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Clinical studies have shown a close association between nonalcoholic fatty liver disease and
adult-onset GH deficiency, but the relevant molecular mechanisms are still unclear. No mouse
mode! has been suitable to study the etiological relationship of human nonalcoholic fatty liver disease
and human adult-onset GH deficiency under conditions similar to the human liver in vivo, We gener-
ated human (h-Yhepatocyte chimeric mice with livers that were predominantly repopulated with h-
hepatocytes in a h-GH-deficient state. The chimeric mouse liver was mostly repopulated with h-
hepatocytes about 50d after transplantation and spontaneously became fatty in the h-hepatocyte
regions after about 70 d. Infusion of the chimeric mouse with h-GH drastically decreased steatosis,
showing the direct cause of h-GH deficiency in the generation of hepaticsteatosis. Using microarray
profiles aided by real-time quantitative RT-PCR, comparison between h-hepatocytes from h-GH-
untreated and -treated mice identified 14 GH-up-regulated and four GH-down-regulated genes,
including IGF-1, SOCS2, NNMT, IGFLS, P4AH1, SLCT16AT, SRD5A1, FADS1, and AKR1810, respectively.
These GH-up- and -down-regulated genes were expressed in the chimeric mouse liver at lower and
higher levels than in human livers, respectively. Treatment of the chimeric mice with h-GH ame-
liorated their altered expression. h-Hepatocytes were separated from chimeric mouse livers for
testing in vitro effects of h-GH or h-1GF-l on gene expression, and results showed that GH directly
regulated the expression of IGF-I, S0CS2, NNMT, IGFALS, PAAHT, FADST, and AKR7810. In conclu-
sion, the chimeric mause is a novel h-GH-deficient animal model for studying in vivo h-GH-depen-
dent human liver dysfunctions. (Endocrinofogy 152: 0000--0000, 2011)

o study pathophysiological characteristics of the human
liver, we previously generated a humanized (chimeric)
mouse whose liver was almost completely repopulated with
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human (h-}hepatocytes by transplanting h-hepatocytes into
immunodeficient and liver-damaged mice, which had been
obtained by mating an albumin enhancer/promoter-driven

Abbreviations: AGHD, Adult-onset GH deficiency; Alb, albumin; CK, cytokeratin; GO, gene
ontelogy; h-, human; m-, mouse; SMM, $-month-old male; NAFLD, nonalcohotic fatty fiver
disease; NASH, nonakohalic steatohepatitis; ORO, Oil Red O; qRT-PCR, quantitative RT-
PCR; Ri, replacement index; SCID, severe combined immunadeficient; uPA, urokinase-type
plasminogen-activator; 25YF, 25-yr-old female; 6 1YF, 6 1-yr-old female; 28YM, 28-yr-old
rmale; 57YM, 57-yr-old male
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urokinase-type plasminogen-activator (uPA) transgenic
mouse with a severe combined immunodeficient (SCID)
mouse (UPA/SCID mouse) (1-3). The replacement index
(RI}, the occupancy ratio of h-hepatocytes to the total [h-and
mouse {m-)] hepatocytes in the chimeric mouse liver, indi-
cated the degree of replacement with h-hepatocytes. The
RI in the mice was as high as 96% (1). h-Hepatocytes
therein expressed mRNA for drug-metabolizing enzymes
and transporters as in donor livers (1, 4, 5). However, we
noticed that the mice spontaneously developed hepatic
steatosis as the time after transplantation was prolonged.
The h-hepatocytes of a chimeric mouse are in a GH-defi-
cient state (6) primarily because human cells do not react
with rodent GH (7), thus suggesting that the observed lipid
accumulation in h-hepatocytes was caused by a lack of
available h-GH in chimeric mice.

A concern is increasing about nonalcoholic fatty liver
disease (NAFLD) as a significant complication of obesity
and as a hepatic manifestation of the metabolic syndrome
(8). There are striking similarities between obesity and
untreated adult-onset GH deficiency (AGHD), indicating
that homeostatic imbalance of GH is an etiological factor
of obesity {9). NAFLD is related to hypopituitary and hypo-
thalamic dysfunction (10~12). AGHD is featured as de-
crease in body mass, increase in visceral adiposity, and ab-
normal lipid profile (13), which are associated with hepatic
steatosis (11, 13, 14). One study showed that reduction in
GH concentration was a predictor of NAFLD in adult males
(15} and another that GH administration drastically im-
proved the fatty liver of AGHD patients (13, 14). A suitable
GH-dependent lipogenetic animal model is currently absent,
in which we can investigate the in vivo effects of h-GH on
h-hepatocytes at the cellular and molecular levels.

In this study, we first tested the hypothesis that h-hepa-
tocytes in chimeric mouse liver develop steatosis due to the
lack of circulating h-GH. In fact, hepatic steatosis was
induced in the mouse liver but not when the chimeric mice
were treated with h-GH, We then compared gene expres-
sion profiles between h-GH-treated and -untreated chi-
meric mouse h-hepatocytes to identify h-GH-regulated li-
pogenesis genes. Furthermore, we examined whether
h-GH directly regulates the expression of lipogenesis-re-
lated genes or of h-IGF-I levels using cultured chimeric
mouse h-hepatocytes. As a whole, the chimeric mouse was
proved to be a suitable animal model for studying the
etiological relationship among AGHD, GH, and NAFLD
in GH-related aspects of metabolic syndrome.

Materials and Methods

We performed studies under the ethical approval of the Hiro-
shima Prefectural Institute of Industrial Science and Technology
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Ethics Board and the Erthics Committee at the Hiroshima Uni-
versity Hospital.

Preparation of h-hepatocytes

Livers were obtained from four donors [a 28-yr-old male
(28YM) and a 57-yr-old male (S7YM) and a 25-yr-old female
{25YF) and a 61- yr-old female (61 YF)] after receiving informed
consent before surgery, according to the 1975 Declaration of
Helsinki. h-Hepatocytes were isolated from the liver tissues as
previously reported {1). Real-time quantitative RT-PCR (qRT-
PCR) was performed on these human livers and/or on h-hepa-
tocytes isolated from h-liver tissues (Table 1).

Donor cells for chimeric mice were h-hepatocytes from a Cau-
casian 9-month-old male (IMM) infant and an African-Ameri-
can 6-yr-old girl (6YF) purchased from In Vitro Technologies
{Baltimore, MD) and BD Biosciences Discovery Labware {San
Jose, CA), respectively.

Animals, transplantation of h-hepatocytes, and
treatment of chimeric mice with h-GH

Production of uPA/SCID mice (1) and examination of their
zygosity in uPA transgenes (16) were performed as previously
reported. Homozygotic mice {20-30 d old) were used as hosts
for all transplantation experiments. The 9MM and 6YF hepa-
tocytes (hepatocytes,y n; and hepatocytesgyy, respectively), 7.5-
10.0 X 10° cells per animal, were transplanted into six uPA/SCID
mice (Table 2) for microarray and real-time gRT-PCR analysis
and into 41 mice [ 36 mice for steatosis analysis (Fig. 1C) and five
mice for steatosis analysis under h-GH treatment (Fig. 2E)], as
previously described (1). Chimeric mice were killed 48-118 d
after transplantation.

Three chimeric mice with hepatocytesy ., [n0s. 4—6 (Table
2}}, three chimeric mice with hepatocytesgyy [nos. 4-6 (Table
2}, one chimeric mouseq s (ot included in Table 2), and one
chimeric mouseg v (not included in Table 2) were continuously
infused with 2.5 mg/kg-d h-GH (Wako, Osaka, Japan) through
an sc-implanted Alzet micro-osmotic pump (Alza Corp., Palo
Alto, CA) for 2 wk before killing (6, 17). Blood h-albamin (Alb)
and serum h-IGF-I in the mice were quantified as previously
reported (6).

Immunohistochemistry, lipid staining, and grading
of steatosis in h-hepatocytes of chimeric mouse
liver

Formalin-fixed paraffin sections from the left lateral lobe of
six chimeric mice v were stained with mouse anti-h-cytokeratin
(CK) 18 monoclonal antibodies {clone CD10; Dako Cytoma-
tion, Glostrup, Denmark) that did not react m-hepatocytes as

TABLE 1. Human liver tissues used in real-time gRT-
PCR

Objectives Age {yn) Sex RT-PCR
25YF 25 F Cell and tissue
28YM 28 M Cell and tissue
57YM 57 M Cell
61YF 61 F Cell and tissue

F, Female; M, male.
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TABLE 2. Chimeric mice used in microarray analysis and real-time gRT-PCR

h-IGF-1

Animal h-Alb in
number Treatment Days after blood in sera Rl (%)° or Microarray
Donors (sex) with h-GH* transplantation (mg/mi) {ng/mi) Rlirimuno (%)° or RT-PCR
IMM 1(F) - 72 16.1 ND >95° Cell
2 (R - 75 10.4 ND >95°
3 - 101 6.0 ND 80°
4 (M) + 75 8.1 ND g5
5(F + 75 6.2 ND 80°
6 (F) + 75 5.9 ND 80°
6YF 1(F) - 97 3.5 <9.4 75.1¢ Tissue
2(F) - 90 6.5 <94 78.1¢
3R - 111 5.2 <9.4 70.2¢
4 (M) + 84 53 69.6 85.3¢
51{F) + 84 3.7 64.8 70.3°
6 (F) + 84 5.9 83.0 81.5°

F, Female; M, male; ND, not determined.
# —, untreated with h-GH; +, treated with hGH.

® Rl calculated by the blood h-Alb fevels using the formula of the correlation curve y = 0.0006x% + 0.0281x — 0.0042 (r? = 0.60) in which x and y

represent Rl and blood h-Alb level, respectively.
“ Rl determined by immunohistological staining of liver sections.

previously described (18). The area occupied by h-CK18-posi-
tive (h-CK18™) hepatocytes was identified to calculate R1 (1).

Frozen sections were prepared from the livers of five h-GH-
treated and 36 chimeric h-GH-untreated mice yp and stained
with Oil Red O (ORO). When necessary, serial sections were
stained wich anti-h-CK8/18 antibodies (MP Biomedicals, Au-
rora, OH) that did not react with m-hepatocytes as previously
described (19). Steatosis grading of h-hepatocytes was per-
formed on ORO-stained chimeric mouse liver sections as fol-
lows: grade 0, no lipid droplets; grade 1, appearance of small
lipid droplets; grade 2, small and middie-sized lipid droplets;
grade 3, small to large droplets (Fig. 1B).

