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ABSTRACT

Thalidomide, renowned for causing birth defects in the late 1950s when used for the relief
of morning sickness, has attracted new interest for the treatment of inflammatory
conditions such as erythema nodosum leprosum and human malignancies such as multiple
myeloma. Different species have different sensitivities to thalidomide that could be related
to differences in its metabolism. In this study, methodologies using liquid chromatography-
mass spectrometry were developed to identify thalidomide metabolites formed in vivo and
in vitro in liver microsomes from mice, rabbits and humans, firstly to seek explanations for
inter-species differences in sensitivity, and secondly to determine whether thalidomide or

its metabolite(s) is the active agent.

Four hydrolysis products were detected in plasma and urine samples from multiple
myeloma patients (MMPs) on thalidomide therapy, and mice and rabbits after oral
administration of thalidomide. Six hydroxylated metabolites were detected in mice and
rabbits, but not in plasma and urine from MMPs. In vitro studies confirmed that murine
and rabbit liver microsomes catalysed the hydroxylation of thalidomide efficiently, but
significant production of hydroxylation of thalidomide was not observed using human liver
microsomes. The degree of hydroxylation both in vivo and in vitro was highest in mice and
lowest in humans with rabbits in between. It is unlikely that hydroxylated metabolites are
responsible for the effects of thalidomide in the treatment of multiple myeloma, since they
were not present in quantifiable amounts in patients who were responding to the treatment.
The three major hydrolysis products that were detected in patients were compared with
thalidomide for their ability to inhibit tube formation in an in vitro angiogenesis assay, to
inhibit TNF production induced with LPS in human peripheral blood leucocytes, and to
modulate DMXAA-induced TNF production and antitumour activity in mice. One of the
three, N-(0-carboxybenzoyl)glutamic acid imide (CG) was found to be as active as
thalidomide in all the assays at concentrations (1-2 pg/ml) that are achievable in MMPs.

Since CG has been shown by other laboratories to be non-teratogenic, the studies in this
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thesis indicate that CG would be a more favourable, non-teratogenic approach to cancer

therapy compared with thalidomide.
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CHAPTER 1. GENERAL INTRODUCTION

1.1. The History of Thalidomide and Its Role in Cancer
Therapy

Thalidomide (N-oa-phthalimidoglutarimide, Thal, Figure 1.1), contains a phthalimide
ring and a glutarimide ring. It has a chiral centre from a single asymmetric carbon in
the glurarimide ring. Thalidomide is usually used as a racemic mixture of

dextrorotatory (R) and levorotatory (S) forms in a ratio of 1:1 (Figure 1.1).

Chiral inversion

50% S-Thal 50% R-Thal

Oo/\ O O /\OO

NH NH NH
N =— e) N * (@] N e O
H

H
o} o)
S-thalidomide R,S-racemic-thalidomide R-thalidomide
Figure 1.1 Chemical structures of racemic thalidomide and its stereoisomers.

The chemical formula of thalidomide is C;3H;9N,O4, and it has a molecular weight of
258.23. It is an off-white to white crystalline powder with a melting point of 275-7 °C
(Schumacher et al., 1965b). It is poorly soluble in water and ethanol with a maximum
aqueous solubility of around 50 pg/ml (Krenn et al., 1992), and undergoes rapid non-
enzymatic hydrolysis with increasing pH (Schumacher et al., 1965b; Boughton et al.,
1995; Huupponen and Pyykko, 1995; Lyon et al., 1995). Thalidomide was first



synthesized in 1953 by the Swiss pharmaceutical company Ciba, who did not continue
with its development because of apparent lack of pharmacologic effects (Randall,
1990). However, the German company Chemie Grunenthal, re-synthesized the drug in
1954, and developed it as an anticonvulsant for the treatment of epilepsy
(Zwingenberger and Wnendt, 1996). Thalidomide proved ineffective for this purpose,
but it was found to cause deep sleep promptly and without any hangover effects. Nor
did it show any acute toxicity even at large doses (Somers, 1960). Thalidomide was
subsequently remarketed as a sedative and tranquilizer in 1956 and soon became the
most widely used sleeping pill in Germany (Zwingenberger and Wnendt, 1996). By the
end of the 1950s, 14 pharmaceutical companies were marketing thalidomide in 46
countries. Approval in the United States was delayed however by the Food and Drug
Administration (FDA) because of concerns over neuropathy (Fullerton and Kremer,

1961; Kelsey, 1988; Randall, 1990).

In 1961, both Lenz and McBride simultaneously warned of a probable association
between the use of thalidomide and the escalation of the number of cases of phocomilia
and other congenital abnormalities (McBride, 1961; Lenz, 1962), and thalidomide was
quickly withdrawn from the German and other world markets (Zwingenberger and
Wnendt, 1996). In 1965, Sheskin (1965) reported that thalidomide was effective in
treating erythema nodosum leprosum (ENL), an acute complication associated with
leprosy. That serendipitous discovery by Sheskin renewed interest in thalidomide, and
since then, it has been trialed for the treatment of numerous diseases (summarized in

Table 1.1).

In 1965, thalidomide was demonstrated to reduce the growth of 7,12-
dimethylbenzanthracene-induced tumours in rats (Muckter, 1965; Muckter and More,
1966), but the clinical results reported in the same year using thalidomide in cancer
patients were inconclusive (Grabstald and Golbey, 1965; Olson et al., 1965). It was not
until 1994 that interest in thalidomide for cancer treatment was renewed following a
report that thalidomide was an inhibitor of angiogenesis (D'Amato et al., 1994).
Subsequently, thalidomide has been trialed for the treatment of a number of human
cancers. The most outstanding results have come from trials for the treatment of
refractory and relapsed multiple myeloma, where response rates of over 30% have been

reported (Larkin, 1999; Singhal et al., 1999). To date, thalidomide has been trialed



against many types of cancers and has been developed as second-line or salvage

treatment of multiple myeloma (Streicher et al., 2003). Despite its clinical success, its

anti-cancer mechanism is not completely understood. Nor is it clear as to whether the

parent drug or one of its metabolites is the active agent.

Table 1.1 List of diseases in which thalidomide has been trialed.

Literature

Disease

Sheskin, 1965

Londono, 1973

Grosshans and Illy, 1984

Gutierrez-Rodriguez, 1984

Vogelsang et al., 1988

Johnke and Zachariae, 1993

Carlesimo et al., 1995

Minor and Piscitelli, 1996; Reyes-Teran et al.,
1996

Jacobson et al., 1997

Wettstein and Meagher, 1997

Stevens et al., 1997

Fife et al., 1998

Breban et al., 1999

Figg et al., 1999; Eisen, 2000; Fine et al., 2000
Larkin, 1999; Singhal et al., 1999; Rajkumar et al.,
2000a

Parentin et al., 2001

Barosi et al., 2001; Dimopoulos et al., 2001b; Raza
et al., 2001; Steins et al., 2002

Agoston et al., 2002; Gullestad et al., 2002

Gupta et al., 2003

ENL

Actinic prurigo

Behcet’s syndrome
Rheumatoid arthritis
Graft-versus-host disease
Prurigo nodularis
Sarcoidosis

Cachexia

Aphthous ulcers

Crohn’s disease

Lupus erythematosus
AIDS-related Kaposi's sarcoma
Ankylosing spondylitis

Solid tumours

Multiple myeloma

Uveitis

Other hematologic malignancies

Heart failure

plexiform neurofibroma




1.2. Thalidomide as an Anti-cancer Agent

1.2.1. Pre-clinical Studies

The early interest in thalidomide as an anti-cancer agent began following reports that it
was a teratogen (McBride, 1961; Lenz, 1962). Because of its teratogenicity, it was
considered to be cytostatic and was tested against a wide variety of animal tumour
models, but the results were not encouraging (reviewed by De and Pal, 1975). After the
demonstration by D’Amato and co-workers that thalidomide is an inhibitor of
angiogenesis in 1994, the interest of thalidomide in pre-clinical studies was renewed.
However, thalidomide does not show any anti-tumour activity as a single agent in the
majority of murine and rat tumour models. Ching and co-workers showed that daily
intraperitoneal (i.p.) injection of thalidomide at 100 mg/kg did not inhibit the growth of
the implanted Colon 38 tumour in C57Bl/6 mice (Ching et al., 1995). Gutman and co-
workers demonstrated that daily oral (p.o.) administration of 0.3-1.0 mg thalidomide
did not inhibit the growth of implanted B16-F10 melanoma and CT-26 colon
carcinoma cells in mice (Gutman et al., 1996). Similarly, negative results have been
reported using murine SCCVII and Lewis Lung tumours models (Minchinton et al.,
1996). One report even showed that thalidomide promoted metastasis of prostate
adenocarcinoma in the L-W rat model (Pollard, 1996). Myoung and co-workers studied
a melanoma model in nude mice, and although there was no tumour growth inhibition,
vascular endothelial growth factor (VEGF) expression was significantly decreased
(Myoung et al., 2001). Activity has been reported against implanted human esophageal
cancers in nude mice, however. Daily thalidomide i.p. treatment at 200mg/kg/day
lowered microvessel density and inhibited tumour growth (Kotoh et al., 1999). Tumour
growth delay has also been shown in severe combined immuno-deficient mice
implanted with human multiple myeloma (Lentzsch et al., 2002), and in a syngeneic C6
glioma rat model (Arrieta et al., 2002). In general, thalidomide does not show potent
anti-tumour effects in rodents. In rabbits, there is a single report of p.o. treatment with
thalidomide at 200 mg/kg/day causing a reduction in tumour volume, and tumour
microvessel density in V2 carcinomas (Verheul et al., 1999). Belo and co-workers
studied the anti-angiogenic effect of thalidomide in sponge-induced granulomatous

tissue and implanted solid Ehrlich tumour in Swiss mice. They demonstrated that



thalidomide inhibited sponge-induced angiogenesis but not tumour angiogenesis. They
concluded that the anti-angiogenic effect of thalidomide is tissue-specific rather than

species-specific (Belo et al., 2001).

In view of the poor activity as a single agent, combination studies involving
thalidomide and other clinical or novel anti-cancer agents were explored and found to
be more effective. For example, mice treated with thalidomide combined with
cyclophosphamide or adriamycin had significantly smaller tumours than those given
the two chemotherapeutic agents alone in a mouse model of breast cancer (Nguyen et
al., 1997). Thalidomide combined with the anti-cancer drug 5,6-dimethylxanthenone-4-
acetic acid (DMXAA) also exhibited higher cure rates and longer growth delays than
DMXAA alone against implanted Colon 38 tumour in mice (Ching et al., 1999). In
another study, co-administration of thalidomide (100 mg/kg) with cyclophosphamide
(220 mg/kg) cured mice of their transplanted Colon 38 tumours, compared with
cyclophosphamide alone which induced growth delays of only 11-13 days with no
cures (Ding et al., 2002).

1.2.2. Clinical Studies

1.2.2.1. Thalidomide in Solid Tumours

The demonstration that thalidomide inhibits angiogenesis (D'Amato et al., 1994) and
reduces microvessel density of tumour in animal models (Kotoh et al., 1999), led to its
clinical trials in solid tumours. In the treatment of renal cell carcinoma, Stebbing and
co-workers reported that 2 out of 22 patients (9%) taking thalidomide at 200 mg/day
had stable disease for over 12 months, and 5 patients (23%) had stable disease for 6-12
months (Stebbing et al., 2001). Another report showed 16 out of 26 patients (62%) with
renal carcinoma had stable disease for 6 months (Motzer et al., 2002). Fine and co-
workers evaluated thalidomide efficacy in 37 patients with malignant gliomas. They
found 2 patients (6%) had over 50% tumour size reduction using magnetic resonance
imaging (MRI) and 12 (32%) had stable disease (Fine et al., 2000). Figg and co-
workers conducted a Phase II study in patients with androgen-independent prostate
cancer who had failed to respond to previous therapy. They reported that 18% of

patients who took thalidomide 200 mg daily had a decrease of over 50% in prostate-



specific antigen level, with the overall median survival being 15.8 months (Figg et al.,
2001). Thalidomide has also been trialed in Kaposi’s sarcoma, an oncologic condition
associated with human immunodeficiency virus (HIV) infection. Fife and co-workers
reported that 6 of 17 patients (35%) who took a daily dose of thalidomide at 100 mg
achieved a partial response, and 4 (24%) had stable disease (Fife et al., 1998). Another
report involving 20 patients with Kaposi’s sarcoma showed 8 patients achieved partial
response and 2 had stable disease (Little et al., 2000). In the clinical trial of colorectal
carcinoma, Govindarajan presented reports that irinotecan combined with thalidomide
(400 mg/day) achieved a complete response in 2 out of 20 patients (10%), partial
responses in 4 patients (20%), while 5 (25%) had stable disease (Govindarajan, 2000,
2002). Hsu and co-workers conducted a clinical trial on 68 patients with unresectable
hepatocellular carcinoma using thalidomide at doses of 200-300 mg/day. One patient
had a complete response and 3 had partial responses. Another 6 patients had a more
than 50% decrease in their alpha-FP levels. The median overall survival for all of the
68 patients was 18.7 weeks with a 1-year survival rate of 27.6%. The median overall
survival of the 10 patients with an objective response to thalidomide was 62.4 weeks
(Hsu et al., 2003). Thalidomide also achieved long-term survival in a patient suffering
from small-cell lung cancer (Mall et al., 2002). On the other hand, thalidomide as a
single agent in advanced melanoma, ovarian carcinoma, breast cancer, and squamous
cell carcinoma of the head and neck clinical trials has failed to provide any beneficial
effects (Baidas et al., 2000; Eisen, 2000; Tseng et al., 2001). Since thalidomide alone
only produced marginal benefit in many types of solid tumours, more clinical studies
tried to combine thalidomide with other anti-cancer agents and the combination therapy

showed more effectiveness in treating solid tumours (Singhal and Mehta, 2002).

1.2.2.2. Thalidomide in Haematological Malignancies

Based on the demonstration that multiple myeloma has an increased bone marrow
microvascularity which is associated with disease progression (Vacca et al., 1994;
Vacca et al., 1995; Vacca et al., 1999), thalidomide entered clinical trial as an anti-
angiogenic agent for multiple myeloma. Singhal and co-workers were among the first
to investigate thalidomide in multiple myeloma, and they conducted a study using

thalidomide as a single agent in 84 patients with advanced and refractory multiple



myeloma. Thalidomide was initiated at a daily dose of 200 mg, and the dose was
increased by 200 mg every 2 weeks to a maximum of 800 mg/day if tolerated. Eighty-
three percent of the patients achieved a dose of 400 mg/day, 62% achieved 600 mg/day
and 47% reached 800 mg/day. Response was defined in terms of decreases in serum
and urine paraprotein levels of at least 25%, 50%, 75% and 90% on 2 occasions at least
6 weeks apart. A complete response was defined as the finding of less than 5% plasma
cells in the biopsy specimen or aspirate. After 12 months of follow-up, the study
reported that 2 patients had a complete remission, 6 had at least 90% reduction in
paraprotein levels, another 6 had at least 75% reduction, 7 had at least 50% reduction
and 6 had at least 25% reduction. The rates of total response, event-free survival and
overall survival were 32%, 22 + 5% and 58 + 5%, respectively. There was no statistical
difference in bone marrow microvessel density between responders and non-
responders, however, although responding patients had a reduction in bone marrow
plasmacytosis and serum [,-microglobulin concentrations and an increase in

hemoglobin levels (Singhal et al., 1999).

Following this landmark report, thalidomide has entered a number of clinical trials in
which most of the patients have refractory or relapsed multiple myeloma. Barlogie and
co-workers continued the preceding study and increased patient numbers to 169. Over a
median follow-up of 22 months, they reported an overall response rate of 37% and a
complete and near-complete remission rate of 14%. They also found that patients
receiving more than 42 g of thalidomide in 3 month had higher response rate and longer
survival time (Barlogie et al., 2001a). A French group also reported a dose-response
relationship of thalidomide in a trial with 83 patients. They reported an overall response
rate of 66%, and patients who received 34.4 g or over of thalidomide in the first 90
days of treatment had a better outcome than those who received less than 34.4 g
(Yakoub-Agha et al., 2000; Yakoub-Agha et al., 2002). However, Larkin reported that
low-doses (50-400 mg/day) of thalidomide were effective and recorded a 24% response
rate in 33 patients (Larkin, 1999). Leleu and co-workers have reported similar
observation, where thalidomide showed efficacy at the same dose range (Leleu et al.,
2002). Wechalekar and co-workers further demonstrated that thalidomide at a dose of
200 mg/day was as effective as higher doses and less toxic in a clinical trial where 43%
of 30 patients responded (Wechalekar et al., 2003). Juliusson and co-workers trialed 23

patients with doses of 200 — 800 mg/day in Sweden, and reported a 43% response rate



(Juliusson et al., 2000). Rajkumar and co-workers from the Mayo Clinic studied 16
patients treated with a dose range of 200 — 800 mg/day, and found all the responses
occurred between doses ranging from 200 — 400 mg/day and could be sustained with
doses as low as 100 mg/day. The overall response rate was 31% in that study
(Rajkumar et al., 2000a). Another later report from Mayo Clinic assessed 32 patients
with a dose range of 200 — 800 mg/day. The overall response rate of that study was
53% and the median overall survival for the entire group was 22 months after a median
follow-up of 18.7 months (Kumar et al., 2003). Tosi and co-workers studied 65 patients
in Italy with a dose range of 100 — 800 mg/day and reported that the total response rate
was 46.6%. Among those responding patients, 15 are alive and progression-free after a
median follow-up of 9 months. They also studied cytokine secretion in 24 patients and
found that VEGF secretion by bone marrow plasma cells was significantly lower in
responders compared with non-responders (Tosi et al., 2002). Dmoszynska and co-
workers studied 30 patients with a dose of 400 mg/day in Poland and reported an
overall response rate of 60%. They also found that the concentrations of cytokines such
as VEGF, basic fibroblast growth factor (bFGF), interleukin-6 (IL-6) and tumour
necrosis factor-a (TNF), were significantly lower in both bone marrow and peripheral
blood in responders than non-responders after 4-8 weeks of thalidomide treatment
(Dmoszynska et al., 2002). In another trial in Germany, Neben and co-workers studied
83 patient over 2 years and found no difference in plasma levels of cytokines, including
VEGF, bFGF, IL-6 and TNF, between responders and non-responders or before and
after treatment in 51 patients studied (Neben et al., 2001). The dose of thalidomide in
that study was 100 to 400 mg/day and the 12-month progression-free survival and
overall survival rates were 45% and 86%, respectively. They analysed all factors that
may be related to overall survival rate and found that the high cumulative initial 3-
month thalidomide dosage is one of the major prognostic factors in predicting better
responses (Neben et al., 2002a). Li and co-workers treated 28 patients and analysed
their plasma VEGF and bFGF levels as well as the expressions of intercellular cell
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) of
bone marrow stromal cells (BMSCs). They found VEGF and bFGF levels were higher
after treatment than before treatment, while ICAM-1 and VCAM-1 were significantly
lower after treatment in responders, but were not changed in non-responders (Li et al.,

2003). Thompson and co-workers studied bone marrow microvessel density and plasma



levels of VEGF, bFGF, IL-6, IL-8 and TNF in 38 patients with previously untreated
multiple myeloma. They found there was no difference in microvessel density and
plasma cytokines levels before and after treatment. However, higher pre-treatment TNF

level and increased IL-6 level after treatment predicted worse progression-free survival

(Thompson et al., 2003).

Thalidomide also has been combined with other agents to treat multiple myeloma. The
combination of thalidomide/dexamethasone is the most commonly used. This
combination enhances the overall response rate of thalidomide generally from over
30% to over 50% (Rajkumar et al., 2000b; Barlogie et al., 2001b; Dimopoulos et al.,
2001a; Palumbo et al., 2001; Tosi et al., 2001; Rajkumar et al., 2002). Weber and co-
workers compared the efficacies of thalidomide alone and thalidomide combined with
dexamethasone in 69 patients with previously untreated multiple myeloma. Twenty-
nine patients were treated by thalidomide alone with a doses ranging from 150 to 600
mg/day and the remaining forty patients were treated with thalidomide (150 — 400
mg/day) plus dexamethasone (20 mg/m” for 4 days and repeated twice in 3 months).
Disease remission was noted in 36% of patients with thalidomide alone but reached
72% with combination therapy (Weber et al., 2003). Thalidomide has also been
combined with cisplatin, cyclophosphamide, etoposide, doxorubicin, vincristine,
melphalan and clarithromycin (Biaxin), and some of those combinations showed better
response rate than thalidomide alone (Barlogie et al., 2001b; Moehler et al., 2001;
Coleman et al., 2002; Garcia-Sanz et al., 2002; Srkalovic et al., 2002; Hussein, 2003;
Lee et al., 2003; Offidani et al., 2003).

Thalidomide has also been used as a single agent at a dose of 200 mg/day in 16 patients
with previously untreated smoldering or indolent multiple myeloma, and 38% patients
had clear responses with at least 50% reduction in serum and urine monoclonal protein.

The total response rate was 69% (Rajkumar et al., 2001).

Following the clinical success in multiple myeloma, thalidomide has been used in many
trials to treat other haematologic malignancies. It has been shown to have therapeutic
effects in Waldenstrom’s macroglobulinemia either used alone or combined with
clarithromycin (Dimopoulos et al., 2001b; Coleman et al., 2002). Thalidomide also

showed beneficial effects in clinical trials of myelodysplastic syndromes (Raza et al.,



2001; Strupp et al., 2002), acute myeloid leukemia (Steins et al., 2002), myelofibrosis
with myeloid metaplasia (Barosi et al., 2001; Elliott et al., 2002) and acute leukemia
(Wang et al., 2003).

The common adverse effects of thalidomide are teratogenicity, peripheral neuropathy
(Fullerton and Kremer, 1961), sedation, deep vein thrombosis (Osman et al., 2001),
severe toxic epidermal ncrolysis (Horowitz and Stirling, 1999) and hypertension
(Stirling, 1998). As little as one single dose of thalidomide at 27-40 days of gestation
may cause teratogenicity in humans (Mellin and Katzenstein, 1962; Neubert and
Neubert, 1997). However, the risk is manageable through education and strict use of

contraceptives. Other adverse effects are manageable, not life-threatening or rare.

The exact mechanism of action of thalidomide in the treatment of cancer is still under
investigation, and a number of hypotheses as summarised in the next section have been

proposed.

1.3. Mechanism of Action in Cancer Treatment
1.3.1. Anti-angiogenesis

D’Amato et al. (1994) demonstrated that thalidomide could inhibit angiogenesis in the
cornea of rabbits implanted with bFGF. Bauer and co-workers co-cultured rat aortic
rings with thalidomide in the presence of microsomes from rabbits or humans and
found improved anti-angiogenesis, while rat microsomes showed negative results. They
therefore suggested that the anti-angiogenic activity of thalidomide required species-
dependent metabolic activation (Bauer et al., 1998). However, the corneal anti-
angiogenesis assay has been performed both in rabbits (Kruse et al., 1998; Joussen et
al., 1999), and in mice, a species thought to be incapable of producing active
thalidomide metabolites (Bauer et al., 1998), using bFGF and VEGF as inducers
(Kenyon et al., 1997). The mechanism of thalidomide’s anti-angiogenesis is not fully
understood. It is thought thalidomide inhibits the production of angiogenic cytokines,
such as bFGF and VEGF, to inhibit endothelial cell proliferation (Kruse et al., 1998).

However, a recent report showed thalidomide inhibited tube formation of human
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umbilical vein endothelial cells (HUVECs) in Matrigel but did not affect their
proliferation (Ng et al., 2003).

Although thalidomide entered clinical trials for multiple myeloma as an anti-angiogenic
agent (Singhal et al., 1999), a decrease in microvessel density was not observed in
patients who were responding to thalidomide therapy (Singhal et al., 1999; Thompson
et al., 2003), suggesting thalidomide may act through other mechanism apart from anti-

angiogenesis.

1.3.2. Cytokine Modulation

Thalidomide has the ability to modulate the biosynthesis of a number of cytokines,
which is thought to provide the basis for its biological effects, including anti-tumour
and anti-inflammation activities. However, the exact target or receptor of thalidomide is
not yet identified. Thalidomide reduces elevated levels of TNF in patients with ENL
(Sampaio et al., 1991) and HIV-infected patients with tuberculosis (Klausner et al.,
1996). A decrease in plasma and bone marrow concentrations of bFGF, VEGF, TNF
and IL-6 in multiple myeloma patients (MMPs) responding to thalidomide treatment
compared with non-responders has been reported (Dmoszynska et al., 2002). Another
clinical trial showed a decrease of IL-6 in plasma and bone marrow in MMPs after
thalidomide treatment compared with pre-treatment (Li et al., 2002). It is also reported
that polymorphism of the promoter for the TNF gene was associated with response of
thalidomide therapy, indicating that genetically-defined high TNF producers have
better clinical responses (Neben et al., 2002b). Another recent clinical report
demonstrated that altered expression of cytokine genes was necessary in order for

thalidomide to achieve its therapeutic effect in MMPs (Zhang et al., 2003).

The most notable effect of thalidomide on cytokine production is that it decreases
lipopolysaccharide (LPS)-induced TNF production in human monocytes and
macrophages in vitro (Sampaio et al., 1991; Rowland et al., 1998). It has been shown
that thalidomide has the ability to enhance the degradation of TNF messenger RNA
(mRNA), thus inhibiting TNF production (Moreira et al., 1993). Turk and co-workers
showed that photo-affinity labelled thalidomide bound to a;—acid glycoprotein, which
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is a regulator of the immune system and in inflammation, in vitro in bovine thymus
tissues. Thalidomide-bound a;—acid glycoprotein inhibited TNF production of human
monocytes. They suggested that the binding of thalidomide to a;—acid glycoprotein
caused down-regulation of TNF production (Turk et al., 1996). TNF is regarded as a
survival and proliferation factor for human myeloma cells (Jourdan et al., 1999;
Hideshima et al., 2001a), and inhibition of TNF may restrict tumour growth and cause
tumour cell death. Furthermore, thalidomide’s ability to modulate TNF production may
have indirect effects on the myeloma/BMSC microenvironment (Figure 1.2)

(Hideshima et al., 2001b) to inhibit the localization and growth of multiple myeloma

cells.
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Figure 1.2 A model for the role of TNF in pathophysiology of multiple myeloma
(MM). TNF secreted from MM cells induces modest proliferation, as well as
MEK/MAPK and NF-kB activation, in MM cells. It also augments IL-6 secretion,
as well as activates MEK/MAPK and NF-xB, in BMSCs. Importantly, TNF
upregulates expression of CD49d (VLA-4), CDl1la (LFA-1), and Muc-1 on
MM-1S cells, as well as CD54 (ICAM-1) and CD106 (VCAM-1) on BMSCs,
which is mediated via NF-«xB activation. Adapted from Hideshima et al., 2001b.
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Thalidomide also has the ability to modulate the production of other cytokines, such as
IL-1B, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, interferon-gamma (IFN-y), bFGF and
VEGF (Zwingenberger and Wnendt, 1996; Haslett et al., 1997; Kenyon et al., 1997,
Moller et al., 1997; Hallek et al., 1998; Rowland et al., 1998; Corral et al., 1999;
Dunzendorfer et al., 1999; Haslett et al., 1999; Bekker et al., 2000; Shannon et al.,
2000; Verbon et al., 2000). Moraes and co-workers showed that the inhibition of
cytokines, such as IFN-y, IL-6, IL-10 and IL-12 p40, by thalidomide is also linked with
mRNA degradation (Moraes et al., 2000). IL-6 is considered a potent growth factor for
malignant plasma cells (Anderson et al., 1989; Bataille et al., 1989; Nilsson et al.,
1990), and its inhibition is likely to affect tumour cell growth and survival. VEGF and
bFGF are regarded as cytokines related to tumour angiogenesis (Kruse et al., 1998;
Bellamy et al., 1999), and the inhibition of those cytokines is considered to be the cause
of anti-angiogenesis in tumours and suppress tumour growth (Podar et al., 2001). The
enhanced secretion of IFN-y and IL-2 can induce T-cell response to act against tumours
(Haslett et al., 1998). More recently, a report demonstrated that thalidomide was able to
decrease the stability of cyclooxygenase-2 (Cox-2) mRNA and thus inhibit LPS-
mediated Cox-2 induction in murine macrophage culture; providing basis for its anti-

inflammatory and anti-neoplastic properties (Fujita et al., 2001).

In addition to mRNA degradation and Cox-2 inhibition, thalidomide may modulate
cytokine production via damaging DNA. Based on the observation that thalidomide
binds to DNA in animals (Schumacher et al.,, 1968a), Jonsson proposed that
thalidomide exert its biological effects by intercalation of DNA (Jonsson, 1972). Later,
Koch and Czejka showed that thalidomide could intercalate into DNA (Koch and
Czejka, 1986), and Huang and McBride demonstrated that thalidomide was able to alter
DNA secondary structure in rat embryos (Huang and McBride, 1990). Two reports
further pointed out that free radical-mediated DNA damage might be the cause of
thalidomide’s biological effects (Liu and Wells, 1995; Parman et al., 1999). Huang and
co-workers linked the effects of DNA damage to its immunosuppression (Huang et al.,
1999). Recently, Stephens and co-investigators proposed a model explaining
thalidomide’s mechanism of action that combined a number of hypotheses (Stephens et
al., 2000). The model was derived from previous observations that thalidomide was
able to inhibit insulin-like growth factor-I (IGF-I) and fibroblast growth factor-2
pathways (Stephens et al., 1998). Both pathways encompass genes with promoters
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lacking nucleotide sequence TATA, but instead containing GC-rich boxes, such as
GGGCGG. Based on computational modeling, Stephens and co-workers suggested that
S-thalidomide intercalated into the major groove of DNA in GC rich domains, thus
down-regulate the expression of genes with promoters that have GC-rich boxes. The
down-regulation of those genes might be the cause of thalidomide’s anti-angiogenesis
and immunomodulation. Recently, Drucker and co-workers reported that thalidomide
down-regulated transcript levels of GC-rich promoter genes in multiple myeloma cell
lines, supporting the hypothesis that thalidomide acts through intercalating itself into
DNA and changing the expression of certain genes to exert its anti-myeloma effects

(Drucker et al., 2003).

