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ABSTRACT 

Niclosamide, an antiparasitic, has been repositioned as a potential therapeutic drug for 

systemic diseases based on its anti-viral, anti-cancer, and anti-infection properties. However, low 

bioavailability limits its in vivo efficacy. Our aim was to determine whether metabolic disposition 

by microsomal P450 enzymes in liver and intestine influences niclosamide’s bioavailability in 

vivo, by comparing niclosamide metabolism in wild-type, liver-Cpr-null (LCN), and intestinal 

epithelium-Cpr-null (IECN) mice. In vitro stability of niclosamide in microsomal incubations was 

greater in the intestine than in liver in the presence of NADPH, but it was much greater in liver 

than in intestine in the presence of UDPGA. NADPH-dependent niclosamide metabolism and 

hydroxy-niclosamide formation were inhibited in hepatic microsomes of LCN mice, but not IECN 

mice, compared to wild-type mice. In intestinal microsomal reactions, hydroxy-niclosamide 

formation was not detected; but rates of niclosamide-glucuronide formation were ~10-fold greater 

than in liver, in wild-type, LCN, and IECN mice. Apparent Km and Vmax values for microsomal 

niclosamide-glucuronide formation showed large differences between the two tissues, with the 

intestine having higher Km (0.47 μM) and higher Vmax (15.8) than the liver (0.09 μM and 0.75, 

respectively). In vivo studies in LCN mice confirmed the essential role of hepatic P450 in hydroxy-

niclosamide formation; however, pharmacokinetic profiles of oral niclosamide were only 

minimally changed in LCN mice, compared to wild-type mice, and the changes seem to reflect the 

compensatory increase in hepatic UDP-glucuronosyltransferase activity.  
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SIGNIFICANCE 

These results suggest that efforts to increase the bioavailability of niclosamide by blocking 

its metabolism by P450 enzymes will unlikely be fruitful. In contrast, inhibition of niclosamide 

glucuronidation in both liver and intestine may prove effective for increasing niclosamide’s 

bioavailability, thereby making it practical to repurpose this drug for treating systemic diseases.  
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Introduction 

Niclosamide (2’,5-dichloro-4’-nitrosalicylanilide) has been used as a piscicide and 

molluscicide to treat water since the 1970s, to control, for example, vectors for schistosomiasis 

(Andrews et al., 1982; Schreier et al., 2000; Chimbari, 2012). In addition, niclosamide is used as 

an anthelmintic drug for the treatment of tapeworm infections in both humans and animals 

(Pearson and Hewlett, 1985). The therapeutic effects were reported to be via the uncoupling of the 

electron transport chain from the adenosine triphosphate synthase, resulting in blockage of the 

synthesis of adenosine triphosphate, which is an essential source of energy for cellular metabolism 

(Al‐Hadiya, 2005). Recently, niclosamide has emerged as a strong candidate for drug repurposing 

and repositioning, as this anti-parasitic drug has been shown to have therapeutic effects against 

viruses, inflammation, and cancer, and can also regulate glucose metabolism in obese subjects 

(Chang et al., 2006; Piccaro et al., 2013; Li et al., 2014; Chowdhury et al., 2017). Niclosamide is 

in clinical trials for treating colon cancer and prostate cancer (Clinicaltrials.gov Identifier, 

NCT02532114; NCT03123978; NCT02687009).  

Niclosamide, with a hydrophobic structure, is a Biopharmaceutical Classification System 

class II drug (Pardhi et al., 2017), which has limited absorption from the gastrointestinal tract when 

administered orally. Efforts have been made to increase niclosamide bioavailability, including 

modification of its physiochemical properties and use of drug carriers (van Tonder et al., 2004; 

Lin et al., 2016; Pardhi et al., 2017; Xie and Yao, 2018). The low bioavailability may also be due 

to rapid metabolism, i.e. first-pass extraction by the intestine and liver. Early studies detected 

hydroxylated niclosamide in the mouse liver (Douch and Gahagan, 1977) and niclosamide 

glucuronides (NIC-G) and sulfate esters in fishes (Dawson et al., 1999). A more recent report of 

in vitro assays using human recombinant enzymes identified CYP1A2 and UGT1A1 as the most 
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active enzymes for hydroxylation and glucuronidation, respectively, of niclosamide (Lu et al., 

2016). CYP1A2 is mainly expressed in the liver with low expression and activity in the 

extrahepatic tissues (Gad, 2008). UGT1A1 is highly expressed in both liver and small intestine 

(Fisher et al., 2000; Tukey and Strassburg, 2000; Buckley and Klaassen, 2007). Several studies 

have investigated the relative importance of intestinal and hepatic glucuronidation to the 

metabolism of various drugs (but not for niclosamide), and the results were substrate-dependent 

(Bowalgaha and Miners, 2001; Watanabe et al., 2002; Bernard and Guillemette, 2004; Cubitt et 

al., 2009).  