Isolation of h-hepatocytes from chimeric mouse
livers for gene expression profiles

Livers were isolated 72-101 d after transplantation from h-
GH-untreated control chimeric mice,y,,, [nos. 1=3 (Table 2)]
and h-GH-treated chimeric micegy,n [108. 4—6 {Table 2)]. These
livers were disaggregated by two-step collagenase perfusion as
previously described (20), except perfusion was for 20 min and
centrifugation was three times 2 min at 50 X g. Pelleted hepa-
tocytes (h-hepatocytes ineric mouse) Were treated with RLT
buffer solution in an RNeasy Mini kit (QIAGEN K.K., Tokyo,
Japan) and stored in a deep freezer until RNA isolation for mi-
croarray and real-time qRT-PCR.

Puri t]/ of h-h epatocy teschimeric mouse

We previously established the correlation curve for chimeric
micegy sy between the blood h-Alb concentration and Rl 0009
which is determined immunohistologically from liver tissue sec-
tions (1). The correlation curve predicted that chimeric miceqyay
for microarray and real-time qRT-PCR examinations had a
RI,;, higher than 80% (Table 2). Apparently, this RI was a lower
estimation of the real h-hepatocyte purity in hepatocyte prepa-
rations because m-hepatocytes were often lost during collage-
nase digestion due to fragility against the enzyme. Thus, the
correct h-hepatocyte purity in the hepatocytes i neric mouser s
{hepatocytes isolated from chimeric mouse liver bearing
h-hepatocytes,y ) was determined as follows. Among chimeric

micegyp, we selected 10 mice whose Ry, at the time of death
was similar to that of the chimeric micegy and isolated h-
hepatocytes ;i meric monse [rom them. They were incubated with
K8216 antibodies thar react with the cell surface of h- but not
m-hepatocytes (21) and then with secondary antibody, followed
by fluorescence-activated cell sorting analysis to determine the
percentage of h-hepatocytes in the hepatocytes qncric rmouses LHE
h-hepatocyte purity was 90.8 = 6.4% {n = 10). The presence of
m-hepatocytes in hepatocytes jmeric mouse at 1€58 than 10% did
not affect microarray assays as described in Results,

Microarray analysis

RNAs were extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA) from h-hepatocytes and h-liver tissues isolated
from h-GH-untreated and -treated chimeric mice and were
used for microarray analysis at the hepatocyte and liver tissue
levels, respectively (Table 2). The array profiles were com-
pared between b-GH-treared and -untreated samples, and sta-
tistical significance tests were performed. We deposited our
array darta to NCBI GEO (Gene Expression Omnibus,
htepe/fwww.nebi.nlm.nih.gov/geo/querylace.cgi?acc=GSE26224,
GEO ID G5E26224).

Microarray at the hepatocyte level

Six chimeric miceyy g [n0s. 1-6 (Table 2)] were used in the
hepatocyte level microarray assay. Half of the chimeric mice
{nos. 1--3) were as h-GH-untreated control animals and the re-
maining half (nos. 4-6) as h-GH-treated animals by treating
with h-GH during the last 2 wk before killing. h-Hepato-
CYES chimeric rmouse WeTE isolated from h-GH-unireated and -treared
chimeric micegyn, at 72-101 d and 75 d afrer transplantation,
respectively, for total RNA isolation.

The RNA samples were treated with deoxyribonuclease
{QIAGEN K.K.), purified using ribonuclease-free deoxyribonu-
clease set {QIAGEN K.K.) and RNeasy Mini Kit (QIAGEN
K.K.), and applied to an Affymetrix GeneChip Human Genome
U133 Plus2.0 Array {Affymetrix, Santa Clara, CA) that had been
spotted with 54,675 human transcripts. Microarray data were
normalized using GCOS software version 1.3 (Affymetrix). The
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FIG. 1. Lipid accumulation in chimeric mouse h-hepatocytes. Chimeric
micegye were killed 48-111 d after transplantation for histological
examinations by hematoxylin and eosin (A) and ORO liver staining (B).
A, h-Hepatocyte regions in the mice killed at 55 d (55D) (a) and 83 d
(83D) (b). No visible cytoplasmic vacuolation in the h-hepatocytes at
55 d, but extensive and intensive vacuolation at 83 d. B, Grading of
steatosis. Photos of typical staining show various levels of lipid
accumulation with nuclei stained blue. Lipid accumulation was graded
as described in the text: a, grade 0 (55 d); b, grade 1 (77 d); ¢, grade 2
(83 d); d, grade 3 (97 d). Bars, 100 pm. C, Relationship between
steatosis grade and duration (days) after transplantation. The steatosis
grade increased according to the following relationship: y = 0.0002x?
+ 0.0102x — 0.4416, where x is days after transplantation, and y is
steatosis grade. The correlation coefficient was r* = 0.3455. The
dashed line represents the best-fit curve for the above equation.

obtained mRNA expression profiles were referred to as profiles
at the hepatocyte level: profiles of h-GH-untreated (n = 3) and
h-GH-treated h-hepatocytes p,; eric mouse (11 = 3).

Microarray analysis at the liver tissue level

Six chimeric mice,yp [nos. 1-6 (Table 2)] were used for the
liver tissue-level assay. Half of six chimeric mice g (nos. 4-6)
were treated with h-GH, and the other half (nos. 1-3) served as
controls. Liver tissues consisted of three visually identifiable re-
gions of different colors. White, red, and medium-colored re-
gions between the white and red regions corresponded to those
of original diseased m-hepatocytes, uPA gene-deleted m-hepa-
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FIG. 2. Effects of h-GH on liver steatosis. Five chimeric micegy:
were given h-GH in the last 2 wk before being killed 70-90 d after
transplantation. Twenty-eight of the micesy; shown in Fig. 1C were
killed at 70-90 d as h-GH-untreated animals. A-D, Histology. A
control (6YF, no. 1 in Table 2) (A) and h-GH-treated mouse (6YF no.
4 in Table 2] (B) were killed at 97 and 84 d after h-hepatocyte
transplantation, respectively, for h-CK8/18 immunohistochemistry
to identify h-hepatocytes. Primary antibodies were visualized with
Alexa 594-conjugated anti-m-IgG goat sera (Molecular Probes,
Eugene, OR). Serial sections from the control (C) and h-GH-treated
mouse (D) were stained with ORO. Small to large droplets are
diffusely distributed in h-hepatocytes from control chimeric liver
(grade 3) but are absent in h-GH-treated animals (grade 0); m and h
indicate regions of m- and h-hepatocytes, respectively. Dotted lines
show the boundary between the two regions. Bar, 100 um. E,
Steatosis graded for 28 controls (white bars) and five h-GH-treated
chimeric mice (black bar). Arabic numerals in the bars represent the
percentage in each case (control or h-GH-treated animals). All h-
GH-treated chimeric mice were of grade 0.

tocytes, and h-hepatocytes, respectively (1). h-Hepatocyte re-
gions were dissected from livers of chimeric mice, g using arazor
blade for RNA extraction. The obtained mRINA expression pro-
files were referred to as profiles at the liver tissue level.

Determination of gene expression by real-time
qRT-PCR

mRNA expression was determined by real time qRT-PCR in
human livers and h-GH-untreated and -treated chimeric mouse
livers for h-GH-regulated genes selected from microarray anal-
ysis and lipogenesis-related genes (Table 3). Sources for extrac-
tion of rotal RNA are shown in Tables 1 and 2. cDNA was

- 265 -



Endocrinology, Aprit 2011, 152(4):0000-0000

endo.endojournals.org 5

TABLE 3. Primers

Forward primers (5'-3')

Gene Reverse primers (5'-3')
IGF-{ GCTTCCGGAGCTGTGATCTAA GCTGACTTGGCAGGCTTG
S0CSs2 GCAAGGATAAGCGGACAGG GCGGTTTGGTCAGATAAAGGT
NNMT CCGGGAGGCAGTAGAGGC GTCCTTCGTTGTTGGCCAT
IGFLS TCTGCAGGGCGAAGTCC
KLOTHO AGCCATTATACCACCATCCTTG GTCGGTCATTICTTGCACTTCTA
PAAHT TGGATACCCATTTGTTGCCA
SLC16AT TGCTGGAGCCCTCATGC TTCCAGCTTTCTCAAGGGATG
SRD5A1 TACGTATTCAAATAAGCCTCCCCT
SCD TCAAAACAGTGTGTTCGTTGC CATAAGGACGATATCCGAAGAGG
FADS1 CAGGCCACATGCAATGTC ATCTAGCCAGAGCTGCCCTG
FADS2 GGCTCTCCAGGAACCTGATG ,
FASN GGCAAATTCGACCTTTCTCAG AGGACCCCGTGGAATGTC
DGAT2 ACGGCCTTACCTGGCTACA AGACATCAGGTACTCCCTCAACAC
ADPN CCTCCAGGTCCCAAATGCC CCAGTCCTGCTCAGGTGTGC
AKR1B10 GGCCTGTAACGTGTTGC ATGGGACATGAGTGGAGG
SREBP1C CATGGATTGCACATITGAAG CAGAGAGGAGGCCAGAGAA
FABP GATCCAAAACGAATTCACGG ATTGTCACCTTCCAACTGAACC
GAPDH CCACCTTTIGACGACGCTGGG CATACCAGGAAATGAGCTTGACA

synthesized using 1 g RNA and PowerScript reverse transcrip-
tase {Clontech, Mountain View, CA) and oligo-deoxythymidine
primers {Invitrogen) and was subjected to real-time qRT-PCR
following the manufacturer’s instructions, Genes were amplified
with a set of gene-specific primers (Table 3) and SYBR Green
PCR mix in a PRISM 7700 sequence detector (Applied Biosys-
tems, Tokyo, Japan). These primers were capable of amplifying
human, but not mouse, genes. PCR products were monitored
during amplification. All data were calculated by the compara-
tive threshold cycle (Ct) method (22}. Occupaney rates of h-
hepatocytes in h-hepatocyte regions ranged from 70-95% (Ta-
ble 2). Contamination of m-hepatocytes did not affect RT-PCR
results of human gene expression because each gene’s expression
level was normalized against h-GAPDH.

