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Nonstandard Abbreviations: BDC, bile-duct cannulated; CYP450, cytochromes P450; DDI, 

drug-drug interaction; DL, desloratadine; GI, gastrointestinal; HRMS, high resolution mass 

spectrometry; LC, liquid chromatography; LC-MS, liquid chromatography-mass spectrometry; 

MeOH, methanol; NCE, new chemical entity; PXB, PhoenixBio; ROI, region of interest; SCID, 

severe combined immunodeficient; UGT, uridine diphosphate glucuronosyltransferase; UHPLC, 

ultra-high performance liquid chromatography. 
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ABSTRACT 

PXB-mouse is potentially a useful in vivo model to predict human hepatic metabolism and 

clearance. Four model compounds, [
14

C]desloratadine, [
3
H]mianserin, cyproheptadine, and 

[
3
H]carbazeran, all reported with disproportionate human metabolites were orally administered 

to PXB- or control SCID mice to elucidate the biotransformation of each of them. For 

[
14

C]desloratadine in PXB-mice, O-glucuronide of 3-hydroxydesloratadine was observed as the 

predominant metabolite in both the plasma and urine.  Both 3-hydroxydesloratadine and its O-

glucuronide were detected as major drug-related materials in the bile while only 3-

hydroxydesloratadine was detected in the feces, suggesting that a fraction of 3-

hydroxydesloratadine in feces derived from deconjugation of its O-glucuronide by gut microflora. 

This information can help understand the biliary clearance mechanism of a drug and may fill the 

gap in a human ADME study where the bile samples are typically not available. The metabolic 

profiles in PXB-mice were qualitatively similar to those reported in humans in a clinical study, 

where 3-hydroxydesloratadine and its O-glucuronide were major and disproportionate 

metabolites compared to rat, mouse, and monkey. In the control SCID mice, neither of the 

metabolites was detected in any matrix. Similarly, for the other three compounds, all human 

specific or disproportionate metabolites were detected at high level in PXB-mice but they were 

either not or minimally observed in the control mice. Data from these four compounds indicate 

that studies in PXB-mice can help predict potential for the presence of human disproportionate 

metabolites (relative to preclinical species) prior to conducting clinical studies and understand 

biliary clearance mechanism of a drug. 
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SIGNIFICANCE STATEMENT 

Studies in PXB-mice have successfully predicted the human major and disproportionate 

metabolites compared to preclinical safety species for desloratadine, mianserin, cyproheptadine, 

and carbazeran. In addition, biliary excretion data from PXB-mice can help understand human 

biliary clearance mechanism of a drug.   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 14, 2020 as DOI: 10.1124/dmd.120.000128

 at A
SPE

T
 Journals on A

pril 8, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Page 6 of 38 
 

 

Introduction 

One of the challenges for drug metabolism community is to predict human major and 

disproportionate (relative to non-clinical safety species) circulating and biliary excreted 

metabolites of a drug candidate prior to conducting clinical studies. Successful prediction of 

human major and disproportionate circulating metabolites has many advantages including but 

not limited to a) select better candidates if metabolite related issues (metabolites in safety testing 

issue, reactive metabolites etc.) are identified early, b) select appropriate preclinical safety 

species to cover major human circulating metabolites, c) initiate synthesis of metabolite 

standards early, d) identify the need for metabolite measurement in clinical studies, e) evaluate 

the pharmacological activity of the major circulating metabolites, and f) evaluate the risk for 

metabolite-mediated drug-drug interaction (DDI).  Bile samples are typically not obtainable in a 

human ADME study. Prediction of human biliary excreted metabolites can shed light on the 

biliary excretion pathway and clearance mechanism of a drug.  

In vitro preparations from human liver and various animal species have been used to predict 

human in vivo metabolites, but the prediction is unreliable due to lack of correlation between in 

vitro and in vivo data (Anderson et al., 2009; Dalvie et al.; 2009) and species differences (Chiu 

and Huskey, 1998; Martignoni et al., 2006; Dalgaard 2015). Therefore, better prediction models 

are constantly explored within drug metabolism community. To mitigate the species difference, 

various chimeric mouse models with a humanized liver have been developed including 

urokinase-type plasminogen activator (uPA)/severe combined immunodeficient (SCID), Fah-/-

/Il2rg-/-/Rag2-/- (FRG), and TK-NOG mouse (Bissig et al., 2018; Naritomi et al., 2018). Those 

chimeric mice have been widely utilized in various drug metabolism and pharmacokinetics 
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studies (Naritomi et al., 2018) in the last decade including prediction of human metabolites 

(Inoue et al., 2009; Kamimura et al., 2010; De Serres et al., 2011; Sanoh et al., 2012a; Nishimura 

et al., 2013; Nakada 2017; Uehara et al., 2019), assessment of drug-drug interaction (Hasegawa 

et al., 2012; Nishimura et al., 2013), and prediction of human pharmacokinetics (Sanoh et al., 

2012b; Miyamoto et al., 2017; Miyamoto et al., 2019), etc. 

PXB-mice (or PhoenixBio-mice) were originally generated using uPA/SCID mice 

transplanted with human hepatocytes (Tateno et al., 2004). The liver of this chimeric mice could 

be repopulated with more than 70% of human hepatocytes, which can potentially mimic the 

human hepatic metabolism. However, this model had four disadvantages: decreased human 

hepatocyte replacement index, potential kidney disorders, small body size, and non-hemizygote 

host (Tateno et al., 2015; Tateno and Kojima, 2020). To overcome those disadvantages, the 

model was improved by grafting cDNA-uPA/SCID mice with human hepatocytes (Tateno et al., 

2015; Tateno and Kojima, 2020). The prediction of human metabolites has been rarely assessed 

using this improved cDNA-uPA/SCID PXB-mouse model. Although metabolism studies in mice 

with humanized liver have been conducted previously (Inoue et al., 2009; Kamimura et al., 2010; 

De Serres et al., 2011; Sanoh et al., 2012a; Nishimura et al., 2013; Nakada 2017; Uehara et al., 

2019), a comprehensive investigation with a radiolabeled drug to characterize absorption, 

metabolism and excretion has not been described previously in this improved newer mouse 

model. This study provides such data and biliary excretion data with metabolic profiles to 

understand the biotransformation and the clearance mechanism of drugs. 

