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Application of humanized mice to toxicology studies: properties of
chimeric mice with humanized liver (PXB-mice) for hepatotoxicity
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Abstract: Chimeric mice with humanized liver are considered a useful tool to predict drug pharmacokinetics and in vivo toxicity in
humans. The PXB-mouse is one of such chimeric (humanized) mouse models with more than 70% of human hepatocytes in their liver,
which can produce human albumin with human-type bile secretion and express human xenobiotic metabolizing enzymes. However,
data are limited regarding the properties of such humanized mice in hepatotoxicity studies. This study aimed to explore the distinc-
tive characteristics of chimeric PXB-mice with humanized liver that can influence susceptibility to hepatotoxicity. Morphologically,
the PXB-mice have a diffuse hepatic macrovesicular and microvesicular steatosis in the transplanted human hepatocytes, which can
be suppressed after human growth hormone treatment. The humanized liver of the PXB-mice has a metabolic zonation of glutamine
synthetase, cytochrome P450 2E1, and argininosuccinate synthase 1, similar to normal liver in rodents and humans. The transplanted
human hepatocytes in the PXB liver have a markedly decreased N-cadherin expression compared with normal human liver. Scanning
electron microscopy revealed formation of septum-like structures encircling the transplanted human hepatocytes in the PXB liver,
which consists of an accumulation of fibers in the space of Disse under transmission electron microscopy and is immunolabeled for
laminin. Overall, the present report demonstrated the morphological and immunohistochemical characteristics of the PXB-mice with
humanized liver along with some abnormalities in the cell adhesion of the transplanted human hepatocytes. These findings would be
useful for hepatotoxicity studies using humanized animal models. (DOI: 10.1293/tox.2024-0092; J Toxicol Pathol 2025; 38: 183—189)
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Drug-induced liver injury (DILI) represents a major
health issue worldwide that results in substantial morbidity
and mortality in humans! 2. Due to the widespread use of
prescribed and over-the-counter drugs, along with the rapid
development of novel drug research, different types of clini-
cal drugs which can be potentially cause DILI are increas-
ing. As a result, the development of DILI has been concern-
ing over the years3. Although the incidence of DILI is low
amongst the general population, it can cause decreased liver
functions. In the worst-case scenario, acute liver injury can
lead to severe liver damage with a case fatality rate of up
to 50%¢*. In that case, it might require liver transplant and
can even lead to death!. While progress has been made in
understanding the diagnosis, prevention, and treatment of
viral, autoimmune, and hereditary liver diseases, such un-
derstanding of DILI has not been advanced as much. The
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diagnosis of DILI is difficult since it is based largely on the
elimination of other possible etiologies. To date, there are
no specific diagnostic markers for DILI. Based on one pub-
lished case report, 447 (46%) have been linked in causing
liver injury out of 971 prescription drugs described>. DILI
is also one of the leading causes of drug development at-
tritions, post market withdrawal, and boxed-warnings®. A
deeper understanding of the pathogenesis of DILI would fa-
cilitate effective control strategies.

The mechanism of DILI involves multifactorial pro-
cesses, and elucidating the complete mechanism of DILI
is still extremely challenging’. Precisely predicting DILI in
humans from preclinical safety test data remains difficult
because of considerable species differences between ani-
mals and humans. Rodents, particularly mice and rats, are
commonly used for testing the safety of drugs and chemi-
cal compounds. However, drug metabolism varies between
rodents and humans8. 9, such that although some drugs may
not harm rodents, they can be toxic to humans!0. Reportedly,
regulatory toxicology studies conducted in rodent models
failed to predict human DILI in approximately 45% of cas-
es!l. Thus, more sensitive and reliable preclinical models are
urgently required to predict the development of DILI.

To date, a few chimeric mice with humanized livers
have been developed for new drug development, drug me-
tabolism and pharmacokinetics, and in vivo toxicology stud-
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ies!2. 13, The PXB (cDNA-uPA/SCID)-mouse is one of such
chimeric (humanized) mouse models where more than 70%
of endogenous murine hepatocytes are replaced by trans-
planted human hepatocytes!3. PXB-mice produce human
albumin with human-type bile secretion and express xeno-
biotic metabolizing enzymes and transporters that enable
a high predictability for human drug pharmacokinetics!4.
Several studies have reported the utility of PXB-mice to de-
tect human-specific toxicological responses in the liver!5-17,
however, data are still limited regarding the properties of
PXB-mice in hepatotoxicity studies. Therefore, the pres-
ent study aimed to explore the distinctive characteristics of
PXB-mice that can influence susceptibility to hepatotox-
icity. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (code nos.
21-161, 22-143, 23-063, and 24-063) and was performed ac-
cording to the Guidelines for Animal Experimentation at
Osaka Metropolitan University. The PXB-mice were fed
a diet containing vitamin C (300 mg/100 g diet; Oriental
Yeast Co., Ltd., Tokyo, Japan) ad libitum, with no fasting
performed before necropsy. Mice were euthanized under
deep isoflurane anesthesia.

