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Abstract

Bioactivation of 5-hydroxy-[carbony/-1*C]thalidomide, a known metabolite of thalidomide, by
human artificial or native cytochrome P450 3A enzymes, and nonspecific binding in livers of mice
was assessed using two-dimensional electrophoresis combined with accelerator mass
spectrometry. The apparent major target proteins were liver microsomal cytochrome ¢ oxidase
subunit 6B1 and ATP synthase subunit a in mice containing humanized P450 3A genes or
transplanted humanized liver. Liver cytosolic retinal dehydrogenase 1 and glutathione transferase
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Al were targets in humanized mice with P450 3A and hepatocytes. 5-Hydroxythalidomide is
bioactivated by human P450 3A enzymes and trapped with proteins nonspecifically in humanized

mice.

Graphical Abstract
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The metabolism of thalidomide is important for both teratogenicity and anticancer efficacy.
Recently, a whole-embryo culture system from transchromosomic mice containing a human
cytochrome P450 3A cluster? (in which the endogenous mouse Cyp3a genes were deleted)
showed limb abnormalities. It was demonstrated that human P450s 3A4 and 3A5 can also
oxidize thalidomide to primary 5-hydroxy- and secondary dihydroxy metabolites*~” in mice
with highly “humanized” liver cells.® This finding would suggest generation of a putative
reactive arene oxidel in the oxidation of 5-hydroxy thalidomide, trapped by GSH to give
GSH adducts. Determining if covalent protein binding of thalidomideoccurs and whether the
primary metabolites are bound to specific proteins®19 or not can be important in evaluating
toxic and pharmacological potential. Because the secondary oxidation of 5-
hydoxythalidomide was noted to be faster than the primary thalidomide 5-hydoxylation
mediated by recombinant human P450 3A4/5, the /n vivo metabolic activation a primary
metabolite of thalidomide was investigated after administration of radiolabeled compound to
two humanized model mice in this study. One mouse had fully humanized CYP3A gene?
(designated P450 3A-human artificial chromosome (HAC)/ Cyp3a knock-out (KO)) and the
other was a mouse with highly humanized liver cells harboring cytochrome CYP3A5%*1.8
Both humanized CYP3A-HAC/ Cyp3a KO mice® and humanized TK-NOG micel! were
previously confirmed to have adequate human P450 3A enzyme levels and activities. We
report herein that analyses using two-dimensional electrophoresis with accelerator mass
spectrometry revealed that /n vivo bioactivated 5-hydroxythalidomide bound nonspecifically
to a variety of microsomal and cytosolic proteins in livers in mice with humanized CYP3A
gene or with transplanted humanized liver.

Mean concentrations of radiolabeled 5-hydroxythalidomide in plasma, livers, and fetal
samples were 0.64 * 0.25 pg equivalent/mL (mean £ SD, n=5), 1.4 + 1.0 ug equivalent/g
liver, and 0.06 £ 0.04 ug equivalent/g fetus, respectively, 1 h after i.v. administration in
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female mice containing humanized CYP3A gene. Similarly, mean concentrations of
radiolabeled 5-hydroxyhtalidomide in plasma and livers were 0.50 + 0.14 ug equivalent/mL
(mean £ SD, n=5) and 0.43 £ 0.09 pug equivalent/g liver 1 h after i.v. administration in male
mice with humanized liver, respectively: the mean plasma concentration of 5-
hydroxythalidomide determined by LC-MS/MS was 5.5 + 1.2 ng/mL, implying extensive
metabolism of 5-hydroxythalidomide in humanized liver mice.

Profiles of liver microsomal and cytosolic fractions were investigated by two-dimensional
electrophoresis in livers of mice containing humanized CYP3A gene or with transplanted
humanized liver 1 h after the administration of radiolabeled 5-hydroxythalidomide. Protein
samples (100 pg) were separated by isoelectric point (pH 3—-10) and molecular weight (10—
225 kDa); two-dimensional electrophoresis (20 cm x 20 cm) revealed a variety of liver
microsomal (Supporting Information Figure S2) and cytosolic (Supporting Information
Figure S3) proteins. The most abundant protein spots (in two-dimensional gels from livers of
mice with humanized CYP3A genes and with transplanted humanized liver) were selected
and analyzed for radioactivity incorporated from 5-hydroxythalidomide. Consequently, nine
target protein spots related to 5-hydroxythalidomide exposure were chosen for both
microsomal and cytosolic protein (Figure 1). Target protein contents and covalent binding
contents of these analyte spots in the gels are summarized in Table S1 (Supporting
Information). The apparently highest covalent binding content (in terms of pmol
equivalent/ug target protein) was seen in liver microsomal cytochrome ¢ oxidase subunit
6B1 (NCBI accession number gi:3023546) and ATP synthase subunit a(gi:416677) in mice
with humanized CYP3A-HAC and with humanized liver mice (Table S1), respectively. On
the other hand, retinal dehydrogenase 1 (gi:194375548) and GSH transferase (GST) Al (gi:
121730) showed the highest covalent binding content (in terms of pmol equivalent/ug target
protein) in the liver cytosol fractions in mice with humanized CYP3A-HAC and with
humanized liver mice, respectively, after two-dimensional electrophoresis and accelerator
mass spectrometry (Table S2, Supporting Information). It is possible that every spot in the
2D-gels (20 cm x 20 cm) could potentially contain multiple proteins but that only the major
one might have been detected under the current protein analysis system. Two-dimensional
electrophoresis of pooled fetal homogenate samples (11.5 days), with one-tenth radioactivity
of liver samples, was also carried out (Supporting Information Figure S4). However, the
database software for peptide identification did not have sufficient mouse fetal protein
information, and further analysis for protein identification and/or radioactivity determination
was not possible. Rough linearity between covalent binding content and proposed target
protein concentration was seen in the case of 5-hydroxythalidomide (Figure 1). The
estimated covalent binding levels (pmol drug equivalent/ug target protein) indicate an
inverse relationship with target protein concentration under the present conditions.