The primary objectives of our study were to assess if the cDNA-uPA/SCID PXB-mice a) can 

predict major and human disproportionate circulating metabolites and b) can provide information 

on the clearance mechanism of drug through biliary and urinary excretion metabolic profiles. 
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The disproportionate metabolite in this study refers to a metabolite present only in human or 

present at a much higher level in any human biomatrix than that in the preclinical safety species. 

A successful prediction of disproportionate human metabolites means that the PXB-mouse is a 

superior model over other preclinical safety species for this purpose. Drug metabolism scientists 

can then utilize PXB-mice to predict human metabolic profiles and make sure potential 

metabolite related issues are resolved promptly. In addition to disproportionate metabolites, early 

prediction of major circulating human metabolites even if they are not disproportionate, can 

allow for early evaluation of pharmacological activity and DDI potential for these metabolites 

and can better inform the investigators in clinical trials. Since the biliary excretion data are not 

generally available in a radiolabeled human ADME study, the information from the study in 

PXB-mice will provide this important information that is not otherwise available. This study was 

undertaken to comprehensively evaluate the utility of PXB-mouse model in predicting human 

metabolism and thus an early assessment of the potential for major or disproportionate human 

metabolites. Four model compounds, desloratadine (DL), mianserin, cyproheptadine, and 

carbazeran, were chosen, because disproportionate circulating and/or excreted metabolites of 

each of them have been reported in human compared to preclinical safety species (Ramanathan 

et al., 2006; Ramanathan et al., 2007; Delbressine et al., 1992; Hucker et al., 1974; Porter et al., 

1975; Fischer et al., 1980; Kaye et al., 1984). Three compounds were radiolabeled including 

[
14

C]DL, [
3
H]mianserin, and [

3
H]carbazeran, while cyproheptadine was not radiolabeled. The 

disproportionate metabolites from those four compounds were generated via cytochromes P450 

(CYP450)-, uridine diphosphate glucuronosyltransferase (UGT)-, and aldehyde oxidase (AO)-

mediated metabolism (Figure 1).  Therefore, this study provides information on the utility of this 

model for a variety of metabolic mechanisms/pathways.  Each compound was dosed to intact or 
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bile-duct cannulated (BDC) PXB-mice or control SCID mice. Metabolite profiling and 

identification was conducted in plasma, urine, bile, and feces from both types of mice. The 

results from PXB-mice were compared to that from SCID mice and those reported in clinical and 

preclinical studies. 

Materials and Methods 

Test Articles and Reagents 

[
14

C]DL (specific activity 16.7 mCi/mmol; 99.3% radiochemical purity) was synthesized as 

previously described (Bishop et al., 1998) at Takeda Pharmaceuticals (Cambridge, MA). 

[
3
H]mianserin (7.6 Ci/mmol; radiochemical purity >99%) and [

3
H]carbazeran (6.8 Ci/mmol; 

radiochemical purity >99%) were synthesized by ViTrax Co. (Placentia, CA). DL was purchased 

from VWR International, LLC (Radnor, PA). Mianserin, cyproheptadine, and carbazeran were 

purchased from Sigma-Aldrich (St. Louis, MO). Ammonium formate, formic acid, and methanol 

(LC/MS grade) were purchased from Sigma-Aldrich (St Louis, MO, USA). Acetonitrile (Optima 

LC/MS grade) and water (Optima LC/MS grade) were obtained from Thermo Fisher Scientific 

Inc (Waltham, MA). Liquid scintillation cocktail Ultima Gold, Microscint-PS, Isoplate-96 

microplate, and 96-well Deepwell LumaPlates were obtained from PerkinElmer (Waltham, MA). 

In Vivo Study Design 

In vivo study for [
14

C]DL in male PXB- and SCID mice was performed at Axcelead Drug 

Discovery Partners, Inc. (Kanagawa, Japan) and that for the other three compounds 

([
3
H]mianserin, cyproheptadine, and [

3
H]carbazeran) was performed at Sekisui Medical (Ibaraki, 

Japan). Male PXB-mice (12-18 weeks) were provided from PhoenixBio (Hiroshima, Japan). 

Male SCID mice (7-14 weeks) were purchased from Charles River Laboratories Japan, Inc. 
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(Kanagawa, Japan). The study overview is shown in Table 1. Each test compound was orally 

administered to the animals. Plasma, urine, bile, and fecal samples were collected at the in vivo 

labs and shipped to Takeda Pharmaceuticals for metabolite profiling and identification. The 

samples were stored at −80°C until further analysis. 

Sample Pooling and Processing 

Plasma. Plasma samples collected at 4 hours after dosing were pooled at an equal volume 

across animals to make a single pooled plasma sample. Aliquots of pooled plasma were 

extracted with 5 volumes of methanol for [
14

C]DL sample or 3 volumes of acetonitrile for 

[
3
H]mianserin, cyproheptadine, and [

3
H]carbazeran samples. The extraction mixture was 

vortexed followed by the centrifugation. The supernatant was dried down under nitrogen 

stream and reconstituted in appropriate solvents ([
14

C]DL: 50% aqueous DMSO with 0.1% 

formic acid; [
3
H]mianserin and cyproheptadine: a 4:1 mixture of 10 mM ammonium formate 

in 0.1% formic acid and methanol (MeOH) in 0.1% formic acid; [
3
H]carbazeran: a 4:1 

mixture of 0.1% acetic acid and MeOH with 0.1% acetic acid). The reconstituted solution was 

analyzed with liquid chromatography (LC) containing a fraction collector or LC-high 

resolution mass spectrometry (HRMS). 