In the present study, we aimed to gain a better understanding of the roles of liver and 

intestinal microsomal cytochrome P450 (P450 or CYP) enzymes in niclosamide disposition, in 

order to guide efforts to improve niclosamide bioavailability through metabolic modulation. We 

utilized two engineered mouse models with tissue-specific deletion of the P450 reductase (Cpr or 

Por, essential for the activities of all microsomal P450 enzymes) in either liver hepatocytes (liver-

Cpr-null, or LCN) (Gu et al., 2003) or intestinal enterocytes (intestinal epithelium-Cpr-null, or 

IECN) (Zhang et al., 2009). We compared hepatic and intestinal microsomes from wild-type, LCN, 

and IECN mice for niclosamide metabolic stability and rates of formation of hydroxy-niclosamide 

(NIC-OH) and NIC-G in vitro. Based on an initial finding that hepatic, but not intestinal, 

microsomes were active in NADPH-dependent niclosamide metabolism and NIC-OH formation, 

we further compared wild-type and LCN mice for pharmacokinetic profiles of oral niclosamide 

and in vivo formation of niclosamide metabolites. Our results indicate that P450-mediated 

biotransformation is unlikely important for in vivo disposition of oral niclosamide and imply that 

both hepatic and intestinal glucuronidation may be more promising targets for increasing 

niclosamide’s bioavailability.  
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Materials and Methods 

Chemicals and reagents.  Niclosamide (purity≥98%), uridine diphosphate glucuronic acid, 

trisodium salt (UDPGA) (purity ≥ 98%), β-nicotinamide adenine dinucleotide phosphate, reduced 

tetra (cyclohexyl ammonium) salt (NADPH) (purity ≥ 97%), and p-nitrophenol (purity ≥99%) 

were purchased from Sigma Aldrich (St. Louis, MO). All solvents (acetonitrile, methanol, and 

water) were of LC-MS grade (Fisher Scientific, Houston, TX) and all other chemicals were of 

Reagent grade.  

Animals and treatments. Animals were housed at 22°C with 12 hour on-off light cycle 

and given food and water ad libitum. Two to three-month old male LCN mice (Gu et. al., 2003), 

IECN mice (Zhang et al., 2009) and their corresponding wild-type littermates were used for the 

study. For in vivo clearance studies, LCN and wild-type mice were given niclosamide (Sigma 

Aldrich, St. Louis, MO) at 120 mg/kg by oral gavage. Animal studies were approved by the 

Wadsworth Center Institutional Animal Care and Use Committee (Albany, NY) and University of 

Arizona Animal Care and Use Committee. 

Preparation of microsomes and in vitro assays. Hepatic and intestinal microsomes were 

prepared according to previously described procedures (Zhang et al., 2009); the epithelium of the 

entire small intestine from two to three mice was pooled for each microsomal preparation. For 

assaying P450-mediated niclosamide metabolism, the incubation mixtures contained 0.1 mg 

microsomal protein, 0.1 M potassium phosphate buffer (pH 7.4), 1.0 mM NADPH, and 3 mM 

MgCl2 in a final volume of 200 µl. For assaying UDP-glucuronosyl transferase (UGT)-mediated 

niclosamide metabolism, the incubation mixtures were the same as for P450 assays, except that 

5.0 mM UDPGA was used in place of NADPH. The substrate concentration was 100 µM for 

measuring the formation of niclosamide metabolites, and 1 µM for determining the rates of 
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niclosamide disappearance. The reactions were initiated after a 3-min pre-incubation, by the 

addition of NADPH and/or UDPGA into the reaction mixture, followed by a 30-min incubation at 

37 °C in a shaking water bath. The reactions were terminated by the addition of 400 µl of cold 

acetonitrile. Control groups were included, in which NADPH and/or UDPGA was absent. p-

Nitrophenol was added (in methanol, at 250 pmol per sample) as an internal standard. Extraction 

efficiency for niclosamide was >95%. The intrinsic clearance (CLint) of niclosamide was calculated 

using the following equation:  CLint= [volume of reaction (V) * 0.693]/half-life of substrate 

disappearance (t1/2) estimated by regression analysis of semi-logarithmic plots (Suzuki et al., 2003). 