1.3.3. Inhibition of Adhesion Molecule Expression

Thalidomide may change tumour microenvironment through its effects on cytokine
production (Hideshima et al., 2001a; Hideshima et al., 2001b). In addition, thalidomide
has been shown to be able to change tumour microenvironment more effectively
through inhibition of surface adhesion molecule expression. Thalidomide was shown
initially to inhibit tumour cell attachment to concanavalin-A coated surfaces (Braun and
Dailey, 1981), and was later found to reduce platelet/endothelial cell adhesion molecule
in vitro (Zwingenberger and Wnendt, 1996). Further studies showed thalidomide was
able to modulate the expression of cell surface adhesion molecules, such as ICAM-1
and VCAM-1, as well as their receptors. Geitz and co-workers investigated the
modulation of the adhesion cascade of thalidomide using cultured HUVECs and human
leukocytes in vitro. Density shifts of these molecules were measured by flow
cytometry. They found thalidomide altered the expressions of ICAM-1 and VCAM-1,
as well as E- and L-selectin (Geitz et al., 1996). Settles and co-worker studied cell
adhesion molecule expression and cell-cell contact in a HUVEC-human T-leukemic
cell mixed cell culture system using thalidomide at concentrations of 0, 10 and 50
pug/ml. They found that thalidomide down-regulated ICAM expression and inhibited
HUVECs-human T-leukemic cell adhesion in a dose-dependent manner (Settles et al.,

2001).
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It is well recognized that the tumour microenvironment is important to tumour survival
and growth (Paget, 1889), and there is increasing evidence that the bone marrow
microenvironment plays an important role in haematologic malignancies (Caligaris-
Cappio et al., 1992; Vidriales and Anderson, 1996; Hallek et al., 1998; Cheng et al.,
1999; Tricot, 2000; Roodman, 2002; Mohla et al., 2003). The high expression of cell
surface adhesion molecules is associated with multiple myeloma progression (Kim et
al., 1994; Vacca et al., 1995; Faid et al., 1996). These molecules are much needed for
the interaction between tumour cells and BMSCs to enable myeloma cells to bind
strongly to the bone marrow cell layers as well as fibronectin (Uchiyama et al., 1992;
Kim et al., 1994; Faid et al., 1996; Urashima et al., 1997). Observations of high
expression of those molecules in other human malignancies have also been reported
(Banks et al., 1993). Therefore, thalidomide’s inhibitory effects on surface adhesion
molecules are likely to cause changes in the tumour microenvironment and influence
tumour localization, progression and survival. Furthermore, thalidomide also has direct
effects on BMSCs to inhibit their growth and survival (Anderson, 2001; Richardson et
al., 2002).

1.3.4. Stimulation of Lymphocytes and Natural Killer Cells

Thalidomide is able to exert its immunomodulatory effects not only through cytokine
modulation but also through stimulation of immune cells themselves. Thalidomide
increased the number of lymphocytes in systemic lupus erythematosus patients
(Walchner et al., 2000). Haslett and co-workers showed that when purified T-cells were
stimulated by antibodies to CD3, thalidomide provided an essential co-stimulatory
signal for T-cell proliferation and lymphokine production, such as IFN-y and IL-2.
Thalidomide also increased the primary CD8+ cytotoxic T-cell response induced by
allogeneic dendritic cells. The co-stimulatory effects of thalidomide could be achieved
at concentrations as low as the 1 — 2 pg/ml attained in the plasma of human subjects
after thalidomide treatment (Haslett et al., 1998; Haslett et al., 2003). They also
reported that thalidomide stimulated T-lymphocyte proliferation and cytokine
production, such as IL-12, in patients infected with HIV (Haslett et al., 1997; Haslett et
al., 1999). Not only can thalidomide co-stimulate the proliferation and function of T-

cells directly (Corral et al., 1999), but it can also improve T-cell function through
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inducing cytokine production by type 2 T-helper cells and concomitantly inhibiting
cytokine production by type 1 T-helper cells in mitogen- and antigen-stimulated human
peripheral blood mononuclear cell cultures (McHugh et al., 1995). Davies and co-
workers demonstrated that co-culture of thalidomide with peripheral mononuclear cells
and multiple myeloma cell lines significantly increased natural killer cell numbers and
the lysis of multiple myeloma cells. Coupled with clinical observations that
thalidomide increased natural killer cell numbers and function in MMPs responding to
thalidomide therapy, they suggested that thalidomide could enhance the immune
response against tumours by increasing natural killer cell numbers and function in

humans (Davies et al., 2001).

1.3.5. Induction of Apoptosis

Thalidomide has been shown to directly induce apoptosis or G; growth arrest in
multiple myeloma cells, as well as causing apoptosis through changing the
microenvironment of multiple myeloma, both in vitro and in vivo (Hideshima et al.,
2000; Chauhan and Anderson, 2003; Ezell et al.,, 2003; Zhai and Lu, 2003).
Thalidomide induced apoptosis in cultured multiple myeloma cell lines directly that
was associated with the activation of related adhesion focal tyrosine kinase (Hideshima
et al., 2000; Anderson, 2001). Thalidomide also down-regulated constitutive nuclear
factor-kB (NF-xB) activity of multiple myeloma cell lines to induce apoptosis
(Hideshima et al., 2002; Mitsiades et al., 2002a). Keifer and co-workers further
identified that thalidomide inhibited NF-«kB activity through suppression of IkB kinase
activity in human Jurkat T-cells in vitro (Keifer et al., 2001), while another group of
investigators demonstrated that the inhibition of NF-kB was due to thalidomide-
induced redox changes in rat and rabbit limb buds (Hansen et al., 2002). NF-«kB is
crucial in protecting tumour cells from apoptosis by attenuating death-receptor-induced
apoptosis (Mitsiades et al., 2002b). Blocking that pathway removes the apoptotic

protection of tumour cells, thus causing tumour cell death.

Thalidomide may exert its effects through one or a combination of the above 5 aspects.
A summary of the above mechanism in multiple myeloma is shown in Figure 1.3

(Anderson, 2001; Richardson et al., 2002). Since it has been suggested that it is an
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active metabolite which mediates its anti-tumour effects (Fabro et al., 1965; Braun and
Dailey, 1981; Price et al., 2002), a closer examination of thalidomide pharmacokinetics

and metabolism will further our understanding of its mode of action.
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Figure 1.3 Possible role of thalidomide on multiple myeloma (MM) cells’ and
BMSCs’ microenvironment in vivo. (A) Thalidomide directly inhibits myeloma
cell growth. (B) Thalidomide inhibits MM cell adhesion to BMSCs. (C)
thalidomide blocks IL-6, TNF and IL1f secretion from BMSCs. (D) Thalidomide
blocks the ability of VEGF and bFGF to stimulate neovascularisation of bone
marrow. (E) Thalidomide induces IL-2 and IFN-y secretion from T-cells. Adapted
from Richardson et al., 2002.
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1.4. Pharmacokinetics, Metabolism and Metabolites

1.4.1. Pharmacokinetics and Pharmacokinetic Interaction with Other

Drugs

1.4.1.1. Pharmacokinetics

Studies of the pharmacokinetics of thalidomide in animals have not yet been reported.
The majority of the studies on thalidomide pharmacokinetics were carried out in
humans using racemic thalidomide since that is the form which is used in the clinic.

The results from previous pharmacokinetic studies are summarized in Table 1.2.

Orally-administered thalidomide is absorbed slowly in humans and usually takes more
than 2.5 h to reach maximum concentration (Cy,ax) in plasma. While the time to reach
Chmax (Tmax) increases with increasing dose, the increase is not strictly dose proportional
(Teo et al., 2001). However, the area under the concentration-time (AUC.) increased
proportionally with dose between 50 to 400 mg/day. This study also showed that the
overall amount of thalidomide absorbed is independent of dose over this range (Teo et
al., 2001). In humans, the apparent volume of distribution (V/F) of thalidomide at the
dose of 200 mg/day is around 100 L (see Table 1.2), indicating a wide tissue
distribution. The terminal elimination rate constant was associated more with the
absorption rather than the elimination (Teo et al., 1999), and as a result, the V/F
increased with dose between 200 to 400 mg/day (Teo et al., 2001). The variability in
V/F observed in elderly prostate cancer patients was suggested to be due to altered
absorption and plasma protein binding rates (Figg et al., 1999). Little unchanged parent
compound is found in the urine (Williams et al., 1965; Chen et al., 1989), and
thalidomide is excreted in urine mainly as metabolites (Smith et al., 1965). Unabsorbed
drug however is excreted unchanged in faeces (Faigle, 1962; Schumacher et al.,
1965a). The renal clearance rate of thalidomide has been shown to be 0.08 L/h,
suggesting that the major route of elimination is non-renal (Chen et al., 1989). The
apparent clearance rate (CI/F) is normally around 10 L/h and terminal half-life (t;) is

between 4 — 8 h (see Table 1.2).
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Table 1.2

thalidomide (unless stated otherwise).

Pharmacokinetic parameters of orally administered (R-, S-)-racemic-

No. of Dose | Chax | Tmax | AUCy. | CVF | V/F | ti2
Reference Subjects | mg/day | pM h pM-h L/h L h
Chen et al., 1989 8 Hy* 200 47 | 44 - 10 121 | 8.7
llilgl‘;l;sson et al., 6 Hv 1" (R) 2.7 4 i ) 48 47
1°S) | 19 | 4 72
Piscitelli et al., 5 HIV 100 47 | 34 43 9 88 | 6.5
1997 4 HIV 300 | 13.6 | 34 155 8 78 | 5.7
Trapnell, 1998 9 Hv 200 124 | 5.8 159 5.4 - 6.7
13 PC 200 78 | 33 ; 7.4 67 | 65
Figg et al., 1999
11 PC 800 | 17.1 | 44 ; 72 | 166 | 18.3
Noormohamed et I 100 45 | 25 38 104 | 70 | 46
al., 1999 200 74 | 33 75 108 | 8 | 53
Scheffler et al., 10 Hy 200 89 | 58 89 9.2 40 | 3.0
1999
Teo et al., 1999 17 Hy 200 8.1 | 35 70 10 77 | 5.4
Eriksson et al., 6 Hv 50 (R) - - 17 10 - 4.7
2000 iv) 505 | - | - 11 21 - |39
Fine et al., 2000 34 G 800 | 159 | 4.7 ; 14 146 | 8.3
b
Teo et al., 2000b 13 Hv 200 77 ] 40 96 ) ) >-8
200° 84 | 6.1 91 - - 5.1
Aweeka et al., 2001 | 7 HIV 200 8.1 | 63 21 9.6 79 | 5.7
50 24 | 29 19 104 | 81 | 55
Teo et al., 2001 15 Hv 200 [ 68 | 3.5 73 109 [ 88 [ 55
400 | 109 | 43 141 117 | 122 | 73
50 3.1 | 23 22 0.12¢ | 0.72¢ | 4.2
Wohl et al., 2002 8 HIV 100 | 47 | 29 48 0.127 [1.14°[ 7.4
150 | 109 | 2.9 92 0147 [ 1.13°] 5.9
Dal Lago et al,| , - 200 65 | 4.4 78 105 | 133 | 7.8
2003
Chung et al., 2004a | 5 MMP 200 54 | 4.8 81 108 | 111 | 73

* Hv = Healthy Volunteers; HIV = Human Immunodeficiency Virus-Infected Patients; PC = Prostate

Cancer Patients; G = Patients with Gliomas; CC = Colorectal Cancer Patients; (R) = R-thalidomide

isomer; (S) = S-thalidomide isomer.
* Img/kg; ” fast conditions, ¢ high fat meal conditions, ¢ L/h/kg, © L/kg.
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1.4.1.2. Pharmacokinetic Interactions with Other Drugs

Thalidomide is often combined with other drugs for therapy, but little information is
available on thalidomide interactions with co-administered drugs. It has been shown
that chronic thalidomide administration does not affect the pharmacokinetics of ethinyl
estradiol and norethindrone in healthy women volunteers (Trapnell et al., 1998;
Scheffler et al., 1999). This study was important to establish if hormonal contraception
will be effective during thalidomide therapy. The pharmacokinetic interactions of
thalidomide with other cancer chemotherapies have been investigated in a preclinical
murine model in this laboratory. Thalidomide was shown to alter the pharmacokinetics
of DMXAA in Colon 38 tumour bearing mice (Kestell et al., 2000), leading to
increased anti-tumour activity and TNF production (Cao et al., 1999). Thalidomide also
altered the pharmacokinetics of co-administered cyclophosphamide in the same model,
resulting in longer t;, and greater AUC of both the parent drug and its active
metabolite, 4-hydroxycyclophosphamide. @The prolonged exposure of 4-
hydroxycyclophosphamide enhanced the anti-tumour activity of cyclophosphamide
(Ding et al., 2002). Thalidomide pharmacokinetics was conversely altered by DMXAA
and cyclophosphamide (Chung et al., 2004b).

1.4.2. Metabolism and Metabolites

Biotransformation of thalidomide occurs by enzymatic or non-enzymatic hydrolysis
(Faigle, 1962; Schumacher et al., 1965a, b; Williams et al., 1965), or by hepatic
cytochrome P450-mediated hydroxylation in various species (Eriksson et al., 1998a;
Ando et al., 2002a; Ando et al., 2002b). Both enzyme-catalysed and non-enzyme-
catalysed products are generally referred to as metabolites. Most studies in the literature
indicate that at physiologic conditions, thalidomide undergoes rapid non-enzymatic
hydrolysis only (Faigle, 1962; Schumacher et al., 1965a, b; Williams et al., 1965)
(Figure 1.4). The rate of hydrolysis of thalidomide in biological fluids increases with
increasing pH and temperature (Keberle et al., 1965; Williams et al., 1965; Huupponen
and Pyykko, 1995; Lyon et al., 1995; Eriksson and Bjorkman, 1997; Eriksson et al.,
1998b). Teo and co-workers reported that although 5-hydroxythalidomide (5-OH Th)
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was detected in the urine below limits of quantitation, hydroxylation metabolites were
not detectable in plasma of patients with Hansen’s disease receiving thalidomide at a
dose of 400 mg/day, nor could they be detected by incubating thalidomide with human
liver microsomes or cloned human cytochrome P-450 (CYP) isozymes (Teo et al.,
2000a). Eriksson and co-workers studied hydroxylated metabolite formation in 8
healthy male human volunteers. Three volunteers received 1 mg/kg of R- or S-
thalidomide on separate occasions and their plasma was collected to test for 5-OH Th.
Six volunteers took 1 mg/kg and two volunteers took 2.5 mg/kg of racemic thalidomide
and their plasma was collected for the detection of 5’-hydroxythalidomide (5°-OH Th).
5-OH Th was not detectable in plasma samples, but trace amount of 5’-OH Th was
detected in all volunteers. The same study also reported that both 5-OH Th and 5’-OH
Th were formed after 4 h of incubation with human S9 liver fraction preparations.
However, dihydroxy metabolites, such as 4,5-dihydroxythalidomide and 5,6-
dihydroxythalidomide, were not detected in vivo or in vitro (Eriksson et al., 1998a).
Ando and co-workers investigated hydroxylated metabolite formation in the plasma of
prostate cancer patients on thalidomide therapy with a dose of 200 mg/day or 1200
mg/day. They found very low concentrations of 5-OH Th and 5°-OH Th in plasma in
less than half of the patients (Ando et al., 2002b). In another report, Ando and co-
workers showed that hydroxylated metabolites, such as 5-OH Th, 5’-OH Th and 5,6-
dihydroxythalidomide were formed after incubating thalidomide with microsomes of
mice, rats, rabbits, dogs and humans. They demonstrated that the enzymes responsible
for the hydroxylation of thalidomide in humans are CYP2C9, CYP2C19 and CYPIAL,
while in rats CYP2C6, CYP2C11, CYP2C12 and CYP1A1 are responsible (Ando et al.,
2002a). The rate of thalidomide metabolism in vivo is not known. In vitro studies show
that the rate of 5-OH Th formation is fastest in mice, followed by rabbits, then humans
(Ando et al., 2002a). It has also been shown that the hydrolysis and hydroxylated
metabolites are more soluble and have longer t;/, than thalidomide (Keberle et al., 1965;

Schumacher et al., 1965b; Ando et al., 2002a).
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While the number of metabolites that can theoretically be generated from thalidomide
has been estimated to be higher than 100 (Schumacher et al., 1965a; Zhu et al., 1999),
to date only twelve major metabolites have been observed in animals and humans,
seven of which are hydrolysis products and three are hydroxylated metabolites

(Schumacher et al., 1965b; Eriksson et al., 1998a).

Hydrolysis metabolites were tested for teratogenicity in the 1960s and most studies
showed negative results (Fabro et al., 1965; Smith et al., 1965; Fabro et al., 1967b).
Later, some of them were tested for immunomodulation and were found to be inactive
(Gunzler et al., 1986). Apart from these results, little can be found in the literature
about the biological activities of the hydrolysis metabolites of thalidomide. On the
other hand, hydroxylated metabolites have been tested for anti-angiogenic activities in
a number of studies. Marks and co-workers demonstrated that both thalidomide and 5-
OH Th inhibited the blood vessel formation on chorioallantoic membrane of a growing
chicken embryo, suggesting that 5-OH Th is an active anti-angiogenic agent (Marks et
al., 2002). Price and co-workers synthesized Cis-5’-OH Th and tested its anti-
angiogenic effects. They showed that cis-5’-OH Th inhibited the microvessel
outgrowth of rat aortic ring cultured in Matrigel and microtubule formation of
HUVECs in Marigel (Price et al., 2002). Hydroxylated metabolites were shown not to
inhibit gene transcription in cultured multiple myeloma cell lines, however (Drucker et

al., 2003).

1.5. Summary of the Review

Although thalidomide has a tragic history, its established therapeutic effects in
autoimmune diseases and cancers warrants further investigation. The mechanism of
action of thalidomide in cancer treatment still remains to be clarified. A number of
hypotheses have been proposed, some of which are supported by some clinical
observations. However, none of the hypotheses can provide an overall comprehensive
explanation of the effects of thalidomide. Whether thalidomide itself, or its
hydroxylated metabolite(s) or its hydrolysis metabolite(s) is the active compound is

currently still controversial.
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It is known that thalidomide has different biological effects in different species.
However, the pharmacological disposition of thalidomide in different species remains
unstudied. Complexities arise from chirality, enzymatic and non-enzymatic hydrolysis,
enzymatic biotransformation, metabolic pathways and metabolite characterization.
With the aid of modern technology, such as high performance liquid chromatography
(HPLC) and liquid chromatography-mass spectrometry (LC-MS), and progress in the
synthesis of potential thalidomide metabolites, it is now feasible to investigate the
pharmacological properties of thalidomide in various species. Further studies of
metabolism, metabolites and pharmacokinetics across species, both in vitro and in vivo,
will likely provide answers as to the active metabolite, the basis for inter-species
difference in biological response, and why thalidomide’s anti-cancer activity appears to

be species-dependent and tumour type-dependent.

As thalidomide’s teratogenicity is still remembered, searching for a non-teratogenic
analogue of thalidomide with the desired pharmacological and toxicological properties
is likely to be the future direction of its development. The hydroxylated metabolites of
thalidomide have been tested for their anti-tumour activities and shown to be
moderately effective, but the ring-open/hydrolysis products have not yet been tested for
anti-tumour activities. Since most of thalidomide’s hydrolysis products are not
teratogenic, should we find an active ring-opened product, it will provide more

possibilities in the design and synthesis for new analogues that are non-teratogenic.

1.6. Objectives of This Study

This study addresses some fundamental questions concerning thalidomide’s mode of
action and inter-species differences in biological activity. It is hypothesized that the
activities of thalidomide are closely related to its pharmacokinetics, metabolism and
metabolite formation in different species. By detecting metabolites formed in different
species and identifying the biological activity of the metabolites that are found in
MMPs responding to thalidomide therapy, it should be possible to identify the active

agent.
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The objectives of this study are:

1)

2)

3)

4)

5)

To develop methodologies that will allow the detection of all the thalidomide
metabolites formed in mice, rabbits and MMPs.

To determine the metabolic rate and metabolite formation in vitro using liver
microsomes of the same species tested in vivo.

To compare metabolite formation, metabolism rate and pharmacokinetics with
biological effects of thalidomide in those species studied.

To test all the metabolites found in MMPs for anti-tumour and TNF modulatory
activities.

To study the chemical and biochemical properties, both in vitro and in vivo, of

the active metabolite(s).
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CHAPTER 2. DETECTION AND IDENTIFICATION OF
THALIDOMIDE METABOLITES IN MICE

2.1. Introduction

Thalidomide undergoes non-enzymatic hydrolysis and enzymatic biotransformation in
various species to form numerous metabolites, and the possible number of metabolites
can reach more than 100 (Schumacher et al., 1965b; Zhu et al., 1999). Schumacher and
co-workers studied thalidomide hydrolysis in solution and identified 12 major
breakdown products using paper chromatography (Schumacher et al., 1965b).
Hydrolysis metabolites have also been detected in plasma and urine of mice, rats,
guinea-pigs, rabbits and dogs in early studies using ultraviolet (UV) spectroscopy,
paper chromatography, electrophoresis and radio-labelling technologies (Faigle, 1962;
Schumacher et al., 1965a; Tanaka et al., 1965; Fabro et al., 1967a). However, the
formation of hydroxylated metabolites has been more difficult to detect. Recent studies
have used advanced HPLC and LC-MS technology to detect hydroxylated metabolites
formed in vitro from the incubation of thalidomide with liver microsomes of mice, rats,
rabbits, dogs and humans (Eriksson et al., 1998a; Meyring et al., 2000; Teo et al.,
2000a; Ando et al., 2002a), and in vivo in human plasma (Eriksson et al., 1998a; Teo et
al., 2000a; Ando et al., 2002a; Ando et al., 2002b). However, these studies focussed
only on hydroxylated metabolites and the formation of hydrolysis products and other
possible metabolites were not pursued, even though unidentified metabolite peaks were

reported (Eriksson et al., 1998a; Meyring et al., 2000; Ando et al., 2002a).

Since thalidomide metabolites have been implicated in its mechanism of action and
linked with inter-species biological sensitivity (Fabro et al., 1965; Gordon et al., 1981;
Neubert and Neubert, 1997), this study has developed methodologies where all the

major metabolites formed can be identified. The aims of this study are:

a) To develop an analytical method to detect all the major metabolites of
thalidomide formed in mice using LC-MS technology.

b) To identify all the major metabolites formed in mice.

26



2.2. Methods

2.2.1. Mice and Tumour

Male or female C57Bl/6 mice bred at the Animal Resources Unit, Faculty of Medical
and Health Sciences, University of Auckland, were housed under conditions of constant
temperature and humidity and used between 8-12 weeks old. All animal experiments
were carried out according to institutional ethical guidelines. The murine Colon 38
adenocarcinoma was originally obtained from the Mason Research Institute
(Worcester, MA, USA). Tumour-bearing mice were killed by cervical dislocation.
Tumour was removed and cut into 1 mm’ fragments in a Petri dish (Falcon Labware,
Franklin Lakes, NJ, USA) containing 10 ml phosphate buffered saline (PBS). Recipient
C57Bl/6 mice, either male or female, were anaesthetised using i.p. administration of
sodium pentobarbitone (81 mg/kg in a volume of 10 pl/g body weight) and Colon 38
tumour fragments were placed subcutaneously in an opening made in the left flank. The
incision was closed using a small Michel wound clip (Aesculap, Tuttlingen, Germany).
Tumours were used when they had reached about 5-7 mm in diameter, generally 9-12

days after implantation.

2.2.2. Drug Administration

For i.p. administration at a dosage of 100 mg/kg, thalidomide was dissolved in
dimethylsulphoxide (DMSO) at 40 mg/ml and injected i.p. into mice in a volume of 2.5
ul/g body weight using 0.5 ml syringe. For p.o. administration, thalidomide was
suspended in 0.3% hydroxypropylcellulose (10 mg/ml) and and administered using a
gavage needle (5 pl/g body weight), and given at a dosage of 50 mg/kg, the maximum

dosage possible due to difficulties in solubility.

27



2.2.3. Metabolite Detection Using LC-MS and HPLC

2.2.3.1. Preparation of Murine Plasma and Urine Samples

Following drug administration, mice were placed in metabolic cages with water and
food, and urine over a 4 h period was collected. After 4 h, murine blood samples were
collected in heparinised tubes through ocular bleeding during terminal halothane (NZ
Pharmacology Ltd., Christchurch, New Zealand) anaesthesia, centrifuged (3,000 x @),
and the plasma removed. Mouse plasma samples (300 pl each) and urine samples (100
ul each) were then acidified by adding IN HCI up to 1 ml, because thalidomide is
stable at low pH and does not undergo hydrolysis (Schumacher et al., 1965b). Acidified
samples were loaded onto 1 ml/100 mg preconditioned C18 Bond Elut columns
(Varian, Harbor City, CA) using an automated extraction column system (ASPEC,
Gilson Medical, Meddleton, Wis.). The columns were washed with 1 ml Milli-Q water
and the compounds of interest were then eluted using 1 ml 100% acetonitrile (ACN).
The eluates were evaporated to dryness using a centrifugal evaporator (Jouan, St.

Nazaire, France) and residues reconstituted in 100 pl mobile phase for LC-MS analysis.

2.2.3.2. LC-MS Analysis

LC-MS analysis was performed using an Agilent 1100 LC/MSD single quadrupole
system in which an Agilent 1100 UV diode array detector was coupled in series. All
synthesized standards and samples were analysed initially using the mass spectral
detector (MSD) set on simultaneous negative-ion and positive-ion scan modes between
70 and 1000 atomic molecular units (amu). This was carried out using either an
atmospheric pressure chemical interface (APCI) or an electrospray interface in order to
determine the best conditions under which thalidomide and related compounds would
ionize. This in turn would determine the responsiveness of the MSD. It was found that
mass spectrometric signals produced from thalidomide were very poor under all the
conditions described above. However, all of the metabolites and hydrolysis products of
this compound (i.e. hydroxylated products) gave good responses in the MSD when the

APCI interface was used in the negative mode. These compounds were detected as
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their [M-1] ions with no evidence of adduction formation. In addition, it was found that
the APCI interface was equally as good in detecting the hydrolysis products of
thalidomide but not the hydroxylated metabolites when used in the positive-ion mode.
In complete contrast, none of these compounds could be detected by the MSD when the
electrospray interface was used. Therefore, it was decided to utilize the APCI interface
in all of the LC-MS analyses set to produce negative ions. However, it was also
necessary to use it in the positive mode to provide supplementary data which would
substantiate metabolite identification. Thus, for the majority of the LC-MS analyses,
operation of the MSD was performed using the APCI interface set on simultaneous

negative-ion and positive-ion scan modes.

During the analyses of biological samples, it was found that background noise or peaks
associated with endogenous substances interfered with the quality of chromatograms by
co-eluting with the peaks related to the metabolites of thalidomide. In order to
minimize this it was considered that the MSD was best set in the single ion monitoring
(SIM) mode as well as monitoring the total ion current (TIC). Therefore, the MSD was
programmed for both TIC and SIM in which one group of SIM signals were associated
with the negative single ion detection of the metabolites and hydrolysis products of
thalidomide and another set of SIM signals associated with positive single ions which
would detect the hydrolysis products of thalidomide. It was thought that this was the
best strategy to detect and quantitate the known metabolites and hydrolysis products of

thalidomide in biological matrixes as well identifying any which might be unknown.

Thus, aliquots of reconstituted samples (50 pl each) were injected into an Agilent 1100
Series LC/MSD system (Agilent Technologies, Avondale, PA, USA) and analysis was
performed using an APCI interface and three MSD signals simultaneously: Signal 1,
which takes 50% of the MS analysing cycle, was set on negative-ion scan (TIC) mode
with a molecular weight range of 70 to 1000; Signal 2, which also takes 25% of the MS
analysing cycle, was set on positive SIM mode at the molecular weights 259, 275, 277,
278, 291, 293, 295, 296 and 451; Signal 3, which takes 25% of the MS analysing cycle,
was set on negative SIM mode at the molecular weights 257, 273, 275, 276, 289, 291,
293, 294 and 449 (corresponding to each of the peaks and possible metabolites).
Negative SIM detection provided higher sensitivity, reduced background noise and

better chromatograms (Figure 2.3 for example). The other MS conditions were:
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fragmentor and capillary voltage of the interface, 100 and 3500 volt, respectively,
drying gas flow rate, 5 L/min, corona current, 10 pA, gas temperature, 350 °C,
vaporizing temperature, 500 °C, and nebulising pressure, 35 psi. Samples were also
concurrently analysed using diode array UV detection at 230 nm with UV at 590 nm as
reference. The UV spectra of individual metabolite peaks were compared with those
generated by the authentic standards and the percentage match between the spectra
determined using ChemStation Rev. A.08.04 (Agilent Technologies, Avondale, PA,
USA). Chromatographic separation was achieved with a LUNA 5p Phenylhexyl 100 x
4.6 mm stainless steel column (Phenomenex, Torrence, CA, USA) using a combination
of the following solutions: Solution A, which contained 80% ACN and 1% acetic acid
in water and Solution B, which contained 10% ACN and 1% acetic acid in water. The
elution program was 100% solution B at 0.5 ml/min over 0-20 min, addition of 0-20 %
solution A in a linear gradient at 0.7 ml/min over 20-45 min, and 100% solution B at

0.5 ml/min over 45-55 min.

2.2.3.3. Resolution of Phthaloylglutamine (PG) and Phthaloylisoglutamine
(PiG) by HPLC

The chromatographic conditions used in the LC-MS analyses did not allow the
separation of PG and PiG. The mobile phase was modified by the addition of the ion
pair reagents cetyltrimethylammonium bromide and 1-octanesulfonic acid. Analysis of
these two compounds was performed using a Waters HPLC system (Waters Associates,
Milford, MA, USA) consisting of a 717PLUS auto sampler, 1525 binary HPLC pump,
100 x 10.0 mm stainless steel LUNA 5u phenylhexyl column (Phenomenex, Torrence,
CA, USA) and a model 2487 dual A absorbance detector set at 230 nm, and the peak
containing a mixture of PiG and PG was collected with a Gilson model-202 fraction
collector (Gilson Medical Electronics, Middleton, MI, USA). The mobile phase
consisted of 10% ACN and 1% acetic acid in Milli-Q water and the flow rate was 0.5
ml/min isocratic. The collected eluant was dried using a Virtis Freeze-Mobile 6 model
freeze drier (Virtis Co. Inc., Gardiner, NY, USA). The reconstituted dried samples were
analysed by the same Waters HPLC system but using a LUNA 5p Phenylhexyl 100 x
4.6 mm stainless steel column instead of 100 x 10.0 mm stainless steel LUNA 5u

Phenylhexyl column, and a mobile phase of 10% ACN and 1% acetic acid in Milli-Q
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water, 48 mg/l 1-octanesulfonic acid, and 32 mg/I cetyltrimethylammonium bromide.

Peaks were monitored by UV at 230 nm using an isocratic flow rate of 0.5 ml/min.

2.2.5.8. Thalidomide Glucuronide Identification

The fraction containing the glucuronide metabolite of thalidomide was separated using
100 x 10.0 mm column, collected, and dried using the same procedure as that described
above for the PiG/PG fraction. The method of identification was adapted from that of
Webster et al. (Webster et al., 1995) used to identify glucuronidation of 5,6-
dimethylxanthenone-4-acetic acid. In brief, the dried residue was reconstituted in 0.1 M
sodium phosphate buffer (pH 5.5) and two aliquots of 500 pl reconstituted metabolite
solution were incubated at 37 °C for 45 minutes and 90 minutes with 2,000 units/ml -
glucuronidase plus 20 mM D-saccharic acid 1,4-lactone respectively. Another two
aliquots of 500 pl reconstituted metabolite solution were incubated together without 3-
glucuronidase as control. The reaction was initiated by addition of B-glucuronidase and
D-saccharic acid 1,4-lactone, and stopped by addition of 50 pl of 10% trichloroacetic
acid. The mixture was centrifuged at 3,000 x g for 15 minutes to remove precipitated
protein. The supernatant was removed, then injected into LC-MS and analysed using

the same procedure described above.