Urine. Aliquots of urine samples from 0-48 hours for [
14

C]DL, [
3
H]mianserin, or 

cyproheptadine and 0-24 hours for [
3
H]carbazeran were pooled proportionally to their 

respective weight collected in each time interval across animals to generate a single pooled 

sample. The pooled urine was centrifuged. The supernatant was analyzed with LC-radioactive 

flow detector or LC-HRMS. 
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Bile. Aliquots of bile samples from 0-24 hours were pooled proportionally to their respective 

weight collected in each time interval across animals to generate a single pooled sample. The 

pooled sample was centrifuged directly (for [
14

C]DL) or after dilution with 3 volumes of water 

(for [
3
H]mianserin, cyproheptadine, and [

3
H]carbazeran). The supernatant was analyzed with 

LC-radioactive flow detector or LC-HRMS. 

Fecal Homogenate. Aliquots of fecal homogenate samples from 0-48 hours for [
14

C]DL, 

[
3
H]mianserin, or cyproheptadine and 0-24 hours for [

3
H]carbazeran were pooled proportionally 

to their respective weight collected in each time interval across animals to generate a single 

pooled sample. The pooled homogenate was extracted with 5 (for [
14

C]DL) or 3 (for 

[
3
H]mianserin, cyproheptadine, and [

3
H]carbazeran) volumes of acetonitrile. The extraction 

mixture was centrifuged and the supernatant was separated. Additionally, 0.8 volume of 80% 

aqueous acetonitrile was used to wash the pellets for [
3
H]mianserin and cyproheptadine and 1.25 

volume of 80% aqueous acetonitrile was used to wash the pellets from [
3
H]carbazeran samples. 

The wash mixture was centrifuged and the resulting supernatant was combined with the earlier 

collected supernatant for each of the three compounds. The supernatant from each compound 

was then dried down with nitrogen stream and reconstituted with the same solvent as the plasma 

samples described earlier. The reconstituted solution was analyzed with LC-radioactive flow 

detector or LC-HRMS. 

LC-Radiometric Analysis 

All samples were analyzed using an Agilent 1290 Infinity ultra-high performance liquid 

chromatography (UHPLC) (Agilent Technologies Inc., Wilmington, DE) that is composed of a 

binary pump, an autosampler, a temperature controlled column compartment, a diode-array 
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detector, and a fraction collector or a beta-RAM 5 radio flow detector (LabLogic Systems, 

Tampa, FL).  

[
14

C]DL. The method used was similar to that of a study reported previously with some 

modification (Ramanathan et al., 2007). The chromatographic separation was achieved with 

an Inertsil C8 column (250 x 4.6 mm, 5 µm; GL Sciences, Torrance, CA) maintained at 40 °C. 

Mobile phases consisted of 0.1% acetic acid in 10 mM ammonium acetate (solvent A) and 

acetonitrile (solvent B). The following gradient program was used at a flow rate of 1 mL/min: 

0–25 min, 10%–28% B; 25–40 min, 28%–90 B; 40–50 min, 90% B; 50–50.1 min, 90%–10% 

B; 50.1–60 min, 10% B. For the plasma analysis, the LC eluate was collected at two 96-well 

Deepwell LumaPlates at 18.75 seconds/well, which were then dried in a vacuum centrifuge 

and counted for 5 min per well by a MicroBeta2 plate reader (PerkinElmer). The radiometric 

data were then imported to Laura software (version 5.0.9.74; LabLogic Systems) to construct 

the radiochromatograms. For urine, bile, and fecal samples, the LC eluate was measured 

online using a beta-RAM 5 detector (LabLogic Systems).  

[
3
H]mianserin. The chromatographic separation was achieved with a Luna Phenyl-Hexyl 

column (250 × 3.0 mm, 5 µm, Phenomenex Inc., Torrance, CA) maintained at 40 °C. Mobile 

phases consisted of 0.1% formic acid in 10 mM ammonium formate (solvent A) and 0.1% 

formic acid in acetonitrile (solvent B). The following gradient program was used at a flow rate 

of 0.8 mL/min: 0–5 min, 5% B; 5–25 min, 5%–25% B; 25–32 min, 25% B; 32–40 min, 25%–

26.5% B; 40–60 min, 26.5%–95% B; 60–65 min, 95% B; 65–65.1 min, 95%–5% B; 65.1–70 

min, 5% B. The LC eluate was collected at four 96-well Isoplates at 10.94 seconds/well, 

which were then dried in a vacuum centrifuge and counted for 5 min per well by a 
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MicroBeta2 plate reader (PerkinElmer) after mixing with scintillation cocktail. The radiometric 

data were then generated the same way as [
14

C]DL.  

[
3
H]carbazeran. The LC-radiometric analytical conditions were the same as [

3
H]mianserin 

except the mobile phases, the gradient program, and the radioactive detection. The mobile phases 

A and B were 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. The 

following gradient program was used at a flow rate of 0.6 mL/min: 0–2 min, 2% B; 2–35 min, 

2%-40% B; 35–40 min, 40% -95% B; 40–45 min, 95% B; 45–45.1 min, 95%-2% B; 45.1–50 

min, 2% B. The LC eluate was measured online using a beta-RAM 5 detector (LabLogic 

Systems). 

LC-HRMS Analysis 

LC-HRMS was performed on an Agilent 1290 Infinity UHPLC (Agilent Technologies) 

coupled to an Orbitrap Elite Hybrid Ion Trap-Orbitrap mass spectrometer (Thermo Fisher 

Scientific Inc., San Jose, CA) or a TripleTOF 5600+ Q-TOF mass spectrometer (Sciex, Concord, 

Ontario, Canada). The LC conditions were the same as that used for LC-Radiometric Analysis 

for [
14

C]DL, [
3
H]mianserin, and [

3
H]carbazeran, respectively. For cyproheptadine, the LC 

conditions were the same as [
3
H]mianserin except the following gradient program at a flow rate 

of 0.7 mL/min: 0–5 min, 2% B; 5–25 min, 2%–20% B; 25–40 min, 20%–25% B; 40–50 min, 

25%–95% B; 50–55 min, 95% B; 55–55.1 min, 95%–2% B; 55.1–60 min, 2% B.  