Responsiveness of h-hepatocytes imeric mouse 10
h-GH and h-IGF-I

Hepatocytes synthesize and secrete IGF-I when GH receptors
are activated by GH (23). To determine whether h-GH directly
regulates GH-responsive genes or h-IGF-I, h-hepatocytes,
{9 x 107 cells) from three chimeric mice were cultured in 1.8-cm
Matrigel-coated dishes in DMEM as previously reported (24),
and 4 h later, they were exposed with 0, 5, and 50 ng/ml h-GH
or 50 and 500 ng/ml h-IGF-I for an additional 24 and 48 h and
harvested in RLT buffer to prepare total RNA for real-time
gRT-PCR.

Gene enrichment analysis

Gene and gene ontology (GO) information were collecred
from NCBI build 37.1 (ftp«//ftp.ncbi.nim.nih.gov/gene/
DATA/gene2go.gz) and The Gene Ontology (hitp:/fwww.
geneontology.org/ontology/gene_ontology.obo) sites, respec-
tively. Pathway information was collected from KEGG (fip://
frp.genome.jp/pub/kegg/pathway/organismsthsathsa_gene_map.
tab) and Ingenuity Pathways Analysis (IPA)} software (Ingenuity
Systems, Redwood City, CA). The gene enrichment analysis was
performed using only GO and pathway groups where at least rwo
genes or more were assigned.

Statistics

Microarray data were evaluated by the Welch'’s ¢ test {two-
sided). The gene enrichment analysis was calculated using Fish-
er’s exact test and corrected with Benjamini-Hochberg’s false
discovery rate (25). The significance of overlap between two
groups of transcripts was determined using Fisher’s exact test.
Log,y-transformed data obtained in real-time qQRT-PCR analysis
of in vivo and in vitro studies were analyzed among groups by
ANOVA. When the overall F statistics were significant, signifi-
cance was determined by the Scheffé’s test with significance level

a = 0.05.

Results

Lipid accumulation in chimeric mouse livers
Hepatocytes,yr were transplanted to uPA/SCID mice,
and the process of h-hepatocyte repopulation in host livers
was visualized using hematoxylin- and eosin-stained his-
tological sections. Vacuoles appeared in the cytoplasm of
donor h-hepatocytes approximately 70 d after transplan-
tation and gradually increased in numbers and sizes there-
after (Fig. 1A, a and b). To test whether these vacuoles
represent lipid deposits, 36 chimeric micegyy were killed
48-111 d after transplantation (five before 60 d, 28 be-
tween 70 and 90 d, and three after 90 d) for ORO staining
of liver sections {Fig. 1B). Most of the chimeric liver h-
hepatocytes became ORO™ approximately 70 d after
transplantation. The steatosis level was quantified by the
size and frequency of ORO™ lipid droplets from grade 0
(Fig. 1Ba) to grade 3 (Fig. 1Bd) and plotted against post-
transplantation days (Fig. 1C}). Among five livers before
60 d of transplantation, one and four livers were of grade
0 and 1, respectively (Fig. 1C). Most of the livers between
70 and 20 d were of grade 1 (11 of 28 mice) and grade 2
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{nine of 28). All three livers after 90 d were of grade 3,
showing a good correlation of the steatosis level with post-
transplantation duration {~50-110d). h-IGF-I scrum lev-
els of chimeric miceqyy, a measure of h-GH level, were
under a detection limit of 9.4 ng/ml (n = 3), which sup-
ported our previous study that chimeric mouse h-hepato-
cytes were h-GH deficient (6). Therefore, we considered
h-GH deficiency as an etiological factor in the observed
hepatic lipogenesis.

Improvement of liver steatosis in chimeric mice by
h-GH

To examine the relationship of steatosis with-GH-de-
ficiency, five chimeric mice,yy at different time points af-
ter transplantation were infused with h-GH during the last
2 wk before killing (one mouse was killed at 83 d, three at
84 d, and the remaining one at 89 d) and were used as
h-GH-treated chimeric mice. Twenty-eight of 36 chimeric
micegyr that were used in the experiment shown in Fig. 1C
and killed 70-90 d after transplantation served as con-
trols. The h-IGF-I serum level rose to 72.5 = 9.4 ng/ml!
{n = 3) in h-GH-treated mice, a level comparable to that
in normal human sera, proving the effectiveness of the
h-GH treatment. Serial histological sections were immu-
nostained for h-CK8/18 to identify h-hepatocytes (Fig. 2,
A and B) and stained with ORO (Fig. 2, C and D). ORO*
droplets were present in the control mouse h-hepatocytes
(Fig. 2, A and C) but were not in h-GH-treated ones (Fig.
2, Band D). Some host m-hepatocytes also contained small
cytoplasmic ORQ' droplets (Fig. 2, A and C), probably
due to uPA damage because even after h-GH treatment,
these lipid droplets remained (Fig. 2, B and D). Steatosis
grading on liver sections showed that most of the control
mouse livers (93%) were of grade 1-3: 39, 32, and 21%
for grades 1, 2, and 3, respectively (Fig. 2E). All h-GH-
treated livers were of grade 0. Therefore, we concluded
that h-GH plays a critical role in the etiology of human
liver steatosis.

h-GH-induced changes in gene expression profiles
at the hepatocyte level

Hepatocytes were isolated from three h-GH-untreated
chimeric micegpny 72-101 d after transplantation (nos.
1-3) and three h-GH-treated chimeric micegyq 75 d after
transplantarion (nos. 4—6) for microarray analysis (Table
2). We found 15,826 positive transcripts (29%) in 54,675
spotted transcripts in either h-GH-untreated or -treated
h-hepatocytes . Among these, 229 (1.4%) and 269
(1.7%) transcripts showed more than 2-fold higher and
lower expression levels in h-GH-treated than -untreated h-
hepatocytes, respectively. Statistical evaluation at P < 0.05
selected 58 genes (82 transcripts) from 229 transcripts as

Endocrinology, April 2011, 152(4):0000-0000

up-regulated in h-GH-treated h-hepatocytes i ciic mouse:
Similarly, 33 genes (37 transcripts) were selected from the
269 transcripts as down-regulated genes.

Gene enrichment analysis on transcripts showing more
than 2-fold changes selected the significantly overrepre-
sented (GH-induced and -suppressed) GO terms and path-
ways including GH signaling, IGF-I receptor binding, re-
sponse to hormone stimulus, lipid biosynthetic process,
and aging {Table 4 and Supplemental Table 1, published
on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org).

TABLE 4. Extracted significantly overrepresented GO
terms and pathways

B-H FDR
Pathway, or GO term P value g-value
Hepatocyte level
Pathway
GH signaling 0.006244 0.00830
GO molecular function
IGF receptor binding 3.77 x 1073 0.00464
GO biological process
Response to 430 x 107° 0.00556
hormone stimulus
Lipid biosynthetic 0.000898 0.0251
process
Lipid metabolic 0.00122 0.0284
process
Aging 0.00288 0.0334
Regulation of fatty 0.00353 0.0358
acid biosynthetic
process
Regulation of fipid 0.0241% 0.0947
metabolic process
Tissue level
Pathway
Biosynthesis of 278 X 1073 0.000584
unsaturated fatty
acids
GH signaling 0.0116 0.0612
GO molecular function
Stearoyl-coenzyme 8,78 x 107 0.00382
A 9-desaturase
activity
{GF receptor binding 0.00256 0.0500
GO biological process
Fatty acid metabolic 0.000189 0.00585
process
Lipid metabolic 0.000739 0.0133
process
Oxidation reduction 0.00312 0.0288
Response to 0.00468 0.0346
hormone stimulus
Aging 0.00627 0.0392
Unsaturated fatty 0.0186 0.0692

acid biosynthetic
process

B-H FDR, Benjamini-Hochberg's false discovery rate.
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h-GH-induced changes in gene expression profiles
at the liver tissue level

Identical microarray analysis was performed at the liver
tissue level with six chimeric micegyy {Table 2), with half
(nos. 1-3) being used as controls and the other half (nos.
4-6) as h-GH-treated mice. In this analysis, h-hepatocyte-
repopulated regions were dissected from liver tissues of
these animals and used as h-liver imeric mouse 35 RINA
sources for microarray analysis in which $4,675 tran-
scripts were spotted as in the case of the hepatocyte-level
analysis. Transcripts positive for either h-GH-untreated
or -treated h-liver ;e monse Were 18,210 (33%) tran-
scripts, among which 146 (0.8%) and 237 (1.3%) tran-
scripts were expressed at more than 2-fold higher and
lower levels, respectively, in h-GH-treated tissues than in
h-GH-untreated controls. Through statistical evaluation
(P < 0.03), we identified 43 genes (64 transcripts) and 55
genes (76 transcripts) as up- and down-regulated genes by
h-GH from the 146 and 237 transcripts, respectively.

endo.endojournals.org 7

Gene enrichment analysis on transcripts showing more
than 2-fold changes selected the significantly overrepre-
sented (GH-induced and -suppressed) GO terms and path-
ways including biosynthesis of unsaturated fatty acids,
GH signaling, stearoyl-coenzyme A desaturase (SCD) ac-
tivity, IGF receptor binding, oxidoreductase activity, fatty
acid metabolic process, aging were significantly changed
(Table 4 and Supplemental Table 2).