Sample preparation for in vivo clearance of oral niclosamide. Blood samples were 

collected through the tail vein using heparinized capillary tubes (Thermo Fisher Scientific), at 0.25, 

0.5, 1, 2, 4, 10 and 24 h after dosing, and stored as plasma at -80 oC until use. Plasma samples (10 

µl each) were each mixed with 10 µl of a 25-µM methanolic solution of p-nitrophenol (as an 

internal standard), 10 µl methanol, and 270 µl of acetonitrile. The mixtures were vortexed, and 

then centrifuged at 4,000 g for 10 min; the organic layer (top) was transferred to a new tube, and 

the centrifugation step was repeated. The recovery of the standards in blank plasma was >85%. A 

2-µl aliquot of the supernatant was used for LC-MS/MS analysis.

LC-MS/MS analysis of niclosamide, NIC-OH, and NIC-G. Niclosamide and 

niclosamide metabolites were detected using LC-MS/MS. The LC-MS system consisted an 

Agilent model 1200 high-performance liquid chromatography (Agilent Technologies, Santa Clara, 

CA) and a Sciex 4000 Q-Trap mass spectrometer (AB SCIEX, Framingham, MA). Analytes were 

separated on a ZORBAX SB-C18 column (2.1 × 150 mm, 3.5 µm; Agilent) at room temperature, 

with mobile phase A containing 0.1% formic acid (v/v) in water and mobile phase B containing 

100% methanol. Isocratic elution of the analytes was conducted using 20%A/80%B at a flow rate 
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of 0.4 ml/min. The mass spectrometer was operated in negative mode, using electrospray 

ionization. The ion spray voltage and temperature were set at -4500 V and 450 °C, respectively. 

Curtain gas, ion source gas 1, and ion source gas 2 were set at 20, 40, and 20 psi, respectively. 

Niclosamide, NIC-OH, NIC-G, and the internal standard p-nitrophenol were detected using 

multiple reaction monitoring (MRM), with a dwell time of 150 msec per transition, at m/z 325/171, 

341/171, 501/325, and 138/108, respectively; the mass transitions were adapted from a protocol 

previously described by Lu and coworkers (Lu et al., 2016). The optimized parameters for 

declustering potential, entrance potential, collision energy, and collision cell exit potential, used 

for analyte identification and quantification, were:  -50, -12, -38, and -7 V, respectively, for 

niclosamide; -50, -12, -40, and -10 V, respectively, for NIC-OH; -50, -12, -25, and -10 V, 

respectively, for NIC-G; and -50, -12, -25, and -10 V, respectively, for p-nitrophenol. Retention 

times for niclosamide, NIC-OH, NIC-G, and p-nitrophenol were 4.95, 3.38, 1.49, and 1.11 min, 

respectively. For quantitative analysis of niclosamide, standards (0.1 to 40 µM in 10 µl methanol), 

along with 10 µl of p-nitrophenol (at 25 µM in methanol), were added to 10 µl of blank mouse 

plasma to construct the calibration curve. Standards for NIC-OH and NIC-G were not available; 

therefore, the ratios of metabolite peak area to internal standard peak area were taken for estimating 

the relative levels of the metabolites in different samples. 

RNA extraction and quantitative PCR for UGT1A1. Total RNA was isolated from liver 

using TRIzol Reagent (Invitrogen, Carlsbad, CA) and subjected to RNA-PCR essentially as 

previously described (Richardson et al., 2006). RNA concentration and purity were determined 

spectrally. First-strand cDNA was prepared using 2 µg of RNA and SuperScript III First-Strand 

Synthesis System (Invitrogen). The primers used for UGT1A1 determination were: forward, 5’-

ccagcagaaggggcacgaagttg-3’, and reverse, 5’-tgaccacgcgcagcagaaaagaat-3’; those for 

9

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 30, 2019 as DOI: 10.1124/dmd.119.086678

 at A
SPE

T
 Journals on A

pril 18, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 86678 
 

 
 

glyceraldehyde 3-phosphate dehydrogenase determination were:  forward, 5’-

agaacatcatccctgcatcca-3’, and reverse, 5’-ccgttcagctctgggatgac-3’.  

Immunoblot Analysis. Hepatic microsomal proteins (30 µg) were separated on 10% 

NuPAGE Bis-Tris gels (Life Technologies, Grand Island, NY) and subjected to immunoblot 

analysis as described previously (Wen et al., 2013).  For immunodetection, a rabbit polyclonal anti-

UGT1A1 (Abcam, Cambridge, MA) and a rabbit polyclonal anti-calnexin (Abcam) (as loading 

control) were used. Peroxidase-conjugated goat anti-rabbit IgG (Sigma-Aldrich, St. Loiuse, MO) 

was used as secondary antibody. Microsomal protein bands were visualized with a 

chemiluminescence kit (GE Healthcare, Piscataway, NJ), and quantified using a GS-710 

Calibrated Imaging densitometer or a ChemiDoc XRS1 System (Bio-Rad, Hercules, CA).  

