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Abstract

Species differences exist in terms of drug oxidation activities, which are mediated mainly by 

cytochrome P450 (P450) enzymes. To overcome the problem of species extrapolation, 

transchromosomic mice containing a human P450 3A cluster or chimeric mice transplanted with 

human hepatocytes have been introduced into the human toxicology research area. In this review, 

drug metabolism and disposition mediated by humanized livers in chimeric mice are summarized 

in terms of biliary/urinary excretions of phthalate and bisphenol A and plasma clearances of the 

human cocktail probe drugs caffeine, warfarin, omeprazole, metoprolol, and midazolam. 

Simulation of human plasma concentrations of the teratogen thalidomide and its human 

metabolites is possible with a simplified physiologically-based pharmacokinetic model based on 

data obtained in chimeric mice, in accordance with reported clinical thalidomide concentrations. 

In addition, in vivo non-specific hepatic protein binding parameters of metabolically activated 14C-

drug candidate and hepatotoxic medicines in humanized liver mice can be analyzed by accelerator 

mass spectrometry and are useful for predictions in humans.
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1. Introduction

The human cytochrome P450 gene superfamily comprises 57 genes and 58 pseudogenes.1 

The corresponding P450 (P450 or CYP) enzymes are involved in the oxidative metabolism 

of a variety of endogenous compounds, medicines, and toxic chemicals. Rodents are often 

used as animal models in drug development, but it is well known that species differences 

exist in terms of drug metabolism mediated mainly by rodent and human P450s.2 The 

relevance and limitations of animal models used in non-clinical safety assessments of 

investigational products and new medicines needs to be carefully considered. To overcome 

the species differences, humanized mice have been widely developed by introducing human 

specific and/or multiple genes for drug metabolizing P450s,3,4 NAD(P)H:quinone 

oxidoreductase5, and nuclear receptors that control their expression.6,7 Another type of 

humanized model mice has been also developed by transplanting human hepatocytes in 

immunodeficient mice.8–10 NOG mice expressing transgenic urokinase-type plasminogen 

activator in the liver were produced,9 and replacement by human hepatocytes could be 

estimated by human albumin concentrations in the blood because the humanized mice 

produces human albumin. Humanized (TK-NOG) mice expressing a herpes simplex virus 

type 1 thymidine kinase transgene had a human-specific profile of drug metabolism.10
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One of the classical species differences is seen in thalidomide, a teratogen in humans or non-

human primates11 but not in rodents. Recently, a whole-embryo culture system from 

transchromosomic mice containing a human cytochrome P450 3A cluster12 (in which the 

endogenous mouse P450 3a genes were deleted) showed limb abnormalities,13 suggesting 

that the humanized P450 3A mouse is a useful model for predicting toxicity in humans. 

Thalidomide is metabolized via two major pathways, 5′-hydroxythalidomide (a major 

product in rodents) and 5-hydroxythalidomide (human proportionate phenyl ring-based 

metabolites, Figure 1).14 Furthermore, thalidomide and primary 5-hydroxylated metabolites 

(including 5,6-dihydroxythalidomide and GSH conjugate(s)) were detected by mass 

spectrometry (MS) in plasma from chimeric mice with highly “humanized” liver cells 

harboring cytochrome P450 3A5*1.14 Chimeric mice with humanized liver revealed that the 

second oxidation step in human proportionate 5-hydroxythalidomide pathway generated a 

reactive intermediate that can be trapped by GSH to give GSH adducts,14 indicating that this 

model is useful for predicting toxic metabolites in humans.

In vitro–in vivo extrapolations of hepatic clearance and disposition have been reported for a 

wide variety of drugs.15 Simplified physiologically-based pharmacokinetic (PBPK) models 

consist of a chemical receptor compartment, a metabolizing compartment, and a central 

compartment (Figure 2).14,16,17 Subsequently, final parameter values (including standard 

deviation values) for an animal PBPK model can be calculated to give the best fit to 

measured blood substrate concentration values. Differential equations can be solved to 

estimate blood concentrations of substrates and/or metabolites after oral 

administration.14,16,17 These simplified human PBPK models for industrial chemicals with 

toxicity concerns (e.g., bisphenol A17 and di(2-ethylhexyl)phthalate16 and the pesticides 

acephate18 and chlorpyrifos18) were recently developed and successfully used to estimate 

human pharmacokinetic parameters, based on the pharmacokinetics in humanized mice.

