosphatese activity in the mitochondria (Al-

Hadiya, 2005). In recent years, niclosamide has been identified

as a potential anticancer agent (Li et al., 2014; Pan et al., 2012).

The mechanisms for its anticancer action appear to be rather

complex. Niclosamide inhibits multiple signaling pathways

that regulate cancer progression such as the mTORC1

(Fonseca et al., 2012), NF-kB (Jin et al., 2010), and Notch

pathways (Wang et al., 2009). It also induces cell cycle arrest,

growth inhibition and apoptosis by targeting mitochondria

(Park et al., 2011). Moreover, niclosamide shows strong

inhibitory effects on the growth of cancer stem cells (Jin et al.,

2010; Li et al., 2014; Pan et al., 2012). It is also noted

that niclosamide is an effective bacterial killer against

Pseudomonas aeruginosa (Imperi et al., 2013).

Oral niclosamide is well tolerated in humans and animals

(Al-Hadiya, 2005). The good tolerability may be accounted

for by limited oral absorption of the drug (Al-Hadiya, 2005).

The exact reasons are unknown as to why niclosamide is

poorly bioavailable after oral uptake. Poor water solubility

may be a limiting factor to intestinal absorption of

niclosamide (Pan et al., 2012). In an early study, a reduced

metabolite was generated from niclosamide by mouse and

sheep liver homogenates (Douch & Gahagan, 1977). In a

latter study, the glucuronidated and sulfate metabolites were

found in fishes (Dawson et al., 1999) and rats (Griffiths &

Facchini, 1979) after exposure to niclosamide. However, no

specific data for metabolism of niclosamide in humans are

available in the literature.

Niclosamide is old anthelmintic drug that also shows

potential in fighting against cancers and bacteria (Imperi

et al., 2013; Li et al., 2014). In the present study, we aimed to

characterize the metabolism of niclosamide by cytochrome

P450 enzymes (CYPs) and UGTs using human liver micro-

somes (HLM) and expressed enzymes. The chemical struc-

tures of metabolites were identified through LC–MS/MS and/

or NMR analyses. Screening of the enzymes with metabolic

activities toward niclosamide was performed using commer-

cially available expressed enzymes (CYPs and UGTs).

Reaction phenotyping, activity correlation analysis and/or

inhibition experiments with specific inhibitors were employed

to determine the main enzymes contributing to hepatic

metabolism of niclosamide. Our study for the first time

revealed that niclosamide was subjected to efficient hydrox-

ylation and glucuronidation, wherein CYP1A2 and UGT1A1

were the main contributing enzymes, respectively.

Materials and methods

Materials

Expressed human CYP enzymes (CYP1A1, 1A2, 1B1, 2B6,

2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5), UGT enzymes

(UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7,

2B15 and 2B17), pooled HLM, dog liver microsomes (DLM),

monkey liver microsomes (cynomolgus, MkLM), mouse liver

microsomes (MsLM), mini-pig liver microsomes (PLM), rat

liver microsomes (RLM) and fulvoxamine maleate were

purchased from BD Biosciences (Woburn, MA). Niclosamide

(purity>99%) was purchased from Xiya Chemical Technology

Co. Ltd. (Chengdu, China). b-Nicotinamide adenine dinucleo-

tide 20-phosphate reduced tetrasodium salt hydrate (NADPH),

uridine diphosphoglucuronic acid (UDPGA), alamethicin, D-

saccharic-1,4-lactone monohydrate, b-glucuronidase and 17b-

estradiol (or b-estradiol) were purchased from Sigma-Aldrich

(St. Louis, MO). b-Estradiol 3-glucuronide and chenodeoxy-

cholic acid 24-acyl-glucuronide were purchased from Toronto

Research Chemicals (Ontario, Canada). Phenacetin, 4-acet-

amidophenol, a-naphthoflavone, chenodeoxycholic acid and

apigenin were purchased from Aladdin Chemicals (Shanghai,

China). Individual HLMs (n¼ 14) obtained from healthy livers

were purchased from Rild Research Institute for Liver Diseases

(Shanghai, China). All other materials (typically analytical

grade or better) were used as received.

In vitro phase I metabolism assay

In vitro phase I metabolism of the test compounds was

performed as described (Fang et al., 2014). In brief, the

incubation medium (300ml) contained liver microsomes (or

expressed CYP enzymes), MgCl2 (5 mM), NADPH (1 mM)

and test compound in 50 mM potassium phosphate (pH 7.4).

The reaction was initiated by the addition of NADPH and

terminated by adding 75 ml ice-cold acetonitrile at predeter-

mined time points. The samples were vortexed and centrifuged

at 18 000g for 15 min. The supernatant was collected and

subjected to analysis by HPLC or UPLC-QTOF/MS. All

experiments were performed in triplicate. Control incubations

were performed without the cofactor NADPH. In all experi-

ments, niclosamide was dissolved in ethanol to obtain a 10 mM

stock solution and serially diluted to the required concentra-

tions with ethanol. The percentage of organic solvent in the

incubation system did not exceed 1%. Preliminary experiments

were performed to ensure that the metabolic rates were

determined under linear conditions with respect to incubation

time and protein concentration. The exact concentrations of

niclosamide and the incubation time for rate determination can

be found in Table S1 (Supplementary Materials).