In summary, we selected 58 up-regulated and 33 down-
regulated genes from the h-hepatocyte-level assay and 43
up-regulated and 55 down-regulated genes from the h-
liver tissue-level assay. From them, we chose genes that
were commonly up- and down-regulated at both the he-
patocyte and liver tissue levels. Asaresult, 14 up-regulated
genes (23 transcripts) and four down-regulated genes (five
transcripts) were finally identified as more reliable candi-
dates for h-GH-responsive genes as listed in Table 5, in
which the expression ratios at the hepatocyte level [h-GH-
treated h-hepatocytes pimeric mouse VS- N-GH-untreated h-

TABLE 5. h-GH-regulated genes

Cell level, treated/ Tissue level,

untreated treated/untreated
Affymetrix Gene Accession RT- RT-
1D symbol Number Gene name Microarray PCR® Microarray PCR?
Up-regulated
209988_s_at ASCL] NM_004316.3 Achaete-scute complex-like 1 123.39 - 151.42 -
209540_at IGF1P AU144912 IGF-I 179.66 159.83 34.19 3545
203373_at SOCS2> NM_003877  Suppressor of cytokine signaling 2 39.01 73.79 13.91 53.20
202237 _at NNMTE NM_006169  Nicotinamide N-methyitransferase 46.02 40.09 14.28 20.79
205978 _at K1 NM_004795 Klotho 395.90 22.50 6.58 8.45
207543 s at  P4HAI®  NM_000917  Procollagen-proline, 2-oxoglutarate 15.17 11.99 9.69 9.03
4-dioxygenase, a-polypeptide |
203498 _at DSCRILT NM_005822  Down syndrome critical region 577 — 4.06 -
gene 1-like 1
215712_s_at  IGFALS? AW338791 1GF-binding protein, acid labile 5.29 9.49 7.29 13.63
subunit
209967 s at CREM D14826 cAMP-responsive element 4.41 - 2.76 —
modulator
207256_at MBL2 NM_000242  Mannose-binding lectin 2, soluble 3.44 - 2.09 -
222108 at  AMIGO2  ACDQ4010 Adhesion molecule with Ig-like 2.89 - 2.84 -
domain 2
201309_x_at Cs5orfl3  U36189 Chromosome 5 open reading 2.75 - 3.47 -
frame 13
202234_s_at SLC16A7° BF511091 Solute carrier family 16, member 1 2.74 2.29 414 3.84
211056_s_at SRDS5A71?  BC0O06373 Steroid-5-a-reductase, o- 2.29 1.99 2.03 1.72
‘ polypeptide 1
Down-requlated
208964_s_at FADS1®  AL512760 Fatty acid desaturase 1 0.43 0.51 0.36 0.29
218295 s at PCOLCE2 NM_013363  Procollagen C-endopeptidase 0.37 - 0.45 -
enhancer 2 .
206561_s_at  AKRIBIC® NM_020299  Aldo-keto reductase family 1, 0.22 022 0.19 0.13
member 810
202628 s_at  SERPINET NM_000602  Serine proteinase inhibitor, clade E, 0.17 - 0.28 -

member 1

Treated indicates h-GH-treated chimeric mouse, whereas untreated indicates h-GH-untreated chimeric mouse. —, Not determined.
? The expression level of each gene was divided with that of h-GAPDH.
© Gene expression levels were determined by both microarray assay and real-time qRT-PCR.
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hepatocytes pimeric mouse (€€l level, treated/untreated)] and
at the tissue level [h-GH-treated h-liver ;1 eric mouse ¥S- ~un-
treated h-liver . ueric mouse (f15Sue level, treated/untreated)]
are presented for each gene. P values for overrepresenta-
tion of the overlapping genes (up- and down-regulated
genes in both hepatocytes and liver tissue levels) were
5.34 x 107% and 1.92 x 107?, respectively, which indi-
cates the significance of the overlapping.

The microarray assay’s results were validated by real-
time gRT-PCR using RNA extracted from the sources
shown in Table 2 on arbitrarily selected eight and three
genes from the above final 14 h-GH-up- and four h-GH-
down-regulated genes, respectively: IGF-I, suppressor of
cytokine signaling 2 {SOCS2), nicotinamide N-methyl-
transferase (NNMT), KL, P4HA1,IGFALS, solute carrier
family 16/member 1 (SLC16A1), and steroid-5-a-reduc-
tase and a-polypeptide 1 (SRDSAI) as h-GH-up-regu-
lated genes and fatty acid desaturase (FADS1) and aldo-
keto reductase family 1/member B10 (AKR1B10) as
h-GH-down-regulated genes. The expression ratios (treat-
ed/untreated) calculated from the qRT-PCR results are
included in Table 5, which well support the microarray
data, indicating the reliability of the microarray data.

There was the possibility that mouse transcripts were
also included as the cDNAs hybridized in the currently
adopted microarray assay. To check this possibility,
pooled cDNAs of three uPA/SCID mouse livers were sub-
jected to the microarray with 534,675 cDNA spots, which
gave a result that 5,643 of 54,675 transcripts (10.3%)
were positive. Sixteen genes among the genes listed in Ta-
ble 5 were not found in these positive genes, but two genes,
SOCS2 and IGFALS, both h-GH-up-regulated genes,
were found there. Considering that the cross-hybridized
signals were less than 10% of those in the GH-untreated
hepatocytes, jimeric mouse 2Nd the contamination of mouse
hepatocytes in the h-hepatocyte preparation used in the
present study was less than 10% (Table 2, 9MM nos.
1-6), we concluded that theit ratios of treated to untreated
genes were high enough to include them as h-GH-regu-
lated genes in the present study. This conclusion was fur-
ther validated by measuring m-Alb mRNA expression lev-
els in the h-liver,, ... mowe Real-time qRT-PCR was
performed for RN Asisolated from h-liver ;. eric mouse (T2
ble 2, 6YF nos. 1-6) using a set of m-Alb primers. The
result showed that m-Alb expression levels in the
h-liver i eric mouse Were 0.5 & 0.2% of those of the uPA/
SCID mouse liver, As a whole, it can be said that the cross-
reactivity does not affect the results in the present study.

Improvement of gene expression by h-GH
Real-time qRT-PCR was performed for livers of h-
GH-untreated chimeric, h-GH-treated chimeric mice,
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and humans, the last of which accurately reflect the
physiology of h-GH endocrine regulation. The h-GH-
untreated and -treated h-hepatocytes y;meric mouse WEIE
isolated from nos. 1-3 and nos. 4-6 of chimeric
micegyy, respectively (Table 2). The h-GH-untreated
and -treated h-liver,.;; eric mouse WETe isolated from nos.
1-3 and nos. 4— 6 of chimeric mice sy p, respectively (Table 2).
The h-hepatocytesy .y, and h-livery,, . were isolated from
four (28YM, 57YM, 25YF, and 61YF) and three (28YM,
25YF, and 61YF) donors, respectively (Table 1). Expression
levels in h"hepatocytcschimeric nmouse and h'liverchimeric meouse
under h-GH-untreated and -treated conditions were divided
by the h-hepatocytey,, ., and the h-livery, .n, respectively,
which is shown as the hepatocyte ratio {(swhite bars) and liver-
tissue ratio (black bars), respectively (Fig. 3). The ratios are
used as measures of the extent of difference/closeness of the
gene expression level in h-GH-treated or -untreated chimeric
livers from/to that in human liver. If h-GH improves gene
expressions in chimeric mouse livers, ratios for h-GH-up-
regulated genes in h-GH-untreated and -treated chimeric
liver are expected to be less than 1 and approximately 1,
respectively, and ratios for h-GH-down-regulated genes in
h-GH-untreated and -treated chimeric liver are expected to
be more than 1 and approximately 1, respectively.

Expression levels of a total of eight h-GH-up-regulated
genes were compared between h-GH-untreated and
-treated chimeric mice at both hepatocyte and liver tissue
levels. The results of the h-GH-up-regulated genes are
shown in Fig. 3A. Generally, the expressions of the genes,
except KL, were significantly suppressed in the absence of
h-GH at both the hepatocyte and liver tissue levels. Ex-
pression in h-GH-treated cases was similar to that in hu-
man livers: IGF-I and P4AHT at the tissue level and
IGFALS and SLC16A1 at both levels. KL expression in
h-GH-untreated chimeric mice was similar to that in hu-
man livers at both levels, and h-GH treatment markedly
increased expression over that in human livers ar both
levels, suggesting that its expression is greatly up-regu-
lated by GH. Iz vivo, h-GH-up-regulated genes of human
livers are likely positively induced by GH.

Qur results on suppression of spontaneous lipogenesis
by GH (Fig. 2) and a reported relationship between GH-
responsive genes and lipogenesis-related genes (26) sug-
gest an association between the h-GH-responsive genes
listed in Table § and the observed hepatic lipogenesis.
Gene enrichment analysis showed that h-GH-responsive
genes were enriched as those involved in the lipid synthesis
process, lipid metabolic process, and regulation of fatty
acid biosynthetic process (Table 4). Of the two down-
regulated genes, FADS{ is known to be lipogenesis related
(27), and AKRIB10 was recently reported to regulate
fatty acid synthesis (28). Five genes were additionally cho-
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- 270 -

endo.endojournals.org 9

sen to cxamine the relationship be-
tween h-GH-down-regulated genes
and known lipogenic genes from previ-
ous studies: FADS2 (27}, SCD (29),
FASN (30), diacylglycerol acryltrans-
ferase 2 gene (DGAT2) (31), and the
adiponutrin gene [ADPN (32), cur-
rently known as PNPLA3 (33)). These
genes were included as h-GH-down-
regulated genes at either the hepatocyte
or liver tissue level in the microarray
assay; FADS2 and SCD were signifi-
cantly (P < 0.05) down-regulated only
at the liver tissue level, FASN was in-
significantly (>2-fold) down-regutated
only at the hepatocyte level, DGAT2
was insignificantly (>2-fold) down-reg-
ulated only at the hepatocyte level, and
ADPN significantly (P < 0.05) decreased
its expression only at the hepatocyte
level. Two known GH-inducible lipogen-
esis-related genes, SREBPIc (34-36)
and fatty acid-binding protein gene
(FEABP) (24, 37), were also chosen from
previous studies.

Expression of a total of nine genes was
compared berween human livers and h-
GH-untreated and -treated chimeric
mice at both hepatocyte and liver tissue
levels as above. Results for lipogenesis-
related genes are shown in Fig. 3B. Ratios
of three genes, FADS! (significant at tis-
sue level}, FADS2 (significant at both lev-
els), and AKR1BI0 (significant at both
levels), were higher in the h-GH-un-
treated chimeric mice compared with hu-
mans, and h-GH treatment lowered the
ratios of SCD (significant at both levels),
FADS! (significant at tissue level),
FADS2 (significant at tissue level), and
AKR1B10 (significant at hepatocyte
level). Although not significantly, ratios
of FASN and DGAT2 were also higher
in the h-GH-untreated chimeric mice
compared with humans and decreased by
h-GH treatment. ADPN expression in h-
GH-untreated chimeric mice was close to
that in humans at both levels, and h-GH
treatment decreased ratios (insignifi-
cant), Thus, it is most likely that these
lipogenesis-related genes are down-regu-
lated by h-GH. Ratios of SREBP1c (Fig.
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3B) and FABP {data not shown) genes did not show any
meaningful changes by h-GH at either the hepatocyte or liver
tissue level under the observed endocrinological conditions,
although SREBP1 expression was significantly lower at tis-
sue levels in h-GH-untreated chimeric mice compared with
human.

