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A B S T R A C T   

Niclosamide, which is an anti-tapeworm drug, was developed in 1958. However, recent studies have demon
strated the antiviral effects of niclosamide against the SARS-CoV-2 virus, which causes COVID-19. In this study, 
we developed and validated a quantitative analysis method for the determination of niclosamide in rat and dog 
plasma using liquid chromatography–tandem mass spectrometry (LC–MS/MS), and used this method for phar
macokinetic studies. Biological samples were prepared using the protein precipitation method with acetonitrile. 
Ibuprofen was used as an internal standard. The mobile phase used to quantify niclosamide in rat or dog plasma 
consisted of 10 mM ammonium formate in distilled water-acetonitrile (30:70, v/v) or 5 mM ammonium ace
tate–methanol (30:70, v/v). An XDB-phenyl column (5 µm, 2.1 × 50 mm) and a Kinetex® C18 column (5 µm, 2.1 
× 500 mm) were used as reverse-phase liquid chromatography columns for rat and dog plasma analyses, 
respectively. Niclosamide and ibuprofen were detected under multiple reaction monitoring conditions using the 
electrospray ionization interface running in the negative ionization mode. Niclosamide presented linearity in the 
concentration ranges of 1–3000 ng/mL (r = 0.9967) and 1–1000 ng/mL (r = 0.9941) in rat and dog plasma, 
respectively. The intra- and inter-day precision values were < 7.40% and < 6.35%, respectively, for rat plasma, 
and < 3.95% and < 4.01%, respectively, for dog plasma. The intra- and inter-day accuracy values were < 4.59% 
and < 6.63%, respectively, for rat plasma, and < 12.1% and < 10.9%, respectively, for dog plasma. In addition, 
the recoveries of niclosamide ranged between 87.8 and 99.6% and 102–104% for rat and dog plasma, respec
tively. Niclosamide was stable during storage under various conditions (three freeze–thaw cycles, 6 h at room 
temperature, long-term, and processed samples). A reliable LC–MS/MS method for niclosamide detection was 
successfully used to perform pharmacokinetic studies in rats and dogs. Niclosamide presented dose-independent 
pharmacokinetics in the dose range of 0.3–3 mg/kg after intravenous administration, and drug exposure in rats 
and dogs after oral administration was very low. Additionally, niclosamide presented high plasma protein 
binding (>99.8%) and low metabolic stability. These results can be helpful for further developing and under
standing the pharmacokinetic characteristics of niclosamide to expand its clinical use.   

1. Introduction 

COVID-19 is a new infectious disease caused by the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), which emerged in 
December 2019 and quickly became a pandemic [1]. The structure of 
SARS-CoV-2, which is a single-stranded RNA coronavirus, is similar to 
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that of the SARS-CoV virus, which originated in China in 2002. The spike 
protein on the membrane surface of these viruses specifically binds to 
the host cell angiotensin-converting enzyme 2 receptor to rapidly 
penetrate and proliferate inside cells [2,3]. Typically, SARS-COV-2 is 
transmitted via droplets or human contact, and the infected individuals 
can be asymptomatic or present several respiratory infection symptoms, 
such as fever, cough, shortness of breath, and sore throat [4]. Recently, a 
few vaccines and drugs have been approved for emergency use in 
COVID-19 patients. Nevertheless, viral mutations occur rapidly; there
fore, safe and effective drugs for COVID-19 treatment are still necessary. 

Niclosamide, which is an anti-tapeworm drug, was developed in 
1958. Niclosamide inhibits glucose absorption, oxidative phosphoryla
tion, and anaerobic metabolism in tapeworms [5]. Recent studies have 
demonstrated that niclosamide inhibits cancer cells by blocking the 
WNT signaling pathway [6]. Clinical trials on niclosamide for colorectal 
and prostate cancers have been conducted, and the results revealed that 
the drug was toxic only when administered orally in high doses [7–9]. 
Furthermore, studies have demonstrated the antiviral effects of niclo
samide against MERS-CoV, SARS-CoV, and SARS-CoV-2 at cellular level 
via autophagy activation through inhibition of the SKP2 signaling 
pathway [10–12]. In addition, according to a recent study on 48 drugs 
previously approved by the US Food and Drug Administration (FDA) for 
SARS-CoV-2, niclosamide was approximately 40 times more effective 
than antiviral drugs, such as remdesivir and chloroquine, at cellular 
level [13]. Moreover, clinical studies on COVID-19 treatments are in 
progress in the USA, Germany, Australia, and Korea [14]. 

Many reports regarding the pharmacological effects and clinical re
sults of niclosamide, which is an old drug, have been published. How
ever, information on analytical methods used for niclosamide detection 
in biological samples and pharmacokinetic analysis in animals is 
limited. Doran and Stevens [15] and Jiang et al. [16] used liquid chro
matography–tandem mass spectrometry (LC–MS/MS) for niclosamide 
detection in water; however, the proposed methods could not be 
extrapolated to the analysis of biological matrices in general or plasma 
samples in particular. Chang et al. [17] studied the pharmacokinetics of 
niclosamide in rats; however, the sensitivity, precision, accuracy, and 
matrix effect of their method for biological samples has not been vali
dated. In addition, because their study compared simple pharmacoki
netic results with other derivatives, evaluating the pharmacokinetic 
properties of niclosamide was limited. 

