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Comparison of human versus mouse CYP1A1 and CYP1A2 TCDD-induced
enzyme activities in liver

For BaP hydroxylase and EROD as two activities associated pre-
dominantly with CYP1A1, the correlations between enzyme activi-
ties (Fig. 3A) and mRNA levels (Fig. 1A) are extremely variable for
BaP hydroxylase but quite consistent for EROD activity. Thus, B6
mice exhibit one-half as much TCDD-induced BaP hydroxylase
activity (per unit of mCYP1A1 mRNA) as uPA/SCID mice (Table 2).
The B6 mouse shows ~170 times more induced BaP hydroxylase
activity (per unit of mCYP1A1 mRNA), compared with the hCY-
P1A1_1A2_Cyplal/1a2(—/—) mouse's induced BaP hydroxylase
activity (per unit of hCYP1A1 mRNA). Chimeric mice exhibit
~6.2-fold more induced BaP hydroxylase activity (per unit of
hCYP1A1 mRNA) than hCYP1A1_1A2_Cyplal/la2(—/—) mice
(Table 2). The uPA/SCID mouse shows ~42 times more induced
BaP hydroxylase activity (per unit of mCYP1A1 mRNA), compared
with the chimeric mouse's induced BaP hydroxylase activity (per
unit of hCYP1A1 mRNA).

In contrast, B6 mice display about the same amount of TCDD-
induced EROD activity (per unit of mCYP1A1 mRNA) as uPA/SCID
mice (Table 2). The B6 mouse shows ~54 times more induced EROD
activity (per unit of mCYP1A1 mRNA), compared with the hCY-
P1A1_1A2_Cyplal/1a2(—/—) mouse's induced EROD activity (per
unit of hCYP1A1 mRNA). Chimeric mice exhibit ~1.7 times more
induced EROD activity (per unit of hCYP1A1 mRNA) than hCY-
P1A1_1A2_Cyplal/1a2(—/ —) mice (Table 2). The uPA/SCID mouse
shows ~39 times more induced EROD activity (per unit of mCYP1A1
mRNA), compared with the chimeric mouse's induced EROD activity
(per unit of hCYP1A1 mRNA).

Why does the humanized hCYP1A1_1A2_Cyplal/1a2(—/-—)
mouse carry so little enzyme activity toward BaP, compared with
the chimeric mouse? This difference can be explained from the
human hepatocyte-replacement rate (73%-83%) in chimeric mice.
The liver of chimeric mice carries 73%-83% human hepatocytes,
which exhibit extremely low BaP hydroxylase activity.

For acetanilide 4-hydroxylase and MROD as two activities asso-
ciated predominantly with CYP1A2, the correlations between
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Table 2
Ratios of mouse liver TCDD-induced enzymic activities per unit of mRNA®,

mCYP1A1 hCYP1A1
B6 mouse 7600+ 2700 h1A1_1A2 44+13 BaP hydroxylase
uPA/SCID 11,400+ 3000 Chimera 270+ 62
B6 mouse 230464 h1A1_1A2 43+13 EROD activity
uPA/SCID 290+ 95 Chimera 74+31

mCYP1A2 hCYP1A2
B6 mouse 490484 h1A1_1A2 600+ 220 Acetanilide
uPA/SCID 510200 Chimera 1200+ 390 4-hydroxylase
B6 mouse 54+10 h1A1_1A2 14+55 MROD activity
uPA/SCID 13£52 Chimera 56+03

* For BaP hydroxylase, these ratios represent FU/min/mg protein divided by
mRNAx10° per pg total RNA. For the other three enzyme activities, these ratios
represent pmol/min/mg protein divided by mRNAx 10° per pg total RNA. Values are
expressed as means =+ S.E.

enzyme activities (Fig. 3B) and mRNA levels (Fig. 1B) are very
much consistent with one another. B6 mice show virtually the
same amount of TCDD-induced acetanilide 4-hydroxylase activity
(per unit of mCYP1A2 mRNA) as uPA/SCID mice (Table 2). The B6
mouse shows about the same amount of induced acetanilide 4-
hydroxylase activity (per unit of mCYP1A2 mRNA), compared with
the hCYP1A1_1A2_Cyplal/1a2(—/—) mouse's induced acetanilide
4-hydroxylase activity (per unit of hCYP1A2 mRNA). Chimeric mice
exhibit twice as much induced acetanilide 4-hydroxylase activity (per
unit of hCYP1A2 mRNA) than hCYP1A1_1A2_Cyplal/1a2(—/ —) mice
(Table 2). The chimeric mouse shows ~2.3-fold more induced
acetanilide 4-hydroxylase activity (per unit of mCYP1A2 mRNA),
compared with the uPA/SCID mouse's induced acetanilide 4-hydro-
xylase activity (per unit of hCYP1A2 mRNA).

B6 mice exhibit one-half as much TCDD-induced MROD activity
(per unit of mCYP1A2 mRNA) as uPA/SCID mice (Table 2). The hCY-
P1A1_1A2_Cyplal/1a2(—/—) mouse shows ~2-fold more induced
MROD activity (per unit of mCYP1A2 mRNA), compared with the B6
mouse's induced MROD activity (per unit of hCYP1A2 mRNA). The
hCYP1A1_1A2_Cyplal/1a2(—/—) mice exhibit ~2.4 times more in-

o1]

N
T

L3

-
£
2
[
o
o
£
E .
(3
-
o
£ .
c
£

Acetanilide 4-hydroxylase

MROD

(pmol/min/mg protein)

TCDD:
h1A1_1A2 C57BL/6)

Chimera uPA/SCID

Fig. 3. (A) BaP hydroxylase and EROD activity (both representing largely CYP1A1), and (B) acetanilide 4-hydroxylase and MROD activity (both representing largely CYP1A2) in liver
microsomes from the same mouse lines as in Fig. 1. FU, fluorescent units. *P<0.05 and **P<0.01, when comparing TCDD-pretreated with no pretreatment.
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duced MROD activity (per unit of hCYP1A2 mRNA) than chimeric mice
(Table 2). The uPA/SCID mouse shows twice as much induced MROD
activity (per unit of mCYP1A2 mRNA), compared with the chimeric
mouse's induced MROD activity (per unit of hCYP1A2Z mRNA).
Expression of CYP1A2 catalytic activity, relative to CYP1A2 mRNA
levels, in the humanized hCYP1A1_1A2_Cyplal/l1a2(—/—) and
chimeric mouse lines is therefore very robust and within 2-fold
similar to that expressed in mouse liver.

Comparison of human versus mouse CYP1A1 and CYP1A2 mRNA levels in
hepatoma-derived cell culture lines

Animal rights' activists have urged scientists to study physiolo-
gical functions in cell cultures rather than using live laboratory
animals. Many studies have shown, however, that parameters found
in cell culture do not accurately reflect what happens in the intact
animal.

How does the expression of the CYP1A1 and CYP1A2 genes in intact
liver compare with that in hepatoma-derived established cell lines? In
HepG2 cells (Fig. 4A), human basal CYP1A1 mRNA was negligible,
whereas human TCDD-induced CYP1A1 mRNA gave ~5.4x 10° copy
numbers (per pg total RNA). In Hepa-1c1c7 cells (Fig. 4A), mouse basal
versus TCDD-induced CYP1A1 mRNA showed ~0.35x108 and
~1.9%10% copy numbers, respectively. Mouse CYP1A1 mRNA was
not detected in HepG2, and human CYP1A1 mRNA was not detected in
Hepa-1c1c7 cells.

In HepG2 cells (Fig. 4B), human basal versus TCDD-induced
CYP1A2 mRNA gave ~0.27x10% and ~4.8x10% copy numbers,
respectively. In Hepa-1c1c7 cells (Fig. 4B), mouse basal versus TCDD-
induced CYP1A2 mRNA showed ~0.14x10° and ~1.2x 108 copies,
respectively. Mouse CYP1A2 mRNA was not detected in HepG2, and
human CYP1A2 mRNA was not detected in Hepa-1c1c7 cells.

Thus, in livers of the hCYP1A1_1A2_Cyplal/1a2(—/—) and
chimeric mice, the copy number of human induced CYP1A1 mRNA
is 7.5 and 2.6 times, respectively, greater than that of human
induced CYP1A2 mRNA. On the other hand, in the HepG2 liver-
derived established cell line, the copy number of human induced
CYP1A1 mRNA is more than 1100 times greater than that of human
induced CYP1A2 mRNA. In livers of the B6 and uPA/SCID mice, the
copy number of mouse induced CYP1A2 mRNA is 40-fold and 20-

>

hCYP1A1 mRNA
(x 109 per ug total RNA)

ND ND

0.2f I

0.1

mCYPTA1 mRNA
(x 109 per ng total RNA)

ND ND

+

HepG2

-
0O
o
[w N =]

+

Hepa-1clc?7

(o)

hCYP1A2 mRNA

mCYP1A2 mRNA

S. Uno et al. / Toxicology and Applied Pharmacology 237 (2009) 119-126

-— hCYP1A1

mMCYPIAl — | il

E——— G —

. | —~— B-actin

TCDD

+

+
Hepa-1clc7 HepG2

Fig. 5. Western immunoblot analysis of mouse versus human hepatic CYP1A1 and
CYP1A2 proteins in the same cell culture lines as in Fig. 4. Everything is the same as that
described for the Western blot in Fig. 2. The amount of cell culture protein (10 pg)
loaded per lane was constant for all lanes.

fold, respectively, greater than that of mouse induced CYP1A1l
mRNA; in contrast, in the Hepa-1c1c7 established cell line, the copy
number of mouse induced CYP1A1 mRNA is almost 1600-fold
greater than that of mouse maximally-inducible CYP1A2 mRNA. This
decline in CYP1A2 gene expression seen in established cell lines
reflects the well-known fact that numerous “housekeeping” genes
such as CYP1A2 are extinguished, or are greatly decreased in
expression—in tumor cells as well as “established"”, or transformed,
cell lines in culture (Owens et al., 1975; Nebert, 2006). However,
such suppression often does not occur for the CYPIAI gene in
differentiated tumors, including the HepG2 and Hepa-1c1c7 hepa-
toma-derived cell lines (Owens et al.,, 1975; Nebert, 2006).