Chimeric PXB-mice at the age of 18-21 weeks, which
had received transplantation of human hepatocytes at the age
of 3 weeks, were investigated in this study, using formalin-
fixed paraffin-embedded sections and primary antibodies as
listed in Table 1. The results were compared with those of
normal liver in humans, mice (C57BL/6, 6—10 weeks old),
and rats (F344, 6-10 weeks old). Immunohistochemical
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images of normal human liver were obtained from Human
Protein Atlas (http:/www.proteinatlas.org/)!8. Macroscopi-
cally, the humanized mouse liver was diffusely pale in color
(Fig. 1A). Histopathologically, the human hepatocytes had
small and round to ovoid nuclei (Fig. 1B, 1C), while in the
residual murine hepatocytes, the nuclei were larger and the
cytoplasm was more eosinophilic with more variations in
their size (Fig. 1D, indicated by arrows). The human hepa-
tocytes were characterized by diffuse macrovesicular and
microvesicular steatosis (Fig. 1B, 1C). Cytoplasmic vacu-
olation was absent or minimal in the residual mouse hepa-
tocytes (Fig. 1D, indicated by arrows). The hepatic steatosis
of the humanized liver can be suppressed by the administra-
tion of recombinant human growth hormone (hGH; Fujifilm
Wako, Osaka, Japan) at 2.5 mg/kg/day via osmotic pump
(Model 1002, Alzet Corporation, PaloAlto, CA, USA) for
14 days (Fig. 1E, 1F), as reported elsewhere!®. The influence
of GH on hepatotoxicity should be considered in the pre-
clinical study using humanized mice with GH administra-
tion, since GH is reported to reduce liver injury in metabolic
dysfunction-associated steatotic liver disease20. The hepatic
steatosis can also be suppressed by treatment with hGH ana-
logue (Sogroya; Bagsvaerd, Denmark) at 1 mg/kg/day via
osmotic pump (Fig. 1G) or its repeated intraperitoneal injec-
tion at 5 mg/kg 3 times per week for 14 days (Fig. 1H). Im-
munohistochemistry for adipophilin, a protein specifically
localized to the lipid droplet surfaces?!, can delineate lipid
vacuoles of the human hepatocytes in the humanized liver
using paraffin sections (Fig. 11). The clone AP125 antibody

Table 1. Antibodies Used for Immunohistochemistry on the Humanized Liver

Reactivity in

Antibody Company Catalogue # Pretreatment Dilution FFPE sections
Adipophilin/perilipin-2 Progen, Heidelberg, Germany 690102S Autoclaving in 10 mM 1:200 Human (+)
citrate buffer (pH6.0) Mouse ()
Rat ()
Glutamine synthetase Merck, Darmstadt, Germany MAB302 Autoclaving in 10 mM 1:200 Human (+)
(GS) citrate buffer (pH6.0) Mouse (+)
Rat (+)
Cytochrome P450 2E1 Merck HPA009128 Autoclaving in 10 mM 1:200 Human (+)
(CYP2ED) Tris-1 mM EDTA (pH9.0) Mouse (+)
Rat (+)
argininosuccinate synthase I ~ Abcam, Cambridge, UK ab170952 Autoclaving in 10 mM 1:1,000 Human (+)
(ASSI) citrate buffer (pH6.0) Mouse (+)
Rat (+)
E-cadherin BD Biosciences, 610181 Autoclaving in 10 mM 1:500 Human (+)
Franklin Lakes, NJ, USA Tris-1 mM EDTA (pH9.0) Mouse (+)
Rat (+)
N-cadherin Thermo Fisher Scientific, 33-3900 Autoclaving in1l0 mM 1:500 Human (+)
Waltham, MA, USA Tris-1 mM EDTA (pH9.0) Mouse (+)
Rat (+)
B-catenin Thermo Fisher Scientific 13-8400 Autoclaving in 10 mM 1:500 Human (+)
Tris-1 mM EDTA (pH9.0) Mouse (+)
Rat (+)
Laminin Cosmo Bio, Tokyo, Japan LB-1013 100 pg/mL proteinase K,  1:1,000 Human (+)
30 °C, 10 min Mouse (+)
Rat (+)