In this study we developed and validated a quantitative analysis 
method for the determination of niclosamide in rat and dog plasma 
using a LC–MS/MS system in accordance with the European Medicines 
Agency (EMA) and US FDA guidelines. Furthermore, we used the 
developed method to perform pharmacokinetic studies to evaluate the in 
vitro and in vivo mechanisms of niclosamide. 

2. Material and methods 

2.1. Materials 

Niclosamide (lot No. 140001Y01A, Derivados Quimicos, Murcia, 
Spain) was provided by Daewoong Therapeutics Inc. (Suwon, Korea). 
Ibuprofen (Cat. No. I4883), which was used as an internal standard (IS), 
dimethyl sulfoxide (DMSO; Cat. No. D2660), and ammonium acetate 
(Cat. No. A1542) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). High-performance liquid chromatography (HPLC)-grade water 
(Cat. No. 4218–88), acetonitrile (Cat, No. UN1648), and methanol (Cat. 
No. AH230-4) were obtained from J.T. Baker (Phillipsburg, NJ, USA). 
Ammonium formate (Cat. No. 25030–0401, Juncei Chemical, Tokyo, 
Japan), sodium hydroxide (NaOH; Cat No. 7576–3700, Daejung 
Chemicals, Siheung, Korea), polyethylene glycol-400 (PEG 400; Cat No. 
P0638, Samchun Chemicals, Pyeongtaek, Korea), carboxymethyl cellu
lose (CMC; Lot No. 76757, Ashland, OR, USA), and all other chemicals 
used in this study were of analytical grade. Heparinized rat and dog 
plasma samples were prepared in house and were obtained from Knotus 

(Incheon, Korea), respectively. 

2.2. Analytical procedure 

All biological samples, except the dog-derived samples, were 
analyzed under the following LC–MS/MS conditions. We used an Agilent 
1100 (Agilent Technologies, Santa Clara, CA, USA) HPLC system with a 
Zorbax Eclipse XDB-Phenyl (5 µm, 2.1 × 50 mm, Agilent, Santa Clara, 
CA, USA) column connected to a Zorbax Eclipse XDB-C8 (5 µm, 2.1 ×
12.5 mm, Agilent, Santa Clara, CA, USA) guard column, which was used 
as the reverse-phase column and was maintained at 40 ◦C. The mobile 
phase consisted of a mixture of 10 mM ammonium formate-acetonitrile 
30:70 (v/v), and separation occurred via isocratic elution at a flow rate 
of 0.3 mL/min with an injection volume of 5 µL. The autosampler 
temperature was maintained at 10 ◦C. All analytes were detected using 
an API 4000 QTrap (AB Sciex, Framingham, MA, USA) triple quadrupole 
mass spectrometer in the negative ionization mode of the electrospray 
ionization (ESI) interface. The MS parameters were as follows: ion 
voltage of − 4200 V, temperature of 600 ◦C, curtain gas pressure of 20 
psi, nebulizer gas pressure of 50 psi, turbo gas pressure of 50 psi, 
entrance potential of − 10 V, declustering potentials of − 55 and − 45 V, 
collision energies of − 38 and − 10 V, and collision cell exit potentials of 
− 11 and − 1 V for niclosamide and ibuprofen, respectively. The mul
tiple reaction mode (MRM) was used to quantify the ion transitions at m/ 
z 324.8 → 170.9 and 205.0 → 161.1 for niclosamide and ibuprofen, 
respectively. The peak areas were integrated automatically using the 
Analyst software version 1.6.2 (Applied Biosystems/MDS SCIEX, Fra
mingham, MA, USA). 

Dog plasma samples were analyzed using the following LC–MS/MS 
conditions. We used an Exion (AB Sciex, Framingham, MA, USA) HPLC 
system with a Kinetex® C18 (5 µm, 2.1 × 500 mm, Phenomenex, Tor
rance, CA, USA) reverse phase column, which was maintained at 25 ◦C. 
The autosampler temperature was maintained at 4 ◦C. The mobile phase 
consisted of 5 mM ammonium acetate–methanol 30:70 (v/v) and sep
aration occurred via isocratic elution at a flow rate of 0.2 mL/min with 
an injection volume of 2 µL. All analytes were detected using a Triple 
Quad 6500 (AB Sciex, Framingham, MA, USA) LS–MS/MS system in the 
negative ionization mode of the ESI interface. The MS parameters were 
as follows: ion voltage of − 4500 V, temperature of 550 ◦C, curtain gas 
pressure of 40 psi, nebulizer gas pressure of 50 psi, turbo gas pressure of 
50 psi, entrance potential of − 10 V, declustering potentials of − 45 and 
− 60 V, collision energies of − 34 and − 10 V, and collision cell exit 
potential of − 11 V for niclosamide and ibuprofen, respectively. The 
MRM was used to quantify the transitions at m/z 325.0 → 170.9 and 
205.0 → 161.1 for niclosamide and ibuprofen, respectively. The peak 
areas were integrated automatically using the Analyst software version 
1.6.2 (Applied Biosystems/MDS SCIEX, Framingham, MA, USA). 