Glucuronidation assay

The test compounds were incubated with liver microsomes

(or expressed UGT enzymes) to determine the rates of

glucuronidation as described in our previous publication

(Liu et al., 2014a). In brief, the incubation medium (300ml)

contained microsomes, MgCl2 (0.88 mM), saccharolactone

(4.4 mM), alamethicin (22 mg/ml), UDPGA (3.5 mM) and test

compound in 50 mM potassium phosphate (pH 7.4). The

reaction was initiated by incubation at 37 �C and terminated

by adding 75 ml ice-cold acetonitrile, followed by vortex

and centrifugation (15 min; 18 000g). The supernatant was

subjected to analysis by HPLC and/or UPLC-QTOF/MS.

Control incubations were performed without UDPGA.

All experiments were performed in triplicate. Preliminary
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experiments were performed to ensure that the rates of

glucuronidation were determined under linear conditions with

respect to incubation time and protein concentration. The

exact concentrations of niclosamide and the incubation time

for determination of glucuronidation rates can be found in

Table S2 (Supplementary Materials).

To confirm formation of O-glucuronide, hydrolysis of the

metabolite in the incubation was performed using b-glucur-

onidase. The metabolite in incubation medium was generated

according to the glucuronidation assay protocol. Subsequently,

the incubation mixture was subjected to purification using

solid phase extraction (SPE, SuplcleanTM LC-C18, Supelco

Inc., Bellefone, PA) as described (Sun et al., 2014). The

purified sample from SPE (containing both parent compound

and glucuronide) was incubated with b-glucuronidase (25 U).

After 20 min (sufficient for complete hydrolysis of glucur-

onide), 50 ml ice-cold acetonitrile was added to the incubation

medium, followed by vortex and centrifugation (15 min;

18 000g). The supernatant was analyzed by HPLC. Control

experiment was performed in the absence of b-glucuronidase.

Structural identification of niclosamide metabolites
by UPLC-QTOF/MS and 1H NMR

Structural identification of phase I and UGT metabolites was

performed using UPLC-QTOF/MS. Chromatographic separ-

ation was performed using the Waters ACQUITY UPLC

system and BEH column (2.1 mm� 50 mm, 1.7 mm; Waters,

Milford, MA). Elution was performed using a gradient of

formic acid (0.1%) in water (mobile phase A) versus formic

acid (0.1%) in acetonitrile (mobile phase B) at a flow rate of

0.45 ml/min. The gradient elution program was 10% B at 0–

1 min, 10 to 95% B at 1–3 min and 95 to 10% B at 3.5–4 min.

Mass spectrometry analysis was performed on the Xevo G2

Q-TOF/MS (Waters) using the electrospray ionization source

(negative ion mode) as described (Liu et al., 2014b).

A collision energy of 20 eV was used for MS/MS scanning.

A large amount of phase I metabolite M1 was generated

according to the in vitro incubation protocol except for that

the incubation volume was scaled up to 500 ml. In brief,

niclosamide (25mM) was incubated with PLM (final protein

concentration, 0.25 mg/ml), 5 mM MgCl2 and 1 mM NADPH.

After incubation for 8 h, ice-cold acetonitrile (50 ml) was

added to precipitate the proteins. The incubation mixture was

centrifuged at 18 000 g for 15 min. The supernatant was

concentrated and injected to HPLC system. Niclosamide and

its metabolite M1 were separated by the Agilent TC-C18(2)

column (5 mm, 4.6 mm� 250 mm) using 75% acetonitrile–

0.1% formic acid in water as the mobile phase. Fractions

containing M1 were collected and dried in vacuo. The purity

of M1 was about 99% by HPLC-UV analysis. The purified

metabolite (M1) was dissolved in dimethyl sulfoxide-d6

(Euriso-Top, Saint-Aubin, France) for NMR analysis. 1H

NMR spectra of M1 were recorded on Bruker AV-500

spectrometer (Bruker, Rheinstetten, Germany) using tetra-

methylsilane as an internal standard.

Kinetic evaluation

The rates of metabolite formation were determined for

niclosamide at a series of concentrations according to the

in vitro metabolism assay protocols. The kinetic model,

Michaelis–Menten (Equation 1) or biphasic equation

(Equation 2) or substrate inhibition equation (Equation 3) or

Hill equation (Equation 4), was fitted to the data of formation

rates versus substrate concentrations. Model selection was

based on visual inspection of the characteristic Eadie–Hofstee

plots (Hutzler & Tracy, 2002). Model fitting and parameter

estimation were performed using the Graphpad Prism V5

software (San Diego, CA).