Comparison of human versus mouse CYP1A1 and CYP1A2 protein
levels in hepatoma-derived cell culture lines

We carried out Western immunoblots of Hepa-1c1c7 and HepG2
cells, control versus TCDD-pretreated (Fig. 5). The human CYP1A1
protein appears to migrate more rapidly than the mouse CYP1A1
protein. We believe the level of CYP1A2 protein was so low that it was
not detected in either established hepatoma cell line.

Comparison of human versus mouse CYP1A1 and CYP1A2 TCDD-induced
enzyme activities in hepatoma-derived cell culture lines

Different from what was found in mouse liver, the correlations
between enzyme activities (Fig. 6A) and mRNA levels (Fig. 4A) are
extremely variable for EROD activity but more consistent for BaP
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Fig. 4. Human (upper panels) versus mouse (lower panels) CYP1A1 (A) and CYP1A2 (B) mRNA copy numbers in mouse Hepa-1c1c7 cells and human HepG2 cells—with, versus
without, TCDD exposure (10 nM for 24 h) in culture. Abbreviations are the same as those in Fig. 1.
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Fig. 6. (A) BaP hydroxylase and EROD activity (both representing largely CYP1A1), and (B) acetanilide 4-hydroxylase and MROD activity (both representing largely CYP1A2) in the
same cell culture lines as in Fig. 4. *P<0.05 and **P<0.01, when comparing TCDD-pretreated with no pretreatment.

hydroxylase activity. Hepa-1c1c7 cells show ~4.8 times more TCDD-
induced BaP hydroxylase activity (per unit of mCYP1A1 mRNA) than
HepG2 cells exhibit for induced BaP hydroxylase activity (per unit of
hCYP1A1 mRNA) (Table 3). Hepa-1clc7 cells show ~1500 times
more TCDD-induced EROD activity (per unit of mCYP1A1 mRNA)
than HepG2 cells exhibit for induced EROD activity (per unit of
hCYP1A1 mRNA). For whatever reason, HepG2 cells do not display
very high induced BaP hydroxylase activity, and their induced EROD
activity is extremely low.

For acetanilide 4-hydroxylase and MROD as two activities
associated predominantly with CYP1A2, the correlations between
enzyme activities (Fig. 6B) and mRNA levels (Fig. 6B) are better
than those with CYP1A1. Hepa-1c1c7 cells show ~16-fold more
TCDD-induced acetanilide 4-hydroxylase activity (per unit of
mCYP1A2 mRNA) than HepG2 cells exhibit for induced acetanilide
4-hydroxylase activity (per unit of hCYP1A2 mRNA) (Table 3).
Hepa-1c1c7 cells show ~15-fold more TCDD-induced MROD activity
(per unit of mCYP1A2 mRNA) than HepG2 cells exhibit for induced
MROD activity (per unit of hCYP1A2 mRNA). Therefore, HepG2 cells
do not express either CYP1A1 or CYP1A2 activities nearly as robustly
as do Hepa-1c1c7 cells.

Table 3
Ratios of hepatoma-derived cell line TCDD-induced enzymic activities per unit of
mRNA®.

mCYP1A1 hCYP1A1
Hepa-1cl1c7 55+21 HepG2 1+£25 BaP hydroxylase
Hepa-1cl1c7 210+48 HepG2 0.1440.06 EROD activity
mCYP1A2 hCYP1A2
Hepa-1c1c7 27,000+2400 HepG2 1800+ 930 Acetanilide
4-hydroxylase
Hepa-1cl1c7 37004480 HepG2 250+ 85 MROD activity

* For BaP hydroxylase, these ratios represent FU/min/mg protein divided by
mRNAX 10° per pg total RNA. For the other three enzyme activities, these ratios
represent pmol/min/mg protein divided by mRNAx 10° per pg total RNA. Values are
expressed as means + S.E.

Conclusions

In this study we have measured the amount of variability between
human and mouse CYP1A mRNA and protein levels and corresponding
enzyme activities in the humanized hCYP1A1_1A2_Cyplal/1a2(—/—)
and chimeric uPA/SCID lines, by comparing these parameters with
those seen in wild-type mice from which these two lines were derived.
We have also compared these mRNA and protein levels and
corresponding enzyme activities in mouse hepatoma-derived Hepa-
1c1c7 and human hepatoblastoma-derived HepG2 established cell
culture lines. Clearly, the CYP1A1/CYP1A2 activity ratios in these
hepatoma-derived established cell lines are not accurate indicators of
those in liver from the intact mouse. Undoubtedly, this discrepancy is
primarily caused by the dramatically lowered CYP1A2 mRNA levels—
presumably due to “extinction” of the normal expression of the CYP1A2
gene in these hepatoma-derived established cell lines. Not only very
low CYP1A2 enzyme activity per unit of mRNA was seen in both Hepa-
1c1c¢7 and HepG2 cells, but also low CYP1A1 enzyme activity per unit of
hCYP1A1 mRNA was found in HepG2 cells.

Comparing liver of the two humanized mouse lines with liver of
mice from which these two humanized lines were derived was
most disturbing when one examined CYP1A1-specific (BaP and
ethoxyresorufin) and CYP1A2-specific (acetanilide and methoxyr-
esorufin) substrates metabolized—per unit of mCYP1A1, hCYP1A{,
mCYP1A2 or hCYP1A2 mRNA. The hCYP1A1 in mouse liver was
between 38 and more than 170 times less efficient than mCYP1A1
in the hydroxylation of BaP and about 54-fold less efficient in EROD
activity. In contrast, hCYP1A2 in mouse liver appeared to function
nearly equivalent to mCYP1A2 in wild-type mouse liver.

The levels of human CYP1A1 and CYP1A2 mRNA in both huma-
nized mouse lines appear to be quite compatible with what might be
expected among individual persons in any human population. It is
very clear, however, that substrate specificity varies widely, indepen-
dent of human versus mouse CYP1A1/1A2 mRNA or protein con-
centrations. Nevertheless, keeping this caveats in mind, both of these
lines should still be useful for studies in human risk assessment,
toxicology, pharmacology, and other medical subspecialties.
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Note added in proof

A recent study (Wilson et al,, 2008) is directly relevant to the
problems addressed in our present manuscript. This study involves
Tc1 hepatocytes, derived from an aneuploid mouse strain carrying
human chromosome (Chr) 21 in addition to the entire mouse genome.
The authors compared the regulation of human genes in Tc1 cells to
that of the mouse orthologous genes in these same cells, using mouse
wild-type versus human wild-type cells as controls. Regulation in the
nuclei of Tcl cells was compared at three levels: binding of
transcription factors to DNA, modification of histones, and gene
expression. The binding patterns of HNFlo,, HNF4a and HNF6 on
human Chr 21 in Tc1 cells matched closely those seen in human wild-
type cells, rather than those seen in mouse wild-type cells. Similarly,
histone modifications-as well as gene expression (the amount of
mRNA transcribed)-showed human-specific, instead of mouse-spe-
cific, patterns on human Chr 21 in Tc1 cells. The authors concluded
that it is the regulatory DNA sequence, rather than any other species-
specific factor, which is the single most important determinant of gene
expression (Wilson et al., 2008).
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Inhibition of Transforming Growth Factor 3 Signali‘ng by
Halofuginone as a Modality for Pancreas Fibrosis Prevention
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Objectives: Chronic pancreatitis is characterized by inflammation and
fibrosis. We evaluated the efficacy of halofuginone, an inhibitor of col-
lagen synthesis and myofibroblast activation, in preventing cerulein-
induced pancreas fibrosis.

Methods: Collagen synthesis was evaluated by in situ hybridization
and staining. Levels of prolyl 4-hydroxylase B (P4HB), cytoglobin/
stellate cell activation—associated protein (Cygb/STAP), transgelin, tis-
sue inhibitors of metalloproteinases, serum response factor, transform-
ing growth factor B (TGFB), Smad3, and pancreatitis-associated protein
1 (PAP-1) were determined by immunohistochemistry. Metalloprotei-
nase activity was evaluated by zymography.

Results: Halofuginone prevented cerulein-dependent increase in colla-
gen synthesis, collagen cross-linking enzyme P4HRB, Cygb/STAP, and
tissue inhibitors of metalloproteinase 2. Halofuginone did not affect
TGFR levels in cerulein-treated mice but inhibited serum response fac-
tor synthesis and Smad3 phosphorylation. In culture, halofuginone in-
hibited pancreatic stellate cell (PSC) proliferation and TGFB-dependent
increase in Cygb/STAP and transgelin synthesis and metalloproteinase
2 activity. Halofuginone increased c-Jun N-terminal kinase phosphory-
lation in PSCs derived from cerulein-treated mice. Halofuginone pre-
vented the increase in acinar cell proliferation and further increased
the cerulein-dependent PAP-1 synthesis.

Conclusions: Halofuginone inhibits Smad3 phosphorylation and
increases c-Jun N-terminal kinase phosphorylation, leading to the in-
hibition of PSC activation and consequent prevention of fibrosis. Ha-
lofuginone increased the synthesis of PAP-1, which further reduces
pancreas fibrosis. Thus, halofuginone might serve as a novel therapy for
pancreas fibrosis.