[
14

C]DL samples were analyzed on the Orbitrap Elite operated in the positive ion mode with 

the following conditions: capillary temperature, 400 °C; N2 sheath gas flow, 75 (arbitrary units); 

N2 auxiliary gas flow, 20 (arbitrary units); spray voltages, 3.00 kV; S-Lens RF level, 69.1%; 

normalized collision energy for MS/MS acquisition, 40%. The liquid chromatography-mass 
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spectrometry (LC-MS) data were acquired and processed with Xcalibur 2.2 SP1 (Thermo 

Fisher Scientific, Inc). 

[
3
H]mianserin, cyproheptadine, and [

3
H]carbazeran samples were analyzed on the 

TripleTOF 5600+ operated in the positive ion mode using a DuoSpray ion source with the 

following conditions: curtain gas, 30 (arbitrary units); ion source gas 1, 50 (arbitrary units); 

ion source gas 2, 50 (arbitrary units); temperature, 500 °C; ion spray voltage floating, 5500 V; 

declustering potential, 60 V, collision energy for MS/MS acquisition, 40 V with a spread of 5 

V. The LC-MS data were acquired using Analyst TF 1.7 (Sciex) and processed by PeakView 

2.1 (Sciex). 

Results 

[
14

C]DL 

After oral administration of [
14

C]DL (6.5 mg/kg), the recovery of total radioactive dose was 

92.1% and 92.5% within 48 hours from intact PXB- and SCID mice, respectively (Table 2). 

Among them, 83.1% and 86.6% radioactive dose from the two mice models, respectively, was 

recovered in urine and feces. The percent radioactivity in radiochromatograms and/or percent 

dose recovered for [
14

C]DL and its metabolites are summarized in Table 3. The metabolic 

profiles between PXB- and SCID mice were quite different in all four matrices as shown in 

Figure 2. M13, 3-hydroxyldesloratadine O-glucuronide, was the only metabolite and the most 

abundant component detected in the 4-hour plasma of PXB-mice (Figure 2A), which accounted 

for 69.5% of the total circulating radioactivity. In contrast, M13 was not observed in the 4-hour 

plasma of SCID mice (Figure 2B), while DL (63.9%) was the most abundant component and two 

other metabolites M33 (5-hydroxydesloratadine) and M31 (6-hydroxydesloratadine) were 
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detected. M13 (49.0% of radiochromatogram, 11.6% of dose) was the most abundant metabolite 

detected in urine (0-48 hours) of PXB-mice (Figure 2C) followed by M33, DL, M31, and M40 

(3-hydroxyldesloratadine). In comparison, M13 and M40 were not detected in the urine (0-48 

hours) of SCID mice (Figure 2D), while M33, M31, and DL were the three most abundant 

components in the SCID mice. DL was the predominant component in the bile (0-24 hours) of 

both PXB-mice (Figure 2E) and SCID (Figure 2F) mice. Major metabolites M40 (12.9% of 

radiochromatogram, 2.7% of dose) and M13 (11.0% of radiochromatogram, 2.3% of dose) were 

observed in the bile of PXB-mice, but not in that of SCID mice. In the feces (0-48 hours), DL, 

M33, and M31 were detected in both mice (Figures 2G and 2H). However, M40 (23.4% of 

radiochromatogram,13.9% of dose) was only detected in PXB-mice. In addition, unlike the bile, 

M13 was not detected in the feces of PXB-mice. 

[
3
H]mianserin 

After oral administration of [
3
H]mianserin (20 mg/kg), 45.6% and 65.0% radioactive dose was 

recovered in 48 hours from PXB- and SCID mice, respectively (Supplemental Table 1). The 

percent radiochromatogram and/or percent dose recovered for mianserin, M4a and M4b 

(quaternary N-glucuronides), and M28 (quaternary N-glucoside) are summarized in Table 4. We 

have identified other metabolites in PXB- and SCID mice in this study that are not discussed in 

this manuscript since they were not reported as major disproportionate human metabolites 

relative to preclinical safety species or they have been described previously (Delbressine et al., 

1992). The metabolic profiles of plasma, bile, and feces are shown in Figure 3. M4a and M4b 

accounted for 2.1% and 10.8% of total circulating radioactivity at 4 hours in PXB-mice (Figure 

3A), but neither of them was observed in SCID mice (Figure 3B). Consistently, both metabolites 

were detected in urine (Table 4), bile (Figure 3C), and feces (Figure 3E) of PXB-mice, but they 
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were not found in any excreta of SCID mice (Table 4). Interestingly, M28, which was only 

observed in PXB-mice, was the predominant component and accounted for 54.5% of total 

radioactivity (5.2% of dose) in the bile. However, it was a minor component at merely 5.0% of 

the total radioactivity (0.6% of dose) in the feces. In contrast, mianserin was not detected in the 

bile, but it was observed as one of the major components in the feces (Figure 3E). A small 

amount of mianserin accounting for 1.1% of the total radioactivity (0.3% of dose) was recovered 

in 0-48 hour feces (Figure 3F and Table 4) of SCID mice, which suggested that this drug was 

well absorbed in mice.  