Deletion of GH receptor gene {GHR) in mice resulted
in an increase of insulin receptor gene (IRS) expression
(38) and a reduction of plasma levels of IGF-1, insulin, and
glucose, implying that the mice increased insulin sensitiv-
ity (39, 40). These studies suggested the possibility that
chimeric mice are insulin sensitive. Thus, we examined
whether chimeric mice are insulin sensitive by determining
the expression levels of h-GHR and h-IRS. Real-time qRT-
PCR analysis showed that h-GHR and h-IR S expression lev-
els in chimeric mice were similar or higher than humans, and
h-GH administration of chimeric mice did not affect these
observed expression levels. However chimeric mice did not
show any sign of insulin resistance or sensitivity in a sugar
tolerance test (data not shown), As a whole, we currently
consider that chimeric mice are not insulin sensitive.

In vitro effects of h-GH on gene expressions in
h-hepatocytes

We asked whether the aforementioned effects of h-GH
on the h-GH-up-regulated gene and lipogenic gene expres-
sion in chimeric mouse livers in vivo are reproducible in
vitro. h-Hepatocytesyg isolated from three chimeric mice
with Ry, higher than 95% at 70-80 d after transplan-
tation were cultured for 24 and 48 h in the presence and
absence of h-GH and h-IGF-, followed by determination
of expression levels of the eight h-GH-up-regulated genes
by real-time qRT-PCR (Fig. 4A). Expression of IGF-I,
SOCS2, NNMT, IGFALS, and P4AH I were significantly
increased by h-GH in a dose-dependent manner, but h-
IGF-1 did not enhance expression of the genes, indicaring
the direct the action of h-GH on the expression of these
genes. The remaining three genes (KL, SLCI6A1, and
SRDSA1) were not responsive to h-GH or h-IGF-L

Results for lipogenic genes (SCD, FADS1, FADS2,
FASN, DGAT2, ADPN, AKR1B10, and SREBPIic) are
shown in Fig. 4B. Only FADS1, DGAT2, SREBPIc, and
AKR1B10 significantly decreased the expression at 24 or
48 h exposure of 50 ng/ml h-GH. Although insignificant,
SCD,FADS2,and FASN were decreased by GH exposure.
The expression levels of the eight genes did not signifi-
cantly change by h-IGF-L

Discussion

GH regulation of lipogenic genes has been generally stud-
ied using rodents (34-37, 41-43), and no suitable animatl
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model whose liver mimics the human liver has been avail-
able. Currently, we propose an h-hepatocyte-bearing chi-
meric mouse as one such model, in which heavy lipid ac-
cumulation spontaneously takes place in h-hepatocytes
more than 2 months after transplantation but does not
when the animals are administered h-GH. Using this
model, we demonstrated that h-GH deficiency is a cause of
the steatosis and identified 14 and four genes as h-GH-up-
and -down-regulated genes at both the hepatocyte and
liver tissue level, in which three new lipogenic genes
{FADS1,FADS2, and AKR1B10) were included. Regard-
ing h-GH-down-regulated genes, we characterized an ad-
ditional seven lipogenic genes, although these genes were
h-GH down-regulated only at the hepatocyte level or liver
tissue level., FADSI, FADS2, and AKR1B10 were in-
cluded in these seven genes and were significantly up-reg-
nlated in the chimeric mouse liver compared with human
liver, but their expression was down-regulated by h-GH.
Thus, it is suggested that these genes participate in the spon-
taneous steatosis observed in the chimeric mouse liver.

Results of previous studies indicated the presence of
species differences in GH responsiveness of lipogenic
genes between rats and mice. SREBP-1¢, a known tran-
scription factor of lipogenic genes, and its target genes,
FASN and SCD-1, appear to be GH up-regulated in rats;
hypophysectomy decreases expression of these genes, and
the infusion of the rats with GH improved their expression
to the original levels (34, 35). By contrast, a study with
GH-transgenic technology showed that the same genes
were down-regulated in mice (44}). Recent microarray
analysis supported such species differences; GH treatment
suppressed SCD gene expression level in hypophysecto-
mized mouse livers (42) but not in hypophysectomized rat
livers (41). There are also differences regarding GH re-
sponsiveness of lipogenic gencs between i vitro and in vivo
studies; the above cited authors showed in a study with pri-
mary cultures of rat hepatocytes SCD1 as GH up-regulated,
FASN as GH down-regulated, and SREBP-I¢ as GH non-
responsive {34). In the present study, expression of h-SCD,
but not h-SREBP-1c, was reduced by h-GH administration
to the chimeric mice, and h-FABP expression was not
affected by h-GH, which was different from a rat study
(34). h-FADS1, h-FADS2, and h-AKR1B10 were down-
regulated in the present study, but they did not report them
as GH-down-regulated genes in rodent studies. In addi-
tion, AGHD patients show fatty liver and nonalcoholic
steatohepatitis (NASH) (8}, and GH treatment improved
the symptoms {13, 14). However, studies using hypoph-
ysectomized rodents did not report such changes (34, 35,
41, 42).

The serumn concentration of GH is low in nonalcoholic
fatty liver disease (NAFLD) patients (15),and NNMTand
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FIG. 4. In vitro effects of h-GH and h-1GF-1 on the expression level of lipogenesis genes. h-
Hepatocytese,; were cultured with G, 5, or 50 ng/ml h-GH or 50 or 500 ng/ml h-IGF-I for 24
and 48 h and subjected to RNA isolation to perform real-time gRT-PCR analysis for eight h-
GH-up-regulated genes {A) and eight lipogenesis-related genes (B). The expression level of
each gene was normatized against that of h-GAPDH. The gene expression level of h-
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White and black bars represent 24 and 48 h, respectively. Each value represents the mean =
so. Asterisks above a bar show significance between no treatment and each dose of h-GH or
h-IGF-l treatment. *, P < 0.05; **, P < 0.01.

IGFALS are up-regulated in NASH patients (47). Fatty
livers of chimeric mice in the present study appreciably
reproduce expression profiles of these known NAFLD/
NASH-associared genes. We showed that h-GH regulates
h-SCD and other lipogenesis-related genes, including h-
FADSI, h-FADS2, and h-AKR1B10 in a h-SREBP1-in-
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dependent manner. Thus, chimeric
mice could be particularly useful as an
NAFLD/NASH mouse model, with the
genes identified in this study serving as
therapeutic target genes for NAFLD
patients.

Among 14 h-GH-up-regulated
genes characterized in this study,
eight genes (IGF-I, SOCS2, NNMT,
P4HA1, IGFALS, MBL2 AMIGO2,
and SRDSA1) are known GH-up-
regulated genes (23, 41-43, 43), but
the remaining six h-GH-up-regulated
genes (ASCL1, KL, DSCRI1L1,
CREM, CSorf13, and SLC16A1)
have never been reported as up-
regulated genes. Roles of these newly
identified GH-up-regulated genes in
the human liver could be further in-
vestigated using the chimeric mice.

The protein Klotho is known to in-
hibit insulin/IGF-1 signaling, which
likely increases resistance to oxidative
stress and potentially contributes to its
claimed anti-aging properties (46). In
the present study, KL expression levels
were similar in human and chimeric
mouse livers, but h-GH markedly in-
duced KL gene expression in the latter.
The findings of the present study sug-
gested a mutual regulatory mecha-
nism(s) between the two genes: #-GH
might play a role in the anti-aging pro-
cess through the KL induction.

We were able to propagate h-hepa-
tocytes in chimeric mouse livers, which
could solve the problem of a quite lim-
ited availability of human hepatocytes
for research purposes. In fact, in the
present study, we showed the useful-
ness of chimeric mouse-derived h-hepa-
tocytes for in vitro study by testing the
effects of h-GH or h-IGF-I on expres-
sion levels of eight lipogenic genes that
had been up-regulated in chimeric
mouse liver in vivo. We were able to
answer a question of whether h-GH

and h-IGF-1 in combination directly or indirectly induce
such changes in gene expression. Hepatocytes in conven-
tional two-dimensional culture do not generally recapit-
ulate gene expression profiles observed under in vivo
conditions. In the present study, hepatocytes were three-
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dimensionally cultured on Matrigel (spheroid culture),
which allowed them to express gene expression closer to
in vivo conditions as reported previously (48).

We resected h-hepatocyte regions from chimeric livers
for microarray analysis and real-time RT-PCR. The gene
expression profiles determined vsing the dissected regions
were similar to those determined using the isolated
h-hepatocytes, . This finding also indicates the us-
ability of chimeric mouse liver tissues as an alternative
RNA source to h-hepatocytes, whose isolationis time con-
suming and laborious.

In conclusion, the present study shows that chimeric
mice could overcome the species difference between ex-
perimental animals and humans, and therefore, these
mice are useful for investigating the mechanism of the
action of GH on h-hepatocytes in vivo and role of GH
in NAFLD/NASH.
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Summary: Cryopreserved human (h-) hepatocytes are currently regarded as the best in vitro model for
predicting human intrinsic clearance of xenobiotics. Although fresh h-hepatocytes have greater plating ef-
ficiency on dishes and greater metabolic activities than cryopreserved cells, performing reproducible studies
using fresh hepatocytes from the same donor and having an “on demand” supply of fresh hepatocytes are not
possible. In this study, cryopreserved h-hepatocytes were transplanted into albumin enhancer/promoter-
driven, urokinase-type plasminogen activator, transgenic/severe combined immunodeficient {uPA/SCID)
mice to produce chimeric mice, the livers of which were largely replaced with h-hepatocytes. We determined
whether the chimeric mouse could serve as a novel source of fresh h-hepatocytes for in vitro studies. h-
Hepatocytes were isolated from chimeric mice {chimeric hepatocytes), and cytochrome P450 (P450) activi-
ties were determined. Compared with cryopreserved cells, the P450 {(1A2, 2C9, 2C19, 2D6, 2E1, 3A) activ-
ities of fresh chimeric hepatocytes were similar or greater. Moreover, ketoprofen was more actively metabo-
lized through glucuronide conjugates by fresh chimeric hepatocytes than by cryopreserved cells. We conclude
that chimeric mice may be a useful tool for supplying fresh h-hepatocytes on demand that provide high and
stable phase | enzyme and glucuronidation activities.