V ¼ Vmax � ½S�
Km � ½S�

, ð1Þ

V ¼ Vmax 1 � ½S�
Km1 � ½S�

þ Vmax 2 � ½S�
Km2 � ½S�

, ð2Þ

V ¼ Vmax � ½S�
Km � ½S� � 1þ ð½S�=KsiÞð Þ , ð3Þ

V ¼ Vmax � ½S�n

Sn
50 þ ½S�

n , ð4Þ

where V is the rate of reaction, Vmax is the maximal velocity,

Km is the Michaelis constant, Ksi is the substrate inhibition

constant, S50 is the substrate concentration resulting in 50% of

Vmax and n is the Hill coefficient. The intrinsic clearance

(CLint) was derived by Vmax/Km and the maximal clearance

(CLmax) for the Hill equation model was obtained using

Equation (5).

CLmax ¼
Vmax

S50

� n� 1

nðn� 1Þ1=n
: ð5Þ

Quantification of drugs and their metabolites

Quantification of niclosamide and its metabolites were

performed with the HPLC system (Dionex Ultimate 3000

series, Thermo Scientific, Waltham, MA) consisting of a

quaternary pump, a degasser, an autosampler, a column heater

and a multichannel rapid scanning UV–Vis detector.

Niclosamide and its metabolites were separated by an

Agilent TC-C18(2) column (5 mm, 4.6 mm� 250 mm) guarded

with a precolumn at 40 �C. The injection volume was set to be

20 ml and the flow rate was 1.0 ml/min. It was noted that

different gradient programs were applied in analyses of

3-hydroxy niclosamide (M1) and niclosamide 2-glucuronide

(M2). Due to the lack of reference standard for M2, quanti-

fication of M2 was based on the standard curve of the parent

drug (niclosamide) and further calibrated using the correction

factor. The correction factor (K¼ 1.03) was derived exactly as

described (Sun et al., 2014). The analytical methods were

validated with respect to linearity (9.8–5000 nM), precision

(RSD 55%) and accuracy (95–105%). The lower limits

of quantification for M1 and M2 were 0.021 and 0.018 mM,

respectively. No matrix effects were detected for both

metabolites.

Concentrations of phenacetin and its metabolite

4-acetamidophenol were also determined with the same

HPLC system. Detailed analytical conditions are summarized
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in Table S3 (Supplemental Materials). Concentrations of

estradiol and its 3-glucuronide in microsomal incubations

were determined by Waters ACQUITY UPLC system.

Concentrations of chenodeoxycholic acid and its 24-acyl-

glucuronides were determined by the UPLC-QTOF/MS

system consisting of Waters ACQUITY UPLC and Xevo

G2 QTOF/MS. Analyte quantification using the UPLC-

QTOF/MS method has been described in our previous

publications (Liu et al., 2014a,b). Detail analytical conditions

are summarized in Table S3.

Activity correlation analysis

The metabolic activities of individual HLMs (n¼ 14) toward

niclosamide, phenacetin (a probe substrate for CYP1A2)

(Zhou et al., 2009), b-estradiol (a probe substrate for

UGT1A1) (Seo et al., 2014) and chenodeoxycholic acid (a

probe substrate for UGT1A3) (Seo et al., 2014) were

determined, respectively, according to the metabolism assay

protocols as described above. Phenacetin (10 mM) was

incubated with NADPH-supplemented individual HLM

(0.25 mg/ml) for 20 min. Estradiol (20mM) was incubated

with UDPGA-supplemented individual HLM (0.265 mg/

ml) for 120 min. Chenodeoxycholic acid (20mM) was

incubated with UDPGA-supplemented individual HLM

(0.265 mg/ml) for 60 min. Correlation analyses were per-

formed between niclosamide 3-hydroxylation and phenacetin

deethylation, between niclosamide glucuronidation and

b-estradiol 3-O-glucuronidation, and between niclosamide

glucuronidation and chenodeoxycholic acid 24-acyl-glucuro-

nidation. Correlation (Pearson) analysis was performed using

GraphPad Prism V5 software.

Chemical inhibition assay

a-Naphthoflavone was used as a CYP1A2 inhibitor in many

studies (Reid et al., 1999; Shet et al., 1997; Tassaneeyakul

et al., 1993). The natural flavone apigenin showed a potent

inhibitory effect on CYP1A2 with an inhibition mechanism

similar to a-naphthoflavone (Shimada et al., 2010; von

Moltke et al., 2004). Fluvoxamine at low concentrations

selectively inhibited the activity of CYP1A2 (Nakajima et al.,

1999; Pastrakuljic et al., 1997). To better understand the

role of CYP1A2 in hydroxylation of niclosamide in NADPH-

supplemented HLM, chemical inhibition studies were

performed using the three small-molecule inhibitors fluvox-

amine, a-naphthoflavone and apigenin. In brief, niclosamide

(2.5mM) was incubated with NADPH-supplemented HLM

(0.25 mg/ml) for 60 min in the presence or absence of an

inhibitor (i.e., fluvoxamine at 0.5, 1, 2.5 and 5 mM;

a-naphthoflavone at 0.01, 0.1, 0.5 and 1 mM; and apigenin

at 0.5, 1, 2 and 5 mM). The inhibitors’ stock solutions were

prepared in methanol and added into the incubation medium

with a dilution ratio of 200.

