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INTRODUCTION

Chimeric mice with humanized liver are produced by the 
transplantation of human hepatocytes into host chimeric mice 
with liver injuries and immunodeficiencies. Several mod-
els of the host mice such as the urokinase-type plasminogen 
activator (uPA)/severe combined immunodeficient (SCID) 
mouse, Fah−/−, Rag2−/−, Il2r−/− (FRG) mouse and a NOG mouse 
expressing a thymidine kinase transgene (TK-NOG) were 
developed to establish chimeric mice.1,2) The transplanted 
human hepatocytes proliferate and within two months consti-
tute more than 70% of the liver of the chimeric mouse.3) Chi-
meric mice with humanized liver are considered to be use-
ful animal models for conducting studies on the virology of 
the hepatitis B virus (HBV) and hepatitis C virus (HCV), pre-
diction of drug metabolism and pharmacokinetics (PK), and 
hepatotoxicity.4-8)

The replacement index (RI) of human hepatocytes in chi-
meric mice represents the occupancy ratio of the region of the 
human liver to that of the mouse liver. These values can be 
estimated by calculating the concentration of human albumin 
in the blood.3) In general, chimeric mice with humanized liv-
er having a high RI (>70%) are often used. However, those 

with RI lower than 70% are also found to be useful. For exam-
ple, it is known that HBV infects chimeric mice with both low 
and high RIs; however, HCV does not infect chimeric mice 
with a low RI.6) To elucidate the effects of species differenc-
es in the metabolic profiles of mice and humans, Sanoh et 
al.9) used mass spectrometry imaging to report changes occur-
ring in the phosphatidylcholines localized in the human and 
mouse regions in the liver of chimeric mice with a medium 
RI. By using chimeric mice with low, medium and high RIs 
respectively, Kitamura et al.10) and Sanoh et al.7) demonstrated 
the effects of aldehyde oxidase and cytochrome P450 (CYP) 
metabolism on the remaining mouse hepatocytes. Further-
more, Kamimura et al.11) predicted the clearance of the partial 
glucokinase activator, PF-04937319, in humans by stepwise 
plotting each clearance value obtained in the chimeric mice 
with a wide range of RIs and then extrapolating these results 
for the chimeric mice with RI of 100%. Using chimeric mice 
with RIs increasing gradually from low to high enables us to 
understand the effect of species differences in the metabolism 
of mice and humans in detail, and reliable prediction becomes 
possible.

Recently, remarkably high concentrations of bile acid were 
reported in the bile, plasma and livers of the chimeric mice 
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with RI greater than 80% as compared to those of the host 
mice, FRG on non-obese diabetic strain background (FRGN) 
mice.12) Furthermore, Chow et al.12) suggested that the reason 
for this difference in the concentration of bile acids was due 
to the enzyme responsible for the biosynthesis of bile acids, 
CYP7A1. According to them, CYP7A1 was not regulated 
because the mouse fibroblast growth factor (FGF)15 derived 
from the intestine of the mouse cannot recognize a human 
fibroblast growth factor receptor 4 contributing to the negative 
regulation of CYP7A1 in the human livers in chimeric mice.

Perturbations in the homeostasis of bile acids may affect 
the predictions of drug metabolism, pharmacokinetics, and 
hepatotoxicity. In this study, we investigated the differences in 
the concentrations of bile acids in the sera of the host chimeric 
mice, cDNA urokinase-type plasminogen activator-transgen-
ic/severe combined immunodeficient (cDNA-uPAwild / +/SCID)  
mice, with low to high RIs to elucidate the effects of both, 
proliferating human hepatocytes and remaining mouse hepat-
ocytes, on the bile acid concentrations in detail. The findings 
of the current study could be fundamental in providing the 
knowledge for the use of chimeric mice with humanized liver 
with a wide range of RIs.