Keywords: human hepatocytes; chimeric mice; eytochrome P450; ketoprofen; UDP-glucuronosyltran-
slerase

Introduction

“Chimeric mice” with livers repopulated with human
hepatocytes (h-hepatocytes), created using urokinase-type
plasminogen activator (uPAYsevere combined im-
munodeficient (SCID) mice,"” were previously established
and the expression of both cytochrome P450 enzymes
(P450s, CYPs) and phase Il enzymes in the liver of these
chimeric mice, as well as in vivo induction of P450, were
examined.'™

P450 has been found to play an important role in the
metabolism of xenobiotics, including drugs. Indeed, ap-
proximately 80% of oxidative metabolism is catalyzed by
P450s,” and to predict pharmacokinetics and drug inter-
actions precisely, investigation of the pharmacokinetics
of a P450 substrate using chimeric mice would be of con-
siderable value.

Species differences are known to exist in the metabo-
lism of ketoprofen.” Ketoprofen is a propionic acid-class
nonsteroidal anti-inflammatory drug with analgesic and
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antipyretic effects, Rat and mouse P450s primarily
metabolize ketoprofen to hydroxyketoprofen.*” In hu-
mans, ketoprofen is primarily metabolized by UDP-
glucuronosyltransferase (UGT) and is converted to
ketoprofen glucuronides.s’ Recently, it was demonstrated
that when chimeric mice were administered ketoprofen,
glucuronide conjugates were detected in their sera and
bile. However, these conjugates are minor products;
ketoprofen was primarily hydrolyzed in mice, and the
main metabolites were hydrolyzed ketoprofen and
glucuronide-conjugated ketoprofen.”

The metabolism of chemical entities has been exam-
ined using animals in the laboratory, but this approach
fails to address differences in drug metabolism that exist
between animal species. Because of the species differ-
ences in metabolic abilities, fresh h-hepatocytes are a bet-
ter model for predicting the metabolism of drugs in the
human body. For technical reasons, preparing fresh h-
hepatocytes ahead of time and performing reproducible
studies using the same donor are not possible. Thus,
cryopreserved h-hepatocytes have been used, but they
are compromised on thawing, resulting in decline and al-
teration of their normal function. Additionally, h-hepato-
cytes exhibit large individual differences in P450 activi-
ties. The differences might be due to real individual
differences and/or the cryopreserving and thawing condi-
tions.

We hypothesized that these practical problems in us-
ing h-hepatocytes for in vitro drug testing could be ad-
dressed if h-hepatocytes isolated from chimeric mouse
livers exhibited human-type drug metabolism capacities
in vitro. In the present study, we first determined the
yield, viability, and purity of isolated h-hepatocytes from
chimeric mice (chimeric hepatocytes). We compared the
P450 activities of fresh and cryopreserved chimeric
hepatocytes and assessed glucuronide activities toward
ketoprofen using fresh and cryopreserved chimeric
hepatocytes and cryopreserved donor hepatocytes.

We demonstrate that the chimeric mouse liver is a use-
ful tool that can supply fresh hepatocytes retaining high
P450 and UGT activities and allowing reproducible as-
says using hepatocytes derived from the same donor.

Materials and Methods

Materials: Phenacetin, tolbutamide, S$-mepheny-
toin, dextromethorphan, chlorzoxazone, testosterone,
ketoprofen, and Krebs-Henseleit buffer (KHB) were pur-
chased from Sigma-Aldrich (St. Louis, MO). Coumarin
and midazolam were obtained from Wako Pure Chemi-
cal Industries (Osaka, Japan). All other chemicals and sol-
vents were of the highest or analytical grade commercial-
ly available.

Generation of mice with humanized livers: The
present study was approved by the ethics committee of
PhoenixBio Co., Ltd. and the Hiroshima Prefectural In-

stitute of Industrial Science and Technology Ethics
Board.

Cryopreserved h-hepatocytes from three donors (4YF,
a 4-year-old Caucasian girl; 6YF, a 6-year-old African-
American girl; and 2YM, a 2-year-old Caucasian boy)
were purchased from BD Biosciences (San Jose, CA).
Three (donor 4YF), 17 (donor 6YF), and 4 (donor 2YM)
chimeric mice with humanized livers, generated by a
method described previously, were used.” The concen-
tration of human albumin (hAlb) in the blood of the chi-
meric mice and the replacement index (RI, the rate of
hepatocyte replacement from mouse to human) were
well correlated.” In the current study, we used 11-15-
week-old male and female chimeric mice with approxi-
mately 11-14 mg/mL hAlb in mouse blood (RI> 70%};
uPA/SCID mice were used as controls.

Isolation of hepatocytes from chimeric mouse
liver, SCID mouse liver, and human liver tissue:
Hepatocytes were isolated from the 4YF-, 6YF-, and
2YM-chimeric mice using a two-step collagenase perfu-
sion method. The liver was perfused at 38°C for 10 min
at 1.5 ml/min with Ca’*-free and Mg”-free Hanks’
balanced salt solution (CMF-HBSS) containing 200
mg/mL ethylene glycol tetraacetic acid (EGTA), 1 mg/mL
glucose, 10mM  N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid (HEPES), and 10 tig/mL gentamicin.
The perfusion solution was then changed to CMF-HBSS
containing 0.05% collagenase (Wako Pure Chemical In-
dustries), 0.6 mg/mL CaCl;, 10 mM HEPES, and 10
HUg/mL gentamicin, and perfusion was continued for
17-23 min at 1.5 mL/min. The liver was dissected and
transferred to a dish; liver cells were gently disaggregated
in the dish with CMF-HBSS containing 10% bovine Alb,
10 mM HEPES, and 10 fg/mL gentamicin. The disag-
gregated cells were centrifuged three times (50X g, 2
min). The pellet was suspended in medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 20 mM HEPES, 44 mM NaHCO;,
and antibiotics (100 IU/mL penicillin G and 100 t#g/mL
streptomycin). Cell number and viability were assessed
using the trypan blue exclusion test.

Normal liver tissues were obtained from the resected
liver of nine patients (51-, 53-, and 64-year-old men and a
68-year-old woman for plating efficiency; 54-, 57-, and
75-year-old men for P450 activity; and 55- and 69-year-
old women for screening of monoclonal antibodies) after
receiving consent prior to surgery, in accordance with
the 1975 Declaration of Helsinki. Hepatocytes were iso-
lated via two-step collagenase perfusion and low-speed
centrifugation.” Aliquots of freshly isolated hepatocytes
from four individuals, used for determining plating ef-
ficiency, were suspended at 1-2X 107 cells/mLivial in
cryopreservation solution {Cellbanker; Juji Field, Inc,,
Tokyo, Japan), cryopreserved using a program freezer
(Kryo-10 Series IIl; Planer Products Ltd., Sunbury-on-
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Thames, Middlesex, UK), and kept in liquid nitrogen. To
measure the plating efficiency of the hepatocytes, 4YF-
chimeric hepatocytes and hepatocytes from human livers
were inoculated onto 13.5-mm Celldesks (Sumitomo
Bakelite, Tokyo, Japan) in 24-well plates (BD Biosciences)
for 24 h, followed by fixation with ethanol and staining
with hematoxylin and eosin. Adhered hepatocytes were
counted under the microscope and plating efficiency was
calculated by dividing number of adhered cells by the cell
number inoculated in a well,

Hepatocytes were isolated from three male uPA
(wt/wtySCID mice by collagenase perfusion methods.”
They were used for in vitro glucuronidation activity stu-
dies.

Purification of h-hepatocytes from total hepato-
cytes of the chimeric mouse livers: A Fischer 344
rat was immunized intraperitoneally three times (once a
week) with 107 mouse hepatocytes (m-hepatocytes) of
SCID mice as an antigen, and injected with a booster of
2.5%X 107 m-hepatocytes at 3 weeks after the last im-
munization, Hybridomas were obtained by conventional
methods and screened on immunohistochemical sections
using m- and h- (from a 55-year-old woman) liver tissues.
Frozen h- and m- liver sections were incubated with
hybridoma supernatants and fluorescein-labeled anti-rat
IgG antibodies (Alexa Fluor 594; Molecular Probes, Eu-
gene, OR). Supernatants from 10 hybridoma clones were
reacted with the plasma membrane of m-hepatocytes, but
not with h-hepatocytes on the sections. The reactivity of
each of the supernatants to the cell surface was deter-
mined with a fluorescence-activated cell sorter (FACS) as
follows, Isolated m- and h- (69-year-old woman) hepato-
cytes were incubated with the supernatants and fluores-
cein isothiocyanate (FITC)-conjugated second antibodies
(Alexa Fluor 488; Molecular Probes) and analyzed with a
FACS Vantage SE (BD Biosciences) using a 100-um noz-
zle. Fluorescence excited at 488 nm was measured
through a 530-nm filter (FL1) with 4-decade logarithmic
amplification. A hybridoma clone was selected as the
clone that produced antibodies reactive to the cell sur-
face of m-hepatocytes, but not h-hepatocytes. The an-
tibody was purified from the culture medium of the
hybridoma cells by protein G affinity column or ion ex-
change chromatography; the antibody was named 667.

Isolated h-hepatocytes from chimeric mice were con-
taminated with m-hepatocytes. To remove the m-hepato-
cytes, 6YF-hepatocytes isolated from the chimeric mice
were incubated with the 66Z antibody, washed with
DMEM containing 10% FBS, and incubated with Dy-
nabeads M450-conjugated sheep anti-rat IgG {(Dynal
Biotech, Milwaukee, W1} in a tube for 30 min on ice. The
tube was placed in Dynal MPC-1 (Dynal Biotech) for 1-2
min to remove 66Z-positive (66Z") m-hepatocytes. En-
riched h-hepatocytes were collected as 66Z-negative
(66Z7) cells. Aliquots of chimeric hepatocytes from be-

fore and after enrichment were incubated with FITC.
conjugated 66Z antibodies, and the proportion of 667" -
cells in the h-hepatocytes was determined by FACS.