Enzyme kinetic analysis for microsomal NIC-G formation. Contents of reaction 

mixtures were the same as described above for determination of rates of NIC-G formation, except 

that a range of substrate concentrations were used (0.03 µM to 100 µM) and the amount of 

microsomal protein was reduced to 0.01 mg. Reactions were carried out for 2.5 min for intestinal 

microsomes, and 10 min for hepatic microsomes, during which the rates were linear with 

incubation time. To increase sensitivity, a new LC-MS/MS system was used, which consisted of 

a SCIEX Q-Trap 6500+ mass spectrometer (AB SCIEX), an Infinity II Series model 1290 ultra-

performance liquid chromatography system (Agilent), and an Agilent ZORBAX Elipse Plus C18 

column (2.1 × 50 mm; 1.8 μm). The column was equilibrated with 75%B (methanol containing 

0.1% formic acid). Samples were eluted with a 3-min linear gradient from 75%B to 95%B, at room 

temperature, at a flow rate of 0.3 ml/min. The mass spectrometer was operated in negative ion 

mode using electrospray ionization with the following settings:  ion spray voltage, -4500 V; 

temperature, 450 °C; curtain gas, 25 psi; ion source gas 1, 40 psi; ion source gas 2, 20 psi; NIC-G 
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and a new internal standard nitrendipine (added at 100 pmol per sample in methanol) were detected 

using MRM at m/z 501/325 and 359/122, respectively, with the dwell time of 150 msec per 

transition. The optimized parameters for declustering potential, entrance potential, collision energy, 

and collision cell exit potential were:  -41, -10, -25, and -15 V, respectively, for NIC-G; and -91, 

-10, -35, and -12 V, respectively, for nitrendipine. For sample preparation, solid-phase extraction 

(SPE) was performed by using SPE C18 cartridges (Biotage, Charlottesville, VA). All samples 

were analyzed in triplicate. Retention times for NIC-G and nitrendipine were 1.23 and 1.26 min, 

respectively.  

Data Analysis. Pharmacokinetic parameters were calculated using PK solver (Microsoft, 

Redmond, WA), by assuming a noncompartmental model. Half-life values for calculation of 

intrinsic clearance and statistical significance of various data comparisons, as well as enzyme 

kinetic parameters (from Lineweaver-Burk plots), were determined with the use of GraphPad 

Prism (GraphPad Software, La Jolla, CA). One-way or two-way analysis of variance (ANOVA), 

followed by a post-hoc test for pairwise comparisons, or Student’s t test, was used. P values < 0.05 

was considered statistically significant. 
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Results  

In vitro Metabolic Stability of Niclosamide. The amounts of niclosamide remaining at 

various times after initiation of reaction are plotted in Figure 1. With hepatic microsomes from 

wild-type mice (Fig. 1A), niclosamide levels decreased over time upon incubation with either 

NADPH or UDPGA (added at saturating amounts), while little metabolism occurred in the absence 

of a cofactor. The rate of niclosamide disappearance was slightly greater in the presence of 

NADPH than in the presence of UDPGA. Co-incubation with both cofactors led to a further 

increase in niclosamide disappearance. With intestinal microsomes (Fig. 1B), all the niclosamide 

disappeared within 5 min in the presence of UDPGA, but only ~10% was lost in that time frame 

when NADPH was present. The rate of niclosamide disappearance was also greater in the intestine 

than in the liver as niclosamide metabolism was not complete in the liver microsomal incubations 

until at least 30 min, with either cofactor (Fig. 1A).  

The intrinsic clearance of niclosamide was calculated based on data in Figures 1A and 1B. 

In the liver, there was no significant difference between the contributions from CYP- (0.21 ± 0.04 

ml/min/mg) and UGT-mediated intrinsic clearance (0.21 ± 0.01 ml/min/mg); in the intestine, 

UGT-mediated intrinsic clearance (1.33 ± 0.25 ml/min/mg) was significantly higher (p<0.001; 

one-way ANOVA) than those mediated by either CYP or UGT enzymes in the liver, or that 

mediated by CYPs in the intestine (0.05±0.02 ml/min/mg).  