Key Words: myofibroblasts, pancreatic stellate cells, Smad, collagen,
transgelin, cytoglobin

(Pancreas 2009;38: 427-435)

hronic pancreatitis is a progressive disease, characterized
by inflammation, fibrosis, and atrophy of the gland tissue,
which results in impaired exocrine and endocrine functions of
the pancreas.! The cellular mechanisms governing pancreas fib-
rosis are shared among the various insults and, in many aspects,
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mirror the scarring and wound-healing processes of other tis-
sues. Pancreas fibrosis, regardless of the cause, is characterized
by an increase in extracellular matrix (ECM) constituents, al-
though their relative distribution within the pancreas varies with
the site and nature of the insult.? In the injured pancreas, the
pancreatic stellate cells (PSCs) constitute the major source of
ECM proteins.® These cells are usually quiescent, with a low
proliferation rate; however, upon activation, they differentiate
into myofibroblastlike cells with high proliferative capacity. The
activated PSCs migrate to sites of tissue damage, where they
synthesize ECM components to promote tissue repair.® The
intracellular signaling mechanisms regulating PSC activation
include the mitogen-activated protein kinase (MAPK) path-
way, which plays a major role in ethanol- and acetaldehyde-
dependent activation of PSC, phosphatidylinositol-3-kinase,
and protein kinase C.°

The transition to the myofibroblastlike phenotype is asso-
ciated with increased expression of specific smooth muscle genes
such as o smooth muscle actin and transgelin (SM22w) and
of specific markers such as cytoglobin/stellate cell activation—
associated protein (Cygb/STAP) in fibrotic lesions of the pan-
creas.® Pancreatic stellate cells can be activated directly by
alcohol consumption” or by cytokines derived from the immig-
rating inflammatory cells.®® Platelet-derived growth factor is
the major promoter of PSC migration, whereas transforming
growth factor § (TGFpB) affects ECM production via a Smad-
associated pathway. Upon phosphorylation by the TGF(B re-
ceptor, Smad3 enters the nucleus to modulate the transcription
of target genes.'® Smad3 links TGFS signaling directly to the
serum response factor (SRF)-associated regulatory network that
controls the expression of smooth muscle-specific genes.!™!?
The predominant ECM protein synthesized by the PSCs is
collagen type 1, although increases in the gene expression of
other types of collagens and other matrix proteins have also been
reported.’> Pancreas fibrosis may also result from a relative
imbalance between the production and degradation of matrix
proteins.’® The PSCs constitute the source of various matrix
metalloproteinases (MMPs) and tissue inhibitors of MMPs
(TIMPs), which are necessary for ECM remodeling under the
control of TGFR,'>:16

In addition to the morbidity and mortality caused by chro-
nic pancreatitis, patients with this disease also have a substan-
tially increased risk of developing pancreatic cancer. The PSCs
play a major role in the growth and development of pan-
creas adenocarcinoma, which has a remarkable fibrotic compo-
nent regulated by the TGFB pathway.*'"!® The desmoplasia
is created by activated PSCs, which are stimulated by the can-
cer cells, thereby influencing tumor aggressiveness.'” Given
that activated PSCs not only are the principal effector cells in
pancreas fibrosis but also play a major role in pancreas carci-
noma, it seems that targeting the fibroblast-to-PSC transition
might be a promising therapeutic approach, for which there is
a great unmet need.
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Halofuginone, an analog of the plant alkaloid febrifu-
gine, has been found to inhibit the activation of hepatic stellate
cells (HSCs)?™! and the stromal fibroblast-to-myofibroblast
transition in the tumor microenvironment.** Halofuginone over-
came TGFR-induced collagen synthesis by inhibiting Smad3
phosphorylation downstream of the TGFB signaling pathway.?
In animal models in which excess collagen is the hallmark of
the disease, halofuginone prevented the increase in collagen
synthesis. These models included mice afflicted with chronic
graft-versus-host disease and tight-skin mice, rats with pulmo-
nary fibrosis, and rats that developed adhesions at various
sites.Z*2® When given to rats that exhibited established fibro-
sis, halofuginone caused almost a complete resolution of the
fibrotic condition.2® In addition, halofuginone markedly im-
proved the capacity of a cirrhotic liver to regenerate after par-
tial hepatectomy?® by affecting the expression of eatly genes
of liver regeneration under the control of TGFR2"® Topical
treatment with halofuginone of a patient with chronic graft-
versus-host disease and of patients with scleroderma elicited a
transient attenuation of collagen o, (I) gene expression and im-
provements in skin scores, thus demonstrating human clinical
efficacy. 2%

In the present study, we evaluated the efficacy of halo-
fuginone in inhibiting pancreas fibrosis in mice, with particular
emphasis on TGFB-dependent PSC activation and ECM
production.

MATERIALS AND METHODS

Materials

Halofuginone bromhydrate was obtained from Collgard
Biopharmaceuticals Ltd (Tel Aviv, Israel). Cerulein and (-
casein were from Sigma (St Louis, Mo). Antibodies to Cygb/
STAP were prepared according to Nakatani et al.® Smad3 and
phosphorylated Smad3 (P-Smad3) antibodies were from Ab-
cam (Cambridge, United Kingdom). Serum response factor
antibodies were from Santa Cruz Biotechnology Inc (Santa Cruz,
Calif). The proliferating cell nuclear antigen (PCNA) staining kit
was from Zymed Laboratories (San Francisco, Calif). Metallo-
proteinase 2 and P4HP monoclonal antibodies were from Acris
(Hiddenhausen, Germany), and TIMP1 and TIMP2 monoclonal
antibodies were from Lab Vision (Fremont, Calif). Polyclonal
antibodies to phospho-Akt (8*7>P-AKT), phospho-ERK/MAPK
(P-p44), total Akt and total ERK/MAPK (p44), and mono-
clonal antibody to total c-Jun N-terminal kinase (JNK) 1
were from Cell Signaling Technologies (Danvers, Mass).
Active-JNK (P-JNK1) and active p38 (P-p38) antibodies were
from Promega (Madison, Wis). Rabbit polyclonal antibodies
against human pancreatitis-associated protein 1 (PAP-1) were
prepared as described previously.*

Animal Model of Pancreas Fibrosis

Male ICR mice (Harlan Laboratories, Jerusalem, Israel)
were kept under standard conditions with free access to water
and chow. Fibrosis was induced in mice (n = 10) by repeated
(every 6 h) intraperitoneal injections of cerulein (50 wg/kg)
twice weekly for 4 or 8 weeks according to Neuschwander-
Tetri et al.>! Halofuginone was administered intraperitoneally to
mice (n = 10) at 4 g per animal, 3 times per week as described
by Bruck et al,2° starting at the same time as the cerulein. Un-
treated mice (n = 10) and mice treated only with halofuginone
(n = 10) were used as controls. All animal experiments were
carried out according to the guidelines of the Volcani Center
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Institutional Committee for Care and Use of Laboratory Ani-
mals (Bet Dagan, Israel).

Preparation of Sections, In Situ Hybridization,
and Immunohistochemistry

Pancreas samples were fixed overnight in 4% paraformal-
dehyde in phosphate-buffered saline at 4°C. Serial 5-pm
sections were prepared after the samples had been embedded
in Paraplast (McCormick Scientific, St Louis, Mo). Collagenous
and noncollagenous proteins were differentially stained with
0.1% Sirius red and 0.1% Fast green as a counterstain, in
saturated picric acid. By this procedure, collagen is stained red.
Collagen levels were quantified by image analysis (ImagePro;
Media Cybernetics, Silver Spring, Md). At least 20 photographs
were taken for each analysis per each treatment at each time
point. The results were calculated as the red area divided by
the total red and green area and presented as arbitrary units of
the mean (SE). Special care was taken to exclude the blank
areas, which probably represented artifacts. In situ hybridiza-
tion with a digoxigenin-labeled collagen o;(I) probe was per-
formed as described by Bruck et al.?® No signal was observed
with the sense probe. For immunohistochemistry, the follow-
ing antibodies were used: SRF (diluted 1:500), TGFB1
(1:400), Cygb/STAP (1:700), Smad3 (1:200), P-Smad2/3
(1:700), P4HB (1:25), TIMP1 (1:50), TIMP2 (1:250), and
PAP-1 (1:10). In all cases, at least 5 slides from all the ani-
mals within the group were evaluated blindly to the animal
grouping.

Cell Culture

Pancreatic stellate cells were prepared from either con-
trol mice or mice treated with a single injection of cerulein
(50 ng/kg). After 24 hours, the pancreas was excised, freed
from fat and lymph nodes, and digested with collagenase IV
(0.02%), and the resulting cell suspension was centrifuged at
1200g for 5 minutes. The cells were washed and resuspended in
Dulbecco’s modified essential medium (DMEM) containing
10% fetal bovine serum and antibiotics (100-U/mL penicillin,
100-mg/mlL streptomycin) and plated on 6-well plates with the
same medium.” No significant differences were observed in the
cell yield between the control and cerulein-treated mice, and
almost all the cells were stained positive for Cygb/STAP or
SM22a. All of the cells were incubated at 37°C in a humidified
atmosphere containing 5% carbon dioxide. The cells were
incubated with serum-free DMEM for 6 hours and were then
treated with fresh medium containing halofuginone (20 or 50
nmol/L), TGFB (3 ng/mL), or both for an additional 24 hours.
Cellular viability was determined by trypan blue exclusion. At
the end of the incubation period, the cells were either counted
directly with a cell counter (Coulter Electronics, Bath, United
Kingdom) or resuspended in 500 pL of lysis buffer consisting
of 1-mmol/L EDTA, 50-mmol/L. Tris (pH, 7.5), 150-mmol/L
NaCl, 10% glycerol, 1% Nonidet P40, and a 1:100 dilution
of protease and phosphatase inhibitor cocktail (Sigma).

Western Blot

Protein lysate (30 pg) from either tissue or cells was elec-
trophoresed on a 10% sodium dodecyl sulfate—polyacrylamide
gel and transferred onto a nitrocellulose membrane. Nonspeci-
fic binding sites were blocked with 5% low-fat milk, and the
membranes were incubated overnight with the appropriate an-
tibodies for SM22a (1:5000), Cygb/STAP (1:1000), MMP-2
(1:200), phospho-Akt (1:1000), phosphor-ERK/MAPK
(1:2000), total Akt and total ERK/MAPK (1:1500), active
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FIGURE 1. Effect of halofuginone on cerulein-dependent synthesis of collagen and P4HB, a collagen cross-linking enzyme. Mice were
treated with cerulein for 4 or 8 weeks with or without halofuginone, after which pancreas biopsies were taken for histology. A, Collagen
a;(l) gene expression was determined by in situ hybridization, collagen level was evaluated by Sirius red staining, and P4HB was
determined by immunohistochemistry. B, Image analysis of pancreas collagen levels. In each column, means without a common letter

differ significantly (P < 0.05) according to Duncan multiple range test.

JNK (1:5000), active p38 (1:2000), and monoclonal antibody
to total JNK (1:1000).