Cyproheptadine 

The LC-MS profiles of samples from PXB- and SCID mice after oral administration of 

cyproheptadine (20 mg/kg) are shown in Figure 4. M7, a quaternary N-glucuronide, was detected 

in the plasma of PXB-mice (Figure 4A), but not detected in that of SCID mice (Figure 4B). In 

addition, M7 was the most abundant mass spectrometric (MS) peak in urine (data not shown) and 

bile (Figure 4C) and was also detected in feces (Figure 4D) of PXB-mice. However, this 

metabolite was not observed in urine, bile, or feces of SCID mice (data not shown). M19, an 

oxidative metabolite, was the most abundant metabolite in the plasma of PXB-mice, while it was 

a minor metabolite in that of SCID mice. 

[
3
H]carbazeran 

The LC-MS profiles of plasma of PXB- and SCID mice after oral administration of 

[
3
H]carbazeran (100 mg/kg) are shown in Figure 5. M21, 4-hydroxy carbazeran, was the 

predominant component in the plasma of PXB-mice based on the MS data (Figure 5A), but it 

was a minor peak in SCID mice (Figure 5B). 
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Discussion 

Detection and identification of major and disproportionate human circulating metabolites in a 

timely manner are very important to properly assess safety liability of these metabolites without 

delaying the development timeline of a new chemical entity (NCE). The exposure level of 

human circulating metabolites accounting for more than 10% of total drug related materials 

needs to be covered in preclinical safety species or additional nonclinical study of the 

metabolites is warranted (FDA, 2020). Despite the importance of major and/or disproportionate 

human circulating metabolites, their identification is not available until samples from early 

clinical trials have been analyzed for metabolite profiling and identification. If the major or 

disproportionate metabolites for a given NCE were identified later in the clinical development, 

the follow up studies on those metabolites may take significant time and can potentially delay the 

development program to registration.  It is therefore essential that potential disproportionate 

human metabolites are identified in early stage and would be extremely valuable if identified 

before initiation of clinical studies.  Additionally, understanding of the clearance mechanism of a 

drug is often obscured by lack of biliary excretion metabolic profiles in the human.  The fecal 

metabolic profiles often do not provide information on the extent of metabolism due to the 

presence of unabsorbed drug, instability of certain metabolites, and deconjugation of conjugative 

metabolites by gut microflora in the gastrointestinal (GI) tract (Pellock and Redinbo, 2017).  

Further, the fecal metabolism data are available only from the radiolabeled human ADME study 

which is performed quite late in the clinical development of NCEs.  An early assessment or 

understanding of clearance mechanism can inform clinical investigators potential for DDI 

liability when combined with in vitro clearance mechanism and reaction phenotyping data.  
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DL is a tricyclic H1 antagonist that is used to treat allergies (Agrawal, 2001). DL was found to 

be extensively metabolized in five of six healthy volunteers in a clinical trial (Ramanathan et al., 

2007). The major biotransformation pathway was via the hydroxylation at the 3 position (M40) 

and the subsequent O-glucuronidation (M13) (Figure 1A) in those five subjects. DL was poorly 

metabolized in the sixth subject presumably due to the polymorphism of CYP2C8 and/or 

UGT2B10, which were the key enzymes contributed to the formation of M40 (Kazmi et al., 

2015). For the five extensive metabolizers, M13 accounted for 51.0%, 70.2%, and 79.0% of the 

total circulating radioactivity at 3, 6, and 12 hours, respectively (Table 5). M13 was the 

predominant peak accounting for 22.2% of dose in urine and M40 was the predominant peak 

accounting for 28.4% of dose in feces (Ramanathan et al., 2007). On the other hand, M13 and 

M40 were either not observed or detected at a trace level in plasma, urine, and feces from 

monkey, rat, and mouse as shown in Supplemental Figure 1 (Ramanathan et al., 2006). M13 was 

thus a disproportionate metabolite in human plasma and urine. M40, the aglycone of M13, was a 

disproportionate metabolite in human feces. Therefore, the significance of M13 and M40 in 

humans might not be realized for this drug until the clinical samples were analyzed for 

metabolites. However, the data from a PXB-mice experiment could have predicted it before the 

drug was introduced in the clinic. 

A comparison of the plasma metabolic profiles between PXB-mice and human subjects after 

administration of [
14

C]DL is shown in Table 5. M13, the predominant and disproportionate 

metabolite in human plasma at 3, 6 and 12 hours, was detected at a similar level in 4-hour plasma 

of PXB-mice. There was a minor difference in metabolic profile between PXB-mouse and 

human plasma (Table 5 and Figure 2; Ramanathan et al., 2007). DL was more abundant in PXB-

mice than in human plasma. Nevertheless, this was not surprising as the PXB-mouse liver 
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contained a small fraction of mouse hepatocytes while DL in SCID mice contributed to almost 

twice of the circulating radioactivity in PXB-mice. Additionally, the metabolic profiles in urine 

and feces were similar between human and PXB-mice (Supplemental Figure 1 and Figure 2). 

The results suggested that PXB-mice could have accurately predicted, at least semi-

quantitatively, human in vivo metabolism of DL (Table 5). The PXB-mice was a much better 

model predicting human metabolism than any other preclinical animals evaluated for this drug. 

Uehara et al. recently investigated metabolism of DL using another chimeric model, TK-NOG 

mice (Uehara et al., 2019). A similar conclusion from this mouse model was drawn to that from 

PXB-mice in comparison to human metabolic profiles in plasma, urine, and feces. Nevertheless, 

non-radiolabeled DL was dosed in that study. Therefore, only metabolites with authentic 

standards were quantified and the level was unknown for unmeasured metabolites. In our study, 

[
14

C]DL was dosed to PXB-mice. All drug related materials could be captured in 

radiochromatographic profiles. Additionally, unlike the analysis of biliary excretion of 

metabolites investigated in our study, bile sample was not collected in the previous study with 

TK-NOG mice. In the current study, M13 and M40 were detected as major metabolites in the 

PXB-mouse bile (Figure 2E), indicating that 3-OH metabolism and subsequent glucuronidation 

are the primary metabolism-related clearance pathways in the bile. As M13 was missing in the 

fecal sample (Figure 2G) of PXB-mice, it must be hydrolyzed to M40 after bile entered GI tract 

(Figure 1A), i.e. a fraction of the M40 observed in the fecal sample was derived from 

deconjugation of M13. Similar to the data from PXB-mice, M13 was the predominant peak in 

human plasma and urine while not detected in human feces (Ramanathan et al., 2007). 