There is considerable interest in the importance of drug metabolites as potential 

determinants of drug safety.19 Guidance notes for Industry Safety Testing of Drug 

Metabolites (issued in 2008 by the United States Food and Drug Administration) laid out 

criteria regarding the circumstances under which direct testing of a metabolite in animal 

toxicology studies is needed to provide a reliable risk assessment of human health. Recent 

developments in chimeric mice with humanized liver20 and in bioanalytical methodology 

with LC-MS/MS systems have provided several strategies to generate data that can guide 

critical decisions related to metabolite quantitation and biomonitoring in plasma.

In this review article, drug metabolism and disposition mediated by humanized livers in 

chimeric mice are summarized. These models may be useful for evaluating the relationships 

between biliary and urinary excretion, clearances in plasma, human metabolite formation, 

and non-specific protein binding of drugs and their metabolites and the potential toxicity in 

humans. These findings provide examples of the usefulness of transplanted human liver cells 

in humanized mice to provide accurate preclinical predictions of human drug metabolism 

and disposition, with the aid of LC-MS/MS systems.
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2. Disposition and Clearance of Industrial Chemicals and Human P450 

Probe Drugs in Humanized Liver Mice

Species variations in the threshold molecular weight factor for the biliary excretion of orally 

administered compounds have been recognized in mice (325 ± 50) and humans (500 

± 50);21 urinary excretion is extensive for the compounds of lower molecular weight and 

tends to decrease with increasing molecular weight because bile and urine are 

complementary excretory pathways in animals. Although a renal clearance-type drug 

(cefmetazole) has been mainly excreted in urines of humanized mice urine but not in control 

mice,22 the hepatic metabolite excretion into urine was not confirmed in humanized mice.

In immunodeficient TK-NOG mice, transplanted human hepatocytes (which express similar 

human P450 mRNA levels and have catalytic function as transplanted human hepatocytes) 

were maintained after an initial exposure to a non-toxic dose of ganciclovir to ablate the 

mouse liver cells.10 The pharmacokinetics of mono(2-ethylhexyl)phthalate (MEHP) (a 

primary metabolite of di(2-ethylhexyl)phthalate (DEHP))16 and bisphenol A O-

glucuronide17 (after oral administration of DEHP (250 mg/kg) and bisphenol A (100 mg/

kg)) were determined in order to extrapolate these experimental data from chimeric mice 

transplanted with human hepatocytes to virtual administration in humans. Biphasic plasma 

concentration–time curves of MEHP and its glucuronide and high fecal excretion levels of 

MEHP glucuronide were seen in control mice, although MEHP and its glucuronide were 

extensively excreted in urine within 24 h in mice when humanized liver mice were used.

For running simple PBPK modeling, physicochemical properties (i.e. plasma unbound 

fraction and octanol–water partition coefficients) and the pharmacokinetic parameters (e.g., 

absorption rate constant (ka), volume of the systemic circulation (V1), and hepatic intrinsic 

clearance (CLh,int)) were estimated and calculated by fitting.16,17 Typical physiological 

hepatic blood flow rates in mice (0.16 L/h) and humans (97 L/h) were used.23,24 Using 

known species allometric scaling factors, estimated urine MEHP concentrations in humans 

based on the pharmacokinetics in mice with humanized liver by a simple PBPK model16 

were consistent with the reported concentrations.25 These findings showed that transplanted 

human hepatocytes could affect the extensive excretion of primary and secondary 

metabolites of DEHP into urine in chimeric mice, as in the cases of marmosets26 or 

humans.25 Simplified PBPK models were used with both forward and reverse dosimetry and 

were able to estimate human plasma and urinary concentrations of MEHP16 and bisphenol A 

O-glucuronide after ingestion of bisphenol A17. The Fourth National Report on Human 

Exposure to Environmental Chemicals, Updated Tables, August 2014 (U. S. Centers for 

Disease Control)27 indicates geometric means and 95th percentile values of urinary MEHP 

concentrations for men in the USA in 2005–2006 of 3.4 and 50 μg/L, respectively. Urinary 

total concentrations of bisphenol A in the US population in 2003–2004 were 2.6 and 16 