Zymography

Conditioned medium samples were analyzed for MMP
activity, which was determined in a 10% sodium dodecyl
sulfate—polyacrylamide gel impregnated with gelatin (0.01%)
or B-casein (1.0 mg/mL). Proteins were separated on the gel
under nonreducing conditions, followed by 1 hour of incu-
bation in 2.5% Triton X-100 and 16 hours of incubation in
50-mmol/L Tris (pH, 7.6), 0.2-mol/L NaCl, and 5-mmol/L
CaCl, at 37°C. After the incubation period, the gels were
stained with 0.5% Coomassie G 250 in methanol/acetic acid/
water (30:10:60, vol/vol/vol).

Statistical Analysis

The results are presented as the mean (SD). The signifi-
cance of differences among different groups was determined by
analysis of variance. In each column, means without a common
letter differ significantly (P < 0.05) according to Duncan mul-
tiple range test.

RESULTS

Halofuginone Inhibits Pancreas Fibrosis

Pancreas fibrosis is the result of a dynamic cascade of
mechanisms beginning with acinar cell injury and followed by
inflammation and PSC activation. After 4 weeks of cerulein
treatment, we observed a major increase in the number of PSCs
expressing the collagen o (I) gene, the synthesis of large quan-
tities of collagen surrounding the acinar cells, and positive

© 2009 Lippincott Williams & Wilkins

staining for PAHP, one of the major enzymes responsible for
collagen cross-linking and maturation (Fig. 1A). Collagen ac-
cumulated in the pancreas with time, and after an additional
4 weeks of cerulein treatment, a further increase in collagen
content and P4HP level was observed. Halofuginone preven-
ted the increase in fibrosis in a time-dependent fashion, as
demonstrated by reductions in the expression of the collagen
o (T) gene, in collagen content, and in the level of PAHB. After
4 weeks of halofuginone treatment, the collagen level was sig-
nificantly lower than that of the cerulein-treated mice but was
still higher than that of the control mice. After 8 weeks of ha-
lofuginone treatment, the collagen level was significantly lo-
wer than that of the cerulein-treated mice and did not differ
from that of the control untreated mice (Fig. 1B). Halofugi-
none alone had no effect on the collagen content or other
histologic parameters in the control untreated mice (data not
shown).

Halofuginone Inhibits PSC Activation

In addition to enhancing collagen synthesis, activated
PSCs are also characterized by increased proliferation and ex-
pression of SM22« and Cygb/STAP genes under the control
of TGFB. After 4 weeks of cerulein treatment, a major in-
crease in the number of PSCs exhibiting Cygb/STAP was
observed, which persisted for at least 8 weeks. Halofuginone
reduced the number of Cygb/STAP-positive cells in the pan-
creas (Fig. 2A) and inhibited the TGFB-induced Cygb/STAP
levels in primary PSCs in cultures derived from the pancreas
of control and cerulein-treated mice (Fig. 2B). Transgelin is
induced during transdifferentiation of fibroblasts to myofibro-
blasts at the time of stromal tissue remodeling under the

www.pancreasjournal.com | 429

Copyright © 2009 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is-prohibited.



Zion et al

Pancreas ® Volume 38, Number 4, May 2009

Control Cerulein Cerulein+ halo
B il o 8 g A Fsn
R b ; rp Pt \d I
t‘:‘;fﬁ;".zg'\\ < g : < \\.\1\
- | . PM® 1 >
aw LRR " se e e G
| B8 SNl .\
Fow s
B :
ERSan Ay
SW; Y = (‘ 5 !
R e - !
} &0 T x
A - b
-cer +cer
Transgelin esm. se— . SN G o SE—— ——
Q’o, é% )OA\ 4% Q’of 4% )QK\ 4‘% 4% 4‘9/0
Y Ry B Ry B Ry B Ry Ty
4 T 4 T 4 i
. (s S
B "% % %
200 = a] 200 b
% ) E
E 1501 | 5™ 50 nm halo 150+
E
2 100+ 200+
T | . e
O 50T =g 501
=y o —o0
0.0 0.0
1 2 3 1 2 3
C Days in culture Days in culture

FIGURE 2. Effect of halofuginone on the synthesis of Cygb/STAP and SM22« and on PSC proliferation. A, Immunohistochemistry of
Cygb/STAP in pancreas biopsies of mice treated for 4 or 8 weeks with cerulein, with or without halofuginone. B, Western blotting
of Cygb/STAP and SM22a of PSCs derived from either control or cerulein-treated mice. The cells were incubated for 18 hours with
TGFB (3 ng/mL), halofuginone, or their combination. C, Primary PSCs were incubated with various concentrations of halofuginone,

and cell proliferation was estimated directly by cell counting.

control of TGFP. The PSCs in culture from control and cerulein-
treated mice synthesized SM22qa, which was upregulated by
TGFpB. Halofuginone prevented the TGFB-dependent SM22a
synthesis in cultured primary PSCs derived from either control or
cerulein-treated mice (Fig. 2B). The inhibitory effect of halofu-
ginone on Cygb/STAP and SM22a synthesis was accompanied
by a dose-dependent inhibition of proliferation of PSCs derived
from either the normal pancreas or cerulein-treated mice (Fig. 2C).
All of these findings were consistent with halofuginone inhi-
bition of PSC activation.

Halofuginone and Matrix Degradation

The levels of TIMP1 and TIMP2 were increased in the
pancreas after cerulein treatment, but only the TIMP2 level was
inhibited by halofuginone (Fig. 3A). Metalloproteinase 2 is one
of the major MMPs involved in pancreas fibrosis under the
control of TGFB.'*'¢ Halofuginone had only a minimal, if any,
effect on MMP-2 levels in the control mice. Cerulein treatment
caused an increase in MMP-2 levels, which were further in-
creased after halofuginone treatment (Fig. 3B). In culture, a
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major increase in basal MMP-2 activity was observed in con-
ditioned medium of PSCs derived from cerulein-treated mice
compared with controls (Fig. 3C). Halofuginone had no effect
on the basal level of MMP-2 activity but inhibited the TGF3-
dependent increase in its activity by PSCs derived from control
and cerulein-treated mice (Fig. 3D). In contrast, halofuginone
increased MMP-3 activity, but only in PSCs derived from
cerulein-treated mice (Fig. 3E).

Halofuginone Inhibits TGF@ Signaling

Almost no TGFB was observed in the control untreated
pancreas, whereas in the cerulein-treated mice, a major increase
in its level was observed, mostly in the acinar cells but also in
some of the PSCs (Fig. 4). Halofuginone treatment did not
cause any change in the level of TGFp, in agreement with pre-
vious studies suggesting that halofuginone affects TGFP sig-
naling downstream in its pathway.?? Halofuginone treatment
eliminated the synthesis of SRF, which was observed exclu-
sively in the PSCs of the cerulein-treated pancreas. In the un-
treated pancreas, Smad3 was observed only in endothelial cells

© 2009 Lippincott Williams & Wilkins
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FIGURE 3. Halofuginone and the ECM degradation pathway.

A, Immunohistochemistry of TIMP1 and TIMP2 in the pancreas
after 8 weeks of cerulein treatment, with or without halofuginone.
B, Western blotting with MMP-2 antibodies of pancreas extracts.
C, Gelatin zymography for evaluation of MMP-2 activity in
conditioned medium of PSCs derived from the cerulein-treated or
untreated pancreas. Note the high levels of MMP-2 activity in
conditioned medium of PSCs derived from the cerulein-treated
pancreas. D, Effect of halofuginone on MMP-2 activity. E,
Metalloproteinase 3 in conditioned medium collected from PSCs
derived from the normal and the cerulein-treated pancreas.

surrounding the blood vessels, and no P-Smad3 was observed
in any cell type. After cerulein treatment, increases in Smad3
and P-Smad3 were observed. Smad3 was observed mostly in
the PSCs, whereas P-Smad3 was observed in the acinar cells
and the PSCs. Halofuginone had no effect on the level of
Smad3 protein expression, whereas complete elimination of
P-Smad3 was observed after halofuginone treatment (Fig. 4).

Intracellular PSC Signaling Is Affected
by Halofuginone

We evaluated the effect of halofuginone on the phosphory-
lation of key proteins in the MAPK pathways—JNK, MAPK/
ERK, and p38 MAPK—and on Akt in PSCs derived from
the control and the cerulein-treated pancreas (Fig. 5). Levels
of phosphorylated JNK and, to a much lesser extent, phos-
phorylated MAPK/ERK were higher in the PSCs derived from
the cerulein-treated pancreas relative to controls and were fur-
ther increased after halofuginone treatment. Equal levels of
phosphorylated Akt and p38 MAPK were observed in PSCs
derived from control and cerulein-treated mice and were un-
altered after halofuginone treatment.

© 2009 Lippincott Williams & Wilkins

Halofuginone Affects Cerulein-Dependent
Acinar Cell Proliferation and PAP-1 Synthesis

Fully differentiated pancreatic acinar cells are capable of
replication and can reenter the cell cycle to restore lost acinar
tissue.** Only a small number of PCNA-positive acinar cells
were detected in the untreated pancreas, whereas after ceru-
lein treatment, a major increase in PCNA-positive cells was ob-
served (Fig. 6). Halofuginone prevented this increase only in
the early stages of pancreas fibrosis development. In patholo-
gic situations, the acinar cells are the main source of PAP-1.33
Almost no PAP-1 was synthesized by the control untreated
pancreas or by the pancreas of mice treated with halofugi-
none alone. Cerulein caused increased PAP-1 synthesis, which
was more evident after 4 weeks of treatment, and halofugi-
none caused a further increase in this synthesis (Fig. 7).