FFPE: formalin-fixed paraffin-embedded; EDTA: Ethylenediaminetetraacetic acid.
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is useful to evaluate the degree of steatosis suppression after
hGH treatment, since it does not react with murine hepato-
cytes (Fig. 1J). Periodic acid-Schiff (PAS) reaction revealed
diffuse accumulation of glycogen in the human hepatocytes
in hGH-treated groups, which was more prominent than in
the residual murine hepatocytes (Fig. 1K). The glycogen ac-
cumulation did not change after hGH treatment (Fig. 1L).
Immunohistochemistry for glutamine synthetase (GS;
specifically expressed by zone-3 hepatocytes surrounding
the central vein), cytochrome P450 2E1 (CYP2EL; expressed
by zone 3 to 2 hepatocytes), and argininosuccinate synthase
1 (ASSI; expressed by zone 1 to 2 hepatocytes)?? was per-
formed in order to investigate the “metabolic zonation”
(zone specificity of the metabolic enzymes) in the human-
ized liver of PXB-mice. The distribution of these enzymes
was similar between the humanized liver of PXB-mice
(Fig. 2B, 2F, 2J) and normal liver of humans (Fig. 2A, 2E, 21),
mice (Fig. 2C, 2G, 2K), and rats (Fig. 2D, 2H, 2L), suggest-
ing that metabolic zonation is formed in the humanized
liver. The reproductivity of the metabolic zonation in the

H
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humanized liver may be beneficial for in vivo preclinical
models to predict human hepatotoxicity.
Immunohistochemistry for E-cadherin, N-cadherin,
-catenin, and laminin was performed in order to character-
ize cell adhesion properties of PXB-mice. Immunolabeling
for E-cadherin was diffuse and strong in the cell membrane
of the human hepatocytes in PXB-mice (Fig. 3B), similar to
normal human liver (Fig. 3A). The membranous E-cadherin
immunolabeling was stronger in the zone 1 than in the zone
3 in mice (Fig. 3C) and to a lesser extent in rats (Fig. 3D).
Membranous immunolabeling for N-cadherin was very
faint in the human hepatocytes of PXB-mice (Fig. 3F),
whereas it was diffuse and strong in normal human hepato-
cytes (Fig. 3E). In the PXB-mice, membranous N-cadherin
immunolabeling was present in the residual murine hepato-
cytes (Fig. 3F, asterisk). In contrast to E-cadherin, the mem-
branous immunolabeling for N-cadherin was stronger in the
zone 3 than in the zone 1 in mice (Fig. 3G) and to a lesser
extent in rats (Fig. 3H), indicative of “cadherin zonation”
in the rodent liver but not in humans. Membranous immu-

PXB+Sogroya

Fig. 1. Pathological phenotypes of chimeric mice with humanized liver (PXB-mice). (A) Grossly, the humanized liver is diffusely pale, sugges-
tive of fatty liver. (B—D) Histopathology of the humanized liver. The liver is characterized by a diffuse macrovesicular and microvesicular
steatosis in the transplanted human hepatocytes. The human hepatocytes have small and round to ovoid nuclei while the residual murine
hepatocytes, indicated by arrows in D, have large nuclei and eosinophilic cytoplasm with more variations in their size. (E, F) The hepatic
steatosis of the humanized liver is suppressed by treatment with human growth hormone (hGH) using an osmotic pump for 14 days. (G,
H) The hepatic steatosis is also suppressed by treatment with hGH analogue (Sogroya) via osmotic pump (G) or repeated intraperitoneal
injection (H) for 14 days. (I, J) Adipophilin immunohistochemistry using paraffin sections visualizes macrovesicular and microvesicular
vacuoles in the humanized liver without hGH treatment (I) and reveals suppression of the lipid vacuoles after hGH treatment via osmotic
pump (J). (K, L) Periodic acid-Schiff reaction reveals a diffuse glycogen accumulation in the human hepatocytes without hGH treatment
(K), which is more prominent than in the murine hepatocytes (asterisk). The degree of the glycogen accumulation does not change after

hGH treatment (L).
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Fig. 2. Distribution of xenobiotic metabolizing enzymes in the humanized liver. Representative images of immunohistochemistry for gluta-
mine synthetase (GS; A-D), cytochrome P450 2E1 (CYP2EL; E-H), and argininosuccinate synthase 1 (ASS1; I-L) in the humanized
PXB-mice (B, F, J), humans (A, E, I), normal mice (C, G, K), and normal rats (D, H, L). The humanized liver has a similar distribu-
tion of GS and CYP2EI to normal liver of humans and rodents: GS and CYP2EI1 are expressed by zone 3 and zone 3 to 2 hepatocytes,
respectively. ASSI is weakly expressed by zone 1 hepatocytes in PXB-mice while it is expressed broadly by zone 1 to 2 hepatocytes of
normal humans and rodents. Images of immunohistochemistry for GS (https:/www.proteinatlas.org/ENSG00000135821-GLUL/tissue/
liver; antibody HPA007316), CYP2EI (https://www.proteinatlas.org/ENSG00000130649-CYP2El/tissue/liver; antibody HPA009128),
and ASSI1 (https://www.proteinatlas.org/ENSG00000130707-ASS1/tissue/liver; antibody HPA020896) in the human liver were obtained
from Human Protein Atlas. C: central vein; P: portal vein. Bars=100 pm.