The relative contributions of hepatic and intestinal CYP enzymes to microsomal 

niclosamide metabolism were further examined by comparing microsomes from LCN and IECN 

mouse models to those of wild-type mice. As shown in Figures 1C and 1D, hepatic microsomal 

NADPH-supported metabolism of niclosamide was significantly decreased in the LCN mice, but 

not in the IECN mice, whereas intestinal microsomal NADPH-mediated metabolism of 
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niclosamide was not different among the three mouse genotype groups. This data is consistent with 

a role for CYPs in hepatic, but not intestinal, microsomal metabolism of niclosamide. 

In control experiments, as expected, a notable decrease in hepatic (Fig. 1E) or intestinal 

(Fig. 1F) microsomal UDPGA-supported niclosamide metabolism was not observed in either LCN 

mice or IECN mice, compared to wild-type mice. Quite the reverse, small increases in rates of 

hepatic microsomal UDPGA-supported niclosamide metabolism was observed in LCN and, to a 

lesser degree, IECN mice (Fig. 1E). In that connection, compensatory increases in hepatic 

UGT1A1 mRNA (by ~100%) and protein (by ~50%) levels in the LCN mice, compared to wild-

type mice, were observed (Fig. 2), though a significant increase in UGT1A1 mRNA or protein 

level was not observed in the livers of the IECN mice (data not shown). In contrast, an increase in 

rates of intestinal microsomal UDPGA-supported niclosamide metabolism was not observed in the 

null mice (Fig. 1F).  

Niclosamide Metabolite Formation in vitro.  In addition to measuring overall 

niclosamide metabolism, the rates of NIC-OH and NIC-G formation in vitro by hepatic or 

intestinal microsomes were also compared among wild-type, LCN, and IECN mice. Authentic 

metabolite standards for NIC-OH and NIC-G were not available; thus, relative rates of metabolite 

formation were compared among the genotype groups. 

NIC-OH formation was detected in incubations with hepatic (Fig. 3A), but not intestinal 

(not shown), microsomes, in the presence of NADPH. As expected, liver microsomal NIC-OH 

formation rates were significantly decreased in LCN mice than wild-type mice, reflecting the loss 

of all hepatic microsomal P450 activity; whereas, the rates were slightly increased in IECN mice, 

consistent with the known induction of CYP1A expression in the livers of these mice (Zhang et 

al., 2009).  
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Rates of formation of NIC-G were much lower in hepatic (Fig. 3B) than in intestinal 

microsomes (Fig. 3C), in the presence of UDPGA, which agreed with the tissue differences in 

rates of UDPGA-supported niclosamide metabolism observed in Figure 1. Consistent with data in 

Figure 1E on UDPGA-supported niclosamide metabolism in hepatic microsomes, rates of NIC-G 

formation were elevated in hepatic microsomes from both LCN (1.5 fold) and IECN (1.3 fold) 

mice, compared to wild-type mice (Fig. 3B). In contrast to the situation in the liver, there was no 

genotype difference in rates of NIC-G formation in intestinal microsomes (Fig. 3C). This result 

agreed with data in Figure 1F for intestinal microsomal UDPGA-supported niclosamide 

metabolism and reflects absence of compensatory increases in UGT expression in the intestine of 

LCN or IECN mice. 

The enzyme kinetic profiles of NIC-G formation in intestinal and hepatic microsomes of 

wild-type mice were compared. For both tissues, the Michaelis-Menten plot (Fig. 4A and 4B, left 

panels) showed substrate saturation of the enzyme. Apparent kinetic parameters calculated from 

the transformed Linewaever-Burk plots (Fig. 4A and 4B, right panels) showed large differences 

between the two tissues in both Km and Vmax, with the intestine having higher Km (0.47 μM) 

and higher Vmax (15.8) values than the liver (0.09 μM and 0.75, respectively). 

Niclosamide Metabolism and Disposition in Wild-type and LCN Mice in vivo. Given 

that both CYP and UGT enzymes can metabolize niclosamide in the liver, we further determined 

whether P450-catalyzed niclosamide hydroxylation contributes significantly to the in vivo 

disposition of oral niclosamide, by comparing between wild-type and LCN mice. It was anticipated 

that, if hepatic P450 enzymes contributed significantly to systemic clearance of oral niclosamide, 

we would observe a substantial decrease in niclosamide clearance in the LCN mice, compared to 

wild-type mice, as reflected by higher Cmax and/or AUC values. However, as shown in Figure 
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5A, clearance of niclosamide from plasma following oral administration (CL/F) was not slower in 

LCN mice, compared to wild-type mice, with a significant decrease in Cmax (by 32%, Table 1). 