MATERIALS AND METHODS

Chemicals   Cholic acid (CA) was purchased from Nacalai 
Tesque, Inc. (Kyoto, Japan). Chenodeoxycholic acid (CDCA), 
ursodeoxycholic acid (UDCA), lithocholic acid (LCA), tauro-
ursodeoxycholic acid dihydrate (TUDCA), sodium glycocho-
late hydrate (GCA), and sodium glycodeoxycholate (GDCA) 
were purchased from Tokyo Chemical Industry Co., Ltd. 
(Tokyo, Japan). Sodium deoxycholate (DCA) and sodium tau-
rocholate (TCA) were purchased from FUJIFILM Wako Pure 
Chemical Corporation). Taurochenodeoxycholic acid (sodi-
um salt) (TCDCA) and taurodeoxycholic acid (sodium salt) 
(TDCA) were purchased from Merck KGaA (Darmstadt,  
Germany). Tauro-β-muricholic acid (sodium salt) (TMCA), 
sodium glycochenodeoxycholate (GCDCA), and nor-des-
oxycholic acid (Nor-DCA) were purchased from Cayman  
Chemical (MI, USA), Sigma-Aldrich Co. (St. Louis, MO, 
USA), and Toronto Research Chemicals Inc. (Ontario, Cana-
da) respectively.

Animals   We used 17-18 weeks old, male chimeric mice 
with humanized liver (PXB mouse®; PhoenixBio Co., Ltd., 
Hiroshima, Japan), which were produced by transplanting 
commercially available human hepatocytes (BD195; Hispanic  
female two years old girl; Corning Japan KK, Tokyo, Japan) 
into urokinase-type plasminogen activator cDNA transgen-
ic/severe combined immunodeficient (c-DNA-uPAwild/+/SCID) 
mice. Their RIs were calculated as the ratio of the area occu-
pied by human cytokeratin 8/18 (hCK8/18)-positive human 
hepatocytes to the entire area examined on immunohistochem-
ical liver frozen sections stained with anti-hCK8/18 mouse 
monoclonal antibodies (Cappel Laboratory, Cochranville, PA) 
as described previously3). All experiments were approved by 
the Animal Ethics Committee at PhoenixBio Co., Ltd. and the 
Hiroshima University.

LC-MS/MS   The serum samples were mixed with metha-
nol containing Nor-DCA as an internal standard. After centrif-
ugation for 5 min at 14,000 × g, the supernatants were diluted 
with 10 mM ammonium acetate in the ratio of 1:1. Then, ali-
quots were injected into an LC-MS/MS. A Nexera high-per-

formance liquid chromatography system (Shimadzu, Kyoto, 
Japan) with an Inertsil ODS-3 column (5 µm, 2.1 × 100 mm; 
GL Sciences Inc., Tokyo, Japan) was used for the LC sepa-
ration. The mobile phases used in the study were 10 mM 
ammonium acetate (A) and acetonitrile (B). The gradient 
condition (A:B) at the flow rate of 200 μL/min was as fol-
lows: 0 min (75:25), 12 min (60:40), 16–20 min (5:95) and  
20.1–23 min (75:25). The MS/MS measurements were per-
formed using an LCMS-8050 system (Shimadzu). The precur-
sor ion and product ions (m/z) of bile acids and the internal 
standard under negative-ion mode are described as follows: 
CA (m/z, precursor ion: 407.25→product ion: 407.25), CDCA 
(m/z, 391.25→391.25), DCA (m/z, 391.25→391.25), UDCA 
(m/z, 391.25→391.25), LCA (m/z, 375.25→375.25), TCA 
(m/z, 514.30→80.05), TCDCA (m/z, 498.25→80.10), TDCA 
(m/z, 498.20→80.05), TUDCA (m/z, 498.30→80.05), TMCA 
(m/z, 514.20→80.05), GCA (m/z, 464.30→74.20), GCDCA 
(m/z, 448.25→74.20), GDCA (m/z, 448.30→74.20), and Nor-
DCA (m/z, 377.20→377.20). α+β forms of tauromuricholic 
acid were measured and the β-form was used to calculate the 
calibration curve.