DISCUSSION

Chronic pancreatitis is characterized by pancreatic in-
flammation and fibrosis, eventually leading to destruction of
pancreatic parenchyma and loss of exocrine and endocrine func-
tions. In response to pancreatic injury or inflammation, PSCs
are activated into highly proliferative myofibroblastlike cells that
express smooth muscle proteins and produce ECM components.
Administration of cerulein caused a major increase in the synthe-
sis of fibrosis-related and TGFB-dependent proteins such as
collagen type I and P4HP (Fig. 1), consistent with other models
of pancreatitis.>*** Halofuginone inhibited PSC activation, in
agreement with previous observations of inhibition of HSC and
tumor myofibroblast activation,?*?>?* as evidenced by the fol-
lowing findings. (1) There was inhibition of synthesis of col-
lagen type I, the major ECM protein, and of P4HPB, the main
enzyme responsible for its cross-linking (Fig. 1). The Sirius
red staining that remained after halofuginone treatment may
partly represent collagen type III, which also increases in
pancreas fibrosis>® but is not affected by halofuginone.®
Halofuginone also inhibited collagen synthesis in severe hy-
perstimulation and obstruction pancreatitis in rats.3” (2) There
was inhibition of the expression of specific markers expressed
in activated PSCs, such as Cygb/STAP, and of TGFpB-
dependent increases in muscle-specific genes such as SM22a
(Figs. 2A, B). (3) There was inhibition of PSC proliferation
(Fig. 2C). All of the inhibited parameters are characteristic of
activated PSCs. Transforming growth factor B is known to re-
gulate PSC activation and to inhibit its proliferation. Al-
though halofuginone inhibited TGFB signaling, incubation
of the PSC with halofuginone resulted in a dose-dependent
inhibition of cell proliferation (Fig. 2C). These results suggest
that halofuginone may have additional targets involved in
cell proliferation, for example, within the MAPK signaling
pathway (Fig. 5).

The course of chronic pancreatitis is characterized by re-
current episodes of acute pancreatitis, which cause paren-
chymal injury and necrosis, accompanied by fibrosis, chronic
inflammation, and parenchymal cell loss, all of which increase
with each successive episode. Hypoxia and hypoxia-related
genes are upregulated during cerulein-induced acute pancrea-
titis.3® It is interesting to note that the synthesis of Cygb/
STAP and collagen P4HB is controlled by hypoxia.>>*° Cy-
toglobin/stellate cell activation—associated protein is probably
involved in cellular oxygen homeostasis and supply and plays
a role as an oxygen reservoir that is used under hypoxic condi-
tions to protect the tissue from oxidative stress.*!

Regardless of the cause of the insult resulting in pancreas
fibrosis, extensive ECM remodeling is required. In the first
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FIGURE 4. Halofuginone and TGF@ signaling. Transforming growth factor g, SRF, Smad3, and P-Smad3 levels were determined by
immunohistochemistry in pancreas biopsies after 8 weeks of cerulein treatment, with or without halofuginone. Cells expressing
the specific proteins are indicated by arrows. Note that halofuginone did not affect TGFp levels but prevented the cerulein-dependent

increases in SRF and P-Smad3, but not Smad3, levels.

step, transient local degradation of the ECM occurs, either by
proteases of the plasminogen or by the MMP systems. The
balance between the MMPs and their inhibitors is pivotal in
the remodeling of the ECM. Tissue inhibitors of MMP-1 and
TIMP2, derived from the activated PSCs,'® are increased in
the pancreas of cerulein-treated mice (Fig. 3A). Although
both TIMPs are under the control of TGFpB, the regulation
of TIMP1 is probably not Smad3-dependent. The Smad-
containing complexes do not interact with the promoter-
proximal activator protein 1 site of TIMP1 that is required
for TGFP activation; therefore, TGFP was able to stimulate
TIMP1 synthesis in a Smad-knockout cell line.** This could
explain the observation that halofuginone, an inhibitor of
Smad3 phosphorylation downstream of TGFf signaling®!"?
(Fig. 4), inhibited only the synthesis of TIMP2 but not that
of TIMP1 (Fig. 3A), as has been observed in chemically in-
duced liver fibrosis.?® Pancreatic stellate cells have the capa-
city to synthesize a number of MMPs under the control of
TGFB.'® The PSCs derived from cerulein-treated mice exhi-
bited much higher MMP-2 activity than those derived from
the control mice, and the difference persisted even after se-
veral passages in culture (Fig. 3C). This may imply a fun-
damental genomic change while they are in the fibrotic tissue,
or it may reflect the disparity in their origin. Halofuginone
prevented the TGFB-dependent increase in MMP-2 activity
in both cell populations (Fig. 3D), but it increased MMP-3
activity only in the cells derived from cerulein-treated mice.
These results are consistent with the effects of halofuginone on
MMP activity observed in HSCs in culture and in rat hepatic-
induced fibrosis.**

Transforming growth factor B is synthesized by the
PSCs and was upregulated in the cerulein-treated pancreas
(Fig. 4). Halofuginone, which has been found to overcome
TGFB-induced collagen synthesis without affecting TGFB
receptor expression,?> did not affect TGFB levels in the
cerulein-treated mice, suggesting that halofuginone’s target is
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probably downstream of the TGFB-receptor interaction, along
the Smad3 pathway. Indeed, halofuginone decreased the levels
of P-Smad2/3 in the cerulein-treated pancreas without affecting
the total level of Smad3, in agreement with previous find-
ings.?"">* Smad3, in conjunction with SRE, is a major mediator
of TGFR signaling, which results in transcription of smooth
muscle—specific genes.'' Serum response factor induces smooth
muscle cell (SMC) gene expression, and the dominant-negative
mutant of SRF blocks TGFB-induced SMC genes.** In activated
HSCs, TGFP upregulates SRF synthesis, resulting in SMC gene
expression.*> The entire conditional inactivation of the SRF
gene in the pancreas leads to severe pancreatitis,*® although in
the present study, in the cerulein-treated pancreas, SRF was
upregulated exclusively by the PSCs, probably because of
cerulein-dependent increases in TGF@ synthesis and Smad3
phosphorylation (Fig. 4). Halofuginone inhibited SRF synthesis
without affecting the level of TGF[, which again suggests that
halofuginone inhibits smooth muscle gene expression and ECM
production by inhibiting Smad3 phosphorylation downstream of
TGFp signaling, resulting in inhibition of PSC activation.

The PSCs derived from the pancreas of cerulein-treated
mice exhibited much higher levels of phosphorylated JNK and,
to a lesser extent, of MAPK/ERK, but not of p38 kinase or
Akt. Halofuginone further increased JNK phosphorylation in
the cerulein-treated PSCs. The JNK has been implicated as a
repressor of TGFB gene expression, and it contributes to the
regulation of autocrine TGFB-mediated biologic responses,*’
suggesting that there is cross-talk between the 2 signaling
pathways. It is interesting to note that halofuginone causes
increased phosphorylation of c-Jun transcription factor, a major
JNK substrate, in Tsk/+ mouse fibroblasts in culture and in vivo,
in correlation with a decrease in collagen synthesis.*®

Halofuginone affects not only the stellate cells but also
the epithelial cells of the tissue. In the liver, halofuginone sti-
mulates insulin growth factor binding protein 1 synthesis by
the hepatocytes, and the secreted insulin growth factor binding

© 2009 Lippincott Williams & Wilkins
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FIGURE 5. Halofuginone and JNK, MAPK, and Akt signaling

in PSCs. Cells derived from the pancreas of control and
cerulein-treated mice were cultured in the presence or absence
of halofuginone (20 mmol/L). At the end of the incubation, cell
extracts were blotted with the appropriate antibodies.
Halofuginone further increased the cerulein-dependent
phosphorylation of [NK and, to a lesser extent, the
phosphorylation of MAPK/ERK. No effect of cerulein or
halofuginone on Akt or p38 phosphorylation was observed.

protein 1 inhibits HSC migration.?” In the pancreas, PAP-1 is
expressed at a level related to the severity of cerulein-induced
pancreatitis in the acute phase.*® Halofuginone prevented the
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FIGURE 7. Halofuginone and PAP-1 synthesis. Pancreas biopsies
were taken after 4 and 8 weeks of cerulein treatment, with and
without halofuginone, immunostained with PAP-1 antibodies, and
subjected to image analysis. In each panel, means without a
common letter differ significantly (P < 0.05) according to Duncan
multiple range test.

cerulein-dependent increase in acinar cell proliferation and
increased the synthesis of anti-inflammatory cytokine PAP-1
(Figs. 6, 7), which may further reduce PSC activation and matrix
synthesis, by inhibiting inflammation. Halofuginone also in-
hibited rat inflammation after severe hyperstimulation and ob-
struction pancreatitis.’

In conclusion, we demonstrated that halofuginone pre-
vents cerulein-dependent PSC activation by inhibiting Smad3

FIGURE 6. Halofuginone and acinar cell proliferation. Pancreas biopsies were taken after 4 and 8 weeks of cerulein treatment, with
and without halofuginone, and were immunostained with PCNA antibodies. Halofuginone prevented the increase in acinar cell

proliferation after only 4 weeks of treatment.
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phosphorylation downstream of TGF@ signaling and via JNK
phosphorylation. In addition, halofuginone increases the syn-
thesis of the anti-inflammatory cytokine PAP-1 by the acinar
cells, which can further reduce pancreas fibrosis. These results
suggest that halofuginone, which has already exhibited human
clinical efficacy?>29 and is currently being evaluated in clinical

trials for various indications,*?

could serve as a novel therapy

for pancreas fibrosis.
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S-n-Butyl-pyrazolo[1,5-a]pyrimidine Bioactivated in Chimeric Mice
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Accelerator Mass Spectrometry
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Drug development of a potential analgesic agent 5-n-butyl-7-(3,4,5-trimethoxybenzoylamino)pyra-
zolo[1,5-a]pyrimidine was withdrawn because of its limited hepatotoxic effects in humans that could not
be predicted from regulatory animal or in vitro studies. In vivo formation of glutathione conjugates and
covalent binding of a model compound 5-n-butyl-pyrazolo[1,5-alpyrimidine were investigated in the
present study after intravenous administration to chimeric mice with a human or rat liver because of an
interesting capability of human cytochrome P450 1A2 in forming a covalently bound metabolite in vitro.
Rapid distribution and elimination of radiolabeled 5-n-butyl-pyrazolo[1,5-a]pyrimidine in plasma or liver
fractions were seen in chimeric mice after intravenous administration. However, similar covalent binding
in liver was detected over 0.17—24 h after intravenous administration. Radio-LC analyses revealed that
the chimeric mice with humanized liver preferentially gave the 3-hydroxylated metabolite and its
glutathione conjugate in the plasma and liver. On the contrary, chimeric mice with a rat liver had some
rat-specific metabolites in vivo. Analyses by electrophoresis with accelerator mass spectrometry of in
vivo radiolabeled liver proteins in chimeric mice revealed that bioactivated S-n-butyl-pyrazolo[1,5-a]-
pyrimidine bound nonspecifically to a variety of microsomal proteins including human P450 1A2 as
well as cytosolic proteins in the livers from chimeric mice with humanized liver. These results suggest
that the hepatotoxic model compound 5-n-butyl-pyrazolo[1,5-a]pyrimidine was activated by human liver
microsomal P450 1A2 to reactive intermediate(s) in vivo in humanized chimeric mice and could relatively

nonspecifically bind to biomolecules such as P450 1A2 and other proteins.