NIC-OH formation was nearly completely inhibited (Fig. 5B; Table 1), which is consistent with 

the loss of hepatic CYP1A2 activity in LCN mice, and indicates that the lower systemic exposure 

of niclosamide in the LCN mice was not due to a compensatory increase in niclosamide 

hydroxylation by P450s in other tissues. Consistent with in vitro data showing upregulation of 

hepatic UGT1A1 expression and UGT activity (Figures 1-3), in vivo formation of NIC-G was 

increased in the LCN mice (Fig. 5C; Table 1).  
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Discussion 

Although it has been reported that niclosamide could be metabolized by both CYP1A2 and 

UGT1A1 (Lu et al., 2016), the relative contributions of the CYPs and UGTs to microsomal 

metabolism of niclosamide in the liver and intestine were unclear. Here, we measured the CYP-

dependent and UGT-dependent metabolic disposition of niclosamide by incubating niclosamide 

with mouse hepatic or intestinal microsomes in the presence or absence of the respective cofactors 

for the two groups of enzymes, NADPH and UDPGA. The in vitro metabolic stability results 

indicated that, while CYP and UGT enzymes both contribute to niclosamide disposition in the 

liver, UGT plays a major role in microsomal niclosamide metabolism in the intestine. Furthermore, 

intestinal microsomal metabolism of niclosamide is more rapid than hepatic microsomal 

niclosamide metabolism, which implies that first pass metabolism in the gut may play an important 

role for in vivo disposition of oral niclosamide.  

A comparison among wild-type, LCN, and IECN mice provided strong support to the 

notion of a tissue-specific contribution of CYPs to niclosamide disposition in the liver, as a 

remarkable decrease in niclosamide disappearance was only observed in the LCN mice, but not in 

the IECN mice (Fig. 1). Results from metabolite formation analysis are also consistent with those 

from measurement of substrate disappearance, given that NIC-OH formation was observed in 

hepatic, but not intestinal, microsomal reactions. This apparent liver-specific contribution of CYPs 

to niclosamide disposition is consistent with the fact that CYP1A2, the major CYP isoform 

reported to be active toward niclosamide hydroxylation (Lu et al., 2016), is expressed in the liver, 

but very little in intestine (Kaminsky and Zhang, 2003). Nonetheless, the in vivo data for 

comparisons of niclosamide pharmacokinetics between wild-type and LCN mice (Fig. 5) indicated 
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that P450-mediated niclosamide hydroxylation is unlikely a major pathway for in vivo disposition 

of oral niclosamide. 

Multiple lines of evidence indicate greater activity of intestinal UGTs than hepatic UGTs 

toward niclosamide, including comparisons of intrinsic clearance (Fig. 1), relative rates of NIC-G 

formation at a high substrate concentration (Fig. 3), and enzyme kinetic profiles (Fig. 4). Notably, 

the apparent Km value for hepatic microsomes determined in this study (0.09 μM) is lower than 

the previously reported value (1.67 ± 0.06 μM) (Lu et al., 2016). This discrepancy may be 

explained by the difference in mouse strain (B6 mice in this study, CD-1 mice in the previous 

study) and assay conditions, such as range of substrates (0.03-100 μM in this study; 0.195 – 37.5 

μM in Table S2 of the previous study) or microsomal protein (50 μg/ml here, 265 μg/ml previously) 

used. Remarkably, although hepatic NIC-G formation had a lower Km than intestinal NIC-G 

formation, the relative rates of NIC-G formation were higher in intestinal than in hepatic 

microsomal reactions, at all substrate concentrations tested, which included a concentration (0.03 

μM) lower than the apparent Km for hepatic microsomes (0.09 μM). 

The finding that intestinal microsomes have much higher apparent Km and Vmax values 

than hepatic microsomes suggests involvement of different UGT enzymes in these two tissues. In 

that regard, Lu and coworkers (Lu et al., 2016) reported that, other UGT isoforms, including some 

that are highly expressed in the intestine (UGT1A10 and UGT2B7), are also active in the in vitro 

metabolism of niclosamide, though they were not as active as UGT1A1 based on Km values and 

calculated intrinsic clearance of heterologously expressed UGT enzymes. Thus, further studies to 

identify the responsible UGT enzymes for NIC-G formation in the intestine, via UGT isoform-

specific inhibition study and/or UGT isoform-specific knockout mouse models, such as the UGT1 

mouse (Chen and Tukey, 2018), would be valuable. 
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The reason for the apparent increase in hepatic UGT activity of LCN and IECN mice is 

unclear, but it is possibly due to a compensatory increase in the hepatic expression level of the 

niclosamide-metabolizing UGT enzyme(s) in these null mouse models, compared to wild-type 

mice, which was confirmed for hepatic UGT1A1 mRNA and protein expression in the LCN mice 

(Fig. 2). A previous study has also reported that there was a small increase in UGT1A1 mRNA 

expression in the livers of the LCN mice (Cheng et al., 2014). It remains to be determined whether 

other niclosamide-metabolizing UGT enzymes are induced in the livers of the IECN mice and 

would explain the observed increases in microsomal niclosamide glucuronidation (Fig. 3) and 

UDPGA-supported niclosamide disappearance (Fig. 1).  