Statistical analysis

Data are expressed as mean ± SD. The two-tailed Student’s

t test was used to compare the mean difference. The prior

level of significance was set at 5% or p50.05.

Results

Structural elucidation of niclosamide metabolites
in microsomal incubations

In the presence of NADPH, HLM, RLM, MsLM, PLM, DLM

and MkLM generated one metabolite (M1) only from

niclosamide (Figure 1A). Niclosamide formed a deprotonated

molecule ([M�H]�) at m/z 324.981 in the negative ion scan

mode. The metabolite M1 showed an ion at m/z 340.973. An

increase of 16 Da in mass indicated that M1 was a mono-

hydroxylated product. The fragment ions of niclosamide were

observed at m/z 289.000 and 170.996, whereas those of M1

were observed at m/z 304.996 and 170.996 (Figure 1B).

Fragmentation pattern analysis of M1 and the parent drug

revealed that the site of hydroxylation was located at the

aromatic ring of the 5-chlorosalicylic acid group (Figure 1C).

To determine the exact site of hydroxylation, M1 was

purified in a sufficient quantity (�5 mg) and then analyzed by
1H NMR (Figure 1C). The signals for the aromatic protons

(H-30, H-50 and H-60) in the 2-chloro-4-nitroaniline group

were assigned. This was consistent with previous finding that

the site of hydroxylation was located at the 5-chlorosalicylic

acid portion. Further, another two aromatic protons of � 6.61

(d, J¼ 2.7 Hz) and 7.16 (d, J¼ 2.8 Hz) at the meta-position

were assigned to the H-4 and H-6, respectively. Therefore, M1

was identified as the 3-hydroxylated metabolite of niclosa-

mide (i.e. 3-hydroxy niclosamide).

In the presence of UDPGA, HLM and the liver microsomes

from various animal species generated one metabolite (M2)

from niclosamide (Figure 2A). M2 formed a deprotonated

molecule at m/z 501.013 (Figure 2B). An increase of 176 Da in

mass indicated that M2 was a glucuronidated metabolite. The

fragment ion of M2 was observed at m/z 324.982 that

corresponded exactly to the ion of niclosamide (Figure 2B).

This was additional evidence that M2 was formed by

conjugation of a glucuronic acid to the parent drug.

Furthermore, b-glucuronidase catalyzed the hydrolysis of M2

back to niclosamide, confirming that O-glucuronide was

generated (Figure 2C). Generation of a tertiary N-glucuronide

[i.e. glucuronidation occurring at the secondary amine (¼NH)

group] was unlikely because the tertiary N-glucuronide is

resistant to b-glucuronidase hydrolysis (Kassahun et al., 1998).

Reaction kinetics for hydroxylation of niclosamide by
liver microsomes

Kinetic profiling revealed that formation of M1 in all liver

microsomes except PLM followed the classical Michaelis–

Menten kinetics (Figure 3). Hydroxylation mediated by PLM

showed a sigmoidal profile that was well modeled by Hill

equation (Figure 3F). Niclosamide hydroxylation was the

most efficient in HLM with a CLint (intrinsic clearance) value

of 22.6 ml/min/mg (Table 1). Marked species differences were

noted for the derived kinetic parameters (Table 1). The Km

values of human and monkey were similar (1.38 versus

1.71 mM) and were much lower than those of other species

(4.51–6.24 mM) (Table 1). The Vmax values ranged from 10.4

(MkLM) to 31.2 pmol/min/mg (HLM). The CLint value of

human was 22.6 ml/min/mg, a figure much higher than those

of other species (2.43–6.88 ml/min/mg) (Table 1).

4 D. Lu et al. Xenobiotica, Early Online: 1–13
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Hydroxylation of niclosamide by expressed CYP
enzymes

Of tested CYP enzymes (with commercial availability), only

CYP1A1 and 1A2 catalyzed hydroxylation of niclosamide

(Figure 4A). The metabolic activity of CYP1A2 was 90-fold

higher than that of CYP1A1, indicating that CYP1A2 played

a predominant role in hydroxylation of niclosamide (Figure

4A). The hydroxylation kinetics of niclosamide by CYP1A2

displayed a substrate inhibition profile (Figure 4B). The low

Km value of 4.88 mM indicated that CYP1A2 was a high-

affinity enzyme toward niclosamide (Table 1). The high CLint

value of 1.52 ml/min/nmol was suggestive of an efficient

hydroxylation mediated by CYP1A2 (Table 1). We were

unable to determine the kinetic parameters for CYP1A1 due

to its low metabolic activity toward niclosamide.