In vitro metabolic study using hepatocytes and
microsomes: For the measurement of the P450 activi-
ties of four fresh and five cryopreserved 6YF-chimeric
mice, cryopreserved donor cells (6YF), and fresh h-
hepatocytes from three individuals, suspended hepato-
cytes {6 X 10* cells) were incubated in KHB with each of
eight substrates specific for seven P450 subtypes
(phenacetin for CYPIA2, coumarin for CYP2A6, tol-
butamide for CYP2C9, S-mephenytoin for CYP2C19,
dextromethorphan for CYP2D6, chlorzoxazone for
CYP2EI, and midazolam and testosterone for CYP3A) in
96-well plates (BD Biosciences) for 1 or 2 h (Table 1).
The incubated solution was collected and an equivalent
volume of methanol containing ! #M niflumic acid (in-
ternal standard) was added. After centrifugation (10,000
rpm), the supernatant was subjected to liquid chro-
matography-tandem mass spectrometry (LC-MS/MS)
(MDS SCIEX; Applied Biosystems, Foster City, CA). The
LC system consisted of an HP 1100 system including a bi-
nary pump, an automatic sampler, and a column oven
{Agilent Technologies, Waldbronn, Germany), equipped
with a Symmetry Shield CI8 column {Waters, Tokyo,
Japan). The column temperature was 35°C, The mobile
phase was 40% acetonitrile/0.1% formic acid (v/v). The
flow rate was 0.3 mL/min. The LC was connected to a PE
Sciex API2000 tandem mass spectrometer (Applied
Biosystems), operated in positive electrospray ionization
mode. The turbo gas was maintained at 550°C. Nitrogen
was used as the nebulizing gas, turbo gas, and curtain gas
at 65, 85, and 30 psi, respectively. Parent and/or frag-
ment ions were filtered in the first quadrupole and dis-
sociated in the collision cell using nitrogen as the colli-
sion gas. The analytical conditions for each substrate are
shown in Table 2. The experiments were performed in
triplicate per mouse, and the results are expressed as the
average value of three mice or humans.

To assess changes in the P450 activities of fresh and
cryopreserved 2YM-chimeric hepatocytes during storage
at 4°C for 3 and 6 b, fresh and cryopreserved chimeric
hepatocytes were prepared from two 2YM chimeric
mice. The isolated hepatocytes from the chimeric mice
were purified by isodensity centrifugation (27% Percoll,
7 min, 4°C) to remove dead hepatocytes. Cells (4% 10°
cells) were incubated in KHB with four different sub-
strates specific for four P450s (phenacetin for CYP1AZ,
diclofenac for CYP2C9, S-mephenytoin for CYP2CI9,
and midazolam for CYP3A) in 24-well plates (BD
Biosciences) for 2 h (Table 1). The incubated solution
was collected and the concentration of the metabolites
was measured by high-performance liquid chro-
matography (HPLC; Lachome Elite; Hitachi High-
Technology Co., Tokyo, Japan). HPLC was performed at
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Table 1. Reaction conditions for determination of CYP activities using cells and microsomes for LC-MS/MS and HPLC analysis

Cells Cells Microsomes
I Emeay SR e LCWMS RO ook
Mmcly amety Py
CYPIA2 Phenacetin O-deethylase Phenaceli::(vl 5) Acel;’x.minophen 2 2 PB 20
CYP2A6  Coumarin 7-hydroxylase Coumarin (8) 7-Hydroxycoumarin 2 — TB 20
CYP2C9  Talbutamide 4-hydroxylase Tolbutamide (}50) Hydroxytolbutamide : 2 - T8 10
Didofena:;’-hydroxylasc Diclofenac (100) 4-Hydroxydiclofenac N - 2 - -
CYP2C19 WS;i;phenytoin 4’ -hydroxylase $-Mephenytoin (20} (i)-4'»Hydr70;);r;1;‘phenytoin 2 7 2 PB I.’OW
CYP2D6 Dext;'omelhorphan ii?-demeri'l;';;ew Dextromethorphan (8)  Dextrorphan - ' 2 “ — PB 20 N
CYP2E] Chlorzoxazone 6-hydroxylase Chlorzoxazone (100) G-Hydmxychlorzoxazon;7 - 2 - B 20
CYP3A Midazolam ijhvdmxylase Midazolam (10) 1"-Hydroxymidazolam o vl - 2 PB 0 )

Testosterone 60-hydroxylase Testosterone (50)

6f-Hydroxytestosterone

[
!
'e.
®
<

*T8, Tris-HCI buffer (pH 7.5} PB, potassium phosphate buffer (pH 7.4).

Table 2. Analytical parameters of LC-MS/MS for CYP1A2, 2A6, 2C9, 2C19, 206, 2E1, and 3A assays

Mass spectrometer conditions

’52:3::_:1 Analyte " Declustering C ollisio'n Entrance Collision cell loaspray Analyte

Mode potential energy potential exit potential voltage /2 transition
(V) ) V) ) v)

CYPIA2Z Acetaminophen Paositive 4Q 23 7 10 5000 15221103
CYP2A6 7-Hydroxycoumarin Positive 80 " 30 7 i0 4200 162.8—107.2
CYP2C9 Hydmxytolbut.amide Positive 40 25 7 10 5000 286.9—171.3
CYP2CI9 (£ )-4"-Hydroxymephenytoin Positive 80 25 7 i0 4200 234.9—150.1
CYP2D6 l)“é;c;rorphan Positive 120 40 7MA 10 4200 259.0—200.2
CYPZEI] 6-Hydroxychlorzoxazone Negative —8&0 ) —25 =7 —10 - 4200 184121200
CYP3A 6f-Hydroxytestosterone Positive 60 25 a 7 10 4200 305.9—270.3
I*-Hydroxymidazolam Positive ) 100 40 7 10 5000 34).6—2033
Ketaprofen Ketoprofen Positive 80 35 7 10 5000 25551049

a flow rate of 1.0 mL/min using the CAPCELL PAK C18,
UGI20 (4.6 X250 mm, 5 4m; Shiseido, Tokyo, Japan)
for CYP1A2 and CYP2C19, Inertsil ODS-3 (4.6 X 250
mm, 5 #m; GL Sciences Inc., Tokyo, Japan) for CYP2C9,
and Xterra RPI8 (4.6 X 150 mm, 5 ym; Waters) for
CYP3A. Other analytical conditions are shown in Table
3. The measurements were performed in duplicate.
Liver microsomes were prepared from a 6YF-chimeric
mouse and control uPA/SCID mice as described previ-
ously,'” They were stored at — 80°C until analysis. The
protein concentration was determined using a Bradford
protein assay kit (Bio-Rad, Hercules, CA), using bovine
serum albumin as the standard. Microsomes from a
chimeric mouse liver, pooled microsomes of six uPA/
SCID mice, and pooled microsomes of 20 human

livers (BD Gentest; BD Biosciences) were incubated with
the substrates at 37°C for 5 min following incubation
with the reduced form of nicotinamide adenine dinucleo-
tide phosphate (NADPH) cofactor solution (3.8 mM f-
NADP*, 9.7 mM glucose-6-phosphate, 9.7 mM MgCl.,
1.2 U/mL glucose-6-phosphate dehydrogenase) at 37°C
for 10 or 20 min (Table 1). The incubated solution was
collected and the concentration of the metabolites was
measured by LC-MS/MS. The experiments were per-
formed in triplicate per microsome preparation, and the
results are expressed as the average value.

Detection of CYP2A6 gene mutations by the In.-
vader assay: CYP2A6 polymorphism was determined
by BML, Inc. (Tokyo, Japan). Genomic DNA was isolated
from thawed human hepatocytes and the DNA was used
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Table 3. Analytical conditions of HPLC for CYP1A2, 2C9, 2C19, and 3A assays

543

Mobile phase

Injection
Enzymeil Analyte lmedrnaé volume Gradie Cotumn uv
measurec standar L) Solvent A* Solvent B radient program, temperature  detection
%8B (min) o
(°C) (nm)
0.1 ug . X
CYPIAZ  Acetaminophen Caffeine 9 oo ?‘;j 4y Aeotorivrie :;‘;;’3_}‘;[}‘9‘;"1" 35 245
monohydrate P
" . . 0.4 ug 0.5% {v/v)  Methanol containing 40 {0)—~90 (30} - .
CYP2C9  4"-Hydroxydiclofenac Phenacetin 50 AAAS 0.5% (v/v} acetic acid =90 (35)—>40 (36) 50 280
0.1 ug - .
CYP2C19 ()4’ .Hydroxymephenytoin ;’:;ir::;:arbital 95 ;g mM Acetonitrile (l;(}gringmmgg?e 35 240
. ‘M . 0.01 ug 10 mM Acetonitrile/methanol 30 (0)— 30 (5)—60 (17)
CYP3A - 1" Hydroxymidazolam Phenacetin 50 pB(pH7.4) mixture (7/5, ) —60 (25)-30 (26 40 263
P ] 25)

*PB, potassium phosphate buffer; AAAS, acetic acid aqueous solution.

for determining CYP2A6 polymorphism by the Invader
assay.'"

In vitro glucuronidation activity study using
hepatocytes: Ketoprofen metabolism was examined
using three types of hepatocytes: fresh and cryopreserved
6YF-chimeric hepatocytes, cryopreserved donor cells
(6YF), and fresh uPA(w/wtySCID mouse hepatocytes.
Hepatocytes (4 X 10° cells) suspended in KHB were plat-
ed in 24-well, non-treated plates (BD Biosciences) and in-
cubated at 37°C for 15 min. The cells were treated with
1 uM ketoprofen at 37°C for 3 h. The medium was har-
vested and aliquots of the medium were incubated at
37°C for 4 h with 0.25 M acetic acid buffer as a solvent
control (A) and with 2500 units/mL f-glucuronidase (B).
Equivalent } N KOH was added into (B} and incubated at
80°C for 3 h (C). After incubation, an equivalent of
methanol containing 1 #M niflumic acid (as an internal
standard) was added. After centrifugation (10,000 rpm),
the supernatant was subjected to LC-MS/MS.

The relevant concentrations can then be obtained:
[Concentration of ketoprofen in (B)] — [Concentra-
tion of ketoprofen in (A)] gives [Concentration of
ketoprofen-glucuronide].