The relative contributrions of hepatic and intestinal UGTs to in vivo disposition of oral 

niclosamide remain unclear. The in vivo result showing lower systemic exposure to niclosamide 

in the LCN mice, compared to wild-type mice (Fig. 5), is not necessarily predicted from the in 

vitro data, given that 1) intestinal UGT activity was much higher than hepatic UGT activity toward 

niclosamide, and thus more likely to play a dominant role in the first-pass clearance of oral 

niclosamide; and 2) there was no increase in the UGT activity toward niclosamide in the intestine 

of LCN mice, compared to wild-type mice. Nonetheless, the finding that, in wild-type mice, UGT 

activity toward niclosamide had a much lower apparent Km value in liver than in intestine, in 

addition to the greater tissue mass in liver than in intestine, suggests that the hepatic UGT 

contribution to first-pass niclosamide metabolism is greater at relatively low drug concentrations. 

In that regard, maximal plasma level of niclosamide following the 120-mg/kg oral dose was ~1 

μM (Table 1). While liver and intestinal tissue levels of niclosamide are expected to be higher than 

plasama levels, the concentration of niclosamide that is available for metabolism by UGT enzymes 

in these tissues may be similar to or somewhat above the Km value for hepatic UGT, but much 

18

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 30, 2019 as DOI: 10.1124/dmd.119.086678

 at A
SPE

T
 Journals on A

pril 18, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 86678 
 

 
 

lower than the Km value for intestinal UGT. Thus, the intestinal UGT may be underutilized at this 

dose. Notably, in other experiments not shown, the genotype differences between wild-type and 

LCN as illustrated in Figure 5 for the dose of 120 mg/kg were also observed when mice were 

treated with niclosamide at 40 mg/kg, a dose at which the intestinal UGTs are even less likely to 

be fully utilized.  

In conclusion, our results indicate that P450-mediated biotransformation is not important 

for in vivo disposition of oral niclosamide. In contrast, both hepatic and intestinal glucuronidation, 

which appears to be catalyzd by UGT enzymes with differing kinetic properties, may significantly 

contribute to in vivo disposition of oral niclosamide. Thus, efforts to increase the bioavailability 

of niclosamide should focus on inhibition of niclosamide glucuronidation in both liver and 

intestine. 
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Legend for Figures 

Fig. 1. In vitro metabolic stability of niclosamide. Levels of niclosamide (NIC) remaining after 

incubation with pooled hepatic (A, C, E) or intestinal microsomes (B, D, F) of adult male mice for 

various times are shown as a percentage of the starting amount at time zero. Reaction mixtures 

contained either no cofactor (negative control), 1.0 mM NADPH (for P450 activity), 5.0 mM 

UDPGA (for UGT activity), or 1.0 mM NADPH plus 5.0 mM UDPGA (for combined CYP and 

UGT reactions), in addition to a common mixture of 0.1 mg of hepatic or intestinal microsomal 

protein from wild-type, LCN, or IECN mice, 1 µM niclosamide, 0.1 M potassium phosphate buffer 

(pH 7.4), and 3 mM MgCl2, in a final volume of 200 µL. Relevant wild-type data from A and B 

were replotted in C-F for comparison with data from null mice. The values represent means ± S.D. 

(n=3-5). *, p<0.05, **, p<0.01; ***, p<0.001, ****, p<0.0001 compared to NADPH group (A, B) 

or wild-type group (C-F), one-way ANOVA with Bonferroni’s multiple comparisons test. The 

aggregate values for no-cofactor control (Control) in wild-type, LCN, and IECN groups at the 60 

min time point are shown for liver (C, E) and intestine (D, F).  

Fig. 2. UGT1A1 expression in the liver of wild-type and LCN mice. A, Hepatic UGT1A1 

mRNA level was determined in adult male mice using RNA-PCR as described in Materials and 

Methods. The values represent means ± S.D., n=3. B, UGT1A1 protein was detected on 

immunoblots as described in Materials and Methods. Microsomal proteins (30 µg) from liver of 

adult male mice were analyzed. Calnexin level was determined as a loading control. Each 

microsomal sample was prepared from tissues pooled from two to three mice. Results of 

densitometric analysis (bar graphs) are normalized by calnexin levels in each sample and are 
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shown in arbitrary units. The values represent means ± S.D., n=3. **, p<0.01, *, p<0.05; compared 

to wild-type group, Student’s t test.   