The mechanism of action and teratogenicity of thalidomide still remains unclear, but a
ubiquitously expressed ligase protein, cereblon, has been reportedly identified as a primary
teratogenic target of thalidomide, lenalidomide, and pomalidomide, using modified chemical
probes located at an aromatic position, in conjunction with ferric beads.1213 Unlike some of
the binding proteins for radiolabeled troglitazone and flutamide (reported previously),-10
few proteins with high covalent binding content and high target protein concentration were
observed (Figure 1). Under the electrophoretic conditions used here, cereblon would be
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expected to be found in an area defined by an isoelectric point of pH 4.5-5.5 and a
molecular weight of 48-60 kDa (UniProt accession numbers, Q96SW2 and Q8C7D2);
however, there were no large protein spots in this study. Selenium binding protein 1 (56 kDa,
acetaminophen binding protein, gi: 16306550), suggested in previous studies with
troglitazone and 5-7+butyl-pyrazolo[1,5-4]pyrimidine,®19 was not detected in the case of 5-
hydroxythalidomide. In the future, immunoprecipitation experiments with specific
antibodies against cereblon or selenium binding protein 1 might be helpful in understanding
the roles of these proteins in trapping activated 5-hydroxythalidomide or its further
metabolites. Although GST A1 has been ranked as a minor target binding protein with
trogltazone,910 GST A1 appeared to be one of more important enzymes trapping the
activated 5-hydroxythalidomide in both humanized mouse models (Table S2), perhaps
because of its abundance or its ability to bind hydrophobic chemicals (originally defined as a
“ligandin”14). Another proteomics analysis has reported on thalidomide embryotoxicity
using differentiation of human embryonic stem cells, and one novel possible mechanism
involved inhibition of GST A1.15 Some of target liver proteins detected in this study—
cytochrome ¢ oxidase subunit 6B1, cytochrome 6-c1 complex subunit 7, and ATP synthase
subunit a (Table S1)—have been reported to be involved in protein-protein interaction
networking1®:17 and associated with Leigh syndrome caused by aspirin use, but only in
children.2® Cytochrome ¢ oxidase subunit 6A1 has been associated with Charcot-Marie-
Tooth neuropathy disease, which causes nerve damage (mostly in the arms and legs).19

Apparently different target proteins for 5-hydroxythalidomide were seen in liver microsomal
and cytosolic fractions in both female and male mice with humanized CYP3A-HAC and
humanized liver in the present study. Intravenously administered 5-hydroxythalidomide was
further bioactivated by human P450 3A enzymes /in vivo and trapped with nonspecific
proteins in humanized mouse models with P450 3A or hepatocytes. Aromatic hydroxylation
of 5-hydroxythalidomide occurred in humanized mice models one hour after i.v.
administration: however, this reactive secondary metabolite(s) is nonspecifically trapped. In
the case of future treatments with GSH- depleting agents, abundant protein adducts might be
analyzed with potential importance of the secondary metabolism of 5-hydroxythalidomide in
thalidomide toxicity in pregnant mice. Thalidomide could exert its variety of
pharmacological and toxic actions through multiple mechanisms including non-specific
modification of many protein networks after bioactivation by human P450 enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CYP P450 gene
GST GSH transferase
HAC human artificial chromosome

HSVtk herpes simplex virus type 1 thymidine kinase

NOG mice non-obese diabetes- severe combined immunodeficiency- interleukin-2
receptor gamma chain-deficient mice
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Figurel.
In vivo protein binding profiles of liver microsomal (A) and cytosolic (B) fractions derived

from metabolically activated 5-hydroxy-[*4C]-thalidomide in mice with humanized CYP3A-
HAC (open circles) and with humanized liver (closed circles) analyzed by two-dimensional
electrophoresis and accelerator mass spectrometry.
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