2.3. Results

2.3.1. Detection of Metabolites

Colon 38 tumour-bearing and normal mice were treated with thalidomide either i.p.
(100 mg/kg) or p.o. (50 mg/kg), and urine and plasma samples collected at 4 h and
analysed using LC-MS. Both tumour-bearing mice and normal mice were used in this
study in order to establish whether the tumour-bearing status had any effect on
thalidomide metabolism in mice. It was reported that cancer patients had reduced CYP

metabolic activity compared with healthy people (Williams et al., 2000).
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The UV profiles of urine and plasma from both untreated and treated mice showed a
number of peaks (Figure 2.1) and differences in the UV profiles were used to detect
metabolites. Peaks were considered to be metabolite peaks if they gave signals on MS
negative ion scan mode and negative single-ion monitoring mode (Figures. 2.2A &
2.3A), and if the mass spectrum of the peak contained additional ions to those in
untreated control samples. An example for Peak 6, is shown for scan mode in Figures
2.2B & 2.2C and for single ion monitoring in Figures 2.3A & 2.3B. By these criteria, 7
metabolite peaks, in addition to the thalidomide peak, were identified in the urine from
mice treated with thalidomide (Figure 2.1). There was no difference between
chromatographic profiles of samples from male and female mice, neither were there
any differences between Colon 38 tumour-bearing and non-tumour-bearing mice

(Figure 2.4).

2.3.2. Identification of Metabolites

Possible metabolites with molecular weights corresponding to the MS signals of each
of the peaks were deduced and authentic samples of the majority of these were either
synthesised courtesy of Associate Professor Brian Palmer or bought (Appendix 1). The
retention times, UV spectra, mass spectra and single ion monitoring chromatographic
profiles of metabolite peaks and authentic standards were compared. Results are
summarized in Table 2.1. Peak 1, with a molecular mass of 276, was identified as N-(0-
carboxybenzoyl)glutamic acid imide (CG) on the basis that they had the same retention
time and their UV spectra shared 93.5% identity to each other (Figure 2.5A). Peak 2,
with a mass of 292, could correspond to a variety of possible hydroxylated hydrolysis
products. Authentic 5- and 4-hydroxyphthaloylisoglutamine, 5- and 4-hydroxy-N-(o-
carboxybenzoyl)glutamic acid imide, and 5- and 4-hydroxyphthaloylglutamine were
synthesized courtesy of Associate Professor Brian Palmer, and it was found they all had
different retention times to Peak 2. N’-hydroxy-N-(0-carboxybenzoyl)glutamic acid
imide also has a mass of 292, but metabolites resulting from N-hydroxylation of the
imide ring of thalidomide have never been detected, and it is unlikely that this is the
compound in Peak 2. A likely candidate for Peak 2 is 5’-hydroxy-N-(o-
carboxybenzoyl)glutamic acid imide (5’-OH CG), although the authentic compound is

not yet available for confirmation.
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Peak 3, a major component of the urine extracts, showed two molecular ions,
corresponding to components with molecular weights of 450 and 274. It eluted just
before an unidentified host component (present in urine of untreated mice) that had a
molecular weight of 179. The molecular weight of the larger component suggested that
it was an O-glucuronide derivative of thalidomide, while that of the smaller component
suggested that it was a fragment ion resulting from loss of glucuronic acid. Peak 3 was
therefore collected, a portion was treated with B-glucuronidase, and both portions were
re-chromatographed (Figure 2.6A). Exposure to B-glucuronidase caused the appearance
of a new component, Peak II, with a mass spectrum corresponding to a molecular
weight of 274 (Figure 2.6B). This was identified as 5-OH Th on the basis that it has the
same retention time and its UV spectrum shares more than 99% identity with that of
authentic material. Peak I has a molecular weight of 450 (its reduced retention time was
due to the lower loading of the column), and the decrease in its proportion following
exposure to B-glucuronidase indicated that it was thalidomide-5-O-glucuronide. The
peak eluting at 12.8 minutes (molecular weight 179) corresponded to an unidentified

host component. No evidence of glucuronidation at the 5'- position was found.

Peak 4 had a molecular mass of 276 and identical UV spectra and mass spectra to
authentic PiG. However, authentic PG also has the same mass and has a very similar
retention time and it was necessary to determine whether both might be present in Peak
4. This fraction was therefore collected and re-analysed by HPLC using the mobile
phase containing cetyltrimethylammonium bromide and 1-octanesulfonic acid that
allows separation of PiG and PG with respective retention times of 15.1 min and 12.7
min (Figure 2.7A). The sample collected from Peak 4 resolved into two fractions

(Figure 2.7B), indicating that both PG and PiG were present.

Peaks 5, 6 and 7 were identified as cis-5’-OH Th, trans-5’-OH Th and 5-OH Th,
respectively on the basis of similarity of UV spectra (Figures 2.5B, 2.5C, and 2.5D) and
identity of retention time (Table 2.1). The same number of metabolite peaks in UV
profiles was obtained in urine following p.o. or i.p. administration (Figure 2.8). The
profile obtained in plasma contained smaller sized peaks but the number of peaks was
the same compared with the urine profile from mice administered thalidomide i.p. at

the same dose (Figure 2.9).
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Table 2.1

Metabolite peaks in UV

thalidomide treatment.

profiles from murine urine following

Retention Molecular Match .
Peak # Time . of UV Metabolite Structure
. Weight c
(min) spectra
o) QO
NH
1 7.4 276 93.5% CG &H
COOH
o) O,
NH
b N * O
2 9.1 292 5-OH CG C&H{f
COOH oH
HOOC
Ho%
. . HO™ HO O Q
3 12.8 450 thalidomide-5- o @
' O-glucuronide AN °
(o)
COOH
4a® 16.5 276 PG {}
NH,
N—
4b* 16.5 276 PiG
(e} COOH
O O
NH
N O
5 25.4 274 98% cis-5'-OH Th .
(@] OH
O O
NH
N! * O
6 31.3 274 98% trans-5'-OH Th ad
o] OH
O O
HO. NH
7 333 274 >99%  5-OH Th @:((N _/ °
(o]

"Peak 4 separates into 4a and 4b with retention times of 12.7 and 15.1 min respectively on HPLC
with mobile phase containing cetyltrimethylammonium bromide and 1-octanesulfonic acid.
Pproposed metabolite.
“See Figure 2.5.
"Chiral center
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Figure 2.1 UV-detected chromatograms of urine samples from mice without
treatment (dotted lines) and up to 4 h following oral administration of thalidomide

(Thal) (50 mg/kg, solid lines).
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Figure 2.2 (A) Total ion MS-detected (Signal 1) chromatogram of urine from mice
without treatment (dotted line) and up to 4 h following oral administration of Thal
(50 mg/kg, solid line). (B) Mass spectrum of Peak 6 using negative ion-scan mode
showing an [M-H]- mass of 273 amu. (C) Mass spectrum at the retention time

corresponding to Peak 6 in untreated mouse urine.
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Figure 2.3 (A) Negative SIM mode (Signal 3) MS-detected chromatogram of urine
from mice without treatment (dotted line) and up to 4 h following p.o. of Thal (50
mg/kg, solid line). (B) Mass spectrum using negative single-ion monitoring mode
of Peak 6 showing a [M-H] response of 273 amu. Note: Peaks 5 & 7 also
corresponded to [M-H] of 273 amu, while Peaks 1 & 4 corresponded to [M-H] of
275 amu, Peak 2 corresponded to [M-H] of 291 amu and Peak 3 corresponded to
[M-H] of 449 amu (spectrum not shown).
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Figure 2.4 LC-MS chromatograms of urine samples from Colon 38 tumour-bearing

mice up to 4 h following oral administration of Thal (50 mg/kg). (A) UV-detected
chromatogram, and (B) SIM mode (Signal 3) MS-detected chromatogram.
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Figure 2.5 UV spectra of metabolite peaks (dotted lines) compared with UV spectra
of corresponding authentic standards (solid lines). (A) Peak 1 and CG. (B) Peak 5
and cis-5’-OH Th. (C) Peak 6 and trans-5’-OH Th. (D) Peak 7 and 5-OH Th.
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Figure 2.6 (A) UV-detected chromatogram of Peak 3 following treatment with (-
glucuronidase (solid line) and without treatment (dotted line). (B) Mass spectrum
of the Peak II formed following B-glucuronidase treatment showing an [M-H]
mass of 273 amu corresponding to 5-OH Th. (C) Mass spectrum at the retention

time corresponding to Peak II in the untreated control.
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Figure 2.7 HPLC chromatograms using mobile phase containing cetyltrimethyl-
ammonium bromide and 1-octanesulfonic acid showing complete separation of:
(A) PG and PiG authentic standards; and (B) separation of the Peak 4 fraction

from mouse urine into two peaks showing the presence of both PG and PiG.
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Figure 2.8 Comparison of UV-detected chromatograms of urine from mice

administered Thal p.o. (solid line) or 1.p. (dotted line).
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Figure 2.9 Comparison of UV-detected chromatograms of urine (solid line) or

plasma (dotted line) from mice given Thal (50 mg/kg) p.o.

43



2.4. Discussion

The results confirm the formation in mice of three first step hydrolysis products, CG,
PiG and PG, as well as three first step hydroxylation products, 5-OH Th and cis- and
trans-5'-OH Th. In addition, evidence of a second step transformation of 5-OH Th to
produce thalidomide-5-O-glucuronide was provided. A scheme for these transformation
steps is shown in Figure 2.10. Although several studies report the presence of
unidentified metabolite peaks (Eriksson et al., 1998; Meyring et al., 2000; Ando et al.,
2002), glucuronidated thalidomide metabolites have not been previously documented.
Glucuronidation is a uridine diphosphate glucuronide (UDPQG) transferase-mediated
phase II metabolism and confers greater solubility to a compound. The formation of
glucuronidated metabolites may facilitate faster metabolism and excretion via this
route. Indeed, the thalidomide-5-O-glucuronide was the largest metabolite peak in
mouse urine (Figure 2.1). Glucuronidation occurred only at the 5-position and no

evidence for the formation of thalidomide-5'-O-glucuronide was found.

The concentration of glucuronidase used in the experiment was high, and yet not all the
thalidomide-5-O-glucuronide had been transformed into 5-OH Th. It was realised after
the experiment had been carried out that D-saccharic acid 1,4-lactone was actually an
inhibitor of B-glucuronidase and was used to eliminate microsomal glucuronidase
activity in the original protocol (Webster et al., 1995). The use of D-saccharic acid 1,4-
lactone was not really necessary in these experiments and explained the high

concentration of glucuronidase that was used in the experiment here.

Although it has not been possible to validate the structure by comparison with authentic
material, the metabolite in Peak 2 (Figures 2.1-3) is suggested to be 5’-OH CG, which
can be formed either by second step hydrolysis of 5'-OH Th or second step
hydroxylation of CG. Other authentic standards with the same mass have been ruled

out as they have different HPLC retention times.

Thalidomide is extensively metabolised in mice resulting in seven metabolite peaks

comprising hydrolysis, hydroxylation and glucuronidation of the parent compound. The
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same number of peaks was obtained regardless of the route of administration. A
previous in vitro study identified that CYP2C subfamily in liver was the major
isoenzymes responsible for thalidomide’s hydroxylation in rodents (Ando et al.,
2002a). The same study also reported that the amount of 5-OH Th formed by mice liver
mircrosomes was the highest among 5 species studied, namely Sprague Dawley rats,
humans, New Zealand White rabbits, Beagle dogs and CD1 mice. 5-OH Th formation
in murine liver microsomes after a 50-min incubation with 0.4 mM thalidomide was
more than 20-fold higher than that formed by human liver microsomes. The presence of
hydroxylated metabolites in mice (Figure 2.1) strongly suggests that metabolism by
CYP2C subfamily isoenzymes is involved. The fast elimination of thalidomide via
CYP2C-mediated hydroxylation route would result in relative short t;» and low

bioavailability in mice.
In summary, eight major metabolites have been identified to be formed in mice

resulting from hydrolysis, CYP-mediated hydroxylation and UDPG-transferase-

mediated glucuronidation.
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CHAPTER 3. IDENTIFICATION OF THALIDOMIDE
METABOLITES IN MULTIPLE MYELOMA PATIENTS

3.1. Introduction

Hydroxylated thalidomide metabolites have been proposed as the active compound(s)
in thalidomide cancer treatment, since they have anti-angiogenic activities (Marks et
al., 2002; Price et al., 2002). The synthesis of hydroxylated thalidomide analogues has
also provided a number of compounds with potent anti-angiogenic/anti-metastatic
activities (Luzzio et al., 2000; Luzzio et al., 2003), strengthening the hypothesis that
hydroxylated thalidomide metabolites are responsible for thalidomide’s anti-angiogenic
effects. The formation of thalidomide metabolites appears to be highly species-
dependent, and while microsomal preparations from human, primates or rabbits support
the production of active metabolites, microsomes from rodents generally produce
negative results (Gordon et al., 1981; Bauer et al., 1998). These in vitro studies are
consistent with the greater in vivo sensitivity to the effects of thalidomide observed in
humans and rabbits as compared to that in rodents, where thalidomide showed greater
teratogenicity and anti-tumour activities in humans and rabbits but is generally
ineffective in rodents (Neubert and Neubert, 1997) (also see reviewed in Section 1.2).
However, inhibition of angiogenesis by thalidomide can be demonstrated in both rabbit
and murine corneal assays (D'Amato et al., 1994; Kenyon et al., 1997; Kruse et al.,

1998).

Since hydroxylated thalidomide metabolites have been proposed to be responsible for
its anti-angiogenic effects, this study uses methodologies developed in Chapter 2 to
search for these metabolites in the urine of MMPs undergoing thalidomide therapy. The

objectives are:

a) To identify thalidomide metabolites present in urine of MMPs on thalidomide
therapy.

b) To compare metabolite profiles in urine of mice and that of MMPs.
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3.2. Methods

3.2.1. Preparation of Urine and Plasma Samples

With ethical approval, four male and three female Caucasian patients undergoing
treatment with thalidomide for refractory multiple myeloma at Auckland Hospital were
recruited for urine metabolite detection studies. The oral dosages of thalidomide for
those patients ranged between 100 — 400 mg/day. Control samples of urine were
obtained from healthy volunteers as well as a pre-treatment sample from one of the
patients. Urine samples on three consecutive months of treatment as well as a plasma
sample on one occasion was obtained from one patient with a >75% reduction in his
IgG paraprotein on 100 mg thalidomide per day. Urine samples (3.33 ml) were
acidified by adding 1N hydrochloride acid (HCI) to 10 ml and one plasma sample (100
ul) was acidified by adding 10% trichloroacetic acid (TCA) to 1 ml. Both urine and
plasma samples were processed as described for murine samples (Section 2.2.3.1).
Dried residues of the plasma sample and urine samples were reconstituted in 100 pl and

500 pul mobile phase respectively for LC-MS study.

3.2.2. Metabolite Detection and Identification

Thalidomide metabolites in samples from MMPs were detected and identified using the

same methods and procedures described in Sections 2.2.3.2 & 2.2.3.3.

3.3. Results

3.3.1. Detection and Identification of Metabolites in MMPs

Urine samples from patients on thalidomide therapy were analysed for metabolites
using the same procedure as that for murine samples. A pre-treatment sample from one
patient (Patient 2, Figure 3.2A) showed no significant difference to those from healthy
individuals, and peaks observed in untreated controls were not included in the analysis.

Applying the same criteria as those used for defining murine metabolite peaks (Section
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2.3.2), only two metabolite peaks were detected in the UV profile of all 7 of the
patients' urine (Figures 3.1 & 3.2). The first of these peaks was the same as Peak 1 in
the murine profile, corresponding to CG, while the second was identical to Peak 4
(Peak number here corresponds to the peak numbers in Section 2.3.1 and Figures 2.1-
3). This second peak was re-analysed by HPLC using the ion-paired mobile phase, and
like the corresponding peak in mice it could be resolved into two components

corresponding to PG and PiG (Figure 3.3).

3.3.2. Intra-patient Metabolite Detection Study

Patient 1 who showed a greater than 75 % reduction in paraprotein levels on
thalidomide was studied while on a dose of 100 mg per day. Urine samples collected on
three consecutive months of treatment were analysed but no variation in the metabolite
profiles were seen over this period (Figure 3.4). This patient also provided a blood
sample 15 h after one of his daily thalidomide doses. Unlike in mice, thalidomide
metabolites were not detected in this plasma even though they were detectable in a

urine sample collected at the same time (Figure 3.5B).
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Figure 3.1 LC-MS chromatograms of urine from MMPI1 on Thal therapy (100
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UV at 230 nm, (B) MS at negative TIC mode (Signal 1), (C) MS at positive SIM
mode (Signal 2), (D) MS at negative SIM mode (Signal 3).
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3.4. Discussion

Striking differences were found in the urinary thalidomide metabolite profiles between
mice and patients with multiple myeloma. In the murine profiles, 7 peaks containing 8
metabolites formed by hydrolysis or hydroxylation were observed (Figure 2.1), while in
the profiles of patients with multiple myeloma, only 3 products were detectable, all
produced by hydrolysis (Figure 3.5, Table 3.1). Since p.o. and i.p. administration of
thalidomide to mice produced essentially identical metabolite profiles (Figure 2.7), the
differences are unlikely to be due to an altered route of administration. The differences
therefore reflect differences in metabolism of thalidomide between mice and MMPs.
Quantities of 5- and 5'-hydroxy thalidomide metabolites, thought to be produced by
CYP2C19 activity in human liver microsomes, are approximately 20-fold and 10-fold
lower than those obtained with liver microsomes from rodents respectively, where
CYP2C6 is the primary enzyme responsible (Ando et al., 2002a). Thus, thalidomide
appears a much poorer substrate for the human CYP enzymes involved compared with
the equivalent rodent enzymes, explaining the lower level of hydroxylation of

thalidomide in humans.

Since plasma samples were analysed in one patient only after 15 h of drug
administration (Figure 3.5), the possibility that hydroxylated thalidomide metabolites
are produced in plasma of humans but do not appear in urine cannot be excluded.
However, in patients with Hansen's disease given a single oral dose of 400 mg
thalidomide, no hydroxylated metabolites were detected in plasma and the 5-hydroxy
metabolite, although detected in urine, was below the limits of quantitation (Teo et al.,
2000a). Furthermore, in a study using healthy male volunteers, the plasma
concentration of 5'-OH Th was of the order of 0.1% of that of thalidomide, even though
both 5'- and 5-hydroxy metabolites were formed in vitro in the presence of human S9
liver fractions (Eriksson et al., 1998a). In addition to the intrinsically lower amounts of
hydroxylation in humans, it is possible that this pathway is suppressed in MMPs as a
result of their disease. A study involving 16 patients with advanced cancer showed a

reduction in metabolic activity, correlating with decreased CYP2C19 activity, as
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compared to healthy volunteers (Williams et al., 2000). However, Colon 38 tumour did

not appear to influence the metabolite formation in mice (Section 2.3.1).

The lack of detectable hydroxylated metabolites in MMPs who were responding to
thalidomide therapy, including 2 patients who had > 75% reduction in paraprotein
levels, suggests that such metabolites are not responsible for the therapeutic effect in
multiple myeloma. Furthermore, thalidomide alone does not exhibit anti-tumour
activity in mice (Ching et al.,, 1995; Cao et al., 1999) although hydroxylation
metabolites are present in plasma (Figure 2.9). Since hydroxylated metabolites have
been implicated in the inhibition of angiogenesis, the results also imply that the primary
mechanism of action of thalidomide in responding MMPs does not involve anti-
angiogenesis. The results of this study are consistent with the proposed mechanism
reviewed in Section 1.3.2 where thalidomide itself is the active agent and exerts its
activity through immunomodulation. The progression of multiple myeloma is strongly
dependent on TNF, IL-6, VEGF and bFGF production triggered by adhesion of the
tumour cells to BMSCs (Suzuki et al., 1992; Gupta et al., 2001) (also see Section
1.3.2). Thalidomide's ability to inhibit the biosynthesis of a range of cytokines,
including IL-1p, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IFN-y, bFGF, VEGF, TNF
and Cox-2, is well documented (reviewed in Section 1.3.2), and the inhibition of
growth factors necessary for tumour cell survival by thalidomide provides an
alternative mechanism of action other than anti-angiogenesis in the therapy of multiple
myeloma. Inhibition of cytokine biosynthesis by thalidomide is not dependent on prior
hepatic activation, and occurs efficiently in vitro in the absence of metabolic enzymes
(Sampaio et al., 1991). Rather, this activity is dependent on the intact parent compound

and is lost upon hydrolysis (Shannon et al., 1997).

In summary, three major urinary metabolites in MMPs have been identified, all of
which have resulted from hydrolysis. The lack of hydroxylation products in MMPs
suggests that hydroxylated metabolites are not responsible for thalidomide’s therapeutic

effects against multiple myeloma.

56



Table 3.1 Comparison of metabolites in mouse and MMP urine samples.

Mice Patient Patient Patient Patient Patient Patient pagient
1

2 3 4 5 6 7
Metabolites oral  Female Female Male Male Male Male  pemale
50 81y 47y 50y 55y 63y 68y 75y

mg/kg 100 mg 400mg 200mg 100mg 400mg 200mg 300 mg

Hydrolysis

CG (1y* + o+ - + + + + +
PG (4a) + o+ + + + + + +
PiG (4b) + o+ + + + + + +

Hydroxylation

5°-OH CG (2) + - - - - - - -
Thal-5-O-G**

+ - - - - - - -
3)
cis-5’-OH Th

+ - - - - - - -
(5)
trans-5’-OH Th

+ - - - - - - -
(6)
5-OH Th (7) + - - - - - - -

*Numbers in brackets represent peak numbers observed in chromatograms (see Figures 2.1 & 3.1).
** Thalidomide-5-O-glucuronide.
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CHAPTER 4. COMPARISON OF THALIDOMIDE
METABOLITE FORMATION IN MICE, RABBITS AND
MULTIPLE MYELOMA PATIENTS

4.1. Introduction

The biological effects of thalidomide vary in different species. Thalidomide is
teratogenic in humans as well as in rabbits, but is non-teratogenic in rodents (Fabro et
al., 1965; Schumacher et al., 1968b; Scott et al., 1977; Neubert and Neubert, 1997).
The anti-tumour activity of thalidomide is generally in line with its teratogenicity in
those species. Thalidomide does not exhibit significant anti-tumour activity in mice
(Ching et al., 1995; Gutman et al., 1996; Myoung et al., 2001) (reviewed in Section
1.2.1), but has shown some activity in a rabbit tumour model (Verheul et al., 1999). It
is effective in treating human malignancies particularly against multiple myeloma (Fife
et al., 1998; Singhal et al., 1999; Barlogie et al., 2001a; Figg et al., 2001) (reviewed in
Section 1.2). The basis for the inter-species differences in its biological effects is not

clear.

The studies of Chapters 2 and 3 showed that thalidomide metabolite profiles in mice
and MMPs were different. Hydroxylated metabolites were found in plasma and urine of
mice but not in urine of MMPs. However, the dose of thalidomide administered was
higher in mice than in humans, raising the question of whether the difference was due
to different plasma concentrations of thalidomide. Furthermore, MMPs may have
suppressed metabolic enzyme activity due to their disease. In this Chapter, healthy New
Zealand White rabbit, a species that is similar to human in its sensitivity to thalidomide,
is included in this study, and metabolite formation in mice, rabbit and MMPs, all
receiving thalidomide at similar doses, is compared using a modified analytical method
that allows PG and PiG to be resolved in one HPLC run. The objectives of this study

arc:
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a) To detect and identify all the major metabolites formed in vivo in three species,
mice, rabbits and MMPs, administered with similar doses of thalidomide.
b) To compare metabolite formation of those three species to determine if there is

a relationship to their responsiveness to thalidomide.

4.2. Methods

4.2.1. Murine Studies

Thalidomide was dissolved in 2-hydroxypropyl-B-cyclodextrin (HPCD) (1 mg/ml) and
administered p.o. using gavage needle or intravenous (i.v.) via tail-vein (2 mg/kg, 2
ul/g body weight). In another set of experiments, thalidomide was administered p.o. or
i.v. at a dose of 20 mg/kg dissolved in 30% DMSO in polypropylene glycol solution (8
mg/ml). Mice were bled at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, and 6 h after treatment.
Three mice were used for each time point plus an untreated control group. The mice
used for the 6 h time point were placed in metabolic cages with water and food, and
urine collected over the first 4 h after treatment. Blood samples were collected into
heparinized tubes during terminal halothane (NZ Pharmacology Ltd., Christchurch,
New Zealand) anaesthesia, centrifuged, and the plasma removed. Plasma (300 pl), and
urine (100 pl) were acidified by adding 10% TCA up to 1 ml. Samples were
centrifuged at 3000 x g for 10 min to remove precipitated protein, and then processed
using solid phase extraction as previously described (Section 2.2.3.1). Dried plasma
and urine residues were reconstituted in 100 ul and 1000 pl mobile phase respectively

for analysis.

4.2.2. Rabbit Studies

Three female New Zealand White rabbits supplied by Animal Resource Unit of the
University of Auckland were used between 6-12 months old for all the experiments
according to institutional ethical guidelines. Thalidomide was dissolved in HPCD (1
mg/ml) and administered p.o. using a polyethylene plastic tube, or i.v. via ear-vein

injection (2 mg/kg in a volume of 2 ml/kg). Following drug administration, rabbits
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were placed in metabolic cages with water and food for urine collection over a 6 h
period. Blood samples were collected into heparinized tubes from the ear-vein at 15
min, 30 min, 1 h, 2 h, 3 h, 4 h, 6 h and 8 h for the p.o. studies, and at 15 min, 30 min, 1
h, 1.5h,2h, 3 h,4 h and 8 h for i.v. studies. Control urine and plasma samples for each
rabbit were obtained prior to thalidomide administration. Plasma (300 pl) and urine
(100 ul) were processed as described for the murine samples (see Section 4.2.1). Dried
residues were reconstituted in 200 pl or 100 pl mobile phase respectively for urine and

plasma samples.

4.2.3. Clinical Studies

Three male and two female Caucasian patients who were beginning their thalidomide
therapy for refractory multiple myeloma at Auckland Hospital were recruited for these
studies with ethical approval and consent. Their ages ranged from 42-81 years, and
weights from 52-105 kg. All patients had been instructed not to take non-prescription
medications or to drink alcohol. Patients received their first dose of thalidomide (2 x
100 mg tablets p.o.) after a meal. Blood was collected into heparinized tubes at various
times up to 24 h after thalidomide, and urine samples were collected whenever
possible. A control sample of blood and urine were obtained from the patients before
treatment. Blood samples were centrifuged and plasma collected and quickly stored at —
80°C until analysis. Plasma (300 pl) were acidified by adding 10% TCA up to 1 ml and
centrifuged to remove precipitated protein. Urine samples (3.33 ml each) were acidified
by adding 10% TCA up to 10 ml. All samples were processed as described for murine
samples (see Section 4.2.1). Dried residues from plasma and urine samples were

reconstituted in 100 pl and in 1000 pl mobile phase, respectively.

4.2.4. Metabolite Detection and Identification

Metabolite detection and identification performed using LC-MS and HPLC procedures
described in Sections 2.2.3.2 & 2.2.3.3 does not allow the separation of PG and PiG in
one HPLC run. The studies in this section have used a modified procedure that resolves

PG from PiG in the same HPLC run. This was achieved by altering the proportions of
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mobile phase: solution A (80% ACN, 1% glacial acetic acid and 19% Milli Q water)
and solution B (9.5% ACN, 1% glacial acetic acid and 89.5% Milli Q water) to
improve the resolution. In addition, the mass spectral detection was also simultaneously
set on 3 signals: Signal 1, negative TIC mode, with a molecular weight range of 70 to
1000 amu; Signal 2, positive SIM mode at the molecular weights 259, 275, 277, 278,
291, 293, 295, 296 and 451; and Signal 3, negative single-ion monitoring mode, with
the sensitivity of 1 pg, at the molecular weights 257, 273, 275, 276, 289, 291, 293, 294
and 449 (corresponding to each of the metabolite peak or possible metabolite). This
provided greater sensitivity in metabolite detection with reduced background noise
using SIM detection, and still maintaining background information from UV and MS

TIC detections.

4.3. Results

4.3.1. Thalidomide Metabolite Profile in Mice

The metabolite profiles in mouse plasma and urine after administering thalidomide 2
mg/kg was similar to those after high dose (50 mg/kg or 100 mg/kg), with the
exception that using the modified method, PiG (Peak 5) is separated from PG (Peak 7)
and cis- and trans- 5’-OH CG were separated into two peaks (Peaks 2 & 4) (Figure
4.1). Based on their relative polarities, peak 2 and peak 4 would be expected to be the
cis- and the trans-isomer respectively, but this has yet to be validated with authentic
standards. With this method, Peaks 1, 5 and 7 corresponded to hydrolysis products,
while Peaks 2, 4, 6, 8, 9 and 10 corresponded to hydroxylated and glucuronidated
metabolites (Table 4.1; Figure 4.1). Urine samples contained the same peaks with the
addition of Peak 3, N-(0-carboxybenzoyl)isoglutamine, which was masked in plasma
samples by a background component present in untreated controls (Figures 4.1 & 4.2).
Although i.v. or p.o. administration produced the same number of metabolite peaks, the
plasma metabolite peaks at 2 h or earlier were higher after i.v. administration (Figure

4.3) compared with p.o. administration (Figure 4.1).
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Figure 4.1 Chromatograms of urine from mice without treatment (dotted lines) and
up to 4 h following oral administration of Thal (2 mg/kg, solid lines) recorded by:
(A) UV at 230 nm, (B) MS at negative TIC mode (Signal 1), (C) MS at positive
SIM mode (Signal 2), (D) MS at negative SIM mode (Signal 3).
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Table 4.1 Metabolite peaks in mouse urine LC-MS profiles after thalidomide oral

treatment.