2.3. Sample preparation 

To make the standard sample for the calibration curve, 10-fold 
concentrated working standard solution was prepared via serial dilu
tion of niclosamide with acetonitrile, and the working standard solution 
for QC samples were independently prepared. 

For rat plasma samples, 20 µL of acetonitrile containing IS (1 μg/mL 
of ibuprofen) and 160 µL of acetonitrile were added to 20 µL of a rat 
plasma to induce protein precipitation. Thereafter, the mixture was 
vigorously mixed for 10 min, followed by centrifugation at 13500 rpm 
for 10 min. Next, the supernatant was transferred into a vial, and 5 μL of 
supernatant was injected into the LC–MS/MS system. 

For dog plasma samples, 200 µL of acetonitrile containing IS were 
added to 50 µL of a dog plasma to induce protein precipitation. After 
mixing and centrifugation in the same manner as in the rat, 20 µL of 
supernatant was further diluted 10 times with the mobile phase, and 
then 2 μL of the supernatant was injected into the LC-MS/MS system. 
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2.4. Method validation 

The method validation parameters, namely specificity, linearity, 
precision and accuracy, matrix effect, recovery, process efficiency, and 
stability were analyzed according to the guidelines of the EMA and US 
FDA [18,19]. 

Specificity was evaluated using six lots of untreated blank plasma 
samples, and the results were compared with those of the respective 
analyte and IS-spiked samples. The retention times of the analyte and IS 
were compared to confirm the absence of interference peaks of endog
enous substances in plasma. The calibration curves of niclosamide in 
plasma were obtained by plotting the peak ratios of niclosamide to 
ibuprofen vs. the nominal concentrations of the calibration standards (1, 
2, 5, 10, 30, 100, 300, 1000, 2000, and 3000 ng/mL for rats, or 1, 3, 10, 
30, 100, 300, and 1000 ng/mL for dogs). Calibration curves were fitted 
using least-squares linear regression analysis using a weighted factor (1/ 
x2). Linearity was validated using correlation coefficients (r). 

The precision and accuracy of the analytical method were validated 
using the lower limit of quantification (LLOQ; 1 ng/mL) and QC samples 
(3, 500, and 2700 ng/mL for rats and 2.5, 50, and 500 ng/mL for dogs). 
Precision was expressed as the coefficient of variation (CV%), which was 
obtained as the percentage of the standard deviation (SD) of the peak 
area ratio divided by the mean of the peak area ratio of niclosamide and 
IS. The accuracy was calculated as the relative error (%RE), which was 
obtained as the percentage of the difference between the measured and 
nominal concentrations divided by the nominal concentrations of 
niclosamide. The intra-day precision and accuracy of the analytical 
method were determined by repeating experiments five times per day, 
whereas the inter-day precision and accuracy of the analytical method 
were obtained by repeating experiments for 3 day. 

The matrix effect, recovery, and process efficiency were measured 
for each QC group. A matrix effect experiment was performed to eval
uate the enhancement or suppression of analyte ionization owing to the 
presence of matrix components in the samples. The matrix effect was 
calculated by dividing the mean of the peak areas of niclosamide spiked 
in a blank plasma extract (set 2) by the peak area of the analyte added 
using the mobile phase of the clean analyte solutions (set 1). Recovery 
was estimated by comparing the mean peak areas of the analyte in the 
sample extracts (set 3) with those of the samples in set 2. Process effi
ciency was calculated by comparing the data for sets 1 and 3 [20,21]. 

Sample stability was determined at low and high QC concentrations. 
Short-term stability was evaluated at room temperature for 6 h, whereas 
processed sample stability was evaluated by comparison with samples 
prepared using an autosampler at 10 ◦C for 24 h. Long-term stability was 
determined by assaying samples stored at − 20 ◦C for four weeks and 
samples that underwent three freeze–thaw cycles. 

2.5. In vitro studies 

2.5.1. Plasma protein binding assay 
An equilibrium dialysis device (RED®, Thermo, Waltham, MA, USA) 

was used to perform the plasma protein binding assay of niclosamide in 
rats, dogs, and humans. A semi-permeable membrane was used to 
separate the chamber containing plasma spiked with 2 μg/mL of niclo
samide from that containing phosphoric acid buffer (pH 7.4). Incubation 
was performed in a water bath shaken for 4 h at 100 rpm and 37 ◦C. 
Thereafter, 50 μL aliquots from each chamber were collected, pre
treated, and analyzed using LC–MS/MS. Plasma protein binding was 
calculated as follows: 1 − (concentration in buffer/concentration in 
plasma). 