Activity correlation analyses and inhibition assays for
CYP1A2

It is known that CYP1A2 catalyzes metabolism of phenacetin,

generating the deethylated product 4-acetamidophenol

(Bjornsson et al., 2003). This deethylation reaction of

phenacetin has been widely accepted as a functional marker

for CYP1A2. We determined the metabolic activities of

individual HLM (n¼ 14) toward phenacetin and niclosamide,

respectively. It was found that niclosamide hydroxylation was

strongly correlated with phenacetin deethylation (r¼ 0.876;

p50.001) (Figure 4C), indicating that CYP1A2 played an

important role in metabolism of niclosamide in the liver.

All three chemical inhibitors (i.e., fluvoxamine,

a-naphthoflavone and apigenin) showed significant inhibitory

effects on niclosamide hydroxylation in HLM (Figure 5).

The extent of inhibition rose with an increase in the

inhibitor concentration (Figure 5). These results indicated

that CYP1A2 was involved in hepatic hydroxylation of

niclosamide.

Reaction kinetics for glucuronidation of niclosamide
by liver microsomes

Kinetic profiling revealed that glucuronidation of niclosamide

in all liver microsomes except RLM followed the classical

Michaelis–Menten kinetics (Figure 6). The glucuronidation

reaction mediated by RLM showed a biphasic profile that

was well described by the biphasic kinetic model (Figure 6).

The low Km value of 1.02 mM and the high CLint value of

Figure 1. (A) The representative HPLC chromatograms for quantitative analyses of niclosamide and its phase I metabolites in various liver
microsomes. (B) MS/MS spectrum of niclosamide and its hydroxylated metabolite M1. (C) Structure, fragmentation pathway and 1H NMR data of
niclosamide and its hydroxylated metabolite M1. HLM, human liver microsomes; DLM, dog liver microsomes; PLM, mini-pig liver microsomes;
MkLM, monkey liver microsomes; MsLM, mouse liver microsomes; RLM, rat liver microsomes.

DOI: 10.3109/00498254.2015.1047812 In vitro characterization of niclosamide metabolism 5
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1.36 ml/min/mg suggested that niclosamide was an excellent

substrate for UGT metabolism in HLM (Table 2). Marked

species differences were also noted for the derived kinetic

parameters (Table 2). The Km values ranged from 0.22 to

2.91mM; the Vmax values ranged from 0.09 to 1.38 nmol/min/

mg; and the CLint values ranged from 0.12 to 1.36 ml/min/mg.

Among animals, monkey showed the glucuronidation param-

eters that were closest to those of human (Table 2). The

kinetic parameters differed by a �2.4-fold between monkey

and human.

Glucuronidation of niclosamide by expressed UGT
enzymes

Of 12 UGT enzymes, seven (i.e., UGT1A1, 1A3, 1A7, 1A8,

1A9, 1A10 and 2B7) generated the glucuronide from

Figure 2. (A) The representative HPLC chromatograms for quantitative analyses of niclosamide and its glucuronide. (B) Structure, MS/MS spectrum
and fragmentation pathway of niclosamide glucuronide. (C) Comparisons of HPLC chromatograms, showing that niclosamide glucuronide can be
hydrolyzed back to the parent compound (niclosamide) by b-glucuronidase.

Figure 3. Kinetic profiles for niclosamide hydroxylation by (A) pooled human, (B) rat, (C) mouse, (D) dog, (E) monkey, (F) mini-pig liver
microsomes. In each panel, the inset shows the corresponding Eadie–Hofstee plot. Please refer to Table 1 for derived kinetic parameters.
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niclosamide (Figure 7). Glucuronidation of niclosamide by

the seven UGT enzymes displayed the substrate inhibition (for

UGT1A1 and 1A3) or Michaelis–Menten (for UGT1A7, 1A8,

1A9, 1A10 and 2B7) profiles (Figure 7). Based on a

comparison of the apparent CLint values (Figure 8A),

UGT1A1 was the most active enzyme in glucuronidating

niclosamide, followed by UGT1A3 and 1A8. UGT1A1

showed the highest CLint value of 8.34 ml/min/mg and

lowest Km value of 0.16 mM. By contrast, glucuronidation

of niclosamide by UGT1A3, 1A7, 1A8, 1A9, 1A10, and

2B7 was less efficient with much lower CLint values of

0.04–0.75 ml/min/mg as well as much higher Km values of

0.77–4.15mM (Table 2). The results suggested that UGT1A1

may be a main enzyme contributing to glucuronidation of

niclosamide.