Peak Molecular

No. Weight Metabolite Structure

o) O,
1% 276 %t“;*:
CG N °
COOH

o) Q

#a NH

2 292 (is-5.0H CG @%H’&fo
COOH MH
fo) (@]

3* 294 . . e

N-(0-carboxybenzoyl)isoglutamine H

COOH

COOH

o) (@]
#a NH
4 292 trans-5’-OH CG @%ﬁ{)‘o
COOH OH
O Q
5% 276 h
PiG "X
E
6 450 thalidomide-5-O-glucuronide K@:@{N;:o
COOH
% N—*
7 276 g JL%
NH;

# NH
8 274 cis-5’-OH Th CEéN NV
o OH
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HO / NH
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* hydrolysis metabolite, " metabolite formed via hydroxylation, a Proposed metabolite.
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Figure 4.2 Negative SIM mode (Signal 3) MS-detected chromatograms of mouse
plasma samples collected before (dotted lines) and after (solid lines) p.o. treatment

of Thal (2 mg/kg). (A) 5 min, (B) 30 min, (C) 4 h.
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Figure 4.3 Negative SIM mode (Signal 3) MS-detected chromatograms of mouse
plasma samples collected before (dotted lines) and after (solid lines) i.v. treatment

of Thal (2 mg/kg). (A) 1 h, (B) 2 h, (C) 4 h.
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4.3.2. Thalidomide metabolites in rabbits

Following p.o. administration (2 mg/kg) of thalidomide to rabbits, LC-MS plasma
metabolite profiles were determined and the data were compared with parent drug
concentrations, which were reported in a recent study by Chung et al.(2004a)
investigating the disposition of thalidomide in this species. It was found that two
different metabolic profiles existed in relation to the concentration of thalidomide in
plasma. At all time points when the concentration of thalidomide was below 1 uM, the
metabolite profile showed hydrolysis products only (Peaks 1, 5 & 7) (Figures 4.4A &
4.4C). However, when the thalidomide plasma level was above 1 M, whether that was
during the absorption or the elimination phase, hydroxylated metabolites (Peaks 2, 4, 6
& 8) were detected in addition to the hydrolysis products (Peaks 1, 3 & 5) (Figure
4.4B). While the MS peak areas of hydrolysis peaks, such as Peak 1 and Peak 5 were
similar to each other in rabbit and mouse samples, the MS peak areas of Peaks 2, 4, 6
and 8 in rabbit samples were 26.8%, 43.7%, 3.6% and 6.2% respectively of their
corresponding peak in murine samples, indicating a lower level of hydroxylation in
rabbits compared with mice. Urine samples contained hydrolysis products (Peaks 1, 3
& 5) only (Figure 4.5A). Following i.v. administration, plasma samples collected
before 2 h, when thalidomide concentration was above 1 uM, hydrolysis (Peaks 1, 3 &
5) and hydroxylated products (Peaks 2, 4, 6, 8, 9 & 10) were detected (Figures 4.6A &
4.6B). However, after 2 h, when thalidomide concentrations had dropped below 1 uM,
the metabolite profiles showed only hydrolysis products (Peaks 1, 5 & 7) (Figure 4.6C).
Urine samples following i.v. administration showed two hydrolysis products (Peaks 1

& 5) and one hydroxylation product (Peak 10) (Figure 4.5B).

4.3.3. Thalidomide Metabolites in Patients

Consistent with the results of Chapter 3, all plasma and urine samples from MMPs
contained only Peaks 1, 5 and 7, corresponding to the hydrolysis products.
Hydroxylated metabolites were not detected at any time point in plasma or in urine

(Figures 4.7 & 4.8).
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Figure 4.4 Negative SIM mode (Signal 3) MS-detected chromatograms of rabbit
plasma samples collected before (dotted lines) and after p.o. treatment (solid

lines). (A) 30 min, (B) 2h, (C) 6 h.
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Figure 4.5 Negative SIM mode (Signal 3) MS-detected chromatograms of rabbit
urine samples collected before (dotted lines) and after treatment (solid lines). (A) 3

h after p.o. administration, (B) 3 h after i.v. injection.
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Figure 4.6 Negative SIM mode (Signal 3) MS-detected chromatograms of rabbit

plasma samples collected before (dotted lines) and after i.v. treatment (solid lines).

(A) 30 min, (B) 2h, (C) 4 h.
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Figure 4.7 Negative SIM mode (Signal 3) MS-detected chromatograms of MMP
plasma samples collected before (dotted lines) and after treatment (solid lines). (A)

1 h, from MMP 8, (B) 4 h, from MMP 10, (C) 24 h, from MMP 11.
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solid lines) in mice, rabbits and MMPs. Unconfirmed metabolites are shown in
dotted lines. Structures in bold are products formed via hydrolysis only. Numbers

in brackets represent metabolite peak number in chromatograms.

72



4.4. Discussion

In mice, 10 metabolite peaks containing hydrolysis, hydroxylation and glucuronidation
products were detectable in urine and plasma within 30 min of iv. or p.o.
administration (Figures 4.1 — 4.3). Hydroxylation products were detectable in rabbits
only if the thalidomide concentration was above 1 uM in the plasma, irrespective of the
route of administration and the phase of the pharmacokinetic profile (Figures 4.5 &
4.7). Hydroxylated products were not detected at any time point in any of the five
MMPs in this study (Figures 4.7 & 4.8) and the results are consistent with those from
Chapter 3. The biotransformation pathways for thalidomide that yield the various
metabolites detected are summarized in Figure 4.9. It has been demonstrated that less
than 1 % of the administered thalidomide dose was excreted, unchanged, in urine of
most animals including mice, rabbits and humans (Williams et al., 1965). Therefore,
the majority of the absorbed thalidomide is excreted in the form of metabolites
(Schumacher et al., 1965a; Williams et al., 1965). Hydroxylation of thalidomide occurs
extensively in mice, moderately in rabbits, but is undetectable in patients. Since
hydroxylated and glucuronidated metabolites are much more soluble than the parent
drug, greater metabolism along this pathway would facilitate more rapid elimination of
thalidomide from the system. Consistent with this, a reverse correlation between the
rate of elimination, reflected by t;» (Chung et al., 2004a), and the amount of
hydroxylation in the three species was obtained, suggesting that the inter-species
differences in thalidomide pharmacokinetics are related to the rate at which it is
hydroxylated. The results of this study are also consistent with previous reports that
hydroxylated metabolites are barely detectable in humans (Teo et al., 2000a; Ando et
al., 2002b), and thalidomide is an extremely poor substrate for the human CYP450
isoenzymes compared with those responsible in rodents (Teo et al., 2000a; Ando et al.,

2002a).

If the parent drug rather than a hydroxylated metabolite is responsible for the in vivo
effects, then thalidomide would be expected to be more effective in a species where it
is slowly metabolised and eliminated. Consistent with this proposal, humans are more

susceptible than rodents to the many of effects of thalidomide. While clinical responses
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have been reported for human malignancies (Fife et al., 1998; Singhal et al., 1999;
Barlogie et al., 2001a; Figg et al., 2001) (reviewed in Section 1.2), anti-tumour activity
following single or multiple applications of thalidomide in mice has been difficult to
obtain (Ching et al., 1995; Gutman et al., 1996; Myoung et al., 2001) (reviewed in
Section 1.2.1). Based on their extent of metabolism, rabbits would be expected to be
intermediate between humans and mice in their responsiveness to thalidomide, and it
has been reported that daily high doses of thalidomide are effective in inhibiting tumour
growth rabbits (Verheul et al., 1999). The susceptibility of rabbits at high doses,
humans at low doses, and the resistance of rodents to thalidomide’s teratogenicity
(Schumacher et al., 1968b; Neubert and Neubert, 1997) also correlate with the

metabolism and elimination of the parent drug.

Inter-individual variability in thalidomide metabolite formation was not observed in
MMPs in this study despite differences in age (42-81 years), weight (52-105 kg), sex,
and disease status. Nor were there any differences among metabolite profiles of MMPs
in the previous study (Chapter 3). Thus, factors apart from drug metabolism are more
important in determining a patient’s outcome to thalidomide treatment. A recent study
showed that MMPs who are genetically high TNF producers, respond better to
thalidomide therapy (Neben et al., 2002b).

In conclusion, a method that allows the major thalidomide metabolites to be detected in
a single HPLC run using LC-MS has been developed. Large inter-species difference in
the degree to which it undergoes hydroxylation is seen that appears related to their
responsiveness to thalidomide. The results suggest that species that metabolise and
eliminate thalidomide quickly will be less responsive to the effects of the drug. Inter-
species sensitivity to the activity of thalidomide is consistent with the extent of

metabolism.
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CHAPTER 5. IN VITRO METABOLISM OF
THALIDOMIDE IN MURINE, RABBIT AND HUMAN
LIVER MICROSOMES

5.1. Introduction

Previous studies in Chapters 2-4 have shown that hydroxylated metabolites are not
detected in MMPs although they are found in mice and rabbits. However, studies in
vitro have reported the formation of hydroxylated metabolites after incubation of
thalidomide with human S9 liver fractions (Eriksson et al., 1998) or human liver
microsomes (Ando et al., 2002a). Since cancer patients have been shown to have
suppressed CYP2C19 activity (Williams et al., 2000), the primary enzyme responsible
for the hydroxylation of thalidomide in humans (Ando et al., 2002a), the lack of
hydroxylated metabolite detected in MMPs (Figures 3.1, 3.2, 4.7 & 4.8) could be as a
result of suppressed CYP2C19 activity. In this study liver microsomes from healthy
human donors that have been genotyped for CYP2C19 activity were used to determine

the extent of hydroxylation of thalidomide in vitro.

Since the studies in Chapter 4 showed that thalidomide metabolite formation between
mice, rabbits and MMPs were very different; this study also compares metabolite
formation using microsomes prepared from livers of mice, rabbits and healthy human
donors, to determine if the differences observed in vivo are also detected in vitro. The
rates of formation of 5-OH Th formation using liver microsomes from the various
species were used as an indicator of the rate of thalidomide metabolism. The objectives

of this study are:

a) To examine thalidomide metabolites formed in vitro using liver microsomes
from mice, rabbits or humans.
b) To determine the rate of formation of 5-OH Th in vitro using murine, rabbit and

human liver microsomes.
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5.2. Methods

5.2.1. Liver Microsome Preparation

Human livers HL5 and HL18 from the human liver bank, Department of Pharmacology
and Clinical Pharmacology, Faculty of Medical and Health Sciences, University of
Auckland that had been genotyped for CYP2C19 were used in this study. HLS is
CYP2C19 *1/*1, a homozygous wild type which has an extensive metaboliser
phenotype, while HL18 is CYP2C19 *1/*2, is a heterozygote. Livers from C57Bl/6
mice, New Zealand White rabbits and human donors were rinsed in ice-cold phosphate
buffer (pH 7.4) and blotted dry. Livers were then homogenized in 67 mM phosphate
buffer containing 1.15% KCI in a volume that was 3 times their weights. The
homogenate was then centrifuged at 10,000 x g for 20 min, and the supernatant was
removed and centrifuged at 100,000 x g for 1 h. The supernatant was again removed
and the remaining microsomal pellets were rinsed with phosphate buffer. The rinsed
pellets were re-suspended in a small volume of phosphate buffer and stored at —80 °C

until further required.

5.2.2. Bicinchoninic Acid (BCA) Protein Assay

Total protein concentrations in microsome preparations were determined by the BCA
method using bovine serum albumin (BSA) to construct the calibration curve (Smith et
al., 1985). Samples were diluted with fresh NaOH (1 M) to solubilise the proteins to
concentrations that were within the calibration curve. BSA (31.25 — 2000 pg/ml) and
samples (50 pl each) were added in duplicate to a flat-bottomed 96-well plate (Nalgene,
Nunc International, Rochester, NY). BCA reagent (100 pl, 1:50 dilution of 1% copper
sulphate in BCA solution, prepared immediately prior to use) was added to each well,
and the plate incubated for 10 min at room temperature. The absorbance was read at
562 nm using a microtitre plate reader (Microplate Reader 3550, Bio-Rad Laboratories,
Hercules, CA). Protein concentrations of samples were calculated from the BSA

calibration curve.
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5.2.3. In Vitro Metabolism

For the in vitro metabolism studies, thalidomide was dissolved in DMSO, and then
diluted to various concentrations in 67 mM phosphate buffer (pH 7.4) with the final
concentration of DMSO below 0.2% and incubated with 4 mM NADPH in a final
volume of 300 pl in a shaking water bath at 37 °C for 5 min. Microsomes were added to
initiate the reaction. Boiled microsomes were used for the controls. The reaction
mixture was then incubated in the shaking water bath at 37 °C and the reaction was
terminated at indicated times by addition of 300 pul 10% TCA containing phenacetin
(final concentration 60 uM) as an internal standard. The reaction mixture was then
vortexed and centrifuged (3,000 x g) for 10 min to remove precipitated protein (Torano

et al., 1999), and the supernatants were kept in —80 °C freezer until required.

5.2.4. Detection of Metabolites Formed in vitro

The supernatants prepared in Section 5.2.3 were processed by solid phase extraction as
described previously (Section 2.2.3.1), and the dry residues were reconstituted in 300 pl
of mobile phase (10% ACN and 1% acetic acid in Milli Q water). Reconstituted
samples (100 pl each) were analysed immediately for metabolites using LC-MS as
described in Section 4.2.4. Chromatograms of each sample were compared with control
samples to determine whether there is any difference in the extent of hydrolysis and
whether there is any metabolite formed other than spontaneous hydrolysis. The UV
spectra and MS spectra of metabolite peaks in chromatograms were compared with that

of authentic standards, and metabolites were identified as described in Section 2.3.2.

Chromatograms obtained through MS single-ion detection were used to determine the
relative abundance of metabolites formed after incubation. The metabolite peak of
interest was integrated using ChemStation Software (Agilent Technologies, Avondale,

PA), and the area of the peak was used as a measure of relative abundance.
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5.2.5. Assay of 5-OH Th

5-OH Th concentrations in samples prepared in Section 5.2.3 were determined using a
method that was developed in this laboratory to assay for thalidomide concentrations
(Chung et al., 2004). Duplicate aliquots (100 ul) of samples were loaded onto a Waters
Breeze chromatograph (Waters Associates, Milford, MA), which consisted of a
M717plus auto-sampler, M1525 binary pump and M2487 dual wavelength absorbance
detector. Separation was achieved using a 100 x 4.6 mm stainless steel Luna 5 pm
Phenylhexyl column and a mobile phase which consisted of: Solution A (100% ACN)
and Solution B (10% ACN and 1% acetic acid in Milli Q water). The elution program
was 100% solution B at 0.5 ml/min over 0-10 min, addition of 0-10 % solution A in a
linear gradient at 1 ml/min over 10-15 min, 90% solution B and 10% solution A at 1
ml/min over 15-23 min, reduction of 10-0% solution A in a linear gradient at 0.5
ml/min over 23-27 min and 100% solution B at 0.5 ml/min over 27-30 min. Phenacetin
and 5-OH Th were detected at UV wavelengths of 220 and 248 nm. Data acquisition
and integration was achieved using Breeze™ Software (Milford, CA, USA). 5-OH Th
concentrations were determined using calibration curve that was prepared with each run
using a range of 5-OH Th concentrations (0.1-25 pM). The ratios of area of the peaks to
the area of the peak for the internal standard was calculated and plotted against
concentration and linear regression analysis was used to obtain the line of best-fit,
which in all the runs had an r* value of 0.999. The rate of formation of 5-OH Th
(concentration/time) was plotted against thalidomide concentration, and the data was
fitted using the Michaelis-Menten model. Maximum velocity of reaction (V) and
Michaelis-Menten constant (Ky;) were determined by Prism 3.0 program (Graphpad

Software Co., CA), as well as Lineweaver-Burk and Eadie-Hofstee models.

The intra-assay accuracy was 90-110% with a coefficient of variation (CV) of 5-9% (3
samples per concentration). Inter-assay accuracy was 96-104% with a CV of 2-4% (5
samples per concentration). For quality control, three concentrations of 5-OH Th (0.2,
5, and 25 uM) were stored at —80 °C, and these were included in each analysis and

were found to be stable over a period of 14 days and within 3% of the validated value.
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5.3. Results

5.3.1. Detection of Metabolites

A concentration of thalidomide of 400 uM and an incubation time of 60 min were
chosen based on the studies of Ando and co-workers (Ando et al., 2002). The
degradation of thalidomide was shown in preliminary experiments to be less than 10%
in phosphate buffer at 37 °C. Control incubations of thalidomide with boiled
microsomes provided four peaks (1, 2, 5 & 6) that were products of hydrolysis (Figures
5.1 & 5.2). Incubation of thalidomide with rabbit and mouse liver microsomes (0.4 — 2
mg/ml) provided eleven peaks (1-11) in addition to the thalidomide peak (Table 5.1;
Figures 5.1B & C). Of the seven peaks that were not present in the controls, 4
corresponded to 5-OH Th, 5’-OH CG, and cis- and trans- 5’-OH Th (4, 7, 10 and 11;
Figures 5.1B & C) that had been previously characterised in Chapter 2. Metabolites in
peaks 3, 8 and 9 all had a molecular mass that was 16 amu higher than 5-OH Th or 5°-
OH Th and were suggested to be dihydroxylated metabolites. None of the retention
times and UV spectra of these three “di-hydroxylated” metabolites however were
comparable to that of authentic 5,6-dihydroxythalidomide. Peaks 8 and 9 could be cis-
5,5’-dihydroxythalidomide and trans-5,5’-dihydroxythalidomide, but authentic
standards are not available for confirmation. Peak 3 with a retention time of 10.4 min
could be 5,N-dihydroxythalidomide, since hydroxylation on the glutamine ring renders
the molecule more polar and will elute earlier, but again, it has not been confirmed as

the authentic standard is not available.

Using human (HL18) liver microsomes only seven peaks (1, 2, 5-7 & 10-11) were
detected (Figure 5.1A), in contrast to the 11 peaks obtained with murine or rabbit
microsomes. Peaks corresponding to the hydroxylated metabolites, 5-OH Th (peak 11),
cis-5’-OH Th (peak 7) and trans- 5’-OH Th (peak 10) (Figure 5.1A) were detected in
addition to the four hydrolysis products (peaks 1, 2, 5, and 6). Hydroxylation
metabolites were not produced at detectable levels using microsomes from donor HLS

however (Figure 5.3).
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Table 5.1 Metabolite formed after incubating thalidomide with mouse and rabbit

liver microsomes.
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Figure 5.1 LC-MS chromatograms of Thal metabolites following incubation (60
min; 37°C) of Thal (400 uM) with liver microsomes (solid lines) of (A) human
HL18, (B) rabbits and (C) mice, or with boiled liver microsomes (dotted lines).
Metabolites were detected by SIM mode (Signal 3) of MS as described in

methods.
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Figure 5.2 HPLC chromatograms with UV detection of Thal metabolites following
incubation (60 min; 37°C) of Thal (400 uM) with (A) human HLI8, (B) rabbits
and (C) mice liver microsomes (solid lines), or with boiled liver microsomes

(dotted lines).
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Figure 5.3 LC-MS chromatograms with UV (A) or MS negative SIM (B) detection

of Thal metabolites following incubation (60 min; 37°C) of Thal (400 uM) with 2

mg/ml human HLS liver micrsomes.
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5.3.2. Relative Abundance of Metabolites

The area of their peaks obtained using MS single-ion detection was used as a measure
of the relative abundance of the hydroxylated metabolites and is given in Table 5.2.
The relative abundance of the hydroxylated metabolites using HL18 microsomes was

much lower than that obtained with mouse or rabbit liver microsomes.

The relative abundance of hydrolysis products formed in three species was found to be
similar to that in control samples with the exception of PiG (Peak 5) and N-(o-
carboxybenzoyl)isoglutamine (Peak 2) which was much higher with rabbit microsomes
(Figures 5.1 & 5.2; Table 5.3). The formation of PiG was found to increase linearly
with increasing concentrations of rabbit microsomes (r* = 0.983; Figure 5.4) using a
thalidomide concentration of 400 pM. At thalidomide concentrations 12.5 pM or
higher, more PiG was formed using rabbit microsomes than mouse microsomes.
However, similar amounts of PiG were produced by rabbit and murine microsomes at a

thalidomide concentration of 6.25 uM.

It was found that the peak UV absorbances of thalidomide and its metabolites were
close to each other (220-245 nm, Figure 2.5); thus, as an estimation of metabolite
formation, the areas of the relevant metabolite peaks in UV chromatograms was
obtained from Figure 5.2 and were expressed as a percentage of the total area of all
metabolite peaks plus the thalidomide peak. These are summarised in Table 5.4. Rabbit
microsomes provided the highest overall transformation of thalidomide (25.7%) and
human microsomes gave the lowest (7.9%). The formation of hydrolysis products using
human (7.9%) and mouse liver microsomes (7.7%) was lower than that in rabbit liver
microsomes (22.7%). Hydroxylation of thalidomide was highest with mouse
microsomes (6.1%), and moderate with rabbit microsomes (3.0%), and was not

measurable with human liver microsomes.

5.3.3. Rate of Metabolism of Thalidomide to 5-OH Th

In a preliminary study, thalidomide at 400 pM was incubated with 0.4, 0.6, 0.8, 1.2, 1.6

or 2 mg/ml of liver microsomes for 60 min. The concentration of 5-OH Th formed was
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plotted against liver microsomal protein concentrations and was shown to be linear
between 0.4 — 2 mg/ml (r* = 0.984 and 0.985 respectively) using mouse and rabbit
microsomes, and between 0.6 — 2 mg/ml (r* = 0.986) with human microsomes (Figure
5.5). The optimal reaction time was then determined by incubating thalidomide at 400
uM with 2 mg/ml of liver microsomes for 10, 20, 30, 40, 50 or 60 min. 5-OH Th
formation was linear between 10 — 30 min (r* = 0.998 and 0.999 respectively) with
mouse and rabbit hepatic microsomes and between 40 — 60 min in the presence of
human HL18 liver microsomes (Figure 5.6). Based on the results from these
preliminary experiments, liver microsome concentration of 2 mg/ml for all three
species, and a reaction time of 30 min for mouse and rabbit microsomes and a reaction
time of 60 min for human microsomes were chosen as being appropriate for the

determination of the rate of 5-OH Th formation.

Thalidomide at various concentrations (6.25 — 600 uM) was incubated with 2 mg/ml of
mouse and rabbit microsomes for 30 min or with 2 mg/ml of human microsomes for 60
min. 5-OH Th concentrations were measured as described in Section 5.2.5, using
HPLC which was able to give complete separation of cis-5’-OH Th, trans-5’-OH Th, 5-
OH Th, phenacetin and thalidomide (Figure 5.7). Formation of 5-OH Th above the
limit of quantitation of 0.1 uM was obtained using HL18 (CYP2C19 *1/*2) human
liver microsomes at concentrations above 0.6 mg/ml. 5-OH Th production was below
the limit of detection using HL5 (CYP2C19 *1/*1) liver microsomes however. The rate
of formation of 5-OH Th with mouse and rabbit liver microsomes above 6.25 pM
followed Michaelis-Menten kinetics (Figure 5.8). The Vyx and Ky, were 45.2 + 2.1
pmol/min/mg and 208.3 + 23.1 uM respectively for mouse microsomes, and 11.91 +
0.5 pmol/min/mg and 88.02 + 11.6 uM respectively for rabbit microsomes. Vi, and
Ky calculated using Lineweaver-Burk (Figure 5.9) and Eadie-Hofstee plots (Figure
5.10) produced similar results. The apparent intrinsic clearance (CLjy), calculated as
Vmax/Km, of thalidomide to 5-OH Th in mouse and rabbit microsomes was 0.217 and
0.135 ml/min/g, respectively. In human HL18 liver microsomes, 5-OH Th was only
detectable at 3 thalidomide concentrations (200, 400 and 600 uM), and the V., Kum
and CL;y calculated from those three concentrations using Michaelis-Menten model

were 0.334 + 0.02 pmol/min/mg, 85.8 = 27.5 uM and 0.004 ml/min/g, respectively.
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Table 5.2 Comparison of relative levels of hydroxylated metabolites formed
following a 60 min incubation of Thal with liver microsomal protein (2 mg/ml).
Metabolites were determined by mass spectral detection using single ion
monitoring. The response of each metabolite peak produced by mouse liver

microsomes was normalized to 1.

_ _ trans-
cis-5’-  cis-5,5’- trans-
5,5°- 5-OH
5,N-dOH  5°-OH OH dOH 5’-OH
| 5 dOH Thal
Thal” 3)* CG (4) Thal Thal 3 Thal
Thal (11)
(7 ®) (10)
)]
Mouse 1 1 1 1 1 1 1
Rabbit 4.59 0.26 0.34 0.68 0.13 0.27 0.37
Human 0 0 0.07 0 0 0.09 0.005

*Number in brackets represents peak number in chromatogram.

' 5,N-dihydroxythalidomide, * 3

cis-5,5’-dihydroxythalidomide, trans-5,5’-

dihydroxythalidomide.
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Table 5.3 Comparison of relative levels of hydrolysis products formed following a

60 min incubation of Thal with liver microsomal protein (2 mg/ml). Hydrolysis

products were determined by mass spectral detection using single-ion monitoring.

The response of each peak produced by mouse liver microsomes was normalized

to 1.
CG(1)*  CiG'(2) PiG (5) PG (6)
Control” 1 1 1 1
Mouse 0.90-1.2 1 0.98-1.08 0.96-1.09
Rabbit 0.95-1.13  89-17.8  2.65-7.92 0.87-1.03
Human 0.90-1.01 1 0.88-1.1 0.84-1.05

* Number in brackets represents peak number in chromatogram.

! N-(0-Carboxybenzoyl)isoglutamine.

% Thalidomide solutions incubated with boiled liver microsomes of mouse,

rabbit and human.
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Figure 5.4 Enzymatic hydrolysis of PiG by rabbit liver microsomal protein in the

presence of NADPH (4mM).
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Table 5.4 Comparison of the total products of hydrolysis and hydroxylation
formed following a 60 min incubation of Thal with liver microsomal protein (2

mg/ml).

All metabolites of All metabolites of 5-OH Th  Total metabolites

Species

hydrolysis (%)* hydroxylation (%)* (%)* (%)*
Mouse 7.7 6.1 2.5 13.8
Rabbit 22.7 3.0 1.1 25.7
Human 7.9 - - 7.9

* The percentage was obtained by comparing the sum of the UV responses of all
hydrolysis or/and hydroxylation peaks with the sum of the UV responses of all
metabolite and parent peaks, including hydrolysis, hydroxylation and thalidomide

peaks.
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Figure 5.5 Concentration of 5-OH Th with different microsomal protein
concentrations after incubating 400 uM of thalidomide with mouse, rabbit and

human liver microsomes for 60 min.
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Figure 5.6 Concentration of 5-OH Th at different times after incubating 400 uM of

thalidomide with 2 mg/ml of mouse, rabbit and human liver microsomes.
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Figure 5.7 HPLC chromatograms showing complete separation of cis-5’-OH Th,
trans-5’-OH Th, 5-OH Th, Phecacetin and Thal using UV detection at (A) 220 nm
or (B) 248 nm.
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5.4. Discussion

The studies in this chapter on thalidomide metabolism using microsomes from mice,
rabbit and human livers have detected a greater number of different metabolites formed
in vitro than in vivo. With murine and rabbit liver microsomes, three metabolites (3, 8
and 9), with masses consistent with dihydroxylated products that were not seen in vivo
were detected. The mono-hydroxylated metabolites such as 5-OH Th are rapidly
cleared in vivo by glucuronidation (Figure 2.9), and thus may not be available for
dihydroxylation. Thal-5-O-glucuronide, which was detected in vivo (Figures 2.1, 4.1 &
4.4), was not detected in vitro since UDPG, a co-factor necessary for glucuronidation,
is lacking in the microsomal preparations. Four metabolites, 5-OH Th, cis- and trans-
5’-OH Th and 5’-OH CG (Figure 5.1), were observed both in vitro and in vivo (Figures
2.1, 4.1 & 4.4) in murine and rabbit microsomes. In vitro formation of 5-OH Th and
Cis-5’-OH Th, as well as of 5,6-dihydroxythalidomide and several unidentified
metabolites, has been reported (Ando et al., 2002a). The identity of metabolites 3, 8§,
and 9 in this study has not been confirmed, but none of them corresponded to authentic

5,6-dihydroxythalidomide.

The hydrolysis of thalidomide in rats, humans and rabbits is considered not to be
enzyme dependent (Faigle, 1962; Keberle et al., 1965; Schumacher et al., 1965;
Williams et al., 1965). The studies here have provided evidence of enzymatic
conversion of thalidomide to PiG in rabbit microsomes however. Hydrolysis of
thalidomide to PiG (Peak 5) increased with increasing concentrations of rabbit hepatic
microsomes (Figure 5.3), but was not seen with murine or human microsomes (Figures
5.1 & 5.2). These observations are consistent with a study by Schumacher and co-
workers (Schumacher et al., 1968) who showed that the rate of hydrolysis of
thalidomide was higher in rabbit livers than in rat livers, but it was not shown in their
studies that the increased hydrolysis was related to PiG formation. The higher levels of
N-(0-carboxybenzoyl)isoglutamine (Peak 2), formed by hydrolysis of PiG, seen with
rabbit microsomes compared with mouse or human microsomes (Table 5.3) could be
explained by the increased formation of PiG by enzymatic hydrolysis. Enzymatic
hydrolysis occurred only at in vitro thalidomide concentrations at 12.5 uM or above.

PiG levels in plasma of mice and rabbits were similar following p.o. administration of

96



thalidomide at 2 mg/kg, suggesting significant enzymatic production of PiG as seen in
vitro did not occur in vivo (Figures 4.1 & 4.4). The lack of enzymatic PiG formation
could be because the plasma concentrations of thalidomide (Cp.x = 1.8 £ 0.4 puM,
Chung et al., 2004a) following administration of 2 mg/kg to rabbits are below the

concentrations required for enzymatic hydrolysis to occur.

The relative total metabolic clearance of thalidomide in vitro via both hydrolysis
(enzymatic and non-enzymatic) and hydroxylation was greatest in the rabbit and lowest
in human liver microsomes (Table 5.4). Since enzymatic hydrolysis of thalidomide in
the rabbit may not occur at in vivo concentrations, and the rate of non-enzymatic
hydrolysis is similar in all species (Figure 4.2, 4.4 & 4.7), enzymatic hydroxylation
may be the rate-limiting step in the clearance of thalidomide. The study here showed
significant differences in the degree of hydroxylation occurring in microsomes from the
different species (Table 5.2), which correlated with the different rates of 5-OH
formation (Section 5.3.3). The relative rates of 5-OH Th formation in vitro also
correlate with the in vivo clearance of thalidomide in the three species. Mice were
shown to clear thalidomide faster than rabbits, which were faster than humans (Chung
et al., 2004a), and the rate of 5-OH Th formation in murine microsomes was 1.6 fold

faster than that in rabbit microsomes and 50 fold faster than that in human microsomes.