2.5.2. Microsomal stability 
The metabolic stability of niclosamide was examined using rat, dog, 

and human liver microsomes. Niclosamide was dissolved in DMSO and 
diluted to final niclosamide concentrations of 1 µM. Reactions were 
performed in triplicate in 96-well plates at a final volume of 160 µL in 

0.1 M potassium phosphate buffer and 0.5 mg/mL of rat, dog, and 
human liver microsomes. The plates were incubated at 37 ◦C before a 1 
mM β-nicotinamide adenine dinucleotide phosphate solution was added 
to each well. The reaction was terminated at 0, 10, 30, and 60 min by 
adding 320 µL of ice-cold acetonitrile containing IS to the wells. The 
samples were centrifuged at 3000 rpm for 10 min. The supernatant (5 
µL) was analyzed using an LC–MS/MS system in the MRM mode. Sub
sequently, hepatic clearance (CLH) was estimated using the in vitro 
intrinsic clearance (CLint, in vitro) levels in liver, which was calculated 
using the metabolic stability data and following equations [20]: 

T1/2 = − ln2/ke (1)  

CLint,in vitro = ke × (mL incubation/mg microsomes) (2)  

CLu,int, vivo = fu mic × CLu,int, vivo × (45 mg microsomes/g liver)

× (g liver/kg body weight) (3)  

and 

CLH = fub × CLu,int,in vivo × Qh/
(
fub × CLu,int,in vivo + Qh

)
(4) 

where T1/2, ke, fu mic, fub, CLu int in vivo, and Qh denote the elimination 
half-life, elimination rate constant, microsome- and blood-unbound 
fraction of niclosamide, in vivo intrinsic clearance, and hepatic blood 
flow, respectively. To calculate fub, the plasma unbound fraction was 
divided by the blood-to-plasma concentration ratio and then multiplied 
by (1–0.44), and fu mic was assumed to be 0.5. 

2.6. In vivo pharmacokinetic studies 

Male Sprague Dawley (SD) rats (7 weeks old) weighing 210–251 g 
were purchased from Orient Bio Inc. (Seongnam, Korea). Their habitat 
was maintained under a 12 h light–dark cycle at a temperature of 
20–25 ◦C and relative humidity of 40–60%. Rats fasted for 14 h before 
and 4 h after drug administration. Studies on rats were approved in 
advance by the Institutional Animal Care and Use Committee of 
Chungnam National University (202003A-CNU-055; Daejeon, Korea). 
Niclosamide dosing solutions with concentrations of 0.15, 0.5, and 1.5 
mg/mL were prepared using a mixture of 10% DMSO, 30% PEG, 20% of 
a 0.05 N NaOH solution, and 40% saline as the solvent. Thereafter 
niclosamide was administered to the rats via a single intravenous (IV) 
bolus injection into the tail vein (0.3, 1, and 3 mg/kg), orally (PO) using 
a gavage needle (1 mg/kg), or via intramuscular injection (IM) into the 
thigh (1 mg/kg). Blood samples (150 μL) were collected from the jugular 
vein using heparinized syringes at 0.083 (IV and IM only), 0.25, 0.5, 1, 2, 
4, 6, 8, and 24 h after dosing. All blood samples were centrifuged, and 
20 μL plasma aliquots were frozen at − 20 ◦C before they were subjected 
to LC–MS/MS analysis. 

Pharmacokinetic studies in beagle dogs were performed at Knotus 
(Incheon, Korea). Male Beagle dogs, aged 10–12 months old and 
weighting 7.3–9.7 kg, were purchased from Orient Bio Inc. (Jeongeup, 
Korea). Their habitat was maintained under a 12 h light–dark cycle at a 
temperature of 23 ± 3 ◦C and relative humidity of 55 ± 15%. All dogs 
fasted for 14 h before and 4 h after niclosamide administration. An IV 
niclosamide dosing solution with a concentration of 2 mg/mL was pre
pared using a mixture of 10% DMSO, 30% PEG, 20% of a 0.05 N NaOH 
solution, and 40% saline as the solvent, and a PO niclosamide dosing 
solution with a concentration of 20 mg/mL was prepared using 1% CMC 
as the solvent. Thereafter, niclosamide was administered to the dogs via 
a single IV bolus injection into the cephalic vein (2 mg/kg) or PO using a 
gavage needle (100 mg/kg). Blood samples (3 mL) were collected from 
the jugular vein using heparinized syringes at 0.083 (IV only), 0.25, 0.5, 
1, 2, 4, 6, 8, and 24 h after dosing. All blood samples were centrifuged, 
and 50 μL plasma aliquots were frozen at − 20 ◦C before LC–MS/MS 
analysis. 