μg/L, respectively, which were the highest values recorded in the period 1999–2010. The 

MEHP concentrations in urine can be ascribed to exposure of 0.087 μg/kg/day and 1.3 

μg/kg/day DEHP and to 0.067 μg/kg/day and 0.41 μg/kg/day bisphenol A, respectively, by 

reverse dosimetry with the human PBPK model (Table 1), assuming that the reported urinary 

concentrations had reached steady-state values. These estimated DEHP and bisphenol A 
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exposures are far less than the daily tolerable intake of DEHP (30 μg/kg/day28,29 or 50 

μg/kg/day, EU Public Helth, 2008) and daily tolerable intake of bisphenol A (50 μg/kg/

day),30 implying little risk of either compound in humans under average conditions.

This simple system was also successful in estimating human plasma concentrations of 

various P450 probes based on non-human primate, dog, and minipig plasma data31–33. This 

simple system was also successful in estimating human plasma concentrations of various 

P450 probes in humans extrapolated from corresponding plasma data in humanized liver 

mice and marmosets,32 dogs31, minipigs31, and monkeys.33 Pharmacokinetic parameters for 

humanized liver mice and other animals (marmosets, monkeys, dogs, and minipigs) 

determined in in vivo experiments with P450 cocktail probes using LC-MS/MS methods 

described elsewhere.31–33 are described (Table 2). Briefly, observed plasma concentrations 

of caffeine, warfarin, omeprazole, metoprolol, and midazolam in chimeric TK-NOG mice 

with humanized liver were scaled to human oral monitoring equivalents using known species 

allometric scaling factors. Human plasma concentration profiles of the five P450 probes 

estimated by simplified human PBPK models (based on the observed pharmacokinetics in 

mice with humanized liver) were consistent with previously published pharmacokinetic data 

in Caucasians (Figure 3). Similarly, using the same approach, the previously reported 

pharmacokinetics of the five P450 probes in marmosets, monkeys, dogs, and minipigs 

(Supporting Table S1) were also scaled to reported equivalents in humans using in vitro 
metabolic clearance data.31,33 The results in Figure 3 (created with the parameters in 

Supporting Table S1) suggest that mice with humanized liver and/or marmosets, monkeys, 

dogs, and minipigs can be used as suitable pharmacokinetic models for humans during 

research with many new drugs, especially when used in combination with simple PBPK 

models with LC-MS/MS analytical systems for drug monitoring. Human hepatic clearance 

values of omeprazole, metoprolol, and midazolam in the simple PBPK models based on 

humanized mice and average parameters for humans were 52.2 and 40.9 (± 9.9) L/h, 46.5 

and 55.9 (±10.6) L/h, and 31.7 and 41.5 (± 10.4) L/h, respectively (Table 2). The expected 

AUClast values on virtual administrations with average parameters for five human models of 

omeprazole (407 ± 216 ng h−1 mL−1), metoprolol (939 ± 347 ng h−1 mL−1), and midazolam 

(37.5 ± 17.4 ng h−1 mL−1) were consistent with 30 reported human averages (± SD values) 

for omeprazole (368 ± 250 ng h−1 mL−1), metoprolol (449 ± 303 ng h−1 mL−1), and 

midazolam (27.3 ± 8.0 ng h−1 mL−1). Caffeine and S-warfarin, having intermediate and low 

hepatic extraction ratio drugs, respectively, also showed good consistency between estimated 

and reported AUC values in the present system (Table 2).

3. Metabolic Activation of Thalidomide in Humanized Liver Mice

The metabolism of thalidomide is important for both teratogenicity and anti-cancer efficacy. 

Thalidomide is metabolized via P450-mediated oxidation.34 Various P450s oxidize 

thalidomide to 5-hydroxy-, 5′-hydroxy-, and dihydroxythalidomide products (Figure 1A), 

with a major one being P450 2C19.35,36 Recently we reported that human P450 3A4 and 