Metabolism of thalidomide to 5-OH Th and cis 5°-OH Th has been shown to be
catalysed by CYP2C subfamily in vitro (Ando et al., 2002a). However, kinetic
parameters such as Vax, Ky and CLjy, of thalidomide to 5-OH Th in microsomes were
not calculated as the formation of 5-OH Th in relation to time of incubation was non-
linear in that study (Ando et al., 2002a). The study here used higher microsomal protein
concentration and shorter incubation time to obtain the linear formation of 5-OH Th,
allowing the V., Km and CL;y to be calculated, and the inter-species comparisons to
be made. However, since products of further hydroxylation of cis-, trans-5’-OH Th and
5-OH Th were detected, the kinetics of formation of the primary hydroxylated
metabolites of thalidomide (5-OH Th and cis-5’-OH Th) would be compromised by the
rate(s) of the second hydroxylation step, and the kinetic parameters, in particular Ky,

should be described as apparent only.
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The overall rate of hydroxylation in human liver microsomes is very low irrespective of
CYP2C19 genotype (Table 5.2, Figures 5.1 & 5.2). Hydroxylated metabolites were
measurable using liver microsomes from HL18, a CYP2C19 heterozygote (*¥1/*2), but
hydroxylation of thalidomide was not observed using liver microsomes from HLS, a
homozygous wild type (*1/*1). In the study by Ando and co-workers (2002a) using
microsomes from two human livers that were both genotyped as homozygous wild type
(*1/*1), the rate of 5’-OH Th formation was low for one donor and was below the limit
of quantification for another. In the same study, pooled human liver microsomes also
did not produce quantifiable amounts of hydroxylated metabolites, although studies
using purified CYP2CI19 indicated that this enzyme was responsible for the
hydroxylation of thalidomide in humans (Ando et al., 2002a). More recent studies
showed that prostate cancer patients with an extensive metaboliser genotype did not
hydroxylate thalidomide to any significant extent (Ando et al., 2002b). Thus, although
CYP2C19 appears to be responsible for hydroxylation of thalidomide in humans, the
CYP2C19 genotype of the patients does not appear to predict the degree of
hydroxylation as shown here (Figures 5.1 & 5.3) and in the work of Ando and co-
workers (2002a, 2002b). Irrespective of the involvement of CYP isoenzyme(s), the
overall rate of metabolism of thalidomide is extremely low in human liver microsomes

compared with mouse and rabbit microsomes.

In summary, the studies show huge differences in thalidomide metabolism using
microsomes from mouse, rabbit and human livers. Highest degree of hydroxylation
occurred using murine microsomes, and the lowest with human microsomes. The
degree of hydroxylation obtained with the microsomes from the different species
corresponded with the degree of hydroxylation that was observed in vivo in mice
(Figure 4.2), rabbits (Figure 4.4) and MMPs (Figure 4.7). Hydroxylation in HL18
human microsomes occurred only at thalidomide concentrations above 200 uM, which
is considerably higher than the plasma concentrations of 50 uM that are achieved using
the highest dose of thalidomide (1,600 mg/day) during therapy (Figg et al., 1999). The
in vitro studies are consistent with studies in Chapters 3 and 4, which showed no
hydroxylated metabolites in patients with multiple myeloma, or in patients with

Hansen’s disease on thalidomide treatment (Teo et al., 2000).
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CHAPTER 6. BIOLOGICAL  ACTIVITY  OF

THALIDOMIDE’S HYDROLYSIS METABOLITES

6.1. Introduction

Thalidomide’s anti-tumour activities have been mainly attributed to its anti-angiogenic
properties (D'Amato et al., 1994; Kenyon et al., 1997; Kruse et al., 1998; Joussen et al.,
1999), although there is increasing evidence of the involvement of cytokine modulation
(Kenyon et al., 1997; Hideshima et al., 2001a; Hideshima et al., 2001b; Dmoszynska et
al., 2002; Tosi et al., 2002; Li et al., 2003). Metabolites have been suggested to be
responsible for the anti-angiogenic effects of thalidomide (Gordon et al., 1981; Ng et
al., 2003), and hydroxylated metabolites have been found to be effective in inhibiting
angiogenesis in a number of different assays (Marks et al., 2002; Price et al., 2002; Ng
et al., 2003). Hydrolysis metabolites have not been reported to be anti-angiogenic,
although they have been tested extensively for teratogenicity and shown to be non-
teratogenic (Fabro et al., 1965; Smith et al., 1965; Fabro et al., 1967b; Meise et al.,
1973). However, a recent report showed that thalidomide as well as its hydrolysis
metabolites was able to inhibit gene transcription in multiple myeloma cell lines
(Drucker et al., 2003), indicating that the hydrolysis metabolites could be effective in

the treatment of multiple myeloma.

Results in Chapters 3 & 4 showed only three hydrolysis metabolites, PG, PiG and CG,
and no hydroxylated metabolites in MMPs who were responding to thalidomide
treatment (Figures 3.1, 3.2, 4.7 & 4.8). This strongly indicated that either thalidomide
or the hydrolysis products were the active compounds. The ability of the hydrolysis
metabolites to inhibit angiogenesis and to modulate cytokine production has been
compared with thalidomide in this chapter. In this chapter, the hydrolysis metabolites
have been compared with thalidomide in a number of different assays of activity that
has previously been reported for thalidomide (Sampaio et al., 1991; Ching et al., 1995;
Cao et al., 1999; Ng et al., 2003). The objectives of this study are:
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a) To determine whether the hydrolysis metabolites can enhance the anti-tumour
action of DMXAA against Colon 38 tumours in mice.

b) To investigate whether the hydrolysis metabolites inhibited tube formation by
ECV304 cells in Matrigel layers as a determination of anti-angiogenic activity.

c) To test whether the hydrolysis metabolites modulated DMXAA-induced TNF
production in mice and LPS-induced TNF production in cultured human
peripheral blood leucocytes (HPBL).

d) To determine the stability of CG in solution.

¢) To determine CG concentrations in MMPs.

6.2. Methods

6.2.1. Tumour Growth Delay Determinations

Mice were implanted with Colon 38 tumours as described in Section 2.2.1, and were
used for growth delay experiment when tumours have reached approximately 3-5 mm
in diameter. Mice were divided into 10 groups, an untreated control group, a group
treated i.p. with DMXAA at 25 mg/kg only, and 8 groups treated with DMXAA
together with PG, PiG, CG or thalidomide at 100 mg/kg, or together with CG or
thalidomide at 20 mg/kg or 4 mg/kg. DMXAA was dissolved in saline at 2.5 mg/ml and
injected i.p. into mice in a volume of 10 pl/g body weight. Thalidomide, PG, PiG and
CG were dissolved in DMSO at 40, 8 or 1.6 mg/ml (for dosages of 100, 20, 4 mg/kg
respectively) and injected i.p. in a volume of 2.5 pl/g body weight. Tumours were
measured 2-3 times weekly after treatment and tumour volumes were calculated as 0.52
x @’ x b, where a and b are the minor and major axes of the tumour. The arithmetic
means and standard errors were calculated for each point, counting cured animals as
having zero tumour volume, and expressed as fractions of the pre-treatment volume.
Growth delay was determined as the difference in the number of days required for the
tumour to reach four times the pre-treatment volume. Mice in which the tumour had
completely disappeared were kept for 3 months to ensure that the tumours did not re-

grow.
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6.2.2. Modulation of TNF Production in Mice

Mice with Colon 38 tumours, approximately 5-7 mm in diameter, were divided into
groups of 5. One group was untreated. Other groups were treated with DMXAA (25
mg/kg) alone; DMXAA (25 mg/kg) + thalidomide (100 mg/kg), DMXAA (25 mg/kg) +
PG (100 mg/kg), DMXAA (25 mg/kg) + PiG (100 mg/kg), DMXAA (25 mg/kg) + CG
(100 mg/kg), DMXAA (25 mg/kg) + thalidomide (20 mg/kg), DMXAA (25 mg/kg) +
CG (20 mg/kg), and thalidomide, PG, PiG or CG only at 100 and 200 mg/kg. Three
hours after treatment, mice were anaesthetized with halothane (NZ Pharmacology Ltd.,
Christchurch, New Zealand), and blood was collected from the ocular sinus and
tumours were excised. Blood was coagulated overnight at 4 °C, and then centrifuged
for 30 min at 2,000 x g and 4 °C, and the serum was removed and stored at -80 °C until
use. Tumour tissues were weighed and homogenized in 1.5 ml a-minimal essential
medium (a-MEM). The homogenates were centrifuged (2,000 x g, 30 min, 4 °C) and
supernatant was removed and re-centrifuged (14,000 x g, 30 min, 4 °C). The final
supernatants were removed and kept at -80 °C until use. TNF levels in serum and
supernatants derived from tumour homogenates were assayed for TNF as described in

Section 6.2.4.

6.2.3. Modulation of TNF Production In vitro

Blood (20 ml) each from seven healthy volunteers were collected into heparinized
tubes, and was overlayed on top of 10 ml of Ficoll-Paque Plus (Amersham Biosciences
AB, Uppsala, Sweden) in 50 ml Faclon polypropylene conical tubes (Becton Dickson
Labware, Franklin Lakes, NJ). The tubes were centrifuged for 30 min at 300 x g and 4
°C, and the layer of cells was removed and re-suspended at 1 x 10° cells/ml in a-MEM
medium supplemented with foetal bovine serum (FBS) (10% v/v), streptomycin
sulphate (100 pg/ml) and penicillin-G (100 units/ml). Cells were added to a 24-well
plate (Nunc, Kamstrup, Roskilde, Denmark) with LPS (Escherichia coli serotype
055:B5; Sigma, St. Louis, MO) plus thalidomide or CG at 0.04, 0.2, 1, 5, 25 & 100
pg/ml; or PG or PiG at 1, 5 & 25 pg/ml in a final volume of 1 ml. Wells containing

cells only and cells plus LPS only were included as controls. After 12 hours of
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incubation, supernatants were removed and assayed immediately for TNF as described

in Section 6.2.4.

6.2.4. TNF Assay

TNF was assayed using a commercially available ELISA kit (OpEIA human or murine
TNF kit, PharMingen, San Diego, CA), according to the manufacturer’s instructions.
Samples (100 pl/well) in duplicate together with a serial dilution of TNF (31.25 — 2000
pg/ml) for the standard curve, were added to flat-bottom 96-well plates pre-coated with
immobilised monoclonal anti-TNF antibody and incubated at room temperature for 2 h.
The wells were then washed, biotinylated polyclonal antibody to TNF was added,
followed by peroxidase-labelled streptavidin, and incubated at room temperature for 1
h. The wells were washed again, and the substrate (tetramethylbenzidine and hydrogen
peroxide, from PharMingen’s TMB substrate reagent set) was added and after 10 min
the reaction was stopped with 2 N sulphuric acid. The absorbance at 450 nm was

determined using a microtitre plate reader.

6.2.5. Inhibition of Tube Formation In vitro

Each well in a 24-well plate was coated with 300 pul of Matrigel which was allowed to
solidified at 37 °C for 1 h. ECV304 cells (4x10%) in a final volume of 1 ml of M-199
medium supplemented with 10% FBS, containing thalidomide, CG, PG and PiG at
varying concentrations (2 — 25 pg/ml), were plated onto the Matrigel. After 15 — 18 h of
incubation at 37 °C at 5% CO,, the culture supernatant was aspirated. The cells were
fixed and stained using Diff-Quick staining kit (Dade AG, Dudingen, Switzerland)
according to the manufacturer’s instructions. After removal of the staining solution the
stained cells in each well were photographed along with a measuring ruler placed at the
bottom edge of the photographing field (Olympus Camedia C-5050 professional digital
camera, Olympus Optical, Tokyo, Japan). The total length of the tubes formed in the
photographs was measured and divided by the area of the field (mm/mm?).
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6.2.6. Cytotoxicity Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay,
which measures mitochondrial metabolic activity, was used to determine cell viability.
Cells (4x10*/well) were cultured with various concentrations of thalidomide, CG, PG
and PiG in a final volume of 100 pl M199 medium supplemented with 10% FBS, 100
pg/ml streptomycin sulphate and 100 units/ml penicillin-G in flat-bottomed 96-well
plates at 37 °C at 5% CO, for 18 h. At the end of the incubation period, 10 pl of MTT
(Sigma, St. Louis, MO, 5 mg/ml in PBS) was added to each well, and the cells were
further incubated for 2 h. The supernatants were then removed and the formazan
crystals in the cells were dissolved by the addition of 100 pl of DMSO per well, and the
absorbance at 590 nm was read using a plate reader. Each concentration of drug was
tested in triplicate wells, and the mean + standard error of the mean (SEM) was

calculated.

6.2.7. Stability and Plasma Concentrations of CG

6.2.7.1. Calibration Curves and Quality Controls

Standard curves were constructed by adding thalidomide (0.6-100 pM) or CG (0.2-50
uM) with phenacetin (60 uM) as the internal standard in PBS for in vitro experiments
or human plasma for the patient studies, and was processed as described in Section
5.2.5. Thalidomide in plasma at 0.6, 5, and 25 uM and CG in plasma at 0.2, 5, and 25
uM were stored at —80 °C and were included where appropriate as quality controls, and
were found to be stable over a period of 14 days within 10% and 5% of the validated
value respectively. The r* of calibration curves of thalidomide was 0.9995, and for CG
calibration curves was 0.9999. The intra-assay recovery was 90-110% (8 samples per
concentration) and the CV was 5-9% (4 samples per concentration), while the inter-
assay recovery was 96-104% (15 per concentration) and the CV was 2-4% (6 samples

per concentration).
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6.2.7.2. Determination of CG Stability in vitro

CG (50 uM) with 60 uM of phenacetin (as an internal standard) at pH 3.5, 6.8, 7.1, 7.4,
7.7 and 8 were added to 8 mm clear polyethylene starburst conical snap vials (Alltech,
Deerfield, IL), and incubated in the autosampler (Waters Associates, Milford, MA) at
37 °C. Aliquots (50 pl) of the solutions were then automatically loaded onto a Waters
Breeze chromatograph at 0, 6, 12, 18 and 24 hours after incubation. The ratio of the
area of the thalidomide peak or the CG peak to that of the phenacetin peak was
determined as described in Section 5.2.5, and the concentration of thalidomide and CG
was determined using the calibration curve. The percentage degradation of CG was

calculated as: [1 — (CG concentration after incubation / starting concentration)] x 100.

6.2.7.3. Calculation of Plasma C,,ax, Tmax, AUC and t;, of CG in MMPs

Plasma samples processed for the studies in Chapter 4 (60 pl of each in duplicate) from
3 of the 5 MMPs, who took 200 mg thalidomide in the previous metabolite-detection
studies in Chapter 4, were separated by HPLC (Sections 6.2.6.1). The concentration of
CG was determined as described in Section 6.2.6.2. The non-compartment
pharmacokinetic parameters, Cpax, Tmax, AUC, and t;» were determined using
WinNonlin Professional Software, version 4.0.1 (Mountain View, CA). Elimination ty,
was calculated as the ratio of 0.693 and the slope of the terminal phase of the log-linear
concentration-time curve. The AUC was calculated as a function of time using the log-
linear trapezoidal rule. Concentration was expressed as umol/l or pumol/kg of the mean

+ SEM.
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6.3. Results

6.3.1. Potentiation of Anti-tumour Activity of DMXAA in Mice by
Thalidomide, PG, PiG and CG

Co-administration of thalidomide (100 mg/kg) was shown to potentiate the anti-tumour
activity of DMXAA (Ching et al., 1995). To investigate whether the hydrolysis
metabolites had the same activity, mice with Colon 38 tumours were treated with CG,
PG, PiG and thalidomide at 100 mg/kg together with DMXAA (25 mg/kg), and the
growth of the tumours were followed. Co-administration of PiG or PG with DMXAA
did not inhibit tumour growth above that of DMXAA alone (Figure 6.1A). At 21 days
after treatment, no significant difference in tumour volumes was observed between the
DMXAA-treated group and those treated with DMXAA plus PG or DMXAA plus PiG
(Figure 6.2). Co-administration of CG however produced greater inhibition of tumour
growth than that of DMXAA alone and to a similar extent as thalidomide (Figure
6.1A). At 21 days after treatment, mice treated by CG or thalidomide combined with
DMXAA had significantly smaller tumour volumes than those treated by DMXAA
alone (p < 0.05, Figure 6.2).

CG was then compared with thalidomide at the lower doses of 20 mg/kg and 4 mg/kg
for potentiation of DMXAA activity against Colon 38 tumours. At 20 mg/kg, CG plus
DMXAA was more effective than thalidomide plus DMXAA or DMXAA alone
(Figure 6.1B). At 21 days after treatment, mice treated by CG combined with DMXAA
had significantly smaller tumour volume than those treated by DMXAA alone (p <
0.05). Tumour volumes from mice treated by thalidomide plus DMXAA were similar
to those treated by DMXAA alone (Figure 6.2). At 4 mg/kg, neither CG nor
thalidomide showed potentiation of DMXAA-induced anti-tumour effects Figure
6.1C), and there was no significant difference between tumour volumes of mice treated
with CG or thalidomide plus DMXAA or DMXAA alone at 21 days after treatment
(Figure 6.2).
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6.3.2. Effects of Thalidomide, PG, PiG and CG on DMXAA-Induced
TNF Production in Mice

Tumour-bearing mice were administered thalidomide, PG, PiG, CG or DMXAA alone,
or administered DMXAA (25 mg/kg) plus PG (100 mg/kg), PiG (100 mg/kg),
thalidomide (100 mg/kg or 20 mg/kg) or CG (100 mg/kg or 20 mg/kg). Serum and
tumour samples of mice were assayed for TNF production 3 h after drug administration
when the TNF levels were apparently influenced by DMXAA and thalidomide (Ching
et al., 1995). TNF levels in serum and tumours from mice treated with PG, PiG, CG or
thalidomide alone were similar to that of untreated mice (student’s t-test). Mice treated
with DMXAA alone (25 mg/kg) had a 20-fold (Figure 6.3A), and 50-fold increase
respectively in serum and tumour TNF activity above those of control untreated mice
(Figure 6.3B). Co-administration of PG and PiG had no effect on DMXAA-induced
serum and tumour TNF level (Figure 6.3). Co-administered thalidomide reduced
DMXAA-induced TNF levels in serum at 100 mg/kg and 20 mg/kg (p < 0.05, Figure
6.3A), but had no significant effect on DMXAA-induced intra-tumoural TNF levels
(Figure 6.3B). CG significantly increased DMXAA-induced TNF production in
tumours at doses of 100 mg/kg and 20 mg/kg (p < 0.05, Figure 6.3B), and decreased
DMXAA-induced TNF levels in serum at 100 mg/kg (Figure 6.3A).

6.3.3. Effects of Thalidomide, PG, PiG and CG on LPS-induced TNF
Production by HPBL in Culture

Significant TNF production was obtained when HPBL were cultured with 100 pg/ml of
LPS (Figure 6.4), and that concentration was chosen for subsequent studies. HPBL
were cultured with LPS plus thalidomide, PG, PiG or CG at various concentrations for
12 h, and the supernatants were assayed for TNF. PG or PiG had no significant effect
on LPS-induced TNF production over all the concentrations tested (1, 5, 25 pg/ml,
Figure 6.5), whereas thalidomide and CG significantly decreased LPS-induced TNF

levels in a dose-dependent manner (Figure 6.5A) and to a similar extent (Figure 6.5B).
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6.3.4. Inhibition of Tube Formation in Matrigel

Tube formation by ECV304 cells on matrigel layers was used as an in vitro model for
angiogenesis, and the ability of thalidomide or its hydrolysis metabolites to inhibit tube
formation was tested. Near complete inhibition of tube formation was observed with
thalidomide and CG at 250 pg/ml (Figures 6.6 & 6.7), and 38-41% inhibition (Figure
6.7) at the lowest concentration tested (2 ug/ml). PG and PiG however, did not show

any inhibition on tube formation at all concentrations tested (Figure 6.6).

As a control that inhibition of tube formation was not as result of cytotoxicity of the
drugs, ECV304 cells were cultured with thalidomide, PG, PiG and CG at the same the
concentrations used for tube inhibition (2 — 250 pg/ml), and cell viability after 18 h was
measured using the MTT assay (Section 6.2.6). No toxicity was observed with any of

the compounds compared with untreated or DMSO-treated cultures.

6.3.5. Stability of CG at Different pHs

To examine its stability, CG was incubated at different pHs and at 0, 6, 12, 18 and 24 h
after incubation, the concentrations of CG and thalidomide in solution was measured
using HPLC assay which resolved CG, phenacetin and thalidomide completely with the
retention times of 8.5, 22.8 and 23.6 min respectively (Figure 6.8). At pH 3.5, 7.7 and
8, 21.5%, 8.6% and 0% of CG was remaining in the solution after 24 h (Figure 6.9).
CG was more stable at pH 6.8, 7.1 and 7.4. At pH 6.8, 81.75% of CG remained in
solution after 24 h of incubation, and at pH 7.1 and 7.4, 50.1% and 46.6% respectively
of CG remained in solution. Thalidomide was not detected in CG solutions with pH of
6.8, 7.1, 7.4, 7.7 or 8§ after incubation. However, it was detected at pH of 3.5 after 6, 12,
18 and 24 h of incubation (Figure 6.9). Since the molar ratio of transformation from CG
to thalidomide is 1:1, it was determined that 42% of CG was transformed into

thalidomide after 24 h incubation at pH 3.5 (Figure 6.9).
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Medium Vehicle PG 250 pg/ml PiG 250 pg/ml

CG 2 pg/ml CG 10 pg/ml CG 50 pg/ml CG 250 pg/ml

Thal 2 pg/ml Thal 10 pg/ml Thal 50 pg/ml Thal 250 pg/ml

Figure 6.6 Effects of Thal, CG, PG and PiG on tube formation of ECV 304 cells in
Matrigel. Cells were treated with medium only, medium with vehicle only and

indicated concentrations of drugs.
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Figure 6.7 Inhibition of the tube formation of ECV 304 cells in Matrigel by Thal

and CG at different concentrations.
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Figure 6.9 CG and Thal concentrations in PBS solutions at different pH during 24 h of

incubation at 37 °C.

116



6.3.6. Plasma concentrations of CG in MMPs

The concentrations of CG in the plasma of 3 MMPs, who took 200 mg thalidomide and

whose blood was collected for metabolite study in Chapter 4, were measured using

method described in Section 6.2.7 and plotted against time after administration. The
Chnax of CG (5.88 = 0.05 pM) was achieved after 5.69 + 0.13 h (Tyax) (Figure 6.10). The
elimination t;, was 44.9 £+ 3.35 h and the AUC of CG was 416 + 27 uM-h. The values

of Chax and T of CG were found to be similar to those reported by Chung et al.
(2004a) for thalidomide. The AUC and t;» of CG were approximately 5 and 6 times
higher than that of thalidomide (Figure 6.10; Table 6.1).

Table 6.1

Comparison of PK parameters of CG and Thal in MMPs.

Cmax Tmax AUCO—OO t‘/z
(uM) (h) (uM-h) (h)

CG 59+0.1 5.7+0.1 416 + 27 449+34

Thal* 54+1.9 48+1 81 £26 7.3+£0.6

* Thal PK parameters are from Chung et al., 2004a.
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Figure 6.10  Plasma concentration-time profiles of CG (from samples of three
MMPs) compared with that of thalidomide (redrawn from Chung et al., 2004a)

after the treatment of 200 mg oral dose of thalidomide.
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6.4. Discussion

The results in this Chapter have shown that of the three hydrolysis metabolites that
were detected in all three species including MMPs, only CG showed activity in the
biological assays that were carried out. Indeed, CG was as active as thalidomide in the
in vitro assays of angiogenesis inhibition (Figures 6.6 & 6.7) and TNF inhibition
(Figure 6.5) in human cell systems. The inhibition of tube formation was not due to
cytotoxicity, as no loss of cell viability was observed at the same drug concentrations,
and incubation time (Section 6.3.4). CG performed slightly better than thalidomide in
vivo in modulating DMXAA-induced TNF production and anti-tumour responses in
mice (Figures 6.1-3). CG provided greater tumour growth inhibition than thalidomide
at doses at or above 20 mg/kg when combined with DMXAA (Figures 6.1 & 6.2). Thus
CG possesses anti-angiogenic and cytokine modulatory activities, the two effects that

perhaps form the basis of the anti-tumour properties of thalidomide.

Several studies have suggested that CG is unstable and will convert to thalidomide
(Keberle et al., 1965; Schumacher et al., 1965b; Xiao et al., 2002), raising the
possibility that perhaps the activities detected in the assays were due primarily to
thalidomide that had been converted from CG. However, the stability studies here
showed that CG was stable in solution at pHs between 6.8 — 7.4 (Figure 6.9), indicating
that the active agent in the biological assays would have been CG and not thalidomide
transformed from CG. The stability studies here showed that CG was more stable than
thalidomide at physiological conditions, as only 1.3 — 20% of CG had degraded after 6
h, whereas Schumacher and co-workers showed that 25 — 50% of thalidomide had
degraded after 5 h at pHs of 6.8 — 7.4 (Schumacher et al., 1965b). CG was unstable at
low pH however, and 42% had converted to thalidomide at pH 3.5.

Concentrations of CG in plasma of MMPs were similar to those of thalidomide (Table
6.1, Figure 6.10) and were present for much longer periods. Thus, CG exposure is far
greater than that of thalidomide. It is worthy to note that the observed in vivo plasma
concentrations of CG were similar to or higher than the concentrations required for

significant inhibition of TNF production and tube formation in vitro (Figures 6.5-7).
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The results would strongly indicate that CG could be contributing to the therapeutic
effects against multiple myeloma during thalidomide therapy. However, to conclusively
prove this, more detailed pharmacokinetic studies would have to be undertaken with
CG. The results from the current study are limited as it was not possible to perform
detailed pharmacokinetic analysis from the data and so these conclusions are somewhat
qualitative. It would be of interest to establish the degree to which CG converts

thalidomide following administration of CG.

The results in this chapter suggest that CG would be better than thalidomide for clinical
use, since it is more soluble (Scinfinder Scholar Database, © 2003 American Chemical
Society; calculated by Advanced Chemistry Development (ACD) Software Solaris
V4.67 © 1994-2003 ACD), more stable at physiological conditions, and appears to be
at least as active as thalidomide in the panel of biological assays performed here. A
major advantage of using CG over thalidomide would be that CG appears to be non-
teratogenic. CG was not teratogenic when tested in New Zealand White rabbits using
various doses and routes of administration (Fabro and Smith, 1966). Nor was
teratogenicity observed when CG was administered i.p. to pregnant mice (Meise et al.,
1973). Its inability to cause teratogenicity was attributed to its polarity and not being
able to cross the placental barrier (Keberle et al., 1965; Neubert and Neubert, 1997).
Indeed, CG is the first metabolite peak eluted from the column (Figures 2.1, 4.1 & 6.8)
consistent with it being the most polar of all the metabolites formed. On the other hand,
when '*C-labelled CG was administered to pregnant rabbits, the ratio of embryo
“C/maternal plasma '*C was 0.6 at 12 — 58 h after dosing (Fabro et al., 1967a),

indicating that CG is able to cross the placenta, but is unable to cause teratogenicity.
In conclusion, CG has the same, if not better, activity as thalidomide, and since it is

non-teratogenic, more stable and soluble than thalidomide under physiological

conditions, it may be a more attractive clinical agent than thalidomide.
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CHAPTER 7. GENERAL DISCUSSION

Thalidomide has been known for over half a century, but its mechanism of action is
still not completely understood. It is known that different species have widely different
sensitivity to thalidomide (Braun and Dailey, 1981; Gordon et al., 1981; Braun et al.,
1986; Bauer et al., 1998). Studies in this thesis show major inter-species differences in
the metabolism of thalidomide and suggest that the inter-species differences in the
biological effects of thalidomide could be explained, at least in part, by differences in
its metabolism. Another key finding to emerge from these studies is that the formation
of hydroxylated metabolites is unlikely to be required for clinical anti-cancer activity,
and that thalidomide or/and its hydrolysis product, CG, is/are the active agent(s). The

implications of these findings are discussed.

7.1. Inter-Species Differences in Thalidomide Metabolism

The metabolism of thalidomide includes non-enzymatic hydrolysis, enzymatic
hydrolysis and CYP-enzymatic hydroxylation (Chapter 3-5). The rate of hydroxylation
appeared to be the rate-determining step in the metabolism of thalidomide (Figures 4.2,
4.4, 47 & 5.1). Hydroxylation, both in vivo and in vitro, occurred extensively with
mouse (Figures 2.1, 4.2, 5.1 & 5.8), moderately with rabbit (Figures 4.4, 5.1 & 5.8) and
was undetectable with human systems (Figures 3.2, 4.7 & 5.1). The degree of
hydroxylation is correlated with the rate of thalidomide clearance in mice, rabbits and
MMPs (Chung et al., 2004a). Thus, mice with the highest degree of hydroxylation also
had the highest rate of clearance of thalidomide of the three species. Mice are also the
least sensitive of the three species to thalidomide’s teratogenicity (Section 4.1), and it is
also the most difficult to detect anti-tumour activity using murine models (Section
1.2.1). Humans are much more responsive to thalidomide. The greater responsiveness
of humans could be explained on the basis of its slower clearance of thalidomide, so
that the active agent is present in the body for longer period compared with species

such as mice where it is rapidly metabolised and cleared. Thus, inter-species
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differences in the activity of thalidomide could be explained on the basis of differences

in rates of metabolism and clearance of thalidomide.

7.2. The Active Agent in Thalidomide Therapy

A surprising result from the metabolite studies from MMPs, who were responding to
thalidomide therapy, was the lack of detectable hydroxylated metabolites (Figures 3.2,
4.7 & 4.8). Hydroxylated metabolites have been shown to be anti-angiogenic and put
forward as the prime candidates as the active anti-cancer agent (Marks et al., 2002;
Price et al., 2002). The results in chapters 2 and 3 strongly suggest that the formation of

hydroxylated products is not critical for clinical activity.

CYP2C19 has been identified as the enzyme responsible for hydroxylation of
thalidomide in humans (Ando et al., 2002a). However, along with the studies by Ando
and co-workers (2002a), the studies in chapter 5 did not find a correlation between the
degree of hydroxylation and CYP2CI19 genotype of the liver donor. Moreover, the
CYP2C19 genotype and the presence of hydroxylated metabolites did not appear to be
correlated with the clinical response of patients with prostate cancer to thalidomide
therapy (Ando et al., 2002b). Thus, thalidomide is a poor substrate for CYP2C19, and
CYP-catalysed hydroxylation may not play a strong part in the clinical response to
thalidomide. The low involvement of CYP-mediated metabolism implicated in this
study and other thalidomide-drug interaction studies (Trapnell et al., 1998; Scheffler et
al., 1999), makes thalidomide an excellent partner for combination therapies. If the
anti-cancer action of thalidomide is not dependent on CYP-enzymic activity, no
competition for the metabolising enzymes with other CYP-activated anti-cancer drugs
will be encountered, making thalidomide a favourable candidate for combination

therapies.

The plasma and urine from MMPs who were responding to thalidomide therapy
contained only thalidomide and three hydrolysis products (Figures 3.2, 4.7 & 4.8). The
results strongly indicated that either thalidomide and/or its hydrolysis metabolite(s)
is/are the active agent(s). The studies in chapter 6 showed that of the three hydrolysis

products detected, CG had anti-angiogenic and TNF modulatory activities similar to
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that of thalidomide. Moreover, CG was detectable in MMPs (Figure 6.10) at
pharmacologically active concentrations. The stability study of CG in vitro (Figure 6.9)
and the pharmacokinetic study of CG in MMPs (Figure 6.10) indicated that CG was
more stable than thalidomide, and since CG appears as effective as thalidomide, the

clinical effects may be due to a combination of both thalidomide and CG.