The Phoenix® 8.2 (Certara L.P., Princeton, NJ, USA) software was 
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used to calculate the pharmacokinetic parameters, as follows. ke was 
determined using the linear regression of the log-linear portion of the 
terminal phase; T1/2 was calculated using Eq. (1); the elimination 
clearance (CL), steady-state volume of distribution (Vss), and mean 
residence time (MRT) were determined via moment analysis; and the 
absorption constant (ka) was calculated as follows: ka = 1/MRTpo −

MRTiv [22,23]. The area under the concentration of niclosamide in 
plasma vs. time curve in the 0 to ∞ time interval (AUCinf) was calculated 
using the linear trapezoidal rule and standard area extrapolation 
method. The maximum plasma concentration (Cmax) and time Cmax was 
reached (Tmax) were determined directly from the plasma concen
tration–time curves. 

2.7. Statistics 

All data are reported as mean ± SD. The pharmacokinetic parameters 
were estimated using one-way analysis of variance (ANOVA) and the 
Prism 7.0 (GraphPad Software, San Diego, CA, USA) software. A result 
was considered statistically significant when p < 0.05 for both analyses. 

3. Results and discussion 

3.1. Development of the LC–MS/MS method 

The niclosamide and ibuprofen ions were detected using MRM con
ditions. The deprotonated precursor ions of niclosamide and ibuprofen 

Fig. 1. Product ion mass spectra of (A) niclosamide and (B) ibuprofen.  
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([M− H]-) were detected at m/z of 324.8 and 205.0, respectively, using 
the negative ionization mode of the ESI interface in the Q1 scan spectra. 
The transitions of the product ions of niclosamide were observed at m/z 
324.8 → 170.9 and 324.8 → 288.8 with negligible difference in sensi
tivity; however, the m/z 324.8 → 170.9 transition was selected because 
it presented better linearity, which was similar to that previously re
ported [15,16]. Niclosamide molecules contain two Cl atoms, with a 

35Cl-to-37Cl ratio of 3:1. The typical Cl isotope ratio of molecules con
taining two Cl atoms is approximately 9:6:1. When the precursor ion was 
analyzed using the Q1 scan, three isotope peaks at a ratio of approxi
mately 9:6:1 were observed in the profile of niclosamide [15]. For 
ibuprofen (the IS), the transition of product ions was observed at m/z 
205.0 → 161.1 (Fig. 1). 

The mobile phase and column conditions were changed to optimize 

Fig. 2. Liquid chromatography–tandem mass spectrometry chromatograms of niclosamide and ibuprofen in rat and dog plasma. (A) Blank rat plasma, (B) rat plasma 
with 1000 ng/mL ibuprofen only, (C) rat plasma containing 1 ng/mL niclosamide and 1000 ng/mL ibuprofen, (D) plasma samples collected 15 min after intravenous 
administration of 1 mg/kg niclosamide to rats, (E) blank dog plasma, (F) dog plasma with 1000 ng/mL ibuprofen only, (G) dog plasma containing 1 ng/mL 
niclosamide and 1000 ng/mL ibuprofen, and (H) plasma samples collected 2 h after intravenous administration of 2 mg/kg niclosamide to dogs. 
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the plasma chromatograms. To detect niclosamide in rat plasma using 
the API 4000 QTrap spectrometer, we used a mixture of 10 mM 
ammonium formate-acetonitrile (30:70 v/v) as the mobile phase. These 
solvents are commonly used in the negative ion mode of the ESI inter
face because weak base conditions favor ionization. Consequently, the 
sensitivity was higher than that when 0.1% formic acid was used as the 
mobile phase, allowing niclosamide quantification at lower concentra
tions. The performance of the commonly used C18 and Phenyl columns 
in the API 4000 QTrap spectrometer was compared. The sensitivity of 
the XBD-C18 (Agilent, Santa Clara, CA) column was approximately 
twice as high that of the XBD-Phenyl column (Agilent, Santa Clara, CA); 
however, the XBD-Phenyl column was selected owing to its low baseline, 
adequate quantification range, peak shape, and negligible carryover in 
rat plasma (Fig. 2A-D). Niclosamide in dog plasma samples was detected 
using a QTrap 6500 LC–MS/MS system with a higher sensitivity than the 
API 4000 QTrap spectrometer used for rat plasma analysis. When the 
same method used for rat plasma analysis was utilized for dog plasma 
samples, an interference peak was observed in the chromatogram of 
blank plasma. Therefore, a Kinetex® C18 (5 μm, 2.1 × 500 mm) column 
and 5 mM ammonium acetate–methanol (30:70, v/v) mobile phase were 
used to improve peak shape and analyte separation in dog plasma 
samples (Fig. 2E-H). 

3.2. Method validation 

Because the analyte signal was more than five times stronger that of 
the blank sample, 1 ng/mL was considered to be the LLOQ for both rat 
and dog plasma. The LC–MS/MS retention times of niclosamide and 
ibuprofen were 0.77 and 0.71 min for rat plasma and 1.18 and 0.85 min 
for dog plasma, respectively; moreover, a constant retention time was 
observed during repeated experiments, enabling a reproducible and 
reliable analysis without interference from endogenous substances in 
both types of plasma samples. In addition, this method did not present a 
carryover effect. The chromatograms of the blank sample (without an
alyte or IS), LLOQ (1 ng/mL), and plasma samples after niclosamide 
administration to rats and dogs are presented in Fig. 2. 