nolabeling for B-catenin was diffusely seen in hepatocytes
of PXB-mice, humans, mice, and rats (Fig. 3I-3L). These
results suggest an altered balance of cadherin expression
in the humanized liver of PXB-mice. In addition, as shown
in the E-cadherin and B-catenin immunohistochemistry,
the contour of the human hepatocytes was irregular, cor-
rugated, and jagged in the PXB-mice while the contour was
smooth and polygonal in normal hepatocytes of humans,
mice, and rats (Fig. 3, insets).

Immunolabeling for laminin was irregularly and
strongly seen along the sinusoids adjacent to the human he-
patocytes (Fig. 3N), while it was almost absent in the sinu-
soids of the murine hepatocyte region in the PXB- mice and
of normal liver in humans, mice, and rats (Fig. 3M, 30, 3P).
Electron microscopy analysis was performed in order to
further characterize the morphology of the humanized liver
in the PXB-mice. Scanning electron microscopy revealed
formation of septum-like structures encircling the trans-
planted human hepatocytes in the PXB- mice (Fig. 4B, 4C),
which was not observed in the normal mouse liver (Fig. 4A).
Transmission electron microscopy revealed a widening of

the space of Disse with an accumulation of fibers in the
PXB-mice (Fig. 4D). These results suggest that the human-
ized liver has an abnormal formation of septum-like struc-
tures, containing laminins, around the transplanted human
hepatocytes. To the best of our knowledge, this is the first
report showing alterations in the expression of cell adhesion
molecules and the structure of sinusoidal wall in the human-
ized liver!2. 13, Since the sinusoidal wall is located between
hepatocytes and the circulating blood, its structural change
can influence hepatocyte responses to xenobiotics. Further
investigation is needed in order to elucidate the significance
of such alterations in the evaluation of hepatotoxicity study.

The present study reported the morphological and im-
munohistochemical characteristics of the PXB-mice with
humanized liver, and some abnormalities in the cell adhe-
sion of the transplanted human hepatocytes. These findings
would be useful for hepatotoxicity studies using humanized
animal models.
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Fig. 3. Distribution of cell adhesion molecules in the humanized liver. Representative images of immunohistochemistry for E-cadherin (A-D),
N-cadherin (E-H), B-catenin (I-L), and laminin (M—P) in humanized PXB-mice (B, F, J, N), humans (A, E, I, M), normal mice (C, G,
K, O), and normal rats (D, H, L, P). Membranous expression for E-cadherin in hepatocytes is zone-1 specific in mice (C), diffuse but
zone-1 associated in rats (D), and is diffuse in PXB-mice (B) and humans (A). Membranous N-cadherin expression in hepatocytes is
zone-3 (to zone-2) specific in mice (G) and rats (H), diffuse in humans (E), and is rare and faint in PXB-mice (F). Membranous f-catenin
expression in hepatocytes is diffuse without zone specificity in PXB-mice (J), humans (I), mice (K), and rats (L). Laminin expression is
absent in the sinusoids of normal liver in humans (M), mice (O), and rats (P) while aberrant laminin expression is present in the sinusoids
of PXB-mice (N). Images of immunohistochemistry for E-cadherin (https://www.proteinatlas.org/ENSG00000039068-CDH]1/tissue/
liver; antibody CAB072856), N-cadherin (https://www.proteinatlas.org/ENSG00000170558-CDH2/tissue/liver; antibody HPA058574),
B-catenin (https:/www.proteinatlas.org/ENSG00000168036-CTNNBI/tissue/liver; antibody HPA029160), and laminin (https:/www.
proteinatlas.org/ENSG00000172037-LAMB2/tissue/liver; antibody CAB078160) in the human liver were obtained from Human Protein
Atlas. C: central vein; P: portal vein; asterisk: residual murine hepatocytes. Asterisks indicate a region of residual murine hepatocytes.
Bars=100 pm.
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Fig. 4. Ultrastructure of the humanized liver. (A—C) Representative images of scanning electron microscopy. Regularly-arranged hepatic cords,
radiated from the central vein, is observed in normal mice (A), while septum-like structures are formed around the transplanted human
hepatocytes in the PXB-mice (B, C), which causes an indistinct hepatic cord structure. C, central vein. (D) Representative image of
transmission electron microscopy of the humanized liver. The space of Disse is widened with an accumulation of fibers (arrows) in the
PXB-mice. Ds: space of Disse; En: sinusoidal endothelium; Hep: hepatocyte; Sn: sinusoids.
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