The clinical outcome of the 12 MMPs studied in this thesis showed that 3 patients had
greater than 75% reduction in paraprotein level, which has been defined as a complete
response (Singhal et al., 1999); 5 patients had greater than 25% reduction in paraprotein
level, defined as a partial response; and one patient had good response with no object
parameters to follow because of non-secretory myeloma (Professor Peter Browett,
personal communication). The concentrations of thalidomide and CG in 3 MMPs, who
took 200 mg thalidomide per day, were measured; and a prolonged exposure of both
CG and thalidomide at concentrations, which inhibited TNF production in vitro, was
observed (Figure 6.10). These results indicate that thalidomide at 200 mg/day is
effective and maybe due to, or at least partially due to the high concentrations and long-
time exposure of both CG and thalidomide. Since most of thalidomide’s adverse effects
appear at doses higher than 200 mg/day (Matthews and McCoy, 2003), it is suggested
that thalidomide at 200 mg/day is a favourable dose for cancer therapy from the
pharmacological point of view. This is in line with two recent studies which showed
that thalidomide was effective at a dose of 200 mg/day and had less side-effects (Lee,
2002; Wechalekar et al., 2003).

7.3. Development of CG as A Clinical Agent

Since CG does not appear to be teratogenic (Fabro et al., 1965; Smith et al., 1965;
Fabro et al., 1967b; Meise et al., 1973), it may be a more attractive clinical agent than
thalidomide. It also has other properties that make it more advantageous than
thalidomide. It is much more stable than thalidomide, both in vitro (Figure 6.9) and in
vivo (Figure 6.10), and would be available for a longer period of time in the body. CG
is most stable at pH 6.8 (Figure 6.9), and since tumour tissues have a lower pH
(average range of 6.8-7.3) compared with normal tissues (pH 7.4 — 7.6) (Wike-Hooley

et al.,, 1984), CG would have greater stability in tumour tissues providing a greater
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degree of tumour-selectivity over normal tissues. On the other hand, CG converts to
thalidomide at pH 3.5 (Figure 6.9), and low pHs will be encountered in the stomach
following oral administration. However, since CG 1is also much more soluble (Section
6.4), it can easily be formulated for intravenous administrations to by-pass the stomach
and to avoid the conversion to thalidomide and the risk of teratogenicity. Alternatively,

CG could be given as pills that are dissolved only in the intestine.

It has been proposed that the high polarity of the molecule renders CG incapable of
penetrating the placental barrier, and hence its inability to cause teratogenicity (Neubert
and Neubert, 1997). Thus, using the ring-opened structure may disassociate the
beneficial biological effects of thalidomide from the adverse effects. However, it must
be considered that the high polarity of CG may be associated with low oral
bioavailability through reduced absorption in the gut. This drawback would have to be
addressed in future drug development studies. To avoid the possibility of its conversion
back to thalidomide, and hence the possibility of teratogenicity, it may be possible to
design analogues of CG where the middle ring of the molecule is not able to cyclize as
depicted in Figure 7.1. However, with all drug development programmes, considerable
preclinical research of the analogues will be necessary. The analogues will need to be
screened for activity in vitro, followed by testing of the most potent candidates in vivo
using animal models and their efficacy to thalidomide compared. Rodent models are
the most widely used for preclinical evaluations. The studies in this thesis however,
have identified potential difficulties with the use of mice as models for the evaluation
of thalidomide due to widely different rates of metabolism leading to inter-species
differences in bioavailability and hence activity of the drug. The analogues of CG will
also need to be examined for inter-species variability in metabolism in vitro. If the
analogues of CG also exhibit inter-species variability, it may be necessary to consider
administering the analogues in a schedule that provides a similar bioavailability that

would be expected to be encountered in humans.
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Figure 7.1 Proposed analogues of CG.
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APPENDICES

Appendix 1. Chemicals and Reagents

Phthaloylglutamic acid, trichloroacetic acid (TCA), 2-hydroxypropyl-p-cyclodextrin
(HPCD), B-glucuronidase, D-saccharic acid 1,4-lactone, phenacetin and -nicotinamide
adenine dinucleotide phosphate reduced form (NAPDH) were bought from Sigma-
Aldrich (St Louis, MO, USA). Acetonitrile (ACN) and cetyltrimethylammonium
bromide were bought from BDH Laboratory supplies (Poole, UK). Dimethylsulfoxide
(DMSO) and 1-octanesulfonic acid were purchased from Riedel-de Haen AG (Seelze,
Germany). Hydroxypropylcellulose was purchased from Glogan & Company Inc. (IL,

USA). Glacial acetic acid was purchased from Panreac Quimica SA (Barcelona, Spain).

R-, S- racemic thalidomide (Thal) was a courtesy of Dr. George Muller of Celgene
Corporation (Warren, NJ). DMXAA was synthesized in this laboratory (Rewcastle et
al., 1991). 5’-hydroxythalidomide (5’-OH Th) was a generous gift from Professor Sven
Bjorkman (Malmo University Hospital, Malmo, Sweden) and was a mixture of 5’-Cis
and 5’-trans diastereomers. Authentic standards of putative metabolites of thalidomide,
including  N-(0-carboxybenzoyl)glutamic acid imide (CG), 5-hydroxy-N-(o-
carboxybenzoyl)glutamic  acid  imide,  4-hydroxyphthaloylisoglutamine,  4-
hydroxyphthaloylglutamine, 4-hydroxythalidomide, 5-hydroxyphthaloylglutamine, 5-
hydroxyphthaloylisoglutamine, phthaloylisoglutamine (PiG), phthaloylglutamine (PG),
5-hydroxythalidomide (5-OH  Th), N-(o-carboxybenzoyl)isoglutamine, N-(0-
carboxybenzoyl)glutamine and 5,6-dihydroxythalidomide were supplied by Associate
Professor Brian Palmer of this laboratory and their structures were confirmed using 400

MHz "H NMR spectroscopy and MS.
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ABSTRACT

Purpose: This research examines the profile of metab-
olites of thalidomide that are formed in refractory multiple
myeloma patients under going thalidomide therapy in com-
parison with those that are detected in healthy mice.

Experimental Design: Urine or plasma samples from
patients during thalidomide ther apy (100—400 mg daily), or
from mice treated i.p. (100 mg/kg) or p.o. with thalidomide
(50 mg/kg) were analyzed using liquid chromatography-
mass spectrometry. Metabolites in each of the peaks ob-
served in the UV- and mass spectrometry-detected high-
performance liquid chromatography traces were identified
by comparison of retention times and spectra with those of
authentic standards.

Results: Plasma and urine samples from mice 4 h after
treatment with thalidomide contained eight major metabo-
lites formed by hydroxylation and/or hydrolysis of thalido-
mide. In contrast, urine samples from seven multiple my-
eloma patients at steady state levels of thalidomide therapy
showed the presence of only three hydrolysis breakdown
products and no hydroxylated metabolites.

Conclusions: Our results show that thalidomide metab-
olite profiles in multiple myeloma patients differ consider-
ably from those in mice. The lack of measurable hydroxy-
lated metabolites in urine and in 1 case plasma of these
patients suggests that such metabolites are not responsible
for the therapeutic effects of thalidomide in multiple my-
eloma. We suggest that thalidomide may act directly, down-
regulating growth factors essential for multiple myeloma
growth.
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INTRODUCTION

Thalidomide (a-phthaimidoglutarimide), marketed ini-
tially for its sedatory effects (1) and later discovered to be
effective in controlling acute symptoms associated with a num-
ber of inflammatory and autoimmune diseases (2, 3), has shown
promise recently in the treatment of cancer (4). The clinical
evaluation of thalidomide as an anticancer agent followed the
demonstration that thalidomide could inhibit angiogenesis (5).
Activity against renal carcinomas (6) and gliomas (7) has been
observed, and thalidomide is also being trialled for the treatment
of prostate cancers (8). The observation that patients with re-
fractory multiple myeloma show an increase in bone marrow
vascularity suggested that thalidomide might be used as an
antiangiogenic agent (9). Although the resultant clinical trials
with thalidomide have had outstanding results, no significant
decrease in marrow microvessel density has been observed in
patients responding to thalidomide therapy (10), suggesting that
mechanisms other than antiangiogenesis may be involved in its
clinical action.

Biotransformation of thalidomide occurs by hydrolysis
(11-13) or by hepatic CYP-450-mediated hydroxylation (14),
and both types of products are generally referred to as metab-
olites. Hydroxylated metabolites are present only in trace
amounts after oral administration to humans but can be detected
in vitro after incubation of thalidomide with human liver en-
zyme preparations (15, 16). Hepatic CYP2C19 activity is im-
portant for the 5- and 5’-hydroxylation of thalidomide in hu-
mans (15).

The teratogenic properties of thalidomide appear to require
prior biotransformation (14, 17), and chirally stable hydrolysis
products and arene intermediates have been implicated (18—20).
On the other hand, the antiangiogenic effects and anticancer
activities of thalidomide have been attributed to the formation of
hydroxylated derivatives (21-23). The synthesis of hydroxy-
lated thalidomide analogues has provided a number of com-
pounds with potent antiangiogenic/antimetastatic activities (23),
strengthening the hypothesis that hydroxylated thalidomide me-
tabolites are responsible for antiangiogenic effects. The forma-
tion of thalidomide metabolites appears to be highly species-
dependent and, whereas microsomal preparations from human,
primates, or rabbits support the production of active metabolites,
microsomes from rodents generally produce negative results
(17, 19). These in vitro studies are consistent with the greater in
Vivo sensitivity to the effects of thalidomide observed in humans
and rabbits as compared with that in rodents. However, inhibi-
tion of angiogenesis by thalidomide can be demonstrated in
corneal assays with both rabbits and mice (5, 24, 25).

Because hydroxylated products of thalidomide have been
proposed to be responsible for its antitumor effects, we have
searched for the presence of these metabolites in multiple my-
eloma patients undergoing thalidomide therapy. We have devel-
oped methodologies where both hydrolysis and hydroxylated
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metabolites of thalidomide can be detected in the one HPLC?
run using LC-MS, and have compared metabolite profiles in
urine of mice and of patients with multiple myeloma. We have
identified eight urinary metabolites in mice, including hydroxy-
lated metabolites, but have not been able to detect these hy-
droxylated products in urine of patients treated with thalido-
mide. We have discussed the implications of these results to the
mode of action of thalidomide in multiple myeloma.

MATERIALS AND METHODS

Materials. Racemic thalidomide for murine studies was
synthesized at Celgene Corporation (Warren, NJ). OSA sodium
salt was purchased from Riedel-de Haen (Seeize, Germany).
Trichloroacetic acid, phthaloylglutamic acid, and B-glucuroni-
dase were purchased from Sigma-Aldrich. CTAB and ACN
were purchased from BDH Laboratory Supplies (Poole, United
Kingdom), DMSO was purchased from Riedel-de Haen AG,
and hydroxypropylcellulose was purchased from Glogau &
Company Inc. (Melrose Park, IL).

Authentic Standards. Phthaloylglutamine and phtha
loylisoglutamine were prepared by reaction of glutamine and
isoglutamine, respectively, with N-carboethoxyphthalimide at
room temperature in agueous sodium carbonate solution. 4-
Hydroxyphthaloylglutamine and 5-hydroxyphthaloylglutamine
were synthesized by condensation of 3-hydroxyphthalic anhy-
dride and 4-hydroxyphthalic anhydride, respectively, with glu-
tamine in refluxing dry pyridine. Each was dehydrated using
1,1'-carbonyldiimidazole and 4-(dimethylamino)pyridine in
refluxing p-dioxane to give 4-hydroxythalidomide and 5-
hydroxythalidomide. Similar reactions of 3- and 4-hydroxyph-
thalic anhydride with isoglutamine gave 4-hydroxyphthal oyli-
soglutamine and 5-hydroxyphthal oylisoglutamine, respectively.
a-Aminoglutarimide was obtained as the hydrochloride salt
starting from N-(carbobenzyloxy)glutamine as described else-
where (26). It was reacted with phthalic anhydride or 4-
hydroxyphthalic anhydride in the presence of triethylamine, in
dry tetrahydrofuran at room temperature to give N-(o-carboxy-
benzoyl)glutamic acid imide and 5-hydroxy-N-(o-carboxyben-
zoyl)glutamic acid imide, respectively. Similar reaction of
phthalic anhydride with glutamine or isoglutamine at room
temperature gave N-(o-carboxybenzoyl)glutamine and N-(o-
carboxybenzoyl)isoglutamine, respectively. All of the synthetic
standards were purified by chromatography on silica, and their
structures were confirmed using 400 MHz *H NMR spectros-
copy and MS. 5'-Hydroxythalidomide was a generous gift from
Prof. Sven Bjorkman (Mamo University Hospital, Mamo,
Sweden) and was a mixture of 5’-cis and 5’'-trans diastereomers.

Mouse Studies. Mae 8-12-week-old C57/BI/6 mice
bred at the Anima Resources Unit, Faculty of Medical and
Health Sciences, University of Auckland were used for all of the
experiments. Mice were housed under conditions of constant

3 The abbreviations used are: HPLC, high performance liquid chroma-
tography; LC-MS, liquid chromatography-mass spectrometry; OSA,
1-octanesulfonic acid; CTAB, cetyltrimethylammonium bromide; ACN,
acetonitrile; NMR, nuclear magnetic resonance; MSD, mass spectral
detection; MS, mass spectrometry.

temperature and humidity according to institutional ethical
guidelines. Thalidomide, dissolved in DMSO (40 mg/ml) was
administered by i.p. injection (100 mg/kg, 2.5 wl/g body
weight). For p.o. administration, thalidomide was suspended in
0.3% hydroxypropylcellulose (10 mg/ml) and administered us-
ing a gavage tube (50 mg/kg, 5 pl/g body weight). After drug
administration, mice were placed in metabolic cages with water
and food supplied, and urine over the 4-h period was collected.
After 4 h, murine blood samples were collected in heparinized
tubes during terminal halothane (NZ Pharmacology Ltd.,
Christchurch, New Zealand) anesthesia, centrifuged, and the
plasma removed. Mouse plasma samples (300 wl each) and
urine samples (100 wl each) were then acidified by adding 1 N
HCl up to 1 ml. Acidified samples were loaded onto 1 mI/100
mg preconditioned C18 Bond Elut columns (Varian, Harbor
City, CA) using an automated sample preparation with an ex-
traction column system (ASPEC; Gilson Medical, Meddleton,
WI). The columns were washed with 1 ml of Milli-Q water, and
the compounds of interest were then eluted using 1 ml of 100%
ACN. The eluates were evaporated to dryness using a centrifu-
gal evaporator (Jouan, St. Nazaire, France) and residues recon-
stituted in 100-pl mobile phase for HPLC analysis.

Human Studies. Seven patients undergoing treatment
with thalidomide for refractory multiple myeloma at Auckland
Hospital were recruited for these studies. The thalidomide dos-
ages of the patients ranged between 100 and 400 mg/day. Urine
samples on 3 consecutive months of treatment as well as a
plasma sample on one occasion was obtained from 1 patient
with a >75% reduction in his 1gG paraprotein on 100 mg
thalidomide/day. Control samples of urine were obtained from
healthy volunteers as well as a pretreatment sample from 1 of
the patients. Urine (3.33 ml) or heparinized blood (0.8 ml) were
acidified by adding 1 N HCl to 10 ml, and processed as de-
scribed for murine samples. Dried residues of the samples were
reconstituted in 500-p. mobile phase for urine samples and in
400-p.I mobile phase for plasma samples.

LC-MS Analysis. Reconstituted samples were analyzed
by LC-MS using an Agilent 1100 Series LC/MSD system (Agi-
lent Technologies, Avondale, PA) using an atmospheric pres-
sure chemical ionization interface. All of the samples were
analyzed first using MSD set on negative-ion scan mode with a
molecular weight range from 70 to 1000 a.m.u. to identify each
of the peaks. Then, samples were reanalyzed on negative single-
ion monitoring mode at the molecular weights 257, 273, 275,
276, 289, 291, 293, 294, and 449 a.m.u. (corresponding to each
of the peaks) coupled with a second MSD signal set on negative-
ion scan mode. This provided better sensitivity and reduced
background noise. The other MS conditions were: fragmentor
and capillary voltage of the interface, 100 and 3500 V, respec-
tively; drying gas flow rate, 5 liter/min; corona current, 10 pA;
gas temperature, 350°C; vaporizing temperature, 500°C; and
nebulizing pressure, 35 p.s.i. Samples were also analyzed con-
currently using diode array UV detection at 230 nm. The UV
spectra of individual metabolite peaks were compared with
those generated by the authentic standards (which had the same
retention times), and the percentage match between the spectra
determined using ChemStation Rev. A.08.04 (Agilent Technol-
ogies). Chromatographic separation was achieved with a LUNA
5u Phenylhexyl 100 X 4.6 mm stainless steel column (Phe-
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nomenex, Torrance, CA) using a combination of the following
solutions: solution A, which contained 80% ACN and 1% acetic
acid in water, and solution B, which contained 10% ACN and
1% acetic acid in water. The elution program was 100% solution
B at 0.5 ml/min over 0—20 min, addition of 0—20% solution A
in alinear gradient at 0.7 ml/min over 20—45 min, and 100%
solution B at 0.5 ml/min over 45-55 min.

Resolution of Phthaloylglutamine and Phthaloylisoglu-
tamine by HPLC. The chromatographic conditions used in
the LC-MS analyses did not allow the separation of phthaloyl-
glutamine and phthaloylisoglutamine. The mobile phase was
modified by the addition of the ion pair reagents CTAB and
OSA. Analysis of these two compounds was performed using a
Waters semipreparative HPLC system (Waters Associates, Mil-
ford, MA) consisting of a 717PLUS auto sampler, 1525 binary
HPLC pump, 100 X 10.0 mm stainless steel LUNA 5u. Phe-
nylhexyl column (Phenomenex) and a model 2487 dual \ ab-
sorbance detector set at 230 nm, and the peak containing a
mixture of phthaloylisoglutamine and phthal oylglutamine was
collected with a Gilson model-202 fraction collector (Gilson
Medica Electronics, Middleton, MI). The mobile phase con-
sisted of 10% ACN and 1% acetic acid in Milli-Q water, and the
flow rate was 0.5 ml/min isocratic. The collected eluant was
dried using a Virtis Freeze-Mobile 6 model freeze drier (Virtis
Co. Inc., Gardiner, NY). The reconstituted dried samples were
analyzed by the same Waters HPLC system but using a LUNA
5. Phenylhexyl 100 X 4.6 mm stainless steel column instead of
100 X 10.0 mm stainless steel LUNA 5u Phenylhexyl column,
and a mobile phase of 10% ACN and 1% acetic acid in Milli-Q
water, 48 mg/liter OSA, and 32 mg/liter CTAB. Peaks were
monitored by UV at 230 nm using an isocratic flow rate of 0.5
mi/min.

Thalidomide Glucuronide Identification. The fraction
containing the glucuronide metabolite of thalidomide was col-
lected and dried using the same procedure as that described
above for the phthaloylisoglutamine/phthaloylglutamine frac-
tion. The method of identification was adapted from that of
Webster et al. (27) used to identify glucuronidation of 5,6-
dimethylxanthenone-4-acetic acid. In brief, the dried residue
was reconstituted in 0.1 m PBS (pH 5.5), and two aliquots of
500-p.l reconstituted metabolite solution were incubated at 37°C
for 45 min and 90 min with 2000 units/ml B-glucuronidase plus
20 mm p-saccharic acid 1,4-lactone, respectively. Another two
aliquots of 500-pl reconstituted metabolite solution were incu-
bated together without 3-glucuronidase as control. The reaction
was initiated by addition of B-glucuronidase and p-saccharic
acid 1,4-lactone, and stopped by addition of 50 wl of 10%
trichloroacetic acid. The mixture was centrifuged at 3000 X g
for 15 min to remove precipitated protein. The supernatant was
removed then injected into LC-MS, and analyzed using the same
procedure used to analyze mouse and human plasma and urine
samples.

RESULTS

Detection of Thalidomide Metabolites in Mice. Mice
were treated with thalidomide either i.p. (100 mg/kg) or p.o. (50
mga/kg), and urine and plasma samples were collected at 4 h and
analyzed using LC-MS. The UV profiles of urine and plasma
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Fig.1 A, UV-detected chromatograms of urine from mice without
treatment (——) and up to 4 h after p.o. administration of thalidomide
(50 mg/kg). B, patient 7 with multiple myeloma: pretreatment ( )
and after thalidomide (100 mg/day p.o., ——).

from both untreated and treated mice showed a number of peaks
(Fig. 1A), and differencesin the UV profiles were used to detect
metabolites. Peaks were considered to be metabolite peaks if
they gave signals on MS-negative ion scan mode and negative
single-ion monitoring mode (Fig. 2A and Fig. 3A), and if the
mass spectrum of the peak contained additional ions to those in
untreated control samples. An example for peak 6, is shown for
scan mode in Figs. 2, B and C, and for single ion monitoring in
Fig. 3, A and B. By these criteria, seven metabolite peaks, in
addition to the thalidomide peak, were identified in the urine
from mice treated with thalidomide (Fig. 1A).

Identification of Biotransformation Products. Possible
metabolites with molecular weights corresponding to the MS
signals of each of the peaks were deduced, and authentic sam-
ples of the mgjority of these were obtained. The retention times,
UV spectra, mass spectra, and single ion monitoring chromato-
graphic profiles of metabolite peaks and authentic standards
were compared. Results are summarized in Table 1. Peak 1, with
a molecular mass of 276, was identified as N-(o-carboxyben-
zoyl)glutamic acid imide on the basis that they had the same
retention time, and their UV spectra shared 93.5% identity to
each other (Fig. 4A). Peak 2, with a mass of 292, could corre-
spond to avariety of possible hydroxylated hydrolysis products.
Therefore, we synthesized 5- and 4-hydroxyphthal oylisoglu-
tamine, 5- and 4-hydroxyphthaloylglutamine, and 5- and 4-
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Fig.2 A, total ion MS-detected chromatogram of urine from mice
without treatment (—-—) and up to 4 h after p.o. administration of
thalidomide (50 mg/kg, ). B, mass spectrum of peak 6 using
negative ion-scan mode showing an [M-H] ~ mass of 273 amu. C, mass
spectrum at the retention time corresponding to peak 6 in untreated
mouse urine.

hydroxy-N-(o-carboxybenzoyl)glutamic acid imide, and found
they al had different retention times to peak 2. N’-hydroxy-N-
(o-carboxybenzoyl)glutamic acid imide aso has a mass of 292,
but metabolites resulting from N-hydroxylation of theimide ring
of thalidomide have never been detected (15, 16, 28, 29), and
it is unlikely that this is the compound in peak 2. We suggest
that the most likely candidate for peak 2 is 5'-hydroxy-N-(o-
carboxybenzoyl)glutamic acid imide, although the authentic
compound is not yet available for confirmation.

Peak 3, a major component of the urine extracts, showed
two molecular ions, corresponding to components with molec-
ular weights of 450 and 274. It eluted just before an unidentified
host component (present in urine of untreated mice) that had a
molecular weight of 179. The molecular weight of the larger
component suggested that it was an O-glucuronide derivative of
thalidomide, whereas that of the smaller component suggested
that it was afragment ion resulting from loss of glucuronic acid.
Therefore, peak 3 was collected, a portion was treated with
B-glucuronidase, and both portions were rechromatographed
(Fig. 5A). Exposure to B-glucuronidase caused the appearance
of anew component, peak |1, with a mass spectrum correspond-
ing to a molecular weight of 274 (Fig. 5B). This was identified
as 5-hydroxythalidomide on the basis that it has the same
retention time, and its UV spectrum shares >99% identity with
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Fig. 3 A, single-ion monitoring mode M S-detected chromatogram of
urine from mice without treatment (—-—) and up to 4 h after p.o.

administration of thalidomide (50 mg/kg, ). B, mass spectrum
using negative single-ion monitoring mode of peak 6 showing a[M-H]~
response of 273 amu.

that of authentic material. Peak | had a molecular weight of 450
(its reduced retention time was because of the lower loading of
the column), and the decrease in its proportion after exposure to
B-glucuronidase strongly suggested that it was thalidomide-5-
O-glucuronide. The peak eluting at 12.8 min (molecular weight
179) corresponded to the unidentified host component. No ev-
idence of glucuronidation at the 5'-position was found.

Peak 4 had a molecular mass of 276, and identical UV and
mass spectra to authentic phthaloylisoglutamine. However, au-
thentic phthaloylglutamine also has the same mass and has a
very similar retention time, and it was necessary to determine
whether both might be present in peak 4. Therefore, thisfraction
was collected and reanalyzed by HPL C using the mobile phase
containing CTAB and OSA that allows separation of phthal oyli-
soglutamine and phthal oylglutamine with respective retention
times of 15.1 min and 12.7 min (Fig. 6A). The sample collected
from peak 4 resolved into two fractions (Fig. 6B), indicating
that both phthaloylglutamine and phthal oylisoglutamine were
present.

Peaks 5, 6, and 7 were identified as cis-5'-hydroxythalido-
mide, trans-5'-hydroxythalidomide, and 5-hydroxythalidomide,
respectively, on the basis of similarity of UV spectra (Fig. 4,
B-D) and identity of retention time (Table 1). The same number
of metabolite peaks in UV profiles was obtained in urine after
p.o. or i.p. administration (Fig. 7). The profile obtained in
plasma contained smaller-sized but the same number of peaks
compared with the urine profile from mice administered thalid-
omide i.p. at the same dose (Fig. 8A).

Thalidomide Metabalites in Multiple Myeloma Pa-
tients. Seven patients with refractory multiple myeloma, re-
ceiving between 100 and 400 mg thalidomide daily, were re-
cruited for this study. Urine samples from patients on
thalidomide therapy were analyzed for metabolites using the
same procedure as that for murine samples. A pretreatment
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Tablel Metabolite peaksin UV profiles from murine urine after thalidomide treatment

Peak Retention time  Molecular  Match of UV

no. (min) weight spectra® Metabolite Structure
1 7.4 276 93.5%  N-(o-carboxybenzoyl)-glutamic acid imide
: COOH
. o 9
2 9.1 292 5’-hydroxy-N-(o-carboxybenzoyl)glutamic NH
acid imide® OiLN 0 o
H *
COOH OH
3 12.8 450 thalidomide-5-O-glucuronide HOOC, o
HJ' SS‘:N‘
HO™ HO O Q
o. NH
o}
4a° 16.5 276 phthal oylglutamine
4b° 16.5 276 phthal oylisoglutamine 0 Q
NHy
N *
(s} COOH
5 254 274 98% cis-5'-hydroxy-thalidomide 0 Q
NH
%
(o] OH
6 313 274 98% trans-5’-hydroxy-thalidomide O Q
NH
Y,
e} OH
7 333 274 >99% 5-hydroxythalidomide o Q

* Chira centre.
2 See Fig. 4.
b Proposed metabolite.

¢ Peak 4 separates into 4a and 4b with retention times of 12.7 and 15.1 min, respectively, on HPLC with mobile phase containing CTAB and OSA.

sample from one patient (Fig. 1B) showed no significant differ-
ence to those from healthy individuals, and peaks observed in
untreated controls were not included in the analysis. Applying
the same criteria as those used for defining murine metabolite
peaks, only two metabolite peaks were detected in the UV
profile of all seven of the patients’ urine (Fig. 1B; Fig. 8B). The
first of these peaks was the same as peak 1 in the murine profile,

corresponding to N-(o-carboxybenzoyl)glutamic acid imide,
whereas the second was identical to peak 4. This second peak
was reanalyzed by HPL C using the ion-paired mobile phase, and
like the corresponding peak in mice, it could be resolved into
two components corresponding to phthaloylglutamine and
phthaloylisoglutamine (Fig. 6C).

Patient 1, who showed a >75% reduction in paraprotein
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Fig. 4 UV spectra of metabolites peaks ( ) compared with UV
spectra of corresponding authentic standards (—-—). A, peak 1 and
N-(o-carboxybenzoyl)glutamic acid imide. B, peak 5 and cis5'-
hydroxythalidomide. C, peak 6 and trans-5’'-hydroxythalidomide. D,
peak 7 and 5-hydroxythalidomide.

level on thalidomide, was studied while on a dose of 100
mg/day. Urine samples collected on 3 consecutive months of
treatment were analyzed, but no variations in the metabolite
profiles were seen over this period. This patient also provided a
blood sample 15 h after 1 of his daily thalidomide doses.
Thalidomide metabolites were not detected in this plasma al-
though they were detectable in a urine sample collected at the
same time (Fig. 8B).

DISCUSSION

The results confirm the formation in mice of three first-step
hydrolysis products, N-(o-carboxybenzoyl)glutamic acid imide,
phthaloylisoglutamine, and phthaloylglutamine, as well as three
first-step hydroxylation products, 5-hydroxythalidomide, and
cis- and trans-5'-hydroxythalidomide. In addition, we provide
evidence of a second-step transformation of 5-hydroxythalido-
mide to produce thalidomide-5-O-glucuronide. A scheme for
these transformation steps is shown in Fig. 9. Although several
studies report the presence of unidentified metabolite peaks (15,
16, 30), glucuronidated thalidomide metabolites have not been
documented previously. Glucuronidation confers greater solu-
bility to a compound, and the formation of glucuronidated
metabolites may facilitate faster metabolism and excretion via
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Fig.5 A, UV-detected chromatogram of peak 3 after treatment with
B-glucuronidase ( ) and without treatment (—-—). B, mass spec-

trum of the Peak 2 formed after 3-glucuronidase treatment showing an
[M-H]~ mass of 273 amu corresponding to 5-hydroxythalidomide. C,
mass spectrum at the retention time corresponding to peak 2 in the
untreated control.

this route. Indeed, the thalidomide-5-O-glucuronide was the
largest metabolite peak in mouse urine. Glucuronidation oc-
curred only at the 5-position, and no evidence for the formation
of thalidomide-5'-O-glucuronide was found.

Although we have not been able to validate the structure by
comparison with authentic material, we suggest that the metab-
olite in peak 2 is 5'-hydroxy-N-(o-carboxybenzoyl)glutamic
acid imide, which can be formed either by second-step hydrol-
ysis of 5’-hydroxythalidomide or second step hydroxylation of
N-(o-carboxybenzoyl)glutamic acid imide. Other authentic
standards with the same mass have been ruled out, because they
have different HPLC retention times.