Considering the similarity of metabolic profiles in plasma, urine, and feces between human and 

PXB-mice, it is reasonable to believe that biliary metabolic profiles, at least semi-quantitatively, 
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were also similar between the two species. Therefore, M13 and M40 represented biliary 

excretion metabolic pathway of DL. The biliary excretion of M40 proposed based on the human 

fecal profile might be overestimated in the clinical trial (Ramanathan et al., 2007). This 

observation is particularly informative for compounds undergoing significant direct 

glucuronidation. On the contrary, neither M13 nor M40 was observed in SCID mice, whose 

metabolic profiles resembled those in CD-1 mice (Supplemental Figure 1). 

Mianserin is a tetracyclic piperazinoazepine antidepressant that is used primarily in the 

treatment of depression (De Jongh et al., 1981). After oral administration of [
14

C]mianserin to 

healthy volunteers, M4, a quaternary N-glucuronide, was found in human urine, but it was not 

found in urine and/or feces from rat, mouse, rabbit, and guinea pig (Delbressine et al., 1992). The 

observation was not surprising as species difference was observed previously in N-

glucuronidation. For example, quaternary glucuronides were preferentially formed in human and 

higher primates like chimpanzees (Chiu and Huskey, 1998). Therefore, M4 was a human 

disproportionate metabolite at least in urine compared to preclinical safety species evaluated. 

After administration of [
3
H]mianserin to PXB-mice, two quaternary N-glucuronides, M4a and 

M4b, were detected in plasma, urine, bile, and feces (Table 4). The two metabolites had very 

similar retention time in the radiochromatogram (Figure 3), which suggests that they might be 

diastereomers since mianserin had a chiral carbon and the formation of the quaternary N-

glucuronide generated another chiral center (Figure 1B). This fact was consistent with the 

previous study that two diastereomers were isolated for M4 (Delbressine et al., 1992), which 

suggests that M4 was the combined M4a and M4b. Metabolic profile of mianserin has not been 

reported in human plasma. Considering M4a and M4b combined was among one of the most 

abundant metabolites in the plasma of PXB-mice, M4 was possibly one of the major circulating 
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metabolites in human. Interestingly, M28, a quaternary N-glucoside, was detected in urine, bile, 

and feces of PXB-mice (Table 4 and Figure 1B). This metabolite has never been reported in 

human ADME studies after administration of radiolabeled mianserin (De Jongh et al., 1981; 

Delbressine et al., 1992), but the presence of M28 in human can't be ruled out. The two human 

ADME studies reported by De Jongh et al. (De Jongh et al., 1981) and Delbressine et al. 

(Delbressine et al., 1992) were conducted at a time when the LC-MS was not available or just 

emerging. Due to the limitation of analytical technology, minor metabolites might be missed 

during the study. A recent study indicated that M28 was generated after incubation of mianserin 

in human liver microsomes in the presence of uridine diphosphate glucose (Lu et.al., 2018). The 

formation of M28 was catalyzed by UGT2B10. The data in the PXB-mice from this study and in 

vitro data from human liver microsomes suggest that M28 might be generated in human. In 

PXB-mice, M28 was the predominant component in the bile, but it was a minor metabolite in the 

feces. Additionally, mianserin was not observed in the bile, but it was one of the most abundant 

components in the feces (Figure 3). Therefore, a fraction of M28 was probably hydrolyzed to 

mianserin by glucuronidase and/or glucosidase in the GI tract (Figure 1B) (Samara et al., 1990; 

Flores et al., 2012). This conclusion was corroborated by the fact that the drug was well absorbed 

in mice as minimal mianserin was recovered in the feces of SCID mice. In comparison to PXB-

mice, none of M4a, M4b, and M28 was observed in SCID mice. 

Cyproheptadine is a drug with antihistamine, anticholinergic, and antiserotonergic properties 

(Porter et al., 1975). After oral administration of [
14

C]cyproheptadine to human subjects, M7, a 

quaternary N-glucuronide, was found to be the major metabolite in human urine (Figure 1C) 

(Porter et al., 1975). M7 was also detected at a comparable level in urine from chimpanzees and 

with significant less amount in urine from various monkeys (Fischer et al., 1980). In contrast, 
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M7 was not detected in urine from rat, dog, and cat (Hucker et al., 1974). Therefore, M7 was a 

disproportionate human metabolite relative to rat and dog, which are typical preclinical safety 

species. In our study, M7 was detected in plasma, urine (data not shown), bile, and feces of PXB-

mice after administration of cyproheptadine (Figure 4). Despite the difference in MS sensitivity 

for different metabolites, M7 might be the major urinary and biliary metabolite in PXB-mice as it 

was the most abundant MS peak in urine and bile. M7 was the second most abundant MS peak of 

the metabolites in plasma indicating that it might be one of the major circulating metabolites in 

human. Cyproheptadine itself was barely detected in bile and was the most abundant MS peak in 

feces. Since this drug was well absorbed in animals (Hucker et al., 1974), a fraction of 

cyproheptadine might be produced from deconjugation of M7 by microbiota in feces (Figure 1C). 

In this study M7 was not detected in SCID mice. The formation of the quaternary N-glucuronide 

in both human and PXB-mice for both mianserin and cyproheptadine suggests that PXB-mice 

may be able to accurately predict the quaternary N-glucuronidation in human and be a better 

model than the other preclinical animals in this regard. Oxidative metabolite M19 was eluted 

after cyproheptadine on the reversed phase LC. It was potentially the N-oxide of cyproheptadine 

(Figure 1C), which has been detected in dog and cat urine (Hucker et al., 1974). LC-MS data 

indicated that M19 was a major metabolite in the plasma of PXB-mice (Figure 4A) while it was 

a minor metabolite in the same matrix of SCID mice (Figure 4B), suggesting that it might be a 

human circulating metabolite. However, metabolic profile of cyproheptadine has never been 

reported for human plasma.  