Activity correlation analyses for UGT1A1

Glucuronidation of b-estradiol (3-OH) is a well-accepted

functional marker for UGT1A1 (Court, 2005). We measured

the glucuronidation activities of individual HLMs (n¼ 14)

toward b-estradiol (3-OH). The rates of niclosamide glucur-

onidation in the same bank of individual HLMs were

also determined. It was found that glucuronidation

of niclosamide at 1.25 mM was strongly correlated with

3-O-glucuronidation of b-estradiol (r¼ 0.888, p50.001)

Figure 4. (A) Rate comparisons of niclosamide hydroxylation by 10 expressed CYP enzymes. (B) Kinetic profile for hydroxylation of niclosamide by
expressed CYP1A2, the inset shows the corresponding Eadie–Hofstee plot. (C) Correlation analysis between niclosamide hydroxylation and phenacetin
deethylation in a bank of individual HLMs (n¼ 14).

Table 1. Kinetic parameters derived for niclosamide hydroxylation by liver microsomes and expressed CYP enzymes.

Enzymes Vmax (pmol/min/mg) Km or S50 (mM) Ksi n
CLint/CLmax

(ml/min/mg) Fitted model

HLM 31.2 ± 0.44 1.38 ± 0.09 NA NA 22.6 ± 1.52 MM
CYP1A2 7.43 ± 0.40a 4.88 ± 0.50 70.2 ± 12.4 NA 1.52 ± 0.18b SI
RLM 12.8 ± 0.22 4.92 ± 0.28 NA NA 2.61 ± 0.15 MM
MsLM 31.0 ± 1.10 4.51 ± 0.47 NA NA 6.88 ± 0.76 MM
DLM 21.6 ± 0.53 6.24 ± 0.46 NA NA 3.46 ± 0.27 MM
PLM 21.3 ± 0.43 4.59 ± 0.58 NA 2.87 ± 0.28 2.43 ± 0.31 Hill
MkLM 10.4 ± 0.25 1.71 ± 0.17 NA NA 6.07 ± 0.63 MM

Data are represented by mean ± SD. HLM, human liver microsomes; DLM, dog liver microsomes; PLM, mini-pig liver
microsomes; MkLM, monkey liver microsomes; MsLM, mouse liver microsomes; RLM, rat liver microsomes; NA, not
applicable; MM, Michaelis–Menten model; SI, substrate inhibition.

aThe unit was nmol/min/nmol.
bThe unit was ml/min/nmol.
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Figure 5. Concentration-dependent inhibition effects of fluvoxamine (A), a-naphthoflavone (B) and apigenin (C) on the catalytic activity of
niclosamide hydroxylation by CYP1A2 in pHLM.

Figure 6. Kinetic profiles for niclosamide glucuronidation by (A) pooled human, (B) rat, (C) mouse, (D) dog, (E) monkey, (F) mini-pig liver
microsomes. In each panel, the inset shows the corresponding Eadie–Hofstee plot. Please refer to Table 2 for derived kinetic parameters.
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(Figure 8B). Glucuronidation of niclosamide at 2.5mM was

also significantly correlated with 3-O-glucuronidation of

b-estradiol (r¼ 0.809, p50.001) (Figure 8C). The results

indicated that UGT1A1 played a critical role in niclosamide

glucuronidation.

In a similar manner, we performed the correlation analysis

between glucuronidation of niclosamide (1.25–2.5mM) and

24-acyl-glucuronidation of chenodeoxycholic acid (10 mM).

There was no significant correlation between niclosamide

glucuronidation and chenodeoxycholic acid 24-acyl-glucur-

onidation (r� 0.07, p� 0.815) (Figure 8D and E). This

suggested that contribution of UGT1A3 to hepatic glucur-

onidation of niclosamide was none or negligible.

Discussion

By using microsomal incubations, this study for the first time

elucidated the metabolic pathways of niclosamide, an old

anthelmintic drug. The chemical structures of metabolites

were rigorously determined by high-resolution mass spec-

trometry and/or NMR analysis. It was found that niclosamide

was subjected to efficient hydroxylation and glucuronidation.

Furthermore, a combined approach of reaction phenotyping

and activity correlation analysis was utilized to identify the

main enzymes contributing to hepatic metabolism of

niclosamide. The results consistently showed that CYP1A2

and UGT1A1 were the main contributors to niclosamide

hydroxylation and glucuronidation, respectively. It was note-

worthy that the enzyme activities here were not corrected for

the ‘‘albumin effect’’ that arose from the fatty acid compe-

tition for metabolism (Manevski et al., 2011; Rowland et al.,

2008). This may result in an uncertainty in comparing the

enzyme catalysis (Figures 4 and 8). Due to a high rate of

success in prediction of in vivo metabolism using micro-

somal data (Cubitt et al., 2011; Gertz et al., 2011; Hallifax

et al., 2010; Wu et al., 2013), our study should be very

helpful for a better understanding of in vivo disposition of

niclosamide.

Figure 7. Kinetic profiles for niclosamide glucuronidation by expressed (A) UGT1A1, (B) UGT1A3, (C) UGT1A7, (D) UGT1A8, (E) UGT1A9,
(F) UGT1A10, (G) UGT2B7. In each panel, the inset shows the corresponding Eadie–Hofstee plot. Please refer to Table 2 for derived kinetic
parameters.