The calibration curve for niclosamide, which was obtained using five 
rat plasma samples, namely blank plasma, zero, and calibration standard 
samples, presented a good linearity in the concentration range of 
1–3000 ng/mL (r = 0.9967). The equation of the standard curve for 
niclosamide: y = 0.0391x + 0.0119, was obtained using a weighting 
factor of 1/x2. The calibration standard curve for niclosamide in dog 
plasma samples presented a good linearity in the range of 1–1000 ng/mL 
(r = 0.9941), and the equation of the standard curve was y = 0.01600x 
+ 0.001667. Dilution integrity was validated for concentrations up to 10 
times higher than the high QC concentration in five replicates; more
over, CV was 4.54%, and RE was − 2.48%. 

Fig. 2. (continued). 
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The precision and accuracy values of the method are summarized in 
Table 1. For rat plasma, the intra- and inter-day precision values were <
7.40% and < 6.35%, respectively, whereas the intra- and inter-day ac
curacy values were < 4.59% and < 6.63%, respectively, at four con
centration levels (lower quality control, middle quality control, and 
higher quality control concentrations, and LLOQ). For dog plasma, the 
intra- and inter-day precision values were < 5.55% and < 5.82%, 
respectively, and the intra- and inter-day accuracy values were < 13.0% 
and < 12.7%, respectively. These results satisfied the acceptance criteria 
[18,19] and demonstrated that the method used to analyze rat and dog 
plasma samples was reproducible and reliable. 

The matrix effect, recovery, and process efficiencies of niclosamide 
and IS in both types of plasma samples were determined at three QC 
sample concentrations. For rat plasma, the matrix effect ranged between 
73.8 and 87.7% (IS, 81.4%), recovery ranged between 87.8 and 99.6% 
(IS, 89.0%), and process efficiency ranged between 72.6 and 87.2% (IS, 
72.4%). If the samples were normalized with IS, the matrix effect, re
covery, and process efficiency were improved by 100–108%. For dog 
plasma, the matrix effect ranged between 94.9 and 102% (IS, 94.8%), 
recovery ranged between 102 and 104% (IS, 79.1%), and process effi
ciency ranged between 98.1 and 104% (IS, 75.0%). These results sug
gested that protein precipitation was an appropriate pretreatment for 
efficient niclosamide and ibuprofen extraction from rat and dog plasma. 

The stability values of niclosamide in rat and dog plasma are sum
marized in Table 2. Niclosamide in rat and dog plasma samples was 
stable at room temperature for 6 h, for three freeze–thaw cycles, in an 
autosampler at 10 ◦C for 24 h, and at − 20 ◦C for one month. 

3.3. In vitro studies 

Owing to plasma protein binding through equilibrium dialysis, 
niclosamide in rat, dog, and human plasma samples presented high 
plasma protein bindings of 99.86 ± 0.006%, 99.83 ± 0.015%, and 99.84 
± 0.042%, respectively; these values were not significantly different. 

The mean residual concentration–time profiles of niclosamide in rat, 
dog, and human hepatic microsomes are presented in Fig. 3. Owing to its 
stability in rat, dog, and human liver microsomes, a 1 μM niclosamide 
solution was incubated for 60 min, and 39.7%, 7.49%, and 2.95%, 

respectively, of the initial niclosamide amount was recovered. The half- 
lives of niclosamide in rat, dog, and human hepatic microsomes were 
44.9, 16.0 and 11.8 min, respectively. These results indicated that 
niclosamide was metabolically unstable with a half-life of 45 min, and 
the half-life was shorter in larger mammals. The estimated ke, CLint, in 

vitro, and CLH values in rat liver microsomes were 0.015 min− 1, 6661 mL/ 
(h⋅kg), and 12.1 mL/(h⋅kg), respectively. For dog liver microsomes, ke, 
CLint, in vitro, and CLH were 0.043 min− 1, 25841 mL/(h⋅kg), and 45.9 mL/ 
(h⋅kg), respectively; and for human liver microsomes, ke, CLint, in vitro, 
and CLH were 0.059 min− 1, 17980 mL/(h⋅kg), and 31.9 mL/(h⋅kg), 
respectively. The estimated in vitro CLH values were compared with the 
CL values of the in vivo study, and the clearance scaling factors in rats 
and dogs were determined to be approximately 86.0 and 54.4, respec
tively. Using the scaling factors for rat and dog liver microsomes, it was 
estimated that CL for human liver microsomes ranged between 1735 and 
2743 mL/(h⋅kg). In addition, the significant difference between in vitro 
CLH and in vivo CL values (12.1 vs. 1041 mL/(h⋅kg) for rat liver micro
somes and 45.9 vs. 2496 mL/(h⋅kg) for dog liver microsomes) indicated 
that the major elimination route of niclosamide was not phase 1 

Table 1 
Intra- and inter-day precision and accuracy values.  