3A5 also oxidize thalidomide to the 5-hydroxy and dihydroxy metabolites.37–39 The second 

oxidation step in the P450 3A4 pathway generates a reactive intermediate, possibly an arene 

oxide (as initially suggested by Gordon et al.40 that can be trapped by GSH to give GSH 

adducts, as confirmed in humanized mouse models using LC-MS/MS methods.38,39 The 
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secondary oxidation of 5-hydoxythalidomide was faster than the primary thalidomide 5-

hydoxylation mediated by recombinant human P450 3A4/5.37 Thalidomide and its human 

metabolite 5-hydroxythalidomide were oxidized by auto-induced human P450 3A 

enzymes41 to reactive intermediates (with substrate cooperativity42), with reactive sites on 

the aromatic ring, i.e. epoxides and o-quinones that were trapped as glutathione 

conjugates.37,39

The primary metabolite 5-hydroxythalidomide was found to be extensively oxidized by 

human P450 enzymes to a dihydroxy metabolite.43 The dihydroxy metabolite is further 

oxidized to a quinone intermediate that can by trapped with GSH to give a 

dihydroxythalidomide-GSH conjugate. The observation that quinones are known to undergo 

redox cycling to generate reactive oxygen species may be consistent a proposed reactive 

oxygen species hypothesis for toxicity.44 Based on the in vivo experiments in humanized 

liver mice45 (Figure 4A), results following administration of a low dose of 100 mg 

thalidomide to human subjects could be reasonably estimated by the current simplified 

human PBPK model (Figure 4A).14

4. Metabolic Activation of Hepatoxicant and Non-Specific Binding in 

Humanized Liver Mice

Drug-induced liver injury is one of the most frequent single causes of safety-related 

withdrawals of drugs from the market.46 The National Institutes of Health LiverTox database 

(http://livertox.nih.gov/) is a free online source of textual documents on liver injury caused 

by prescription and nonprescription drugs, collected from various databases.47 Recently, 

systematic research into metabolic drug activation has become more comprehensive and 

more complex.48 Drug-induced toxicity may be caused by active intermediates, formed 

especially by human cytochrome P450 enzymes. In a clinical study of 5-n-butyl-7-(3,4,5-

trimethoxybenzoylamino)pyrazolo[1,5-a]pyrimidine (OT-7100, an amide moiety-bearing 

pyrazolopyrimidine derivative with potential analgesic effects),49 limited elevations in the 

serum levels of aspartate or alanine aminotransferase were occasionally observed in humans; 

these elevations were not predicted from regulatory animal or in vitro studies.50 As an 

example of species differences in metabolic drug activation, human liver P450 1A2 differed 

from rat P450 1A2 in bioactivation of the primary metabolite of 5-n-butyl-7-(3,4,5-

trimethoxybenzoylamino)pyrazolo[1,5-a]pyrimidine (an amide moiety-bearing 

pyrazolopyrimidine derivative with potential analgesic effects).50 A primary metabolite was 

oxidized by human P450 1A2 to form a proximate metabolite, which was conjugated with a 

peptide to form an adduct (Figure 1B).51 In rats, the same P450 1A2 enzyme formed some 

proximate metabolites but predominantly mediated the formation of another metabolite that 

exhibited no toxicity.52 These metabolic differences highlight some of the perils of relying 

solely on animal testing of drug candidates for metabolite toxicity.

Electrophoretic zone analysis coupled with accelerator MS methods revealed that 

bioactivated radiolabeled diazepam (rarely hepatotoxic) and 5-n-butyl-pyrazolo[1,5-

a]pyrimidine (Figure 5, limited hepatotoxicity) bound nonspecifically in vivo to a variety of 

microsomal and/or cytosolic proteins present in liver from chimeric mice with humanized 
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liver.53 A line is drawn though convenient axis intersections to indicate an inverse 

relationship (Figure 5). In contrast, radiolabeled troglitazone and flutamide (both known to 

be hepatotoxic in humans) showed relatively little covalent binding at concentrations needed 

for target protein binding.53 These two idiosyncratic hepatotoxic drugs were activated to 

reactive metabolites and apparently bound to different target proteins. Thus, testing whether 

protein binding data of new drug candidates are unbalanced with respect to deviation from 

an inverse relationship like the case in Figure 5 or the presence of data points in the high 

covalent binding/high protein concentration zone can be an important concept in evaluating 

hepatotoxic potential.53 To understand the roles of human P450 enzymes in drug 

metabolism, safety assessment of drug metabolites in engineered mouse models is proposed 

for more extensive use.