Introduction

Cytochrome P450 comprises a superfamily of enzymes
involved in the oxidation of a large number of endogenous and
exogenous compounds associated with their pharmacological
or toxicological actions (/). For example, it has been reported
that drug-induced hepatotoxicity may be caused by active
intermediates formed by animal and/or human P450 enzymes
from a common toxicant acetaminophen (2) or idiosyncratic
troglitazone withdrawn from the market (3). Species differences
between experimental animals and humans in the roles of P450
enzymes in drug metabolism are determinant factors in evaluat-
ing diug toxicity (4).

Drug-induced liver injury has been one of the most frequent
single causes of safety-related drug marketing withdrawals, In
a clinical study of 5-n-butyl-7-(3,4,5-trimethoxybenzoylami-
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no)pyrazolo[1,5-alpyrimidine (Figure 1, OT-7100') with a
potential analgesic effect, limited elevations in the serum levels
of asparate or alanine aminotransferase were abnormally
observed in humans that could not be predicted from regulatory
animal or in vitro studies (5). No apparent differences in plasma
drug levels of volunteers were found between the toxic cases
and other groups in our limited observations so far (5). The
underlying molecular mechanisms are not yet fully known.
However, human liver microsomal P450 1A2 was able to
effectively mediate the transformation of a primary metabolite
5-n-butyl-pyrazolo[1,5-a]pyrimidine (M-5) into 3-hydroxy-5-
n-butyl-pyrazolo[1,5-a]pyrimidine (M-230H), yielding a pos-
sible quinone-imine metabolite that could bind to glutathione
or liver proteins (Figure 1) (5).

Safety assessment of drug metabolites is proposed by potential
application of genetically engineered mouse models that express
human P450 enzymes (6). Recently, chimeric mice with
humanized liver were established by transplanting human
hepatocytes into a urokinase-type plasminogen activator™*/

! Abbreviations: M-5, 5-n-butyl-pyrazolo[1,5-a]pyrimidine; M-220H,
6-hydroxy-5-n-butyl-pyrazolo[1,5-a]pyrimidine; M-230H, 3-hydroxy-5-n-
butyl-pyrazolo[1,5-a}pyrimidine; OT-7100, S-n-butyl-7-(3,4,5-trimethoxy-
benzoylamino)pyrazolo{1,5-a]pyrimidine.
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Figure 1. Metabolic fate of human hepatotoxic pyrazolopyrimidine
derivative, 5-n-butyl-7-(3,4,5-trimethoxybenzoylamino)pyrazolo{1,5-a}-
pyrimidine (OT-7100) and its primary metabolite 5-n-butyl-pyra-
zolo[1,5-a]pyrimidine (M-5), after biotransformation by human and rat
P450 1A2 enzymes. Only 3-hydroxy-5-n-butyl-pyrazolo[1,5-a]pyrimi-
dine (M-230H) was detected in human liver microsomal incubations,
but M-230H and hydroxy-5-n-butyl-pyrazolo[1,5-alpyrimidine (M-
220H) were seen in rat liver microsomal incubations (5).

severe combined immunodeficient transgenic mouse line (7, 8).
These chimeric mice may be useful to evaluate human phar-
macokinetics for developing drug candidates or idiosyncratic
drugs in terms of mechanism-based adverse reactions and
toxicity.

The purpose of this study was to characterize in vivo 5-n-
butyl-pyrazolo[1,5-a]pyrimidine metabolism by human liver
microsomal P450 enzymes transplanted into mice and also to
better understand the activation of 5-n-butyl-pyrazolo[1,5-al-
pyrimidine and any interactions with biomolecules in the liver
including covalent binding by electrophoresis analysis with
accelerator mass spectrometry. In order to investigate different
oxidative metabolic profiles of the species-specific hepatotoxic
pyrazolopyrimidine derivative, chimeric mice with rat livers
(7, 9) were also used and compared with mice with humanized
livers. We report herein that the metabolically activated 5-n-
butyl-pyrazolo[1,5-alpyrimidine binds nonspecifically to a
variety of microsomal proteins including human P450 1A2 (a
bioactivating enzyme) or prolyl-4-hydroxylase as well as
cytosolic proteins including catalase in chimeric mice with
humanized livers.

Experimental Procedures

Chemicals and Enzymes. 5-n-Butyl-pyrazolo[1,5-a]pyrimidine
(M-5) and its “C-labeled compound (the labeling position was the
5 position carbon atom in the pyrazolopyrimidine ring as shown in
Figure 1), 3-hydroxy-5-n-butyl-pyrazolo{1,5-a]pyrimidine (M-
230H), 6-hydroxy-5-n-butyl-pyrazolo[1,5-alpyrimidine (M-220H),
and 5-n-pentyl-7-(3,4,5-trimethoxybenzoylamino)pyrazolo[1,5-a]
pyrimidine (OT-7126) as an internal standard for HPLC analysis
were synthesized at Otsuka Pharmaceutical Factory (Tokushima,
Japan). All these chemicals were determined, by reversed-phase
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HPLC, to be >99.0% pure. Reduced glutathione was purchased from
Sigma-Aldrich (St. Louis, MO). Recombinant human and rat P450
1A2 coexpressed with NADPH-P450 reductase in baculovirus-
infected insect cells (Supersomes) and antibodies against human
P450 enzymes were purchased from Nosan (Yokohama, Japan) and
BD Gentest (Woburn, MA). All other chemicals and reagents used
were of analytical reagent grade.

Animal Experiments. Chimeric mice (PXB mice) with a human
or rat liver used in this study were prepared by PhoenixBio Co.
(Hiroshima, Japan) (7, 9). Briefly, male chimeric mice (10—14
weeks old, 15 g body weight) with human hepatocytes (male
Caucasian, 2 years old from BD Biosciences, San Jose, CA) or rat
hepatocytes (pooled from five male Sprague—Dawley rats, 10 weeks
old were purchased from Charles River Japan, Kanagawa, Japan)
were transplanted into a urokinase-type plasminogen activator */*/
severe combined immunodeficient transgenic mouse line (20—30
days after birth). The replacement index of the mice with the human
hepatocytes for estimating the humanization of the chimeric mice
was determined by measuring the levels of human albumin in the
mouse blood (/0). The livers were collected and stored at —80 °C
prior to use. The frozen tissues were homogenized with 5 volume
of 250 mM sucrose buffer. Protein concentrations of these samples
were measured by a protein assay system (Bio-Rad Laboratories,
Hercules, CA).

Metabolites Measurements. A typical in witro incubation
mixture (0.50 mL total volume) contained recombinant human or
rat P450 1A2 (20 pmol equivalent recombinant P450/mL), 50 mM
potassium phosphate buffer (pH 7.4), an NADPH-generating system
(0.5 mM NADP*, 5 mM glucose 6-phosphate, and 1 U/mL glucose-
6-phosphate dehydrogenase), and 5-n-butyl-pyrazolo[1,5-alpyri-
midine (5.0 #M) in the absence or presence of reduced glutathione
(50 mM). After a 5 min preincubation, the reactions were initiated
by the addition of the NADPH-generating system and were
incubated at 37 °C for 30 min. The reactions were terminated by
0.50 mL of methanol, and then OT-7126 was added as an internal
standard. After centrifugation at 2,000g for 10 min at 4 °C, the
supernatant was added to 5 mM ammonium acetate at a ratio of
1:1, and a 0.20 mL aliquot was injected onto the LC system. In the
case of the analysis of in vivo samples, a 0.2 mL aliquot of each
plasma or liver homogenate sample was first added to 0.46 mL of
methanol, and then OT-7126 was added as an internal standard.
After centrifugation at 10,000g for 15 min at 4 °C, the supernatant
(0.5 mL) was transferred to another tube and dried under nitrogen
at 40 °C. The residue was dissolved in 0.2 mL of a mixture of
methanol and 5 mM ammonium acetate at a ratio of 1:3, and a
0.15 mL aliquot was injected onto the radio-LC system.

HPLC Analysis. 5-n-Butyl-pyrazolo[1,5-a]pyrimidine and its
metabolites were assayed using UV-LC and radio-LC methods
validated over a concentration range of 0.10—10.0 uM. 5-n-Butyl-
pyrazolo[1,5-a]pyrimidine and its metabolites in incubation mixtures
or plasma and liver homogenates of the chimeric mice were
separated on a 250 mm x 4.6 mm i.d. Inertsil ODS-3 V column
(GL-Sciences, Tokyo, Japan) and detected at wavelengths of 230
nm or by FLO-ONE/Beta Model A525 as a radio-detector using
an HPLC system (LC-10A Series, Shimadzu, Kyoto, Japan). The
column temperature was maintained at 40 °C. The mobile phase
was 5 mM ammonium acetate (A) and acetonitrile (B). The
conditions for elution were as follows: 13 to 25% B (0—8 min),
25 to 25% B (8—20 min), 25 to 35% B (20—25 min), 35 to 80%
B (25—31 min), and 80 to 80% B (31—40 min). Linear gradients
were used for all solvent changes. The flow rate was 0.80 mL/min
in LC assays in combination with the scintillator (Ultima-Flo,
PerkinElmer, Waltham, MA, at a flow rate of 2.4 mL/min) in the
radio-L.C assay.

Covalent Binding of Metabolically Activated Derivatives to
the Liver in Vivo. A sodium dodecyl sulfate (SDS)—polyacrylamide
gel electrophoretogram in 12% acrylamide gels with liver mi-
crosomes (10 ug) from humanized mice treated with 5-n-butyl-
pyrazolo[1,5-alpyrimidine (5, 1) was stained with 0.08% Coo-
massie Brilliant Blue R350 (GE Healthcare Bio-Science) according
to the manufacturer’s protocol. Radioactivity contents of each band
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on the gel were determined by BAS-5000 Image Analysis System
(Fyjifilm, Tokyo, Japan). In separate experiments, 10 gel pieces
were sliced-out by hand at 1 mm width at 35— 100 kDa range from
the gel after electrophoresis and were subjected to mass spectrom-
etry for detecting P450 enzymes. In other experiments, correspond-
ing human P450 enzymes in liver microsomes separated on the
gel were also detected with anti-P450 antibodies.