[Concentration of ketoprofen in (C)] —[Concentra-

tion of ketoprofen in (B)] gives [Concentration of

transferred ketoprofen-glucuronide].
The transferred ketoprofen is the acyl glucuronide posi-
tional isomer, formed by acyl migration, which may be
the glucuronide form transferred from ketoprofen-
glucuronide during incubation. The experiments were
performed in triplicate for a given mouse, and the results
are expressed as the average value of three chimeric mice
for fresh chimeric hepatocytes, the average of five chi-
meric mice for cryopreserved hepatocytes, and the
average of three uPA(wt/wtySCID mice for fresh control
mouse hepatocytes.

Statistics: The data were analyzed using Statcel2

(OMS Publishing Inc., Tokorozawa, Japan). Results are
expressed as the mean £ 8D, and the significance of the
difference between two groups was analyzed by Student’s
ttest when data were normally distributed, and by
Welch’s t-test otherwise, P<0.05 was deemed to indi-
cate statistical significance.

Results

Yield, viability, and plating efficiency of isolated
h-hepatocytes: Hepatocytes from the 4YF-, 6YF-, and
2YM-donors were transplanted into uPA/SCID mice, and
chimeric mice were obtained bearing the respective
donor hepatocytes (Table 4). The chimeric mice (4YF, 3
mice; 6YF, 17 mice; 2YM, 4 mice) were sacrificed at
54-83 days post-transplantation (Table 4). On the day
they were sacrificed, blood was collected for the determi-
pation of hAlb concentrations (Table 4). Hepatocytes
were then isolated by the collagenase perfusion method.
Numbers (yield) of isolated viable hepatocytes were ap-
proximately 2-3 X 10 cells/mouse (Table 4). The viabil-
ities were approximately 60-70% and 50-60% for fresh
and cryopreserved chimeric hepatocytes, respectively,
without Percoll purification.

The plating efficiency of hepatocytes from the chimer-
ic mice was about 66.6 & 3.4% (mean £ SD), while those
of fresh hepatocytes and cryopreserved hepatocytes from
human livers were 34.0 & 19.3% and 9.3 % 8.3%, respec-
tively.

Purification of h-hepatocytes isolated from chi-
meric mice: Chimeric hepatocyte preparations con-
sisted of h- and m-hepatocytes. It was found that 17.3 %
6.7% of the fresh hepatocytes from 6YF-chimeric mice
were 662" (n=4; Table 4) by FACS analysis. The en-
riched chimeric hepatocytes were found to be 33%
1.0% 66Z" (m-hepatocytes; n=4; Table 4).

P450 activities of hepatocytes from the chimeric
mice: The P450 activities of hepatocytes from 6YF-chi-
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Table 4. Hepatocytes used for the experiments

Ratio of

n hAl in .
- Fresh or (sex of host mouse Yield of Y _mouse hepatocy tes (%)
Purpase Origin ) d - hepatocytes Viability {%) E——
cryopreserve animals or bloud %10 cell Before Af
arients) {mg/mL) { cells) SoTe ter
P purification  purification
(‘i’:};’;e"c MOUSE Fresh 3{M: 1, F: 2) 115236 290+ 27/mouse 63.9%65 N.D.** N.D.
Plating
efficiency ' . Fresh 4 M3, F 1) - 0.98%0.4/g liver 879182 - -
Human liver
(51-68-year-old) Cryopreserved 4 {(M: 3, F: 1) - — 56.2+ 7.5 — -
- ol - . -
Chimeric mouse  1Tesh 4" (F) 11.8%06 1,78£09mouse 61.8%6.9 17.3%6.7 33210
(6YF) Cryapreserved 57 (M: 2. F:3) 126121 - 60.5£ 106" 58%4.7%Y 21x1.0""
CYP activities Human liver . p .
(54-75-year old) Fresh 3 (M:3) — 0.43E04/g liver 96.112.4 - —
Donor cell - .
(6YF) Cryopreserved ) (F} - - 71t - -
v’;”i’“ PRy ) o o '. 1 ) : o . 536) 5567 |
CYP activities at . . Fresh 277y 11.8 3.05 /mouse 84.8 N.D. N.D.
A . . Chimeric mouse
different time points after 2YM)
perfusion or thawing ( Cryopreserved 27 (F) i1.8 - 86.4 "7 N.D. N.D
. . Fresh 3(F 13.5+£29 3.24% i.0/monse  69.8%11.2 9.8£2.0 —
Chimeric mouse  __ A e I
(6YE) Cryopreserved 5 (M: 3, F: 2) 134224 - 507547 125+7.2 -
Ghucuronide activities Donor cell (6YF)  Cryopreserved | (F) - — 86.7 — -
uPA (WWfSCID 3 —  151%03mouse  73.2%47 - -

mouse

*h Hepatocytes from one of four mice were used for CYP1A2, 2C9. and 3A {testosterone), and those from another were used for CYP2A6, 2C19, 2D6, 2E1, and
3A (midazolam). Hepatocytes from two mice were used for all tested P450s.

*# Hepatocytes from one of five mice were used for CYPIA2, 2C9, and 3A {testosterone); those from a second mouse were used for CYP2A6, 2C19, and 2E1; those
from a third mouse were used for CYP2C19, 2D6, 3A (midazolam): and thase from a fourth mouse were used for tested P450s except for CYP2C19. Those from

a fifth mouse were used for all tested P450s.

*H Hepatocytes from onc of two mice were used for CYP1A2 and 3A, and those from the secand mouse were used for CYP2CY and 2Ci9.

** Not determined.

Data after thaw.
Data after purification with Percoll.

*5}
+6)

meric mice were determined using eight substrates
(Table 1). The reactions of P450 activities with all sub-
strates shown in Table 1 were linear with incubation
time. The activities of fresh chimeric hepatocytes were
compared with cryopreserved chimeric hepatocytes and
cryopreserved donor cells. Three experiments were per-
formed and the means®SD are given in Figure i.
CYPIA2, 2C19, and 2D6 activities in fresh chimeric
hepatocytes  were approximately twice those in
cryopreserved cells (Fig. 1). CYP2A6, 2C9, 2E1, and 3A
activities in fresh chimeric hepatocytes were similar to
those of cryopreserved hepatocytes (Fig. 1), The activi-
ties of cryopreserved donor cells (6YF) were lower thap
those of cryopreserved 6YF-chimeric hepatocytes in
CYP1AZ, 2C19, and 3A (midazolam); higher in CYP2A6
and 2E1; and similar in CYP2C9, 2D6, 3A (testosterone;
Fig. 1). Compared with CYP2A6 activities of two of the
three fresh hepatocytes, CYP2A6 activity was extremely
low in the chimeric hepatocytes (Fig. 1). Interestingly,
the Invader assay revealed that donor 6YF had the *1/*4
CYP2A6 polymorphism; livers with the *1/*4 polymor-

phism in CYP2A6 are known to show low CYP2A6 activ-
ity.'” We concluded that the low CYP2A6 activity was
due to the *1/*4 polymorphism of donor 6YF. Three
kinds of fresh h-hepatocytes were also examined for
P450 activity. One of the three samples did not show
CYP1A2 or 2C19 activity. Large individual differences
were observed among the three in CYP2A6, 2C9, and
2E1 activities. The activities of CYP1A2, 2C19, 2D6, and
3A in fresh h-hepatocytes were lower than those in fresh
chimeric hepatocytes.

We determined changes in the P450 activities of fresh
and cryopreserved 2YM-chimeric hepatocytes after Per-
coll purification during storage at 4°C after isolation and
thawing, respectively. CYP1A2, 2C9, 2C19, and 3A ac-
tivities did not change for up to 6 h after isolation or
thawing (Fig. 2). CYP1A2, 2C19, and 3A activities were
lower in cryopreserved chimeric hepatocytes, and
CYP2C9 activity was similar compared to fresh chimeric
hepatocytes at 0 h after isolation or thawing (Fig. 2). The
results were reproducible and are similar to those in
Figure 1.
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Fig. 1. P450 activities of fresh and cryopreserved chimeric hepatocytes, cryopreserved donor hepatocytes, and fresh h-hepato-

cytes, determined by LC-MS/MS

Hepatocytes were isolated from 6YF-chimeric mice. Aliquots of the isolated hepatocytes were frozen with a programmed freezer. Aliquots
of fresh and thawed cryopreserved chimeric hepatocytes were purified with 66Z antibodies by magnetic sorting. Cryopreserved donor
hepatocytes (6YF) for the chimeric mice were thawed. Fresh h-hepatocytes were isolated from resected livers after surgery from three
patients. Eight kinds of suspended hepatocytes were incubated with eight substrates specific for seven P450s (Table 1): (A) 1A2, (B) 2A6, (C)
2C9, (D) 2C19, (E) 2D6, (F) 2E1, (G) 3A, midazoiam, and (H) 3A, testosterone. The incubated medium was analyzed for each metabolite by
LC-MS/MS (Table 2) and the metabolic activity of each P450 is shown as pmol/10° cells/imin. Data in fresh and cryopreserved chimeric
hepatocytes are shown as means = SD of metabolite concentrations of three different chimeric mice. *p <0.05, **p <0.01. ND, not detect-

ed.

Contribution of m-hepatocyte contamination in
chimeric hepatocytes to P450 activity: The
proportions of m-hepatocytes in the fresh chimeric
hepatocytes were approximately 17% and 3% before and
after purification with 66Z antibodies, respectively, as
described above. To determine how the contaminating
m-hepatocytes affected P450 activities, we measured
P450 activities using liver microsomes from a 6YF-chi-
meric mouse, pooled host uPA/SCID mice, and pooled
human liver microsomes. Except for CYP2D6 and 2EI,

P450 activities were similar or lower in uPA/SCID mouse
liver microsomes than in human pooled microsomes
(Fig. 3). Because the activities of CYP2D6 and 2E1 in uP-
A/SCID mouse liver microsomes were 50-100% higher
than in pooled human microsomes (Fig 3), we consi-
dered that m-hepatocytes contaminating the chimeric
hepatocytes at around 17% might not significantly affect
the activities of chimeric hepatocytes. We measured the
P450 activity of pre- and post-purified chimeric hepato-
cytes (6YF) using 66Z antibodies. The purified hepato-
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