Carbazeran was developed as a positive inotropic agent for the treatment of congestive heart 

failure (Taylor et al., 1981; Kaye et al., 1984). After oral administration of [
14

C]carbazeran to 

healthy volunteers, M21 was detected as the only drug related component in the plasma (Kaye et 
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al., 1984). In contrast, in the dog plasma M21 was not observed while unchanged carbazeran 

accounted for 74% and 61% at 0.5 and 8 hours, respectively. Further investigation revealed that 

M21 was generated by AO (Kaye et al., 1985). Species variability was observed in AO with high 

activity in humans, low activity in rats and mice, and no activity in dogs (Kitamura et al., 2006). 

In our study, as 
3
H was labeled at the 4

th
 position of the phthalazine moiety, 

3
H label was lost 

during the formation of M21 (Figure 1D). Therefore, the metabolite was not detected in the 

radioprofile and the radiochromatogram is not shown for this compound.  However, the LC-MS 

data show that, in PXB-mice, M21 was the predominant circulating metabolite while carbazeran 

was a minor component (Figure 5), which was consistent with the human plasma profile (Kaye et 

al., 1984). In comparison, M21 was a minor metabolite while carbazeran was the predominant 

component in the plasma of SCID mice. This result suggests that AO activity in PXB-mice was 

much higher than SCID mice. Therefore, PXB-mice may be a good animal model in prediction 

of AO-derived metabolites in human. 

In summary, PXB-mice successfully predicted various human disproportionate metabolites 

for DL, mianserin, cyproheptadine, and carbazeran compared to preclinical safety species. These 

metabolites include those formed by CYP450, UGT, and AO.  Those metabolites were not 

detected or observed at trace levels in the control SCID mice. The main difference between 

PXB- and SCID mice is that the liver of the former is replaced with more than 70% of human 

hepatocytes. Therefore, the accurate prediction of human metabolites by PXB-mice is primarily 

due to the humanized liver. In this study we have not investigated the true quantitative nature of 

this prediction.  However, the data presented here, while limited to only 4 compounds, together 

with other published reports (Inoue et al., 2009; De Serres et al., 2011; Sanoh et al., 2012a; 

Nakada 2017) indicates that at least a semi-quantitative prediction of human metabolism can be 
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obtained in the PXB-mouse model.  PXB-mice, therefore, can be a useful model to predict 

human major and disproportionate circulating and biliary excreted metabolites prior to clinical 

investigation of an NCE and thus can potentially avoid delay in clinical development of a drug 

should disproportionate metabolites are identified. One caveat, however, is that the PXB-mouse 

model may not be able to predict human circulating metabolites if the metabolites are generated 

from organs other than liver such as gut or kidney.  
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Figure Legends: 

Figure 1. Major metabolic pathway of desloratadine (A), metabolic pathway for formation of 

mianserin metabolites M4a, M4b, and M28 (B), cyproheptadine metabolites M7 and M19 (C), 

and carbazeran metabolite M21 (D) in human and PXB-mice. 

Figure 2. Radiochromatograms of 4-hour plasma (A), 0-48 hour urine (C), 0-24 hour bile (E), 

and 0-48 hour feces (G) of PXB-mice, and 4-hour plasma (B), 0-48 hour urine (D), 0-24 hour 

bile (F), and 0-48 hour feces (H) of SCID mice after a single oral administration of [
14

C]DL (6.5 

mg/kg; 176 µCi/kg). 

Figure 3. Radiochromatograms of 4-hour plasma (A), 0-24 hour bile (C), and 0-48 hour feces (E) 

of PXB-mice, and 4-hour plasma (B), 0-24 hour bile (D), and 0-48 hour feces (F) of SCID mice 

after a single oral administration of [
3
H]mianserin (20 mg/kg; 405 µCi/kg). All other metabolites 

were identified but not labeled since they were not reported as major disproportionate human 

metabolites relative to preclinical safety species or they have been described previously. 

Figure 4. Extracted ion chromatograms of the metabolite profile in 4-hour plasma of PXB- (A) 

and SCID (B) mice, 0-24 hour bile (C) and 0-48 hour feces (D) of PXB-mice after a single oral 

administration of cyproheptadine (20 mg/kg). 

Figure 5. Extracted ion chromatograms of the metabolite profile in 4-hour plasma of PXB- (A) 

and SCID (B) mice after a single oral administration of [
3
H]carbazeran (100 mg/kg; 405 µCi/kg). 
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Table 1. Design of in vivo studies for male PXB- or SCID mice 

Compound 
Group 

ID 

No. of 

Micea 
Mice Type 

Dose mg/kg 

(µCi/kg) 
Time Points 

[
14

C]DL 

1 6 Intact 

6.5 (176) 

Plasma: 4 h 

2 3 or 2b Intact 
Urine: 0-24, 24-48 h 

Feces: 0-24, 24-48 h 

3 3 BDC Bile: 0-24 h 

[
3
H]mianserin 

4 2 Intact 

20 (405) 

Plasma: 4 h 

5 3 Intact 
Urine: 0-48 h 

Feces: 0-48 h 

6 5 BDC Bile: 0-24 h 

cyproheptadine 

7 2 Intact 

20 (N/A) 

Plasma: 4 h 

8 3 Intact 
Urine: 0-48 h 

Feces: 0-48 h 

9 5 BDC Bile: 0-24 h 

[
3
H]carbazeran 

7 2 Intact 

100 (405) 

Plasma: 4 h 

8 3 Intact 
Urine: 0-8, 8-24 h 

Feces: 0-8, 8-24 h 

9 5 BDC Bile: 0-24 h 
aequal number of male PXB- or SCID mice were used except where noted.  

b3 PXB-mice and 2 SCID mice were used. 