(A) Rat plasma 

Spiked concentration 
(ng/mL) 

Measured concentration 
(ng/mL) 

Precision (% 
CV) 

Accuracy (% 
RE) 

Intra-day (n = 5) 
1 0.996 ± 0.041 4.135 − 0.380 
3 2.888 ± 0.214 7.400 − 3.733 
500 514.6 ± 34.30 6.666 2.920 
2700 2576 ± 98.39 3.819 − 4.593 
Inter-day (n = 15) 
1 1.002 ± 0.047 4.705 0.173 
3 3.057 ± 0.194 6.346 1.889 
500 533.1 ± 21.25 3.985 6.627 
2700 2682 ± 159.6 3.819 − 4.593  

(B) Dog plasma 

Spiked concentration 
(ng/mL) 

Measured concentration 
(ng/mL) 

Precision (% 
CV) 

Accuracy (% 
RE) 

Intra-day (n = 5) 
1 1.130 ± 0.043 3.806 13.00 
2.5 2.624 ± 0.146 5.553 4.960 
50 48.52 ± 1.612 3.321 − 2.960 
500 461.8 ± 10.83 2.344 − 7.640 
Inter-day (n = 15) 
1 1.127 ± 0.049 4.377 12.73 
2.5 2.655 ± 0.143 5.389 6.187 
50 49.51 ± 2.156 4.354 − 0.973 
500 485.1 ± 28.21 5.816 − 2.987  

Table 2 
Niclosamide stability in rat and dog plasma.  

(A) Rat plasma 

Storage conditions (n =
4) 

Spiked concentration (ng/ 
mL) 

Stability in rat plasma 
(%) 

Processed sample 3 95.68 ± 6.310 
2700 100.0 ± 2.067 

6 h at RT 3 100.1 ± 7.333 
2700 98.40 ± 3.349 

1 month at − 20 ℃ 3 96.68 ± 7.883 
2700 95.17 ± 1.712 

Three freeze–thaw 
cycles 

3 104.7 ± 8.505 
2700 98.80 ± 3.323  

(B) Dog plasma 

Storage conditions (n =
5) 

Spiked concentration (ng/ 
mL) 

Stability in dog plasma 
(%) 

Processed sample 2.5 97.84 ± 3.436 
500 87.12 ± 0.955 

6h at RT 2.5 101.6 ± 3.837 
500 90.60 ± 3.450 

1 month at − 20 ℃ 2.5 96.88 ± 8.501 
500 90.08 ± 2.838 

Three freeze–thaw 
cycles 

2.5 95.44 ± 2.920 
500 93.64 ± 3.474 

Processed sample, 10 ◦C autosampler for 24 h; RT, room temperature; freeze
–thaw cycles, − 80 ◦C → RT. 

Fig. 3. Residual niclosamide levels (%) in (●) rat, (□) dog, and (▴) human 
hepatic microsomes. Each data point represents the mean ± SD. (n = 3). 
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metabolism mediated by CYP enzymes. Additionally, it was confirmed 
that the half-life of niclosamide was approximately 10 times shorter 
when the microsomes were treated with uridine diphosphate glucuronic 
acid, indicating that phase 2 metabolism studies should be performed 
(data not included). 

3.4. In vivo pharmacokinetic studies 

The mean plasma concentration–time profiles of niclosamide after IV 
(0.3, 1, and 3 mg/kg), PO (1 mg/kg), and IM (1 mg/kg) administration 
to rats are presented in Fig. 4A. The mean plasma concentration–time 
profiles of niclosamide after IV (2 mg/kg) and PO (100 mg/kg) admin
istration to dogs are illustrated in Fig. 4B. The pharmacokinetic 

parameters of niclosamide in rats and dogs are summarized in Table 3. 
After IV administration of 0.3, 1, and 3 mg/kg niclosamide to rats, 

Cmax was 1035 ± 166, 3088 ± 481, and 11920 ± 1144 ng/mL, respec
tively, at the first sampling time (0.083 h), and AUClast was 301 ± 49.2, 
903 ± 150, and 3375 ± 254 ng⋅h/mL, respectively. This indicated that 
upon increasing the niclosamide nominal dose by 3.3 and 10 times, Cmax 
and AUClast increased in a dose-dependent manner, namely 3.0 and 11.5 
times for Cmax and 3.0 and 11.2 times for AUClast. Furthermore, the CL 
values at the niclosamide doses of 0.3, 1, and 3 mg/kg were 1012 ± 164, 
1130 ± 188, and 892 ± 66.9 mL/(h⋅kg), respectively, which were 
moderate compared with the hepatic blood flow rate of rats (3300 mL/ 
(h⋅kg)) [23], and did not change significantly with the niclosamide dose. 
The Vss value was low < 400 mL/kg in the niclosamide dose range of 
0.3–3 mg/kg. This suggested that niclosamide was confined mainly to 
the plasma pool with limited tissue distribution because of its high 
plasma protein-binding properties. The one-way ANOVA results indi
cated that the T1/2, MRT, CL, and Vss values were not significantly 
different (p > 0.05) with increasing niclosamide dose, and the phar
macokinetic properties were dose-independent in the niclosamide dose 
range of 0.3–3 mg/kg. 