RESULTS AND DISCUSSION

Serum concentrations of 13 bile acids including princi-
pal non-conjugates and amino acid conjugates in chimeric 
mice with RI values of 30.2%, 48.7%, 57.8%, 79.7%, 79.9%, 
84.4%, 89.5%, 92.3% and 93.8%, and in cDNA-uPA/SCID 
mice as non-transplanted host mice (RI, 0%) were measured 
using LC-MS/MS. The total concentrations of 13 bile acids in 
the chimeric mice with humanized liver were found to increase 
with a stepwise elevation in the RIs (Fig. 1A). The total con-
centration of bile acids in the chimeric mice with the highest 
RI (93.8%) was approximately 20-fold higher than that in the 
host mice (RI, 0%). The concentrations of bile acids in the chi-
meric mice with RIs ranging from 48.7%–93.8% were remark-
ably higher than those in C57BL/6 mice (3.1 μM), as reported 
by Thakare et al.13), as well as those in the host mice. Further-
more, these concentrations were also higher than those found 
in humans (3.9 μM).13) These findings suggest that the extent 
of transplantation of human hepatocytes in mice influenced the 
bile acid concentrations in their sera. In a previous study by 
Chow et al.12), concentrations of bile acids in the plasma were 
compared among non-transplanted host mice (FRGN mice), 
mouse hepatocyte-transplanted mice and chimeric mice with 
high RIs >80%. Although the host mice used by them were 
different from those involved in our study, it was noticed that 
our results were similar to their findings because Chow et al.12) 
had reported that the total bile acids in the plasma of chimer-
ic mice with high RIs (>80%) was also 24- and 49-fold high-
er than those occurring in the mouse hepatocyte-transplanted 
mice and non-transplanted host mice, respectively. Chow et 
al.12) suggested that the biosynthesis of bile acids by CYP7A1 
is excessively promoted in the livers of chimeric mice. Moreo-
ver, when the nuclear receptor, farnesoid X receptor, is exces-
sively activated by an increase in the concentration of bile 
acids, the forkhead box protein m1b is remarkably induced 
and abnormal hepatocyte proliferation occurs. Therefore, high 
concentrations of bile acids in the chimeric mice with human-
ized liver are believed to increase the liver weight excessive-
ly.14) In fact, ratios of the liver-to-body weights in the chimeric 
mice with humanized liver are 1.5 to 2-fold higher than those 
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Fig. 1.   Total Concentration of 13 Bile Acids (A) and the Bile Acid Composition (B) in Chimeric Mice with Different RIs of Human Hepatocytes
The concentration of individual bile acids in the serum was measured by LC-MS/MS. The bile acid composition in cDNA-uPA/SCID mice was shown as the average (n=3). The 

bile acid concentrations and compositions below the quantification limit (< 0.01 μM) were set to zero.

(A)

(B)
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of the normal mice.15) Also, in the current study, ratios of the 
liver-to-body weights in chimeric mice with high RIs were 
observed to be greater than those with low RIs. Furthermore, 
these profiles could be correlated with their bile acid concen-
trations (Fig.1A, Table 1). Therefore, it can be suggested that 
the expression of CYP7A1 can also increase with a stepwise 
elevation of the RIs.

Fig. 1B shows the composition of each bile acid in the 
sera of the chimeric mice with humanized liver (RI, 30.2%-
93.8%) and the cDNA-uPA/SCID mice. With reference to the 
study by Thakare et al.13) (Table 2), these composition profiles 
were largely classified into five indexes based on the following 
parameters: the number of hydroxyl groups in their structures, 
primary and secondary bile acids, glycine and taurine conju-
gates, CA/CDCA ratio and the hydrophobicity index (HI).