We found striking differences in the urinary thalidomide
metabolite profiles between mice and patients with multiple
myeloma. In the murine profiles, seven peaks containing eight
metabolites formed by hydrolysis or hydroxylation (Fig. 1A;
Fig. 8A; Table 1) were observed, whereas in the profiles of
patients with multiple myeloma, only three products were de-
tectable, all produced by hydrolysis (Table 2; Fig. 1B; Fig. 8B).
Because p.o. and i.p. administration of thalidomide to mice
produced essentially identical metabolite profiles (Fig. 7), the
differences are unlikely to be because of an atered route of
administration and may, therefore, reflect differences in metab-
olism. It has been found that the quantities of 5- and 5'-hydroxy
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Fig. 6 HPLC chromatograms using mobile phase containing CTAB
and OSA showing complete separation of: A, phthaloylglutamine and
phthaloylisoglutamine authentic standards; B, separation of the peak 4
fraction from mice urine; and C, separation of the equivalent of peak 4
from patient urine into two peaks showing the presence of both phtha-
loylglutamine and phthal oylisoglutamine.
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Fig. 7 Comparison of UV-detected chromatograms of urine from mice
administered thalidomide p.o. ( ) ori.p. ( ).

thalidomide metabolites, thought to be produced by CYP2C19
activity in human liver microsomes, are ~10-fold lower than
those obtained with liver microsomes from rodents, where
CYP2C6 is the primary enzyme responsible (15). Thus, thalid-
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Fig. 8 Comparison of UV-detected chromatograms of urine ( )
or plasma (—-—) from (A) mice given thalidomide (50 mg/kg) p.o.; and
(B) patient 1 ~15 h after a prior dose of thalidomide (100 mg daily).

omide appears a much poorer substrate for the human CYP
enzymes involved compared with the equivalent rodent en-
zymes, explaining the lower level of hydroxylation of thalido-
mide in humans.

Because plasma samples were only analyzed in one patient
(Fig. 8B), we cannot exclude the possibility that hydroxylated
thalidomide metabolites are produced in plasma of humans but
do not appear in urine. However, in patients with Hansen's
disease given a single p.o. dose of 400 mg thalidomide, no
metabolites were detected in plasma, and the 5-hydroxy metab-
olite, although detected in urine, was below the limits of quan-
titation (29). Furthermore, in a study using healthy male volun-
teers, the plasma concentration of 5'-hydroxythalidomide was of
the order of 0.1% of that of thalidomide, although both 5'- and
5-hydroxy metabolites were formed in vitro in the presence of
human S9 liver fractions (16). In addition to the intrinsically
lower amounts of hydroxylation in humans, it is possible that
this pathway is suppressed in multiple myeloma patients as a
result of their disease. A study involving 16 patients with
advanced cancer showed a reduction in metabolic activity, cor-
relating with decreased CYP2C19 activity, as compared with
healthy volunteers (31).

Thelack of detectable hydroxylated metabolitesin multiple
myeloma patients who are responding to thalidomide therapy
suggests that such metabolites are not responsible for the ther-
apeutic effect. Because hydroxylated metabolites have been
implicated in the inhibition of angiogenesis, the results also
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Patient 7 female
81y 100 mg

Patient 6 female
75y 300 mg

Patient 5 male
68 y 200 mg

Patient 4 male
63 y 400 mg

Patient 3 male
50 y 200 mg

47 y 400 mg

Table2 Metabolites in mouse and patient urine samples
Patient 2 female

Patient 1 male
55y 100 mg

Mice ora
50 mg/kg

Metabolites

imide (1)

glutamic acid imide (2)
Thalidomide-5-O-glucuronide (3)
cis-5'-hydroxythalidomide (5)

N-(o-carboxybenzoyl)glutamic acid
Phthaloylglutamine (4a)

5’-hydroxy N-(o-carboxybenzoyl)-
trans-5’-hydroxythalidomide (6)

Phthal oylisoglutamine (4b)
5-hydroxythalidomide (7)

Hydrolysis
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Fig.9 Proposed pathways of biotransformation of thalidomide in
mice. Unconfirmed steps or metabolites are shown in ----.

imply that the primary mechanism of action of thalidomide in
responding multiple myeloma patients does not involve antian-
giogenesis. An alternative explanation is that thalidomide itself
isthe active agent and exerts its activity by immunomodul ation.
The progression of multiple myeloma is strongly dependent on
interleukin-6 and vascular endothelial growth factor production
triggered by adhesion of the tumor cells to bone marrow stromal
cells (32, 33). The ahility of thalidomide to inhibit the biosyn-
thesis of a range of cytokines, including interleukin-6, is well
documented (34—36), and inhibition of growth factors necessary
for tumor cell survival provides an aternative mechanism of
action of thalidomide in the therapy of multiple myeloma
Inhibition of cytokine biosynthesis by thalidomide is not de-
pendent on prior hepatic activation and occurs efficiently in
vitro in the absence of metabolic enzymes (37). Rather, this
activity is dependent on the intact parent compound and is lost
on hydrolysis (38). We suggest that down-regulation of essential
growth factors is the basis of the therapeutic effects of thalido-
mide in multiple myeloma.
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ABSTRACT

Thalidomide is increasingly important in clinical treatment, not
only of various inflammatory conditions but also in multiple
myeloma and other malignancies. Moreover, the metabolism of
thalidomide varies considerably among different species, indi-
cating a need to understand its mechanistic basis. Our previous
in vivo studies showed the plasma half-life of thalidomide to be
much shorter in mice than in humans, with rabbits showing
intermediate values. We were unable to detect hydroxylated
thalidomide metabolites in humans and suggested that inter-
species differences in thalidomide hydroxylation might account
for the differences in plasma half-life. We sought here to estab-
lish whether these species differences in the formation of hy-
droxylated thalidomide metabolites could be discerned from in
vitro studies. Liver microsomes of mice, rabbit, and human
donors were incubated with thalidomide and analyzed using
liquid chromatography-mass spectrometry. Hydrolysis prod-

ucts were detected for all three species, and the rates of
formation were similar to those for spontaneous hydrolysis,
except in rabbits where phthaloylisoglutamine formation in-
creased linearly with microsomal enzyme concentration.
Multiple hydroxylation products were detected, including
three dihydroxylated metabolites not observed in vivo. Tha-
lidomide-5-O-glucuronide, detected in vivo, was absent in
vitro. The amount of 5-hydroxythalidomide formed was high
in mice, lower in rabbits, and barely detectable in humans.
We conclude that major interspecies differences in hepatic
metabolism of thalidomide relate closely to the rate of in vivo
metabolite formation. The very low rate of in vitro and in vivo
hydroxylation in humans strongly suggests that thalidomide
hydroxylation is not a requirement for clinical anticancer
activity.

Thalidomide (a-phthalimidoglutarimide, Thal), despite its
teratogenicity (McBride, 1961; Lenz, 1962), is attracting in-
creasing clinical interest, initially as an anti-inflammatory
agent (Sheskin, 1965; Zwingenberger and Wnendt, 1996; Ca-
labrese and Fleischer, 2000) and more recently for the treat-
ment of malignancies, particularly of multiple myeloma (Sin-
ghal et al., 1999; Eisen, 2000). Differences in metabolism
among different species represent an important feature of its
pharmacology. It has been suggested that Thal exerts its
teratogenicity through an active metabolite, which is pro-
duced by human and rabbit liver microsome preparations but
not by mouse liver microsomes (Gordon et al., 1981). After in
vivo administration, Thal is both hydrolyzed chemically to a
series of acid derivatives and hydroxylated by liver enzymes.
In a previous study (Chung et al., 2004), we showed that the

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.
DOI: 10.1124/jpet.104.067793.

plasma half-life of Thal in mice was much shorter than that
in patients with multiple myeloma, with New Zealand White
rabbits showing an intermediate half-life. We also showed
that hydroxylated metabolites were not detected in multiple
myeloma patients but were found in C57/Bl/6 mice and rab-
bits, suggesting that relative rates of Thal hydroxylation in
different species could account for the differences in plasma
pharmacokinetics, hence the differences in biological sensi-
tivity. In this communication, we have addressed the ques-
tion of whether these species differences are reflected in the
in vitro activity of liver microsomal enzymes.

There have been a number of other studies on the in vitro
metabolism of Thal in different species. Ando and coworkers
compared the ability of liver microsomes from five different
species to form 5-hydroxythalidomide (5-OH Thal) and cis-
5'-OH Thal and found that human microsomes had the low-
est activity (Ando et al., 2002a). The formation of 5,6-dihy-
droxythalidomide was also reported, with CYP2C19 identified

ABBREVIATIONS: Thal, thalidomide; 5-OH Thal, 5-hydroxythalidomide; 5'-OH Thal, 5'-hydroxythalidomide; HPLC, high-performance liquid
chromatography; LC-MS, liquid chromatography-mass spectrometry; P450, cytochrome P450; ACN, acetonitrile.
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as responsible for the hydroxylation of Thal in humans. Another
study (Eriksson et al., 1998) has compared the formation of
hydroxylated metabolites in vitro using human S9 liver frac-
tions and in vivo in healthy human volunteers: both 5-OH Thal
and cis-5’-OH Thal were formed in vitro but only cis-5'-OH Thal
was detected in vivo. However, Teo et al., (2000) did not detect
any metabolites after incubating Thal with human liver micro-
somes or in the plasma of patients with Hansen’s disease,
although trace amounts of 5-OH Thal were detected in urine.
We have taken advantage of progress in the chemical synthesis
of Thal metabolites, together with the development of high-
performance liquid chromatography (HPLC) and LC-MS tech-
nologies, to determine the rate of 5-OH Thal formation in liver
microsomes of mice, rabbits, and humans, as well as to charac-
terize all the major metabolites formed in vitro to compare them
with those formed in vivo.

Materials and Methods

Materials. Thal was kindly provided by Dr. George Muller (Celgene
Corporation, Warren, NJ). Phthaloylglutamic acid, trichloroacetic acid,
and NADPH were from Sigma-Aldrich (St. Louis, MO); acetonitrile (ACN)
was from BDH (Poole, Dorset, UK); and glacial acetic acid was from
Panreac Quimica SA (Barcelona, Spain). Phthaloylisoglutamine, 4-hy-
droxyphthaloylisoglutamine, 5-hydroxyphthaloylisoglutamine, 5-OH Thal,
phthaloylglutamine, 4-hydroxyphthaloylglutamine, 5-hydroxyphthaloyl-
glutamine, 4-hydroxythalidomide, N-(o-carboxybenzoyl)glutamine, N-(o-
carboxybenzoyl)isoglutamine, N-(o-carboxybenzoyl)glutamic acid imide,
and 5-hydroxy-N-(o-carboxybenzoyl)glutamic acid imide were synthesized
as described previously (Lu et al., 2003), and their structures were con-
firmed using 400-MHz 'H nuclear magnetic resonance spectroscopy and
mass spectrometry. 5,6-Dihydroxythalidomide was prepared by reaction of
5,6-dimethoxyphthalic anhydride (Barfield et al., 1975) with glutamine in
refluxing pyridine (16 h), followed by cyclization of the product with N,N-
carbonyldiimidazole and catalytic 4-(V,N-dimethylamino)pyridine in re-
fluxing p-dioxane (16 h) and finally demethylation with pyridinium hydro-
chloride melt at 210°C (20 min). 5'-OH Thal was a generous gift from
Professor Sven Bjorkman (Malmo University Hospital, Malmo, Sweden)
and was a mixture of 5'-cis and 5'-trans diastereoisomers.

Liver Microsome Preparation. All studies with animals and
humans conformed to institutional ethical guidelines. Human livers
were obtained from two liver donors, HL5 and HL18, and stored in
the human liver bank at the Department of Pharmacology and Clin-
ical Pharmacology (Faculty of Medical and Health Sciences, Univer-
sity of Auckland). These livers have been genotyped for CYP2C19;
HL18 is CYP2C19 *1/%#2 and HL5 is CYP2C19 *1/*1. Pooled C57/
Bl/6 mouse livers and livers from New Zealand White rabbit and
human donors were rinsed in ice-cold phosphate buffer (pH 7.4) and
blotted dry. Liver weights were recorded. Livers were then homoge-
nized in 67 mM phosphate buffer containing 1.15% KCl (volume of
buffer was 3 times the weight of the liver). The homogenate was then
centrifuged at 10,000g for 20 min, and the supernatant was removed
and centrifuged at 100,000¢ for 1 h. The supernatant was again
removed and the remaining microsomal pellets were rinsed with
phosphate buffer. The rinsed pellets were resuspended in a small
volume of phosphate buffer and stored at —80°C until analysis. The
protein content of microsomes of all three species was determined
using bicinchoninic acid assay (Smith et al., 1985).

Microsomal Incubation and Sample Preparation for HPLC
and LC-MS. In the preliminary control experiments, the degrada-
tion of 400 uM Thal was <10% in phosphate buffer at 37°C. The rate
of Thal hydroxylation was linear with respect to microsomal protein
concentration (0.4-2 mg/ml) and time (10-30 min) in mouse and
rabbit hepatic microsomes and linear between 0.6—2 mg/ml and
40-60 min in the presence of human liver microsomes. Incubations
were carried out in a shaking water bath at 37°C for 30 min for

mouse and rabbit microsomes and 60 min for human microsomes.
The reaction mixture consisted of 67 mM phosphate buffer (pH 7.4),
4 mM NADPH, Thal (6.25-600 uM), and 2 mg/ml microsomes in a
final volume of 300 ul. Thal was dissolved in dimethyl sulfoxide and
then diluted in phosphate buffer (final concentration of dimethyl
sulfoxide was <0.2%). After a 5-min preincubation, the reaction was
initiated by addition of hepatic microsomes. Boiled microsomes were
added to the control incubations. The reaction was terminated by
addition of 300 ul of 10% trichloroacetic acid containing phenacetin
as an internal standard and was then vortexed and centrifuged
(3000g) for 10 min to remove precipitated protein (Torano et al.,
1999). The supernatants were processed by solid phase extraction as
described previously (Lu et al., 2003), and the dry residues were
reconstituted in 300 ul of mobile phase. Reconstituted samples were
analyzed for 5-OH Thal concentration (200 ul each) using HPLC and
metabolite identification (100 ul each) determined by LC-MS imme-
diately afterward.

Detection and Identification of Metabolites Formed in
Vitro Using LC-MS. Samples (100 pl) from preliminary in vitro
incubations (using 2 mg/ml liver microsomes, 400 uM Thal, and
60-min incubation time) and the final in vitro incubations (using 2
mg/ml liver microsomes, 6.25—600 uM Thal, and incubation time of
30 min for rabbit and mouse, 60 min for human) were analyzed
together with authentic standards using an Agilent 1100 series
LC-MS system (Agilent Techonologies, Avondale, PA) as described
previously (Lu et al., 2003) with two modifications. The proportions
of solution A (80% ACN, 1% glacial acetic acid, and 19% Milli Q
water) and solution B (9.5% ACN, 1% glacial acetic acid, and 89.5%
Milli Q water) in the mobile phase were altered slightly to improve
resolution; all samples were analyzed using diode array UV detection
at 230 nm and mass spectral detection set on negative-ion scan mode
with a molecular weight range of 70 to 1000 amu, negative single-ion
monitoring mode, with the sensitivity of 1 pg, at the molecular
weights 257, 273, 275, 276, 289, 291, 293, 294, and 449, and positive
single-ion monitoring mode at the molecular weights 259, 275, 277,
2178, 291, 293, 295, 296, and 451 (corresponding to each of the peaks)
simultaneously. Chromatograms of each sample were compared with
control samples and authentic standards, and molecular masses of
metabolites were obtained by mass spectral detection. The relative
abundances of peaks of interest in negative single-ion mass spectral-
detected chromatograms or UV-detected chromatograms were ob-
tained from integration using ChemStation Software (Agilent Tech-
nologies).

In Vitro 5-OH Thal Formation. Samples were analyzed for
5-OH Thal concentrations using HPLC. Solutions containing a range
of concentrations of 5-OH Thal, together with phenacetin as internal
standard, were processed alongside with samples. 5-OH Thal con-
centrations were determined using the method developed from this
laboratory with slight modifications of HPLC run time and mobile
phase (Chung et al., 2004). In brief, duplicate aliquots (100 ul) of
reconstituted samples were loaded onto a Waters Breeze chromato-
graph (Waters, Milford, MA), which consisted of a model 717plus
auto-sampler, model 1525 binary pump, and model 2487 dual wave-
length absorbance detector. Compounds of interest were separated
using a 100 X 4.6-mm stainless steel Luna 5-um Phenylhexyl col-
umn (Phenomenex, Torrance, CA) as well as a combination of the
following solutions: solution A, which contained 100% acetonitrile,
and solution B, which contained 10% acetonitrile and 1% acetic acid
in Milli Q water. The elution program was 100% solution B at 0.5
ml/min over 0 to 10 min, addition of 0 to 10% solution A in a linear
gradient at 1 ml/min over 10 to 15 min, 90% solution B and 10%
solution A at 1 ml/min over 15 to 23 min, subtraction of 10 to 0%
solution A in a linear gradient at 0.5 ml/min over 23 to 27 min and
100% solution B at 0.5 ml/min over 27 to 30 min. Phenacetin, Thal,
and 5-OH Thal were detected at ultraviolet wavelengths of 220 and
248 nm. The retention times of 5-OH Thal and phenacetin were 20.1
and 22.8 min, respectively. Data acquisition and integration were
achieved using Breeze Software (Waters, Milford, MA). A calibration



curve of 5-OH Thal in phosphate buffer was prepared fresh for each
HPLC run. To construct the calibration curve, the peak/area ratios
relative to the internal standard were plotted against 5-OH Thal
concentrations and the best-fit straight line was obtained by linear
regression analysis. The range of calibration curve of 5-OH Thal was
0.1-25 uM (% = 0.999). The intra-assay accuracy and precision were
acceptable with relative recoveries and coefficient of variation of 90
to 110% and 5 to 9% (n = 3), respectively. Similar results were
achieved for interassay accuracy and precision with relative recov-
eries and coefficient of variations of 96 to 104 and 2 to 4% (n = 5).
Quality control liver microsomes with three nominal 5-OH Thal
concentrations (0.2, 5, and 25 uM) added were stored at —80°C.
These were included in each analysis and were found to be stable
over a period of 14 days and within 3% of the validated value,
respectively. Reconstituted samples (100 ul each in duplicate) were
injected onto HPLC and 5-OH Thal concentrations were determined

TABLE 1

573

In Vitro Metabolism of Thalidomide

using calibration curve described above. The 5-OH Thal concentra-
tions were used to calculate the rate of formation. Michaelis-Menten
models were used to describe the in vitro enzyme kinetics, and the
kinetic parameters were determined by Prism 3.0 program (Graph-
Pad Software Inc., San Diego, CA).

Results

Metabolites Formed after Incubation of Thal with
Hepatic Microsomes. After incubation of Thal (400 M)
with rabbit and mouse liver microsomes (0.4—2 mg/ml) for 60
min in the presence of NADPH (4 mM), 11 peaks (1-11), in
addition to Thal (Table 1; Fig. 1, B and C) were resolved. In
contrast, only seven peaks (1, 2, 5-7, and 10-11) were de-
tected using human (HL18) liver microsomes (Fig. 1A). Four

Metabolites formed after incubating Thal with mouse and rabbit liver microsomes

Peak M.W.” Metabolite Structure
o}
1* 276 T, N:z:ﬁ;o
N-(o-carboxybenzoyl)glutamic acid imide H
‘COOH
[e]
2% 294 g
N-(o-carboxybenzoyl)isoglutamine | i
COOH COOH
#
3 bl Unknown dihydroxythalidomide —
b —NH
4t 292 5’-hydroxy-N-(o-carboxybenzoyl)glutamic dﬁ%
acid imide OoH  om
5* 276 : . e
phthaloylisoglutamine
COOH
*
9 236 phthaloylglutamine
#
¥ 274 is-5>-hydroxythalidomide
g'® 290 ; G
cis-5,5’-dihydroxythalidomide
9*P 290
trans-5,5’-dihydroxythalidomide
#
19 2 trans-5’-hydroxythalidomide
i ig 274 S-hydroxythalidomide

* hydrolysis metabolite, * metabolite formed via hydroxylation, * Molecular Weight, " Proposed metabolite.
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Fig. 1. LC-MS chromatograms of Thal metabolites after incubation (60
min; 37°C) of Thal (400 uM) with liver microsomes (solid lines) of humans
(A), rabbits (B), and mice (C), or with boiled liver microsomes (dotted
lines). Metabolites were detected by single ion monitoring mass spectrom-
etry as described under Materials and Methods.

peaks (1, 2, 5, and 6) in the control incubations (with boiled
microsomes) were identified by UV and mass spectral anal-
ysis and comparison with authentic standards as products of
hydrolysis (Figs. 1 and 2). Four of the remaining seven peaks
formed by mouse and rabbit liver microsomes were identified
as the previously reported hydroxyl derivatives (Lu et al.,
2003; Chung et al., 2004), namely, 5-OH Thal and 5'-hy-
droxy-N-(o-carboxybenzoyl)glutamic acid imide plus cis- and
trans-5'-OH Thal (4, 7, 10, and 11; Fig. 1, B and C). The
remaining three peaks (3, 8, and 9) were products of further
hydroxylation reactions because they had an identical molec-
ular mass that was 16 amu higher than 5-OH Thal or 5'-OH
Thal and were therefore assigned as dihydroxylated metab-
olites. None of these metabolites had retention times and UV
spectra similar to authentic 5,6-dihydroxythalidomide.
Peaks 8 and 9 could possibly correspond to cis-5,5'-dihy-
droxythalidomide and ¢rans-5,5'-dihydroxythalidomide, al-
though authentic compounds were not available for confir-
mation. Peak 3 was unidentified. Apart from the four
hydrolysis products (1, 2, 5, and 6) observed in control incu-
bations, human liver microsomes from donor HL18 catalyzed
the formation of three hydroxylated metabolites, 5-OH Thal
(11), cis-5'-OH Thal (7), and trans-5’-OH Thal (10) (Fig. 1A).
However, microsomes from HL5 failed to produce any detect-
able hydroxylation metabolites.

A comparison of the relative formation of hydroxylated
metabolites by hepatic microsomes in the different species
indicates that metabolic rate via hydroxylation is mouse >
rabbit > human (Table 2). In particular, the relative abun-
dance of each of the hydroxylated metabolite peaks produced
by HL18 microsomes was much lower than the corresponding
peak formed by mouse or rabbit liver microsomes (Table 2).
Similarly, the relative amount of hydroxylated metabolites
was higher in the presence of mouse liver microsomes com-
pared with rabbit liver microsomes, with the exception of
peak 3.

The relative amount of hydrolysis products formed in mi-
crosomes from all three species did not differ significantly
from the amount in control samples regardless of microsomal
concentrations, with the exception of phthaloylisoglutamine
(peak 5) and N-(o-carboxybenzoyl)isoglutamine (peak 2) in
rabbit microsomal solutions (Figs. 1 and 2; Table 3). The
formation of phthaloylisoglutamine exhibited a linear rela-
tionship with rabbit microsomal protein concentration (r% =
0.983; Fig. 3). Hence, it seems that the hydrolysis of Thal to
phthaloylisoglutamine in rabbit microsomes, at high sub-
strate concentrations (400 uM), is an enzymatic process.
Increased formation of N-(o-carboxybenzoyl)isoglutamine
(peak 2) may be a consequence of the hydrolysis of the phtha-

Absorbance

10 15 20 25 30 35 40

Time (min)

Fig. 2. HPLC chromatograms with UV detection of Thal metabolites after
incubation (60 min; 37°C) of Thal (400 uM) with liver microsomes (solid
lines) of humans (A), rabbits (B), and mice (C), or with boiled liver
microsomes (dotted lines).
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Comparison of relative levels of hydroxylated metabolites formed following a 60-min incubation of Thal with liver microsomal protein (2 mg/ml)
Metabolites were determined by mass spectral detection using single ion monitoring. The response of each metabolite peak produced by mouse liver microsomes was

normalized to 1.

Unknown Dihydroxylated 5'-OH cis-5'-OH cis-5,5"-OH trans-5,5'-OH trans-5'-OH 5-OH
Metabolite (3)* CG® (4) Thal (7) Thal® (8) Thal? (9) Thal (10) Thal (11)
Mouse 1 1 1 1 1 1 1
Rabbit 4.59 0.26 0.34 0.68 0.13 0.27 0.37
Human 0 0 0.07 0 0 0.09 0.005
“ Number in parentheses represents peak number in chromatogram.
b 5'-hydroxy-N-(o-carboxybenzoyl)glutamic acid imide.
¢ ¢is-5,5'-Dihydroxythalidomide.
4 trans-5,5'-Dihydroxythalidomide.
TABLE 3 TABLE 4

Comparison of relative levels of hydrolysis products formed following a
60-min incubation of Thal with liver microsomal protein (2 mg/ml)
Hydrolysis products were determined by mass spectral detection by using single ion
monitoring. The response of each peak produced by mouse liver microsomes was
normalized to 1.

CG (D) CiG® (2) PiG (5) PG (6)
Control® 1 1 1 1
Mouse 0.90-1.2 1 0.98-1.08 0.96-1.09
Rabbit 0.95-1.13 8.9-17.8 2.65-7.92 0.87-1.03
Human 0.90-1.01 1 0.88-1.1 0.84-1.05

“ Number in parentheses represents peak number in chromatogram.

® N-(o-Carboxybenzoyl)isoglutamine.

¢ Thalidomide solutions incubated with boiled liver microsomes of mouse, rabbit,
and human.

10

Relative Abundance of Phthaleylisoglutamine
(Normalized against the relative abundance in control)

0 T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

Rabbit Microsomal Protein Levels (mg/ml)

Fig. 3. Enzymatic hydrolysis of phthaloylisoglutamine by rabbit liver
microsomal protein in the presence of NADPH (4 mM).

limide ring of phthaloylisoglutamine (peak 5). Another find-
ing in accordance with the above-mentioned finding is that
incubating rabbit and mouse microsome with Thal at 6.25
uM did not show difference in phthaloylisoglutamine forma-
tion, but when Thal concentrations were raised to 12.5 uM
and above, rabbit liver microsome formed more phthaloyliso-
glutamine than mice.

The relative percentages of metabolite formation were ob-
tained by comparing the peak areas of metabolites detected
by UV with the sum of peak areas of all the metabolites and
thalidomide (Fig. 2). A comparison of the relative total for-
mation of hydrolysis products and hydroxylated metabolites

Comparison of the total products of hydrolysis and hydroxylation
formed following a 60-min incubation of Thal with liver microsomal
protein (2 mg/ml)

. All Metabolites of All Metabolites of a Total
Species Hydrolysis® Hydroxylation® 5-OH Th Metabolites®
%
Mouse 7.7 6.1 2.5 13.8
Rabbit 22.7 3.0 1.1 25.7
Human 7.9 7.9

“ The percentage was obtained by comparing the sum of the UV responses of all
hydrolysis or/and hydroxylation peaks with the sum of the UV responses of all
metabolite and parent peaks, including hydrolysis, hydroxylation, and thalidomide
peaks.

in microsomes from the three species indicates that rabbit
has the highest overall metabolic clearance of Thal (25.7%),
mainly due to enzymatic hydrolysis (Table 4). In human and
mouse liver microsomes, the formation of hydrolysis products
was lower (7.7-7.9%) and due solely to nonenzymatic hydro-
lysis (Table 4). In contrast, metabolic clearance of Thal via
hydroxylation was negligible in human liver microsomes and
highest in mouse microsomes (6.1%).

Rate of 5-OH Thal Formation. Previous studies have
indicated that the formation of 5-OH Thal may be catalyzed
by CYP2C19 (Ando et al., 2002a). To determine the relative
rates of metabolism of Thal to 5-OH Thal in the three species,
the enzyme kinetics of 5-OH Thal formation was determined.
HPLC with UV detection resolved the hydroxylated metabo-
lites (cis- and ¢trans-5'-OH Thal and 5-OH Thal) and internal
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Fig. 4. Formation of 5-OH Thal in rabbit and mouse liver microsomes
after incubation with Thal.
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standard (phenacetin) from Thal with retention times of 18.3,
19.6, 20.1, 22.8, and 23.6 min, respectively. The formation of
5-OH Thal increased linearly with mouse and rabbit micro-
somal protein concentrations up to 2 mg/ml (> = 0.984 and
0.985, respectively), whereas the formation of 5-OH Thal by
human liver microsomes was close to the limit of detection.
Microsomes from donor HL.18 (CYP2C19 *1/*2) formed mea-
surable amounts of 5-OH Thal (quantitative limit of 0.1 M)
at microsomal concentrations higher than 0.6 mg/ml,
whereas 5-OH Thal formed by microsomes from donor HL5
(CYP2C19 *1/*1) was below the limit of detection. The for-
mation of 5-OH Thal also increased with incubation time in
the presence of 2 mg/ml mouse and rabbit liver microsomes
and was linear up to 30 min (2 = 0.998 and 0.999 for mouse
and rabbit, respectively), whereas 5-OH Thal formation by
human liver microsomes (HL18) required an incubation time
of greater than 40 min. Microsomes from mouse and rabbit
formed measurable 5-OH Thal at concentrations of Thal
above 6.25 uM. The formation of 5-OH Thal followed Michae-
lis-Menten kinetics (Fig. 4) and the kinetic parameters V..
(maximum velocity of reaction) and K,; (Michaelis-Menten
constant) were 45.2 pmol/min/mg and 208.3 uM for mouse
microsomes, and 11.91 pmol/min/mg and 88.02 uM for rabbit
microsomes, respectively. Previous reports have indicated
that the metabolism of Thal to 5-OH and cis-5’-OH Thal may
be important routes of metabolic clearance catalyzed by
CYP2C19 in vitro (Ando et al., 2002a), but the kinetic pa-
rameters of Thal to 5-OH Thal in microsomes were not cal-
culated due to the nonlinear formation of 5-OH Thal. We
used conditions optimized for 5-OH Thal formation (higher
microsomal protein concentration and shorter incubation
time) to calculate the kinetic parameters because it seemed
to be the major route of metabolism detected in vivo (Lu et
al., 2003; Chung et al., 2004). However, as products of further
hydroxylation of cis-, trans-5’-OH Thal, and 5-OH Thal were
detected in the present in vitro study, kinetic parameters of
formation of the primary hydroxylated metabolites of Thal
(5-OH and cis-5'-OH) are compromised by the rate(s) of the
second hydroxylation step; hence, the kinetic parameters, in
particular K,,, can only be described as apparent. The appar-
ent intrinsic clearance (CL;,,) (CL;,, = V_../Ky) of Thal to
5-OH Thal in mouse and rabbit microsomes was 0.217 and
0.135 ml/min/g, respectively. Therefore, the apparent in vitro
intrinsic clearance was 1.6-fold greater in mouse than rabbit
microsomes. In contrast, the V.., Ky, and CL;,, from Thal
to 5-OH Thal in HL.18 microsomes were 0.334 pmol/min/mg,
85.8 uM, and 0.004 ml/min/g, respectively. However, given
that the data were calculated only from three concentration
points (200, 400, and 600 uM), where detectable 5-OH Thal
was formed, the results are only an estimate of the kinetics of
formation of 5-OH Thal in human microsomes. A comparison
of the apparent CL;, . of Thal to 5-OH Thal in the different
species and in vivo plasma clearance of Thal (CI/F) deter-
mined previously (unpublished data) are shown in Table 5.
The relative rates of metabolism of Thal to 5-OH Thal in the
three species in vitro correlates with the total in vivo clear-
ance of Thal. Mouse has the highest rate of in vivo clearance
(0.03 I/min/kg) and the highest rate of in vitro clearance to
5-OH Thal, whereas the negligible in vitro clearance of Thal
to 5-OH Thal occurs in human liver microsomes corresponds
to the very low in vivo clearance of Thal (0.0023 1/min/kg).