5. Conclusions and future perspective

Current research collectively suggests that studies of drug metabolism using transplanted 

human liver cells in humanized mice may be useful in evaluating the drug clearance and 

disposition, human metabolite formation, and non-specific protein binding tendency of drugs 

and their metabolites and potential toxicity in humans. Recently, transplantation of three-

dimensional-cultured hepatoma-derived cell line HepaRG cells has been reported to yield 

hepatocyte-like colonies in in vivo mouse bodies, like primary human hepatocytes, 

suggesting a possible human cell source for steady generation of humanized liver TK-NOG 

mice.54,55 Humanized mice reconstituted with human immune systems are also essential to 

study human immune reactions in vivo and are expected to be useful for studying human 

allergies. A novel transgenic NOG strain bearing human interleukin-3 and granulocyte 
macrophage colony-stimulating factor genes has been developed.56 Combinations of 

transplanted human hepatocytes and immune system may become available in the future to 

study human-type drug metabolite identification and resulting human immune reactions in 

the combined model of humanized mice. These humanized model mice provide accurate 

preclinical predictions of human drug metabolism and disposition, coupled with MS 

methods.
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NOG mice non-obese diabetes-severe combined immunodeficiency-interleukin-2 

receptor gamma chain-deficient mice
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Figure 1. 
Metabolic pathways of thalidomide (A) and 5-n-butyl-pyrazolo[1,5-a]pyrimidine (B). 

Proposed formation of the glutathione conjugate (A) is modified from Chowdhury et al.43. 

Proposed mechanism for a putative quinone imine metabolite and conjugate formation at the 

6-position (B) is taken from Kuribayashi et al.50
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Figure 2. 
PBPK model for animals, humanized TK-NOG mice, and humans.
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Figure 3. 
Results of simplified human PBPK models for caffeine (A), S-warfarin (B), omeprazole (C), 

metoprolol (D), and midazolam (E) after virtual single oral doses. Solid ( ) and 

broken ( ), ( ), ( ), and ( ) lines show simplified human PBPK 

models based on humanized TK-NOG mouse, marmoset, cynomolgus monkey, dog, and 

minipig PBPK models, respectively. Circles (with SD bars) show reported mean human 

plasma concentrations after single oral administration of a combination of five probe drugs 

to 30 Caucasian subjects (2.1 mg/kg for midazolam, 10 mg for S-warfarin, 20 mg for 

omeprazole, and 100 mg for caffeine and metoprolol).57
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Figure 4. 
Plasma concentrations of thalidomide and 5-hydroxythalidomide-GSH conjugate (A) 

measured in control TK-NOG mice (open circles) and chimeric TK-NOG mice with 

humanized liver cells (solid triangles) and thalidomide (open circles, reported by Eriksson et 
al.58; broken lines) and the sum of 5-hydroxythalidomide metabolites containing 5-

hydroxythalidomide-GSH conjugate and 5,6-dihyrdoxythalidomide (solid lines) estimated in 

humans in silico after oral administration of a single dose of thalidomide (100 mg/kg for 

mice and 100 mg for humans). Results are expressed as mean values (± SD) obtained with 

four mice (**p < 0.01, and *p < 0.05, two-way ANOVA with Bonferroni post tests). Results 

are reproduced from Nishiyama et al.14
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Figure 5. 
Covalent binding profiles of liver microsomal protein fractions separated by two-

dimensional electrophoresis. Loaded liver protein samples (100 μg) were subjected to 

isoelectric focusing (pI 3–10) and were then separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (10–225 kDa). In vivo liver protein bindings with 

metabolically activated 14C-substrates in humanized liver mice were analyzed by accelerator 

mass spectrometry. The results for 5-n-butyl-pyrazolo[1,5-a]pyrimidine, a new drug 

candidate OT-7100 metabolite, are taken from Yamazaki et al.51
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Table 1

Reported urinary concentrations of DEHP and bisphenol A and their estimated exposures.

urinary concentrations for men in USA, μg/L estimated exposure, μg/kg/day daily tolerated intake, 
μg/kg/day

D(M)EHP (2005–2006) geometric mean, 95th percentile, 3.4
50

0.087
1.3

30 or 50

bisphenol A (2003–2004) geometric mean, 95th percentile, 2.6
16

0.067
0.41

50

Details are presented in the text.
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