First, bile acids were classified based on the number of 
hydroxyl groups contained in their chemical structures and the 
percentage of each with respect to the total bile acid concentra-
tion was calculated (Table 2). The bile acid with one hydrox-
yl group (Mono-OH BA), which is corresponding to LCA in 
this study, was detected in the chimeric mice with RIs ranging 
from 48.7%-93.8%. The ratio (%Mono-OH BA) was similar 
to that of the C57BL/6 mouse but was found to be lower than 
the ratio in humans. It is known that the ratios of bile acids 
with two hydroxyl groups (%Di-OH BA), which correspond 
to CDCA, DCA, UDCA, TCDCA, TDCA, TUDCA, GCD-
CA and GDCA in C57BL/6 mice were lower than those in 
humans. On the other hand, the ratios of bile acids with three 
hydroxyl groups (%Tri-OH BA), which are corresponding to 
CA, TCA, TMCA and GCA in C57BL/6 mice were found to 
be higher in humans (Table 2).13) However, the percentages of 
the bile acids with two and three hydroxyl groups in chimer-
ic mice with humanized liver did not significantly reflect the 
differences between mice and humans. It is necessary to con-
sider the effects of liver injury characterized in the host mice 
and of the bile acid metabolism in the livers of chimeric mice. 
Muricholic acid (MCA), a bile acid specific to rodents, is bio-
synthesized by Cyp2c70 from CDCA and UDCA. Cyp2c70 is 
not expressed in humans and the homologue of Cyp2c70 in 
humans is also not known.16) However, in Fig. 1B, the percent-
ages of TMCA, the taurine conjugate of MCA, were high even 
in the chimeric mice with high RIs. Cyp2c70 expressed in the 
remaining mouse liver may be contributing to the biosynthe-
sis of MCA.

Second, the bile acids were classified into primary bile 
acids, which are biosynthesized in the livers, and secondary 
bile acids, which are biosynthesized by the intestinal bacteria. 
Percentages of primary and secondary bile acids to the total 
bile acid concentrations and the ratios of primary to secondary 
bile acids were calculated. In C57BL/6 mice, the percentages 

of primary bile acids were higher than those in humans, while 
those of secondary bile acids were found to be lower (Table 
2).13) Although the percentage ranges of primary and second-
ary bile acids in chimeric mice with different RIs were not sig-
nificantly clear, the ratios of primary to secondary bile acids 
were seen to decrease as the RIs increased. The ratios of pri-
mary to secondary bile acids in C57BL/6 mice were higher 
than those in humans. The profiles of chimeric mice reflect-
ed the differences between mice and humans (Table 2). How-
ever, it is necessary to consider the effects of intestinal bacteri-
al flora on the profiles of secondary bile acids in the intestines 
of chimeric mice.

The percentages of glycine and taurine conjugations to the 
total bile acid concentrations were calculated. It is known that 
the percentages of glycine conjugations in C57BL/6 mice are 
lower than those in humans. As the RIs in chimeric mice were 
higher, the percentages of glycine conjugations were inclined 
to increase (Table 2). Conversely, the percentages of taurine 
conjugations are higher in the C57BL/6 mice than those in 
humans. As the RIs were higher, the percentages of taurine 
conjugations were inclined to be on the lower side. However, 
the values of taurine conjugations in the chimeric mice with 
high RIs were still higher as compared to those in humans 
(Table 2). It is known that, in humans, the glycine conjuga-
tions are biosynthesized more than the taurine conjugations 
whereas the opposite takes place in C57BL/6 mice.13) The 
enzymatic activity of the bile acid-CoA: amino acid N-acyl-
transferase, which catalyzes the amidation of bile acids for the 
taurine and glycine conjugations is comparable in human.17) 
However, it has been suggested that there is a species dif-
ference in the intra-peroxisomal concentrations of the amino 
acids when utilized as sources of amidation because of a spe-
cies difference in the synthesis of the amino acids.17,18) Con-
sidering these reports, it can be suggested that in the chimeric 
mice with humanized liver, taurine may have been supplied by 
the remaining mouse liver cells or other tissues, which led to 
an increase in the taurine conjugates.