TABLE 5

Inter-species comparison of apparent in vitro kinetic parameters (V,
hepatic intrinsic clearance) and in vivo plasma clearance

ax’

Apparent CL;, ¢ CI/F at Oral Dose

Species Apparent V.. t0 5-OH Th of 2 mg/kg"
pmol/min/mg ml/minl/g l/min/kg
Mouse 32.1-36.4 0.217 0.03
Rabbit 10.4-10.6 0.135 0.0167
Human ~0.334 ~0.004 0.0023°

“ Unpublished data.
® Thal dose for multiple myeloma patients was 200 mg/kg, or 1.9 to 3.8 mg/kg
according to patients’ body weight.

Discussion

Numerous hydrolysis and metabolic products have been
detected after the in vitro incubation of Thal with micro-
somes prepared from mouse, rabbit, and human liver. Some
of the metabolites have been previously identified from in
vivo studies (Lu et al., 2003; Chung et al., 2004) and include
5-OH Thal, cis- and trans-5'-OH Thal, and 5’-hydroxy-N-(o-
carboxybenzoyl)glutamic acid imide. In addition, three me-
tabolites (3, 8, and 9), with masses consistent with dihy-
droxylation have been detected. These were not observed in
vivo, and it is possible that their sources, monohydroxylated
metabolites, are rapidly cleared by glucuronidation, as in the
case of 5-OH Thal (Lu et al., 2003). In vitro formation of 5-OH
Thal and cis-5'-OH Thal, as well as of 5,6-dihydroxythalido-
mide and several unidentified metabolites, has been reported
(Ando et al., 2002a). However, in our study none of metabo-
lites (3, 8, and 9) corresponded to authentic 5,6-dihy-
droxythalidomide. Thal-5-O-glucuronide, which has been de-
tected in our in vivo study, was also not detected, possibly
due to the lack of uridine diphosphate glucuronide as a co-
factor in the in vitro experiment setting.

Nonenzymatic hydrolysis of Thal was observed in this
study, confirming previous results from other groups in a
number of species, including rats, humans, and rabbits
(Faigle, 1962; Keberle et al., 1965; Schumacher et al., 1965;
Williams et al., 1965). In addition, we have found evidence of
significant enzymatic hydrolysis of Thal to phthaloylisoglu-
tamine in rabbit hepatic microsomes. This confirms an ear-
lier report (Schumacher et al., 1968) indicating that the rate
of hydrolysis of Thal was higher in rabbit liver than in rat
liver, although the specific hydrolysis pathway from Thal to
phthaloylisoglutamine was not identified. Because no differ-
ences in the relative amounts of phthaloylisoglutamine in the
plasma of mice and rabbits after administration of Thal (2
mg/kg p.o.) were observed (Chung et al., 2004), enzymatic
hydrolysis would be expected to occur only at the high Thal
concentrations used in in vitro experiments (=12.5 uM) and
not at plasma concentrations (C,,.. < 2.2 uM) that are ob-
served in vivo (Chung et al., 2004). Thalidomide is mainly
excreted in the form of metabolites as shown by that less
than 1% of the administered dose is excreted unchanged in
urine in many species (Smith et al., 1965). Total metabolic
clearance of Thal in vitro via both hydrolysis (enzymatic and
nonenzymatic) and hydroxylation was greatest in the rabbit
and negligible in human liver microsomes. However, because
enzymatic hydrolysis of Thal in the rabbit may not occur at in
vivo concentrations, clearance via hydroxylation may be
more important.

Although hydroxylated metabolites were measurable in



human microsomal incubations with donor liver HL18, no
metabolism of Thal was observed with another human liver
donor HL5. This is in agreement with previous reports (Ando
et al., 2002a) where of two human livers, one produced me-
tabolites at or below the limit of quantification, and the other
source had very low rate of metabolite formation. Ando et al.
(2002a) indicated that this was related to the relative expres-
sion of CYP2C19; however, pooled human liver microsomes
were also very poor metabolizers of Thal. Of the two livers
used in this study, one HL5 was homozygous wild type (¥1/
*1) for CYP2C19, and the other liver HL18 was a heterozy-
gote for the mutant allele (¥1/%*2). Although, in vitro studies
with purified CYP2C19 indicated that this enzyme is in-
volved in the hydroxylation of Thal, more recent in vivo
studies (Ando et al., 2002b) have indicated that some pa-
tients with an extensive metabolizer genotype do not hy-
droxylate Thal to any significant extent. The role of
CYP2C19 in the metabolism of Thal requires further study,
but importantly, regardless of the P450 isozyme(s) involved,
the overall rate of metabolism of Thal is negligible in human
liver in comparison with mouse and rabbit.

In conclusion, the results support previous reports of low in
vitro metabolic clearance of Thal in humans (Ando et al.,
2002a) and suggest that there is minimal involvement of the
hepatic P450 system in Thal metabolism. The data support in
vivo data showing that hydroxylated metabolites are not
detectable in patients with multiple myeloma (Lu et al.,
2003; Chung et al., 2004) or with Hansen’s disease (Teo et al.,
2000). Hydroxylated metabolites can be detected in vitro but
only at concentrations of Thal (200—600 uwM) that are well
above the highest plasma concentrations of Thal (50 uM) that
have reported in human studies (Figg et al., 1999). These
results suggest that Thal is unlikely to interact with other
drugs extensively metabolized by human P450 system (Trap-
nell et al., 1998; Scheffler et al., 1999; Teo et al., 2000), which
makes it a good candidate for combined chemotherapy. The
data also strongly suggest that hydroxylated metabolites are
unlikely to be involved in the mechanism of action of Thal in
humans and that the parent compound and/or its hydrolysis
product(s) are involved in its action.
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ABSTRACT

Purpose: Thalidomide has a variety of biological effects
that vary considerably according to the species tested. We
sought to establish whether differencesin pharmacokinetics
could form a basis for the species-specific effects of thalid-
omide.

Experimental Design: Mice and rabbits were adminis-
tered thalidomide (2 mg/kg) p.o. or i.v., and plasma concen-
trations of thalidomide were measured after drug adminis-
tration using high performance liquid chromotography.
Plasma samplesfrom five multiple myeloma patients over 24
hours after their first dose of thalidomide (200 mg) were
similarly analyzed and all data wer efitted to a one-compart-
ment model. Metabolites of thalidomide in plasma were
identified simultaneously using liquid chromatography-
mass spectrometry.

Results: Plasma concentration-time profiles for the in-
dividual patientswere very similar to each other, but widely
different pharmacokinetic properties were found between
patients compared with thosein mice or rabbits. Area under
the concentration curve values for mice, rabbits, and mul-
tiple myeloma patients were 4, 8, and 81 pmol/L - hour,
respectively, and corresponding elimination half-lives were
0.5, 2.2, and 7.3 hours, respectively. Large differences were
also observed between the metabolite profiles from the three
species. Hydrolysis products were detected for all species,
and the proportion of hydroxylated metabolites was higher
in mice than in rabbits and undetectable in patients.
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Conclusions: Our results show major interspecies dif-
ferences in the pharmacokinetics of thalidomide that are
related to the altered degree of metabolism. We suggest that
the interspecies differences in biological effects of thalido-
mide may be attributable, at least in part, to the differences
in its metabolism and hence pharmacokinetics.

INTRODUCTION

Thalidomide has anumber of biological activitiesthat have
led to its clinical application to a variety of diseases. After
demonstration of its efficacy in the control of erythema nodo-
sum leprosum (1), thalidomide was evaluated for the manage-
ment of numerous inflammatory and autoimmune diseases, in-
cluding Crohn's disease (2) and rheumatoid arthritis (3). Its
application as an anti-inflammatory agent is thought to be de-
rived from its ability to inhibit the biosynthesis of proinflam-
matory cytokines such as tumor necrosis factor-a. (4). After the
demonstration that it could inhibit angiogenesis in the rabbit
cornea (5), it was also evaluated for the treatment of cancer.
Although activity was modest against rena carcinomas (6),
gliomas (7), and prostate cancers (8), it was outstanding against
refractory multiple myeloma (9), and thalidomide has been put
forward as a 1st line treatment for this disease (10). However,
thalidomide has an unfavorable effect, i.e., itsteratogenicity (11,
12), which led to its withdrawa when it was first marketed in
the 1950s as a sedative and antiemetic (13). The difficulties in
determining thalidomide's teratogenic properties during its ini-
tial development were perhaps because of the widely disparate
interspecies sensitivities to the action of thalidomide. Rodents
appear resistant to the teratogenicity of thalidomide, whereas
rabbits and humans were highly susceptible (14). It has been
suggested that the antiangiogenic and teratogenic effects are
caused by stable metabolites, and species specific differencesin
thalidomide metabolism form the basis for the interspecies
differences in the action of thalidomide (15).

Biotransformation of thalidomide can occur by nonenzy-
matic hydrolysis (16, 17) or by hepatic cytochrome P450-cata-
lyzed hydroxylation (18), with al products often referred to as
metabolites. Considerable interspecies differences in the pro-
duction of hydroxylated metabolites have been observed. A
20-fold higher production of hydroxylated metabolites was
found with rodent liver microsomes than with human liver
microsomes (18). Two hydroxylated products were obtained
when thalidomide was incubated with human liver enzymes, but
only one of these could be found in low concentrations in
plasma samples from healthy male volunteers (19). In patients
with Hansen's disease, no hydroxylated metabolites were de-
tected in plasma whereas one was detected in urine by tandem
mass spectrometry but mostly at levels below the limit of
quantitation, and in vitro studies indicated that thalidomide was
a poor substrate for human cytochrome P450 isoenzymes (20).
Among patients with prostate cancer, cis-5'-hydroxythalido-
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mide and 5-hydroxythalidomide were detectable in only 48%
and 32% of individuals, respectively (21). In a previous study,
we have used liquid chromatography-mass spectrometry to
show that whereas hydroxylated metabolites of thalidomide
were present in the plasma and urine of mice, none were
detectable in the urine of multiple myeloma patients on thalid-
omide therapy (22).

In this report we have extended those studies to compare
thalidomide pharmacokinetics and metabolite formation in
mice, rabbits, and multiple myeloma patients. Our results sug-
gest that differences in the rates by which the drug is metabo-
lized may provide a basis for interspecies differences in the
response to thalidomide.

MATERIALS AND METHODS

Materials. Thalidomide for animal studies was kindly
provided by Dr. George Muller (Celgene Corp., Warren, NJ).
2-Hydroxypropyl-B-cyclodextrin and trichloroacetic acid were
purchased from Sigma-Aldrich. Acetonitrile was purchased
from BDH Laboratory Supplies (Poole, United Kingdom). Gla-
cia acetic acid was purchased from Panreac Quimica SA (Bar-
celona, Spain).

Authentic Standards. Phthaloylglutamic acid was
purchased from Sigma-Aldrich (St. Louis, MO). Phthaloylisoglu-
tamine, 4-hydroxyphthal oylisoglutamine, 5-hydroxyphthaloyli-
soglutamine, phthaloylglutamine, 4-hydroxyphthaoylglutamine,
5-hydroxyphthaoylglutamine, 4-hydroxythalidomide, 5-hydroxy-
thalidomide, N-(o-carboxybenzoyl)glutamine, N-(o-carboxyben-
zoyl)isoglutamine, N-(o-carboxybenzoyl)glutamic acid imide,
and 5-hydroxy-N-(o-carboxybenzoyl)glutamic acid imide were
synthesized as described previously (22), and their structures
were confirmed using 400 MHz *H nuclear magnetic resonance
spectroscopy and mass spectrometry. 5'-Hydroxythalidomide
was a generous gift from Professor Sven Bjorkman (Mamo
University Hospital, Malmo, Sweden) and was a mixture of
5'-cis- and 5'-trans diastereomers.

Murine Studies. Female 8 to 12 week-old C57BI/6 mice
bred at the Anima Resources Unit, Faculty of Medica and
Health Sciences, University of Auckland, were housed under
conditions of constant temperature and humidity according to
institutional ethical guidelines. Thalidomide was dissolved in
2-hydroxypropyl-B-cyclodextrin (1 mg/ml) and administered
p.o. (gavage needle) or i.v. (tail-vein; 2 mg/kg, 2 wlL/g body
weight). In another set of experiments, thalidomide was admin-
istered p.o. or i.v. a a dose of 20 mg/kg dissolved in 30%
dimethylsulfoxide in polypropylene glycol solution (8 mg/ml).
Micewerebled at 5, 15, and 30 minutes, and 1, 2, 4, and 6 hours
after treatment. Three mice were used for each time point plus
an untreated control group. The mice used for the 6-hour time
point were placed in metabolic cages with water and food, and
urine was collected over the first 4 hours after treatment. Blood
samples were collected into heparinized tubes during terminal
hal othane (NZ Pharmacology Ltd., Christchurch, New Zealand)
anesthesia, centrifuged, and the plasma removed. Plasma (200
pL for pharmacokinetic studies and 300 pL for metabolite
studies) and urine (100 wL) were acidified by adding 10%
trichloroacetic acid up to 1 ml. Samples were centrifuged at
3000 X g for 10 minutesto remove precipitated protein and then

processed using solid phase extraction as described previously
(22). Dried plasma and urine residues were reconstituted in 100
L and 1,000 wL mobile phase, respectively, for anaysis.

Rabbit Studies. Three female New Zealand White rab-
bits supplied by Anima Resource Unit of the University of
Auckland were used between 6 and 12 months-old for al of the
experiments according to institutional ethical guidelines. Tha
lidomide was dissolved in 2-hydroxypropyl-B-cyclodextrin (1
mg/ml) and administered p.o. using a polyethylene plastic tube,
or i.v. via ear-vein injection (2 mg/kg in a volume of 2 ml/kg).
After drug administration, rabbits were placed in metabolic
cages with water and food for urine collection over a 6-hour
period. Blood samples were collected into heparinized tubes
from the ear-vein at 15 and 30 minutes and 1, 2, 3, 4, 6, and 8
hours for the p.o. studies, and at 15 and 30 minutes and 1, 1.5,
2, 3, 4, and 8 hours for i.v. studies. Control urine and plasma
samples for each rabbit were obtained before thalidomide ad-
ministration. Plasma (200 and 300 p.L for pharmacokinetics and
metabolite studies, respectively) and urine (100 wL) were pro-
cessed as described for the murine samples. Dried residues were
reconstituted in 200 or 100 wL of mobile phase, respectively, for
urine samples and plasma samples.

Clinical Studies. All clinical studies conformed to insti-
tutional ethical guidelines. Three male and two female Cauca
sian patients who were beginning their thalidomide therapy for
refractory multiple myeloma at Auckland Hospital were re-
cruited for these studies. Their ages ranged from 42 to 81 years,
and their weights ranged from 52 to 105 kg. All patients had
been instructed not to take nonprescription medications or drink
alcohol. Blood was collected into heparinized tubes at 1, 2, 4, 6,
8, and 24 hours after the patients' first dose of thalidomide (2 X
100-mg tablets p.o.). Urine samples were collected whenever
possible. A control sample of blood and urine was obtained from
the patients before treatment. Blood samples were centrifuged
and plasma collected and quickly stored at —80°C until analy-
sis. Plasma (200 and 300 p.L, respectively, for pharmacokinetics
and metabolite studies) was acidified by adding 10% trichloro-
acetic acid up to 1 ml and centrifuged to remove precipitated
protein. Urine samples (3.33-ml each) were acidified by adding
10% trichloroacetic acid up to 10 ml. All samples were pro-
cessed as described for murine samples. Dried residues from
plasma and urine samples were reconstituted in 100 and 1,000
wL mobile phase, respectively.

Phar macokinetic Determination. Thalidomide concen-
trations were measured using a specific high performance liquid
chromotography assay as described previously (23). Concentra-
tion-time data were analyzed using Pharsight WinNonlin 4.01
software (Mountain View, CA) and fitted either to a one-
compartmental i.v. model or one-compartmental p.o. model
with first-order absorption and elimination. C,,,, and T, were
determined visually from the plasma time-concentration profile.
The elimination rate constant (\) was determined from the
terminal linear portion of the concentration versus time curve.
The terminal t,,, was calculated as In(2)/\. The area under the
plasma thalidomide concentration versus time curve (AUC,,)
from time zero to the last quantifiable concentration (C,) was
calculated by trapezoidal rule. Area under the concentration-
time curve (AUC) extrapolated to infinity was calculated from
(AUCy,) + CiA.
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Metabolite Studies. Recongtituted samples were ana-
lyzed together with authentic standards using an Agilent 1100
series liquid chromatography-mass spectrometry system (Agi-
lent Technologies, Avondale, PA) as described previously (22)
with two modifications. The proportions of solution A (80%
acetonitrile, 1% glacial acetic acid, and 19% Milli Q water) and
solution B (9.5% acetonitrile, 1% glacia acetic acid, and 89.5%
Milli Q water) in the mobile phase were altered dightly to
improve resolution; all samples were analyzed using diode array
UV detection at 230 nm and mass spectral detection set on
negative-ion scan mode with a M, range of 70 to 1,000 atomic
mass units, negative single-ion monitoring mode, with the sen-
sitivity of 1 pg, at the M, 257, 273, 275, 276, 289, 291, 293, 294
and 449, and positive single-ion monitoring mode at the M, 259,
275, 277, 278, 291, 293, 295, 296 and 451 (corresponding to
each of the peaks) simultaneously.

Statistical Analysis. All pharmacokinetic data are pre-
sented as means = SD, and because of limitations on the volume
of blood samples obtainable from mice, murine pharmacokinetic
parameters were calculated by modeling group mean data using
Pharsight v4.01. Student’s t test was used to calculate the
statistical significance between groups, with a probability value
P < 0.05 considered significant.

RESULTS

Thalidomide Pharmacokineticsin Mice. After p.o. ad-
ministration of thalidomide at 2 mg/kg, the peak concentration
was 4.3 = 0.9 pmol/L after 0.5 hour (Fig. 1A). When giveni.v.,
the highest concentration was 7.7 = 0.3 wmol/L, observed after
5 minutes (Fig. 1B), and the t,,, was 0.5 to 0.8 hour. The AUC
after p.o. administration (4.3 = 0.8 wmol/L - hour) was signif-
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Fig.1 A and B, plasma con-
centration-time profiles of tha-
lidomide after p.o. (A) or i.v.
(B) administration of 2 mg/kg
(®@—--) or 20 mg/kg (O—) in 1
mice. Data were fitted using ]

Thal cone (UM)

Tablel Thalidomide pharmacokinetic parameters in plasmain mice,
rabbits, and patients

Dosage Crnax AUC, .,
Route  (mg/kg) (pmol/L) Tpa () (wmol/L - h) ty, (h)
Mice
p.o. 2 43+ 0.9 0.50 43+08 05+0.20
20 12.0 = 3.0 100 440*+6.0 1.2+0.05
iv. 2 7.7+ 03* =008 87*=0.7 08=*0.10
20 50+ 7+ =0.08* 60.0=*70 0.7*0.10
Rabbits
p.o. 2 18+04 15*09 8+02 22*03
iv. 2 72+ 06* 0.25* 8+10 07=x01
Patients
p.o.t
P1 1.95 35 4 49 6.7
P2 211 338 4 69 7.7
P3 2.60 51 4 72 7.8
P4 351 7.2 6 107 7.7
P5 3.85 75 6 110 6.5
Mean = SD 54+19 48=x1 81+26 7.3*06

* Conax @d T values limited by the first time-point of analysis.
T Patients were treated with 200-mg tablets, and the dose was
normalized.

icantly lower than that obtained with i.v. (8.7 = 0.7 wmol/L -
hour) administration (Table 1). The calculated bioavailability,
based on AUC, was 50%. Thalidomide concentrations were also
measured after a dose of 20 mg/kg, which was used previously
in our in vivo studies (ref. 24; Fig. 1A and B). This 10-fold
increase in dose resulted in a 10-fold increase in AUC after p.o.
administration of thalidomide (Table 1). The C . was in-
creased only 3-fold (12 = 3 wmol/L) and occurred after 1 hour

100
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Pharsight model. C and D, MS
chromatograms  detected on
negative single-ion monitoring
mode before treatment (dashed
lines) or after (solid lines) tha-
lidomide treatment (2 mg/kg)
p.o. (C) ori.v. (D) treatment in 25104
plasma from mice (30 minutes i
time point).
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(Table 1), and thet,,, increased by 3- and 2-fold respectively at
20 mg/kg compared with 2 mg/kg p.o. thalidomide. Intravenous
administration of thalidomide at 20 mg/kg also produced a
proportionate increase in AUC (60 = 7 wmol/L - hour) but with
no significant change in t,,, (0.7 = 0.1 hour).

Thalidomide Pharmacokinetics in Rabbits. Rabbits
were administered thalidomide 2 mg/kg either p.o. (Fig. 2A) or
i.v. (Fig. 2B). The C,,,, ater p.o. administration (1.8 pmol/L)
was 4-fold lower than that observed after i.v. administration (7.2
pmol/L). The T, Was 1.5 hours, and the bioavailability of
thalidomide was 100%. The t,,, of p.o. administered thalido-
mide was 3-fold higher than that for i.v. administration (Table 1).

Thalidomide Pharmacokinetics in Multiple Myeloma
Patients. Thalidomide was absorbed slowly in patients (Fig.
3A-E), with the mean peak concentration (5.2 = 1.9 wmol/L)
achieved after 4.5 = 1 hour. The elimination t,,, in patients was
7.6 £ 0.6 hours, 15- and 3-fold longer than that in mice and
rabbits, respectively. The AUC, 83 = 14 pmol/L - hour, was 20-
and 10-fold higher than in mice and rabbits, respectively (Table
1). In two patients, total 24-hour urines were collected for
analysis, and unchanged thalidomide was found to account for
0.9% of the administered dose.

Thalidomide Metabolites in Mice. Metabolite profiles
were monitored by liquid chromatography-mass spectrometry as
described previously (22), with a modification in the solvent
alowing separation of phthaloylisoglutamine (peak 5) from
phthaloylglutamine (peak 7), as well as separation of the cis-
and trans-5’'-hydroxy-N-(o-carboxybenzoyl)glutamic acid imi-
des (peaks 2 and 4). On the basis of their relative polarities, peak
2 and peak 4 would be expected to be the cis- and the trans-
isomer, respectively, but this has yet to be validated with au-

>
w

10 4 10 5

Thal conc (UM)

thentic standards. The modification aso provided a better res-
olution of N-(o-carboxybenzoyl)isoglutamine (peak 3). All
plasma sampl es exhibited the same metabolite profile regardless
of the route of administration (Fig. 1C and D), which contained
peaks 1, 5, and 7 corresponding to hydrolysis products, plus
peaks 2, 4, 6, 8, 9, and 10 corresponding to hydroxylated and
glucuronidated metabolites (Table 2). Urine samples contained
the same peaks with the addition of peak 3, N-(o-carboxyben-
zoyl)isoglutamine, which was masked in plasma samples by a
background component present in untreated controls. Although
i.v. (Fig. 1D) or p.o. (Fig. 1C) administration produced the same
number of metabolite peaks, the plasma metabolite peaks at 2
hours or earlier were higher after i.v. administration compared
with p.o. administration.

Thalidomide Metabolitesin Rabbits. After p.o. admin-
istration to rabbits, two different metabolic profiles were ob-
served in plasma, dependent on the concentration of the parent
thalidomide present. At all time points when the concentration
of thalidomide was below 1 pmol/L, the metabolite profile
showed hydrolysis products only (peaks 1, 5, and 7; Fig. 2D).
However, when the thalidomide plasma level was above 1
pwmol/L, whether during the absorption or the elimination phase,
hydroxylated metabolites (peaks 2, 4, 6, and 8) were detected in
addition to the hydrolysis products (peaks 1, 3, and 5; Fig. 2C).
The mass spectral peak areas of peaks 2, 4, 6, and 8 in rabbit
samples were 26.8, 43.7, 3.6, and 6.2%, respectively, of their
corresponding peak in murine samples, indicating a lower level
of hydroxylation in rabbits compared with mice. Urine samples
contained hydrolysis products (peaks 1, 3, and 5) only. Afteri.v.
administration, plasma samples collected before 2 hours, when
thalidomide concentration was above 1 pmol/L, hydrolysis

Fig.2 A and B, plasma con-
centration-time profiles of tha
lidomide after p.o. (O; A) ori.v.
administration (@; B) of 2 mg/kg

to rabbits. Data were collected
from three rabbits and fitted us-
ing Pharsight model. C and D,
MS chromatograms detected on
negative single-ion monitoring
mode before (dashed lines) or
after (solid lines) 2 hours (C) or
30 minutes (D) of thalidomide
(2 mg/kg) p.o. treatment in
plasma from rabbits.
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products (peaks 1, 3, and 5), and hydroxylated products (peaks ~ DISCUSSION

2,4, 6, 8,9, and 10) were detected. However, after 2 hours,
when thalidomide concentrations had dropped below 1 pwmol/L,
the metabolite profiles showed only hydrolysis products (peaks
1, 5, and 7). Urine samples after i.v. administration showed two
hydrolysis products (peaks 1 and 5) and one hydroxylation
product (peak 10; data not shown).

Thalidomide Metabolites in Patients. All plasma and
urine samples from multiple myeloma patients contained
only peaks 1, 5, and 7, corresponding to the hydrolysis
products; hydroxylated metabolites were not detected at any
time point in urine or in plasma (Fig. 3F). Very little inter-
individual variability in thalidomide pharmacokinetics and
metabolite formation was seen in five patients despite differences
in age (42-81 years), weight (52-105 kg), sex, and disease status
(Fig. 3, Table 1).

This study, the first detailed comparison of thalidomide
pharmacokinetics and metabolite formation in mice, rabbits, and
patients with multiple myeloma, was carried out to determine
whether thalidomide pharmacokinetics could explain the inter-
species differences in biological response. Widely different
pharmacokinetic parameters for thalidomide were found (Fig. 4;
Table 1). In mice, bioavailability was 50%, and the elimination
was rapid whereas in rabbits bioavailability was 100% and t,,,
was longer, and in multiple myeloma patients the t,,, was even
longer. We hypothesize that differences in metabolism are the
principal cause of the observed interspecies differences in phar-
macokinetics. Our observation in two multiple myeloma pa-
tients, that <1% of the administered thalidomide dose was
excreted unchanged in urine, isin agreement with data for other
species including mice and rabbits (25). In mice, 10 metabolite
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Table2 Metabolite peaks in UV and MS profiles of mouse urine after p.o. thalidomide

Peak No. Molecular weight Metabolite Structure
o O
NH
1* 276 N-(o-carboxybenzoyl)glutamic acid imide g * o}
COOH
o 9
NH
2tF 292 cis-5'-Hydroxy-N-(o-carboxybenzoyl)glutamic acid imide ¢ )©
~CooH H
o O
NH,
3* 294 N-(o-carboxybenzoyl)isoglutamine dL N—C
COOH CooH
o Q
H
41t 292 trans-5'-Hydroxy-N-(o-carboxybenzoyl)glutamic acid imide = =0
COOH By
o Q
NH,
5* 276 Phthal oylisoglutamine N—G -
o COOH
HOOC
Q
HO
Hg HO; | o Q
6t 450 Thalidomide-5-O-glucuronide O@Q NH
N— o
o
o]
. COOH
* 276 Phthal oylglutamine M
0 NH;
o
o Q
NH
8t 274 cis-5'-Hydroxythalidomide N )0
o OH
0 Q
NH
of 274 trans-5'-Hydroxythalidomide N—¢ =0
) “oH
o Q
HO. NH
10t 274 5-Hydroxythalidomide N—C O
o]

* Hydrolysis product.
t Hydroxylation product.
F Not yet confirmed by comparison with authentic standard.

peaks corresponding to hydrolysis, hydroxylation, and glucu-
ronidation products were detectable in urine and plasma within
30 minutes of i.v. (Fig. 1D) or p.o. (Fig. 1C) administration.
Hydroxylation products were detectable in rabbits only if the
thalidomide concentration was above 1 pmol/L in the plasma,
irrespective of the route of administration and the phase of the
pharmacokinetic profile (Fig. 2). In contrast, hydroxylated me-
tabolites were not detected in any sample from the five multiple
myeloma patientsin this study (Fig. 3F). Thus, hydroxylation of
thalidomide occurs extensively in mice, moderately in rabbits,
and undetectably in patients. Because hydroxylated and glucu-

ronidated metabolites are much more soluble than the parent
drug, greater metabolism aong this pathway would facilitate
more rapid elimination of thalidomide from the system. Con-
sistent with this, areverse correlation between the rate of €lim-
ination and the amount of hydroxylation in the three species was
obtained, suggesting that the interspecies differences in thalid-
omide pharmacokinetics are related to the rate at which it is
hydroxylated.

The results confirm our previous finding that hydroxylated
products are not detectable in multiple myeloma patients (22). I
the parent drug, or one of its hydrolysis products, is responsible
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Fig. 4 Comparison of thalidomide pharmacokineticsin mice (2 mg/kg,
®), rabbits (2 mg/kg, A) and multiple myeloma patients (200 mg,
combined data from five individuals, m).

for the in vivo effects, thalidomide would be expected to be
more effective in a species in which it is hydroxylated slowly.
Consistent with this proposal, humans are more susceptible than
rodents to many of the effects of thalidomide including antitu-
mor effects. Although clinical responses have been reported for
rena carcinomas (6), gliomas (7), prostate cancers (8), and in
particular for multiple myeloma (9, 26), evidence for antitumor
activity after single or multiple dose administration of thalido-
mide to mice has been difficult to obtain (27, 28). On the basis
of the AUC values determined in the present study (Table 1),
rabbits would be expected to be intermediate between humans
and mice in their responsiveness to thalidomide, and there is a
singlereport of daily high doses of thalidomide (200 mg/kg/day)
achieving a 55% reduction in tumor volume of V2 carcinomas
in rabbits (29). The teratogenicity of thalidomide in rabbits at
high doses and in humans at low doses, as well as the resistance
of rodentsto teratogenicity (14), may aso be related to the AUC
and exposure to the parent drug (Table 1).

Thalidomide modulates the biosynthesis of a number of
cytokines that are essential to the growth and survival of mul-
tiple myeloma cells, suggesting that its primary mechanism of
action in multiple myeloma patients involves down-regulation
of cytokine synthesis (30, 31). Consistent with this, a recent
study has shown that multiple myeloma patients who are genet-
ically high tumor necrosis factor-a producers respond better to
thalidomide therapy (32). Inhibition of cytokine biosynthesis by
thalidomide does not require hepatic activation (4) and we
suggest that the long plasma half-life of thalidomide in multiple
myeloma patients, which is aresult of alow rate of metabolism,
isimportant for such down-regulation. These considerations are
relevant to the devel opment of newer thalidomide analogs, some
of which have been reported to have more consistent pharma-
cokinetic profiles than thalidomide and are currently undergoing
clinical tria (33).
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