 

Fig. 3. Relative rates of NIC-OH and NIC-G formation in liver and intestinal microsomes of 

wild-type, LCN and IECN mice. The relative rates of NIC-OH (A) and NIC-G (B, C) formation 

in hepatic (A, B) and intestinal (C) microsomes were derived from chromatographic peak area 

ratios of the metabolites to that of an internal standard (IS). Formation of NIC-OH was detected 

with hepatic microsomes (A), but not intestinal microsomes (data not shown). The reaction 

mixtures contained 0.1 mg of microsomal protein, 100 µM niclosamide, 0.1 M potassium 

phosphate buffer (pH 7.4), 1.0 mM NADPH or 5.0 mM UDPGA, and 3 mM MgCl2 in a final 

volume of 200 µL. The incubation was carried out at 37 oC for 30 min. The values represented 

means ± S.D., n=3-5; *, p<0.05; **, p<0.01; ****, p<0.0001, compared to wild-type group, one-

way ANOVA with Bonferroni’s multiple comparisons test. 

 

Fig. 4. Enzyme kinetic profiles of NIC-G formation in intestinal and hepatic microsomes.  

Reaction mixtures contained 0.1 M potassium phosphate buffer (pH 7.4), 0.01 mg intestinal or 

hepatic microsomal protein, 0.03 to 100 µM niclosamide, 5.0 mM UDPGA, and 3 mM MgCl2 in 

a final volume of 200 µl. The reaction was carried out at 37 oC for 2.5 min for intestinal 

microsomes and 10 min for hepatic microsomes. The values represent means ± S.D. of triplicate 

determinations using pooled intestinal (A) and hepatic microsomes (B) of six adult male wild-type 

mice. Rates of NIC-G formation are shown as relative amounts of NIC-G formed in arbitrary unit 

(determined by the ratio of NIC-G peak area over peak area of the internal standard nitrendipine) 
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per mg of microsomal protein, per min. The apparent Km and Vmax values, calculated from the 

Lineweaver-Burk blots (right panel), are shown. 

Fig. 5. In vivo clearance of niclosamide in wild-type and LCN mice. Adult male wild-type and 

LCN littermates were given a single oral dose of niclosamide at 120 mg/kg. Plasma was obtained 

at various times after dosing for determination of niclosamide (A), NIC-OH (B), and NIC-G (C). 

Relative levels of NIC-OH or NIC-G (in arbitrary units) are compared between wild-type and LCN 

mice. The values represent means ± S.D., n=5; *, p<0.05, **, p<0.01, ****, p<0.0001, compared 

to corresponding wild-type group, two-way ANOVA with Bonferroni’s multiple comparisons test. 

27

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 30, 2019 as DOI: 10.1124/dmd.119.086678

 at A
SPE

T
 Journals on A

pril 18, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 86678 

Table 1. Pharmacokinetic parameters for orally administered niclosamide and its metabolites in 

wild-type and LCN micea 

Analyte Strain Tmax Cmax T1/2 AUC0-24 h CL/F 

NIC h μM h μM·h (mg/kg)/μM/h 

Wild-type 0.80±0.27 1.18±0.17 12.2±3.8 8.80±2.13 10.1±5.0 

LCN 0.75±0.71 0.76±0.20b 17.2±5.1 5.90±2.18 14.9±7.8 

NIC-OH h Arbitrary unit h Arbitrary unit Arbitrary unit 

Wild-type 0.80±0.27 0.75±0.39 4.10±1.95 3.52±1.77 32.0±27.2 

LCN 1.00±0.61 0.07±0.03b 6.31±3.74 0.37±0.19b 291±214c  

NIC-G h Arbitrary unit h Arbitrary unit Arbitrary unit 

Wild-type 0.63±0.25 0.59±0.23 8.17±3.70 2.70±1.12 31.4±24.4 

LCN 0.50±0.31 1.35±0.41c 10.4±6.2 5.09±0.85b 14.1±4.7 

aData in Figure 5 were used to calculate pharmacokinetic parameters as described in Materials and 

Methods. The values represent means ± S.D., n=5 

bp<0.01, compared to corresponding wild-type group; Student’s t test. 

cp<0.05, compared to corresponding wild-type group; Student’s t test. 
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