Table 2. Kinetic parameters derived for niclosamide glucuronidation by liver microsomes and expressed UGT enzymes.

Enzymes Vmax (nmol/min/mg) Km (mM) Ksi CLint (ml/min/mg) Fitted model

HLM 1.38 ± 0.03 1.02 ± 0.10 NA 1.36 ± 0.14 MM
UGT1A1 1.32 ± 0.29 0.16 ± 0.08 2.70 ± 1.33 8.34 ± 2.30 SI
UGT1A3 1.34 ± 0.25 1.79 ± 0.71 28.1 ± 12.8 0.75 ± 0.17 SI
UGT1A7 0.10 ± 0.01 0.91 ± 0.11 NA 0.11 ± 0.01 MM
UGT1A8 0.65 ± 0.02 1.10 ± 0.17 NA 0.59 ± 0.09 MM
UGT1A9 0.09 ± 0.01 0.77 ± 0.12 NA 0.12 ± 0.02 MM
UGT1A10 0.14 ± 0.01 1.22 ± 0.16 NA 0.11 ± 0.01 MM
UGT2B7 0.18 ± 0.01 4.15 ± 0.20 NA 0.04 ± 0.00 MM
RLM 0.11 ± 0.01 0.51 ± 0.09 NA 0.22 ± 0.04 Biphasic
MsLM 0.29 ± 0.01 1.67 ± 0.06 NA 0.18 ± 0.01 MM
DLM 1.10 ± 0.02 9.39 ± 0.50 NA 0.12 ± 0.01 MM
PLM 0.09 ± 0.01 0.22 ± 0.01 NA 0.40 ± 0.02 MM
MkLM 0.96 ± 0.01 1.66 ± 0.07 NA 0.58 ± 0.03 MM

Data are represented by mean ± SD. HLM, human liver microsomes; DLM, dog liver microsomes; PLM, mini-pig liver
microsomes; MkLM, monkey liver microsomes; MsLM, mouse liver microsomes; RLM, rat liver microsomes; NA, not
applicable; MM, Michaelis–Menten model; SI, substrate inhibition.
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We found that UGT1A1 was primarily responsible for

glucuronidation of niclosamide in the liver and glucuronida-

tion of niclosamide occurred at the phenolic hydroxyl group.

In our previous studies and others, UGT1A1 contributed

significantly to hepatic glucuronidation of the compounds

bearing hydroxyl group(s) such as macelignan and capsaicin

(Liu et al., 2014a; Sun et al., 2014; Wang et al., 2013). Hence,

the role of UGT1A1 in glucuronidation of drugs containing

hydroxyl group(s) should never be underestimated. In

addition, UGT1A1 is a polymorphic enzyme. The UGT1A1

polymorphism (UGT1A1*28) has been associated with the

dose-limiting toxicities in irinotecan (also known as CPT-11)

chemotherapy (Fujita & Sparreboom, 2010; Nagar &

Blanchard, 2006). Thus, varied glucuronidation of niclosa-

mide would be highly possible among UGT1A1 genotypes.

However, it remained to be investigated whether the overall

metabolism and drug exposure of niclosamide would be

influenced by the UGT1A1 polymorphisms.

Metabolic activities of the enzymes toward niclosamide

were determined by kinetic profiling that included the

metabolic rates at various substrate concentrations.

Comparisons of enzyme activities were performed based on

the parameter CLint (intrinsic clearance) derived from kinetic

modeling. The CLint value, independent of substrate concen-

tration, measures the catalytic efficiency of functional

enzymes. Use of CLint was more advantageous in character-

ization of enzyme activities compared to the metabolic rates

(at one or more substrate concentrations). It was noteworthy

that the substrate concentrations in microsomal incubations

(and the kinetic parameters) were not corrected by pro-

tein binding. This was because binding of niclosamide

(log P¼ 4.0) to microsomal proteins was negligible

Figure 8. (A) Comparisons of the intrinsic values (CLint) for niclosamide glucuronidation by 12 expressed UGT enzymes. (B and C) Correlation
analysis between niclosamide glucuronidation and estradiol glucuronidation in a bank of individual HLMs (n¼ 14). (D and E) Correlation analysis
between niclosamide glucuronidation and chenodeoxycholic acid glucuronidation in a bank of individual HLMs (n¼ 14).
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(fu¼ 97.5) according to the Hallifax and Houston model

(Hallifax & Houston, 2006; Zhou et al., 2010). The model

consisting of log P and microsomal protein concentration

has been shown to provide accurate predictions on fu

values for the compounds with intermediate lipophilicity

(log P¼ 2.5–5) (Gao et al., 2010). Also, comparative assess-

ment of several predictive models of fu has revealed that the

Halifax and Houston model is one of the best performing

prediction methods (Poulin & Haddad, 2011).