Protein samples (100 ug) were applied overnight to Immobiline
Drystrip (GE Healthcare Bio-Science) by in-gel rehydration as
described previously (12, 13). After rehydrated gels were gently
dried, isoelectric focusing was performed in a Pharmacia Hoefer
Multiphor II electrophoresis chamber (GE Healthcare, Bucking-
hamshire, U.K.) according to the manufacturer’s instructions.
Second dimension SDS—polyacrylamide gel electrophoresis (PAGE)
was performed in 9—18% acrylamide gradient gels using a IsoDalt
electrophoresis chamber. The second dimension gels were stained
with SYPRO Ruby (Invitrogen, Carlsbad, CA) under the manu-
facturer’s protocols (/4). The SYPRO Ruby-stained proteins were
detected using Molecular Imager FX (Bio-Rad Laboratories,
Hercules, CA) and were subjected to in-gel digestion image analysis.
Database management and image analysis were done using Image
Master Platinum image analysis software (GE Healthcare).

In-gel digestion and mass spectrometric identification of proteins
were performed essentially as described elsewhere (/5). Briefly,
protein spots were excised from the dried silver stained second
dimension gels and rehydrated for 20 min in 100 mM NH,HCO;.
The gel spots were then destained for 20 min in a solution of 15
mM potassium ferricyanide and 50 mM thiosulfate (/6), rinsed
twice in water, and finally dehydrated in 100% acetonitrile until
they turned opaque white. The spots were then dried in a vacuum
centrifuge and subsequently rehydrated in a digestion solution
consisting of 50 mM NHHCO;, 5 mM CaCl,, and 0.1 ug/uL
modified sequence-grade trypsin (Promega, Madison, WI). After
overnight incubation at 37 °C, the digestion was terminated in 5%
trifluoroacetic acid for 20 min. Peptides were extracted 3 times (20
min each) with 5% trifluoroacetic acid in 50% acetonitrile, and the
extracted peptides were pooled and dried in a vacuum centrifuge.
The peptides were purified with ZipTip (Millipore, Billerica, MA)
under the manufacturer’s protocol and analyzed by MACOT
database software (Matrix Science, Tokyo, Japan). Accelerator mass
spectrometry analyses were performed with a NEC 1.5SDH-1
0.6MYV Pelletron AMS system (National Electrostatics Corporation,
Tokyo, Japan) to determine “C/?C content ratio in the biological
samples after dilution as described previously (17).

Kinetic Data Analysis. The radioactive concentrations at time
0 (Cy) were extrapolated from the initial slope. The times to reach
the elimination half-lives (¢,;;) were estimated as In 2/k, where k is
the slope of the terminal linear portion of the semilogarithmic
plasma concentration—time curve. The areas under the plasma con-
centration—time curves from time 0 to the last detectable concentration
(AUC,.), area under the plasma concentration—time curves from time
0 to the infinite time after administration (AUC,...), and the mean
residence times (MRT) were calculated. Total systemic clearances
(CLyy), volume of distribution (Vd), and volume of distribution at
steady state (Vdss) were calculated according to the following
equations: CL = D/AUC,..., Vd = DICy, Vdss = MRT'CLy,; =
D*MRT/AUC,..., where D is the administered dose.

Results

In Vitro Formation of Glutathione Conjugates of 5-n-
Butyl-pyrazolo[1,5-a]pyrimidine Catalyzed by Recombinant
Human or Rat P450 1A2. Recombinant human or rat P450
1A2 was incubated with 5-a-butyl-pyrazolo[1,5-a]pyrimidine
for 30 min with an NADPH-generating system and/or reduced
glutathione (5.0 mM). Human P450 1A2 preferentially metabo-
lized 5-n-butyl-pyrazolo[1,5-ajpyrimidine to M-230H (peak 4,
a C-3-position hydroxyl derivative) at substrate concentrations
of 5.0 uM (Figure 2A). On the contrary, rat P450 1A2 rapidly
metabolized 5-n-butyl-pyrazolo[1,5-a]pyrimidine to M-230H,
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Figure 2. Representative UV-LC chromatograms of in vitro metabolites
from 5-n-butyl-pyrazolo{1,5-alpyrimidine (M-5) by incubation with
human P450 1A2 (A,B) and rat P450 1A2 (C,D) in the absence (A,C)
and presence (B,D) of reduced glutathione. Recombinant human or rat
P450 1A2 (20 pmol/mL) was incubated with 5 uM S5-n-butyl-
pyrazolo[1,5-alpyrimidine (M-5) for 30 min with an NADPH-generating
system and/or reduced glutathione (50 mM). Peak 1, a glutathione
conjugate of M-230H; peak 2, a rat-specific unknown product; peak
3, M-220H; peak 4, M-230H; and peak 5, 5-n-butyl-pyrazolo[1,5-a]-
pyrimidine (M-5).

M-220H (peak 3, a C-6-position hydroxyl derivative), or an
unknown metabolite (peak 2, Figure 2C). An M-230H-
glutathione conjugate (peak 1) was also detected in the presence
of glutathione and NADPH after the incubation of 5-n-butyl-
pyrazolo[1,5-alpyrimidine by P450 1A2 systems (Figure 2B,D).

In Vivo Formation of Glutathione Conjugates of 5-n-
Butyl-pyrazolo[1,5-a]pyrimidine after Intravenous Admin-
istration to Chimeric Mice with Human or Rat Livers. To
see in vivo species differences found in the 5-n-butyl-pyra-
zolo[1,5-a]pyrimidine metabolism in wvitro, 5-n-butyl-pyra-
zolo[1,5-a]pyrimidine metabolism was investigated using chi-
meric mice with human or rat livers. After the administration
of *C-5-n-butyl-pyrazolo[1,5-a]pyrimidine at 3 mg dose/kg
body weight to chimeric mice, similar elimination curves of
radioactivities in plasma were obtained in chimeric mice with
a human and rat liver (Figure 3A). Similar elimination profiles
were also seen in normal rats (not shown). The apparently
similar pharmacokinetic parameters for radioactivity after
intravenous administration of C-5-n-butyl-pyrazolo[1,5-a]py-
rimidine were obtained in chimeric mice with human or rat livers
as shown in Table 1. The radioactivities were rapidly eliminated
from the plasma of chimeric mice: half-lives of o~ and
B-elimination phases were 0.31 &£ 0.06 h (mean + SD) and
6.17 & 1.28 h in chimeric mice with human livers. Similarly,
rapid distribution (at 0.17 h after administration) and elimination
(at 24 h) of radioactivity in liver fractions were seen in chimeric
mice with human or rat livers after intravenous administration
(Figure 3B). However, similar levels of covalent binding in
livers were detected over 0.17—24 h both in chimeric mice with
human and rat livers (Figure 3C).

Radio-LC assays revealed that the chimeric mice with human
livers preferentially gave the M-230H metabolite from 5-n-
butyl-pyrazolo[1,5-a]pyrimidine in the liver (Figure 4C) and an
M-230H-glutathione conjugate in the plasma (Figures 4A). The
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Figure 3. Plasma (A) or liver (B,C) concentrations of radiolabeled 5-n-butyl-pyrazolo[1,5-a]pyrimidine (M-5) and covalent protein binding to liver
fractions (D) in chimeric mice with human (®, W) or rat (O, O) livers after intravenous administration. 4C-5-n-Butyl-pyrazolo[1,5-a]pyrimidine
was administered intravenously at a dose of 3.0 mg/kg in the chimeric mice. Results are expressed as the mean values £ SD of three mice.

Table 1. Animal Profiles and Pharmacokinetic Parameters
of Plasma Radioactivity Levels of Human- or Rat-Chimeric
Mice after Intravenous Administration of 3.0 mg/kg of
14 C-5-n-Butyl-pyrazolo[1,5-aJpyrimidine (M-5)*

chimeric mice with

human liver rat liver

body weight (g) 209 £ 0.8 242 £+ 1.7
liver weight (g) 227 £+ 0.18 1.50 + 0.14
extent of the replacement 858 £ 7.0

from mice to humans (%)
albumin concentrations in 843 4+ 2.57 8.20 + 2.43

plasma (mg/mL)
Cp (ug equiv/mL) 3.11 £ 044 3.52 + 0.61
AUC. (g equiv/mlsh) 2.11 + 0.40 2.04 + 0.28
AUCy... (ug equiv/mL+h) 2.16 + 0.41 2.06 £+ 0.29
tina (h) 0.31 £ 0.06 0.23 £+ 0.01
tif (h) 6.17 + 1.28 4.79 + 0.26
CLy, (L/b/kg) 142 £ 0.28 147 £ 022
Vd (Likg) 0.98 + 0.13 0.87 £ 0.17
MRT (h) 3.06 £ 0.64 298 + 042
Vdss (L/kg) 440 + 1.52 445 + 1.28

¢ (Cp, concentrations at time 0; AUC,, areas under the plasma
concentration—time curves from time O to the last detectable concen-
tration; AUCy..., area under the plasma concentration—time curves from
time O to the infinite time after administration; ¢, half-life; CLiy, total
systemic clearances; Vd, volume of distribution; MRT, mean residence
times; Vdss, volume of distribution at steady state. See Experimental
Procedures for details. Data are the means (£SD) from three mice.

M-230H-glutathione conjugate was detected at almost the
background level or a minor level in the liver (Figure 4C). On
the contrary, chimeric mice with rat livers had the rat-specific
metabolite peak corresponding to an unknown metabolite in the
chromatograms obtained from the plasma and liver in wivo
(Figure 4B,D), like the in vitro rat P450 1A2 system (Figure
2C.D).