The ratios of CA to CDCA as a probe of the sterol 
12-α-hydroxylase, CYP8B1, were calculated. 13) This ratio in 
humans is markedly lower than that in the C57BL/6 mice. The 
CA metabolic pathway is regarded as a dominant pathway in 
mice. As the RIs in the chimeric mice with humanized liv-
er were higher, the CA/CDCA ratios were likely to be lower. 
However, the values in the chimeric mice with high RIs were 
still high when compared to those in humans. It can be sug-
gested that CYP8B1 in the remaining mouse liver might be 
promoting CA biosynthesis.

Finally, the HI was calculated according to the method by 
Heuman.19) This index is a sum of the multiplications of the 
individual bile acids with the total concentration ratio and 

Table 1.   Information Regarding Each cDNA-uPA/SCID Mouse and Chimeric Mouse Used in This Study

cDNA-uPA/SCID mouse Chimeric mouse with humanized liver (PXB mouse®)
Replacement index (%) 0 0 0 30.2 48.7 57.8 79.7 79.9 84.4 89.5 92.3 93.8
Donor None None None BD195 BD195 BD195 BD195 BD195 BD195 BD195 BD195 BD195
Sexuality M M M M M M M M M M M M
Days after transplantation – – – 98 98 98 98 98 98 98 98 98
Body weight (g) 23.8 23.8 24.1 24.1 24.2 22.5 23.3 25.1 23.2 22.2 22.4 20.4
Liver weight (g) 1.31 1.30 1.27 1.45 1.78 1.69 2.15 2.80 2.22 2.60 2.13 2.58
Liver-to-body weight ratio (%) 5.51 5.48 5.27 6.02 7.36 7.52 9.22 11.1 9.54 11.7 9.52 12.7
Human albumin (mg/mL) – – – 1.54 4.64 5.15 9.21 11.6 8.47 12.9 11.5 14.6
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the constants of the hydrophilic-hydrophobic balance in the 
individual bile acids, as estimated from the retention time in 
HPLC. In the C57BL/6 mice, negative values of the HI are 
observed, which indicate that the hydrophobicity of the bile 
acids is low, whereas a positive value observed in humans 
indicates a high hydrophobicity of the bile acids (Table 2).13) 
Positive values were observed in chimeric mice with human-
ized liver. In general, it is known that the high hydrophobicity 
of bile acids is the cause of potent cytotoxicity.20,21) Bosentan, 
an endoserine receptor antagonist for pulmonary hyperten-
sion, was reported to cause liver injury specific to humans.22,23) 
When bosentan was repeatedly administered to chimeric mice 
with humanized liver whose host mice were TK-NOG, the 
concentrations of alanine transaminase and total bile acids 
increased in the plasma. It can be assumed that a cholestat-
ic liver injury might have occurred in the chimeric mice with 
humanized liver.24) The mechanism of liver injury by bosen-
tan in different species is still unclear and evaluation of the 
change in the HI may reveal the mechanism underlying bosen-
tan-induced cholestasis.

In conclusion, here we studied the varying concentrations 
of bile acids in the sera of chimeric mice with different RIs. 
The concentration of total bile acids increased as the RIs 
were elevated and their values exceeded the actual concentra-
tions observed in humans. The indexes obtained upon evalu-
ating the compositions of bile acids, primary and secondary 
bile acid ratios, amino acid conjugates, and the HI were found 
to approach the human profiles. However, the composition of 
each bile acid does not correspond to that of humans. It is nec-
essary to consider the contribution of bile acid metabolism in 
the remaining mouse hepatocytes, primary to secondary bile 
acid metabolism by intestinal flora and susceptibility of mouse 
FGF15 in chimeric mice with humanized liver. Chimeric mice 
expressing the gene coding for human FGF19 could be utilized 
in previous study.14) The findings of the current study could be 
fundamental in providing knowledge on the use chimeric mice 
with humanized liver with a wide range of RIs to study drug 

metabolism, PK, and hepatotoxicity.
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