Systemic bioavailability of niclosamide was very low after

oral uptake of the drug (�10% in rats) (Chang et al., 2006).

Oral niclosamide is effective in management of tapeworms

that resides in the intestinal lumen (Al-Hadiya, 2005).

However, the low systemic bioavailability may be a concern

when it comes to the chemotherapy with niclosamide wherein

the intestinal lumen is not the target site. A better under-

standing of the causes to poor intestinal absorption of

niclosamide would help to find means to enhance the oral

bioavailability. Our study indicated that first-pass metabolism

in the liver and intestine would be a significant limiting factor

to oral absorption of niclosamide. Although the metabolism

data were unavailable with intestine microsomes, there is a

high possibility that niclosamide would be subjected to

intestinal glucuronidation. This is because the human intes-

tine abundantly expresses the catalytically active UGT

enzymes (e.g., UGT1A1, 1A8, 1A10 and 2B7) (Nakamura

et al., 2008; Ohno & Nakajin, 2009). Intestinal hydroxylation

should be negligible or none because CYP1A2 is not

expressed in human intestine (Paine et al., 2006).

In an early study, a reduced metabolite was generated from

niclosamide by mouse liver homogenate (Douch & Gahagan,

1977). However, no such metabolite was found in our

microsomal incubations (mouse and all other species). This

inconsistency may be accounted for by the differences in

enzyme sources. It was speculated that the reduction reaction

was catalyzed by the enzymes that were not expressed in the

microsomal organelles. By contrast, our finding that niclosa-

mide underwent efficient glucuronidation in various animals

was consistent with an early study in which the glucuroni-

dated metabolite was found in fish tissues after exposure to

niclosamide (Dawson et al., 1999). This may indicate that the

glucuronidation reaction was a universal detoxification

mechanism for niclosamide among animal species.

Three CYP1A2 inhibitors (i.e., fluvoxamine, a-naphtho-

flavone and apigenin) were selected to assess their inhibitory

effects on niclosamide hydroxylation in HLM. Fluvoxamine is

a selective inhibitor of CYP1A2, whereas the other two

inhibitors are dual inhibitors of both CYP1A1 and 1A2

(Pastrakuljic et al., 1997; Reid et al., 1999). Inhibition of

niclosamide metabolism by a-naphthoflavone (or fluvox-

amine) was essentially complete at concentrations of �0.5 mM

(or �1 mM). More than 80% of niclosamide metabolism was

inhibited by apigenin at concentrations of �1 mM (Figure 5).

The results were consistent with previous findings that

fluvoxamine, a-naphthoflavone and apigenin were rather

potent CYP1A2 inhibitors (Pastrakuljic et al., 1997; Reid

et al., 1999).

Hydroxylation of niclosamide mediated by HLM followed

Michaelis–Menten kinetics, whereas the reaction mediated by

the main active enzyme CYP1A2 displayed substrate

inhibition kinetics (Figures 3 and 4). Likewise, glucuronida-

tion of niclosamide mediated by HLM followed Michaelis–

Menten kinetics, whereas the reaction mediated by UGT1A1

(the main contributing enzyme) displayed substrate inhibition

kinetics (Figures 6 and 7). Similar observations have been

also noted in the study of Zhu et al. (2012). Glucuronidation

of magnolol by HIM showed substrate inhibition kinetics, but

UGT1A10 (one main contributor) displayed Michaelis–

Menten kinetics (Zhu et al., 2012). Although we were

unable to provide exact explanations for this apparent

‘‘conflict’’, the distinct kinetic profiles may be associated

with the differences in enzyme sources. HLM or HIM is

human tissue specific, whereas the recombinant enzymes

were prepared from insect cells overexpressing a particular

enzyme.

In conclusion, we have characterized the metabolism of

niclosamide by CYP and UGT enzymes using liver micro-

somes and expressed enzymes. NADPH-supplemented HLM

(and liver microsomes from various animal species) generated

one hydroxylated metabolite (M1) from niclosamide; and

UDPGA-supplemented liver microsomes generated one

mono-O-glucuronide (M2). The chemical structures of M1

and M2 were determined through LC–MS/MS and/or NMR

analyses. Reaction phenotyping revealed that CYP1A2 was

the main enzyme responsible for M1 formation. The import-

ant role of CYP1A2 in niclosamide metabolism was further

confirmed by activity correlation analysis as well as inhibition

experiments using specific inhibitors. Although seven UGT

enzymes were able to catalyze glucuronidation of niclosa-

mide, UGT1A1 and 1A3 were the enzymes showed the

highest metabolic activities. Activity correlation analyses

showed that UGT1A1 played a predominant role in hepatic

glucuronidation of niclosamide, whereas the role of UGT1A3

was negligible or none. This was the first report that

niclosamide was subjected to efficient hydroxylation and

glucuronidation, wherein CYP1A2 and UGT1A1 were the

main contributing enzymes, respectively.
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