Analysis of in Vivo Covalent Binding of 5-n-Butyl-pyra-
zolo[1,5-alpyrimidine to Liver Microsomal or Cytosolic Pro-
teins in Chimeric Mice with Human Livers. Covalent binding
of 5-n-butyl-pyrazolo[1,5-alpyrimidine in liver microsomal
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Figure 4. Representative radio-LC chromatograms of in vivo metabo-
lites of radiolabeled 5-n-butyl-pyrazolo[1,5-alpyrimidine (M-5) in
plasma (A,B) and livers (C,D) at 10 min after intravenous administration
to chimeric mice with human (A,C) or rat (B,D) livers. Peaks 1—5 shown
here are the same as those described in the legend for Figure 2: peak 1, a
glutathione conjugate of M-230H; peak 2, a rat-specific unknown product;
peak 4, M-230H; and peak 5, 5-n-butyl-pyrazolo[1,5-alpyrimidine (M-
5). '

proteins from the chimeric mice with human livers after the
administration of "C-5-n-butyl-pyrazolo[1,5-alpyrimidine was
analyzed first by SDS—PAGE. As shown in Figure 5A, many
bands existed in the gel after Coomassie blue staining: 10 protein
bands in the ranges of 35—100 kDa in the liver microsomes
were focused. After measurements of protein contents (Figure
5B) and radioactivities (Figure 5C) of the 10 analyte pieces,
specific covalent binding of 5-n-butyl-pyrazolo[1,5-alpyrimidine
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Figure 5. Covalent binding analysis after SDS—PAGE of liver microsomal proteins obtained from chimeric mice with humanized liver after the
administration of radiolabeled 5-n-butyl-pyrazolo[1,5-a]pyrimidine (M-5). SDS—polyacrylamide gel electrophoretogram (A) was stained with
Coomassie Brilliant Blue. Protein (B) and radioactivity (C) contents of each piece on the gel were determined. Specific covalent binding contents
were expressed as pmol 5-n-butyl-pyrazolo[1,5-alpyrimidine bound per mg microsomal protein (D).

was calculated (Figure 5D). Approximately 2—10 pmol equiva-
lents of 5-n-butyl-pyrazolo[1,5-alpyrimidine bound to a variety
of liver microsomal proteins per mg total microsomal protein.
The radioactivities from metabolically activated 5-n-butyl-
pyrazolo[1,5-a]pyrimidine bound to human P450 1A2 (fraction
7, Figure 5E), P450 3A4 (fraction 8, Figure 5E), and other many
microsomal proteins including P450-2C9, 2C19, and 2D6 in
humanized livers were judged from immunoblotting and mo-
lecular weights on the gel.

Covalent binding profiles of liver microsomal and cytosolic
fractions were further investigated by two-dimensional electro-
phoresis in the chimeric mice with humanized livers after the
administration of radiolabeled 5-n-butyl-pyrazolo[1,5-alpyri-
midine. Protein samples (100 ug) were separated by isoelectric
points (pH 3—10) and molecular weight (10—225 kDa) (Figure
6A,B). Protein contents and covalent binding contents of these
analyte spots in the gels were determined. Two-dimensional
electrophoresis associated with accelerator mass spectrometry
analyses revealed that 5-n-butyl-pyrazolo[1,5-a]pyrimidine bound
covalently to a variety of liver microsomal (Figure 6C) and
cytosolic (Figure 6D) proteins. The highest specific binding was
observed in prolyl-4-hydroxylase (0.016 pmol equiv/ug protein,
a key enzyme in the biosynthesis of collagens) in microsomal
proteins (a spot of 0.15 ug protein/mg microsomal protein shown
in Figure 6C) and an antioxidant enzyme catalase (0.0099 pmol
equiv/ug protein, a spot of 1.26 ug protein/mg cytosolic protein
shown in Figure 6D) in cytosolic proteins, respectively, after
two-dimensional electrophoresis and accelerator mass spec-
trometry analysis.

Discussion

Idiosyncratic drug toxicity like hepatotoxicity is a major
complication of drug therapy and drug development. Many
idiosyncratic reactions appear to have an immunological etiology
with increasing evidence for the role of T-lymphocytes (I8).
Toxicity testing has been ineffective in the prediction of drug
candidates that will be associated with a relatively high incidence
of idiosyncratic drug reactions. Circumstantial evidence suggests
the involvement of reactive metabolites in the etiology of these
reactions, and this has prompted several companies to screen
drug candidates for the formation of such compounds (/9). It
has been suggested that bioactivated small organic molecules

in vivo resulting in electrophiles can adduct to biological
macromolecules (approximately 1 nmol drug equiv/mg protein)
and subsequently elicit organ toxicity (20). To reduce this figure
by 20-fold gave a conservative target threshold value for in vivo
covalent binding of 50 pmol drug equiv/mg protein (20). In
vitro covalent binding analysis of drug candidates bioactivated
by human liver microsomes is generally available for safety
tests (20). To develop efficient prediction methods, a better
understanding of the basic mechanisms involved is essential.
Established chimeric mice with humanized livers (7, 8) would
be good predictors compared with human liver microsomes
because these livers have both microsomal and cytosolic enzyme
systems for understanding whole drug metabolism and disposi-
tion in vivo. In our analysis for the evaluation of drug—protein
adducts in vivo, a new approach by electrophoresis associated
with accelerator mass spectrometry was first adapted. The low
but measurable radioactivity in separated spots on the gel
determined by accelerator mass spectrometry in this study could
yield a new evaluation system for the drug-target proteins (as
discussed below).

The present target compound 5-n-butyl-pyrazolo[1,5-a]pyri-
midine (Figure 1) is the primary metabolite of a previous drug
candidate, 5-n-butyl-7-(3,4,5-trimethoxybenzoylamino)pyrazo-
lo[1,5-alpyrimidine, with a potential analgesic effect (5).
Bioactivation of this model compound was effectively catalyzed
by recombinant human P450 1A2 (Figure 2) in vitro and also
by livers in humanized mice in vivo through C3-hydroxylation
to form covalent protein binding (Figure 3) and a glutathione
adduct (Figure 4). On the contrary, chimeric mice with rat livers
had some rat-specific metabolites in wvivo (Figure 4). These
results demonstrated that livers of the chimeric mice with
humanized livers could activate 5-n-butyl-pyrazolo[1,5-a]pyri-
midine in vivo, leading to human-selective covalent binding and
that the in vivo metabolic pattern of 5-n-butyl-pyrazolo[1,5-a]-
pyrimidine was the same as that of in vitro metabolites in human
liver microsomes (5) or recombinant human P450 1A2 shown
here by radio-L.C systems.

Profiles of the drug—protein adducts from bioactivated 5-n-
butyl-pyrazolo[1,5-a]pyrimidine were analyzed by separations
with SDS—PAGE (Figure 5) and two-dimensional electrophore-
sis (Figure 6). P450 1A2 in humanized liver was capable of
oxidizing 5-n-butyl-pyrazolo[1,5-a]pyrimidine at the C*-position
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Figure 6. Covalent binding profiles of liver microsomal (A,C) and cytosolic (B,D) protein fractions separated by two-dimensional electrophoresis
obtained from chimeric mice with humanized liver after the administration of radiolabeled S-n-butyl-pyrazolo[1,5-alpyrimidine (M-5). Loaded
protein samples (100 ug) were focused (x axis, cathode on the right) and then separated by SDS—PAGE (y axis, dye front at bottom) with SYPRO
Ruby staining (A,B). In vivo protein binding derived from metabolically activated “C-5-n-butyl-pyrazolo[1,5-a]pyrimidine was analyzed by accelerator
mass spectrometry (C,D). The typical proteins shown with arrows are ml, prolyl-4-hydroxylase (NCBI accession number gi: 602675); m2,
3-hydroxyanthranic acid dioxygenase (gi: 443919); m3, branched-chain-amino-acid aminotransferase (gi: 2052346); m4, selenium binding protein
1 (acetaminophen binding protein, gi: 16306550); c1, catalase (gi: 4557014); and c2, glutathione S-transferase, GSTM2 (gi: 54696748).

to the bioactivated metabolite and was adducted by this to some
extent (Figure 5D). The P450 1A2 was separated into fraction
7 in Figure 5B. This fraction 7 on the gel also had P450 2C9
and other proteins with the apparent specific binding of ~2 pmol
equiv/mg protein. It would be speculated that the bioactivated
5-n-butyl-pyrazolo[1,5-a]pyrimidine by P450 1A2 in humanized
liver might bind P450 1A2 itself extensively and other sur-
rounding abundant P450 forms or any proteins nonselectively.
These P450 forms were not evaluated in two-dimensional
electrophoresis because of technical reasons: the membrane-
bound proteins were generally difficult to resolve by the first
pl-dependent separation step in two-dimensional electrophoresis.
However, relatively high specific covalent binding (~2 pmol
equiv/ug protein) in the 35—100 kDa proteins (Figure 5) was
detected when compared with that of any spots separated in
two-dimensional electrophoresis (Figure 6). The drug—protein
adducts of bioactivated S5-n-butyl-pyrazolo[1,5-a]pyrimidine
were likely to nonselectively bind any abundant proteins in
microsomal or cytosolic proteins shown in Figure 6C and D.
Estimated specific bindings (pmol drug equiv/ug protein)
apparently indicated an inverse correlation with the protein
contents. One of the identified adducted targets was microsomal
prolyl-4-hydroxylase, a key enzyme in the biosynthesis of
collagens, or an cytosolic antioxidant enzyme catalase that
catalyzes the decomposition of hydrogen peroxide to water and
oxygen. These lines of evidence strongly suggest that 5-n-butyl-
pyrazolo[1,5-a]lpyrimidine, the primary metabolite of a hepa-
totoxic previous drug candidate for humans, could be bioacti-
vated by human P450 1A2 in humanized liver in vivo and would
bind any proteins either in microsomes or cytosol including the
catalysis of P450 1A2 itself. It could be proposed that covalent

binding of drugs via reactive quinone-imine derivatives might
show relatively low specificities in target protein bindings.

In conclusion, the hepatotoxic proximate compound 5-n-butyl-
pyrazolo[1,5-a]pyrimidine was activated by human liver mi-
crosomal P450 1A2 to reactive intermediate(s) in vivo in
humanized chimeric mice and could relatively nonspecifically
bind to biomolecules such as P450 1A2 and others. Chimeric
mice with a human or rat livers would be good predictors to
see idiosyncratic drug toxicity in vivo in preclinical studies.
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