N/A: not applicable 
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Table 2. Excretion of radioactivity after a single oral administration of [
14

C]DL (6.5 mg/kg; 176 

µCi/kg) to intact or BDC male PXB- or SCID mice 

Species Time(h) 

Cumulative recovery of radioactivity (%dose) 

Intact BDC 

Urine Feces Cage Wash Total Bile 

PXB 

0-24 18.8 45.8 - 64.6 20.6 

0-48 23.7 59.4 9.0 92.1 - 

SCID 

0-24 38.1 41.9 - 80.0 7.4 

0-48 41.3 45.3 5.9 92.5 - 

-, data not available 
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Table 3. Peak distribution of DL and its metabolites in 4-hour plasma, 0-48 hour urine, 0-24 hour 

bile, and 0-48 hour feces obtained after a single oral administration of [
14

C]DL (6.5 mg/kg; 176 

µCi/kg) to intact or BDC male PXB- or SCID mice 

Component 

%radiochromatograma (%dose)b 

PXB-mice SCID mice 

Intact BDC Intact BDC 

Plasma Urine Feces Bile Plasma Urine Feces Bile 

DL 30.5 13.8(3.3) 33.7(20.0) 62.2(12.8) 63.9 16.4(6.8) 35.2(15.9) 100.0(7.4) 

M13 69.5 49.0(11.6) - 11.0(2.3) - - - - 

M31 - 12.0(2.8) 11.7(6.9) 4.4(0.9) 6.0 19.4(8.0) 23.3(10.6) - 

M33 - 19.6(4.6) 31.3(18.6) 9.6(2.0) 30.1 62.0(25.6) 41.6(18.8) - 

M40 - 5.5(1.3) 23.4(13.9) 12.9(2.7) - - - - 

M46 - - - - - 2.3(0.9) - - 
a
%radiochromatogram = 100 × cpm counts in each region of interest (ROI)/sum of cpm counts in 

all ROI 
b
%dose = %radiochromatogram × total recovery of radioactivity in each matrix 

-, not detected in the radiochromatogram 
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Table 4. Peak distribution of mianserin and selected metabolites in 4-hour plasma, 0-48 hour 

urine, 0-24 hour bile, and 0-48 hour feces obtained after a single oral administration of 

[
3
H]mianserin (20 mg/kg; 405 µCi/kg) to intact or BDC male PXB- or SCID mice 

Component 

%radiochromatograma (%dose)b 

PXB-mice SCID mice 

Intact BDC Intact BDC 

Plasma Urine Feces Bile Plasma Urine Feces Bile 

mianserin 9.4 4.2(1.4) 8.7(1.0) - - - 1.1(0.3) - 

M4a 2.1 6.2(2.1) 4.1(0.5) 7.6(0.7) - - - - 

M4b 10.8 15.9(5.4) 7.0(0.8) 7.7(0.7) - - - - 

M28 - 1.8(0.6) 5.0(0.6) 54.5(5.2) - - - - 
a
%radiochromatogram = 100 × cpm counts in each ROI/sum of cpm counts in all ROI 

b
%dose = %radiochromatogram × total recovery of radioactivity in each matrix 

-, not detected in the radiochromatogram 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 14, 2020 as DOI: 10.1124/dmd.120.000128

 at A
SPE

T
 Journals on A

pril 8, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Page 38 of 38 
 

Table 5. Peak distribution of DL and its metabolites in 4-hour plasma obtained after a single oral 

administration of [14C]DL (6.5 mg/kg; 176 µCi/kg) to intact male PXB-mice and in 3-, 6-, and 12-hour 

plasma obtained after a single oral administration of [14C]DL (9.92 mg; 104 µCi) to healthy male subjects 

 

Component 

%radiochromatograma of plasma samples 

PXB-mice Humanb 

4 hour 3 hour 6 hour 12 hour 

DL 30.5 2.4 <1 - 

M13 69.5 51.0 70.2 79.0 

M31 - - <1 - 

M33 - - <1 - 

M40 - 1.3 4.2 - 

Hydroxy-DL-glucuronide 

(M7, M9, M15a, & M17a) 
- 14.2c <1 - 

Dihydroxy-DL-glucuronide 

(M5, M8, M11a) 
- 16.8c 25.6c 16.5c 

a
%radiochromatogram = 100 × cpm counts in each region of interest (ROI)/sum of cpm counts in 

all ROI 
b
Data from the five extensive metabolizers reported in Ramanathan et al., 2007 

c
More than one peak detected 

-, not detected in the radiochromatogram 
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Supplemental Table 1. Excretion of radioactivity after a single oral administration of 

[3H]mianserin (20 mg/kg; 405 µCi/kg) to intact or BDC male PXB- or SCID mice 

Species Time(h) 

Cumulative recovery of radioactivity (%dose) 

Intact BDC 

Urine Feces Total Bile 

PXB 
0-24 - - - 9.6 

0-48 34.1 11.5 45.6 - 

SCID 
0-24 - - - 23.9 

0-48 39.4 25.6 65.0 - 

-: data not available 
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Supplemental Figure 1. Comparison of representative radiochromatographic profiles of pooled 

plasma extract, urine, and fecal extract following a single oral administration of [14C]DL to 

healthy volunteers, monkeys, rats, and mice [Reprinted from Ramanathan R, Su AD, Alvarez N, 

Feng W, Chowdhury SK, Stauber K, Reyderman L, Alton KB, Wirth M, and Patrick JE (2006) 

Metabolism and Excretion of Desloratadine (Clarinex) in Mice, Rats, Monkeys and Humans. 

The 14th North American ISSX Meeting, October 22-26.] 
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