Pharmacokinetic studies for different administration routes were 
performed by administering single IV, PO, and IM doses of 1 mg/kg 
niclosamide to SD rats. The ka value was calculated to be 0.34 h− 1 using 
the following equation [22]: ka = 1/MRTpo − MRTiv ; ka was lower than 
ke (0.70 h− 1), which was estimated through linear regression analysis, 
suggesting that niclosamide presented flip-flop kinetics. The oral 
bioavailability of niclosamide in rats was 5.51 ± 1.02% and plasma 
exposure was very low, indicating that absorption was limited consid
ering that the CL value was moderate compared with the hepatic blood 
flow rate of rats. The IM absorption rate of niclosamide in rats was high 
with a Tmax of 5 min, and bioavailability was higher than that achieved 
via PO administration. 

For dogs, after IV administration of 2 mg/kg of niclosamide, a Cmax of 
2543 ± 386 ng/mL was achieved 5 min after administration; further
more, the mean CL value was 2496 ± 360 mL/(h⋅kg). Considering that 
the liver blood flow of dogs was 1860 mL/(h⋅kg) [23], the mean CL was 
high. The mean Vss value was low (661 ± 61.7 mL/kg), indicating that 
niclosamide was not well distributed in tissues. For a single PO dose of 
100 mg/kg of niclosamide, Cmax and Tmax were 109 ± 14.0 ng/mL and 
0.833 ± 0.290 h, respectively, and absorption rate was moderate. 
Moreover, T1/2 was moderate (~1.03 ± 0.89 and 1.66 ± 0.17 h after IV 
and PO administration, respectively). Flip-flop kinetics were also 
observed for dogs, indicating that the absorption rate was lower than the 
elimination rate. The oral bioavailability of niclosamide (0.54%) was 
very low and was ascribed to the high CL value. 

4. Conclusions 

In conclusion, a reliable LC–MS/MS method for the detection of 
niclosamide in rat and dog plasma was proposed. The method was in line 
with the US FDA and EMA guidelines and was successfully used for 
pharmacokinetic studies. Niclosamide presented linear pharmacoki
netics in an IV dose range of 0.3–3 mg/kg in rats; moreover, drug 
exposure in rats and dogs following PO administration was very low. In 
addition, niclosamide presented a low metabolic stability in rat, dog, 
and human liver microsomes. These results can be helpful for further 
developing and understanding the pharmacokinetic characteristics of 
niclosamide to expand its clinical use. 
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Table 3 
Pharmacokinetic (PK) parameters of niclosamide after intravenous, oral, and intramuscular administration to rats and dogs.  

PK Parameter Sprague Dawley Rat Beagle Dog 

Intravenous Oral Intramuscular Intravenous Oral 

Dose (mg/kg) 0.3 1 3 1 1 2 100 

Tmax (h) 0.083 ± 0.000 0.083 ± 0.000 0.083 ± 0.000 0.950 ± 0.671 0.083 ± 0.000 0.083 ± 0.000 0.830 ± 0.290 
Cmax (ng/mL) 1035 ± 166.4 3088 ± 480.5 11920 ± 1144 22.42 ± 7.992 1566 ± 97.88 2543 ± 385.5 109.2 ± 14.0 
T1/2 (h) 1.006 ± 0.143 1.247 ± 0.445 1.056 ± 0.542 1.820 ± 0.581 1.174 ± 0.231 1.030 ± 0.893 1.663 ± 0.175 
AUClast (ng⋅h/mL) 300.9 ± 49.17 902.5 ± 150.3 3375 ± 254.3 44.71 ± 11.05 585.7 ± 86.65 811.5 ± 120.8 213.4 ± 33.78 
AUCinf (ng⋅h/mL) 302.6 ± 48.28 905.0 ± 150.1 3378 ± 254.0 49.88 ± 9.242 589.2 ± 86.29 813.1 ± 122.0 219.6 ± 33.20 
CL (mL/(h⋅kg)) 1012 ± 163.8 1130 ± 187.7 892.2 ± 66.86 NC NC 2496 ± 360 NC 
Vss (mL/kg) 303.8 ± 133.2 256.2 ± 59.80 170.7 ± 77.07 NC NC 661.2 ± 61.7 NC 
Bioavailability (%)    5.512 ± 1.021 65.10 ± 9.535 100 0.540 ± 0.082 

AUC, area under the plasma concentration–time curve; CL, systemic clearance; Cmax, peak plasma concentration; NC, not calculated; T1/2, terminal elimination half- 
life; Tmax, time to reach Cmax; Vss, steady-state volume of distribution 
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