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Abstract

This article reviews a lecture I was honored to present at the Leon Wolfe Symposium in Mon-
treal on March 25, 2004. The lecture described my research career, which started with my interac-
tion with Wolfe at the Montreal Neurological Institute as a postdoctoral fellow and research
associate and was followed by additional research discoveries after I left Montreal for my first
academic position at the Research Institute, The Hospital for Sick Children and University of
Toronto. The article consists of two parts. The first part involves the discovery (in Wolfe’s labora-
tory) of a new pathway of arachidonic acid, in which a bicyclic prostanoid structure (later called
prostacyclin by John Vane and his group) was described, and its further development in Toronto,
which led to the discovery of the conversion of the bicyclic prostanoid into 6-keto prostaglandin
F1q. The second part deals with the hepoxilin pathway, a pathway I discovered during a sabbati-
cal leave in Japan with Professor Shozo Yamamoto, which was followed by a stay of several
months in the laboratory of Professor Bengt Samuelsson in Sweden. I deal with the historical
aspects of both pathways and end with interesting novel aspects of hepoxilin stable antagonist
analogs in the treatment of solid tumors in experimental animals.

Index Entries: Bicyclic prostanoid; prostacyclin; 6-keto prostaglandin F1¢; hepoxilins; hepoxilin
analogs; PBT; leukemia; K562; apoptosis; therapy; cancer.

Introduction

Similar to other contributors to this issue
who gave lectures at the Leon Wolfe Sympo-
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sium in Montreal in 2004, I had my origin in the
biological sciences in the laboratory of Leon
Wolfe. Unlike others, however, I came to
Wolfe’s lab at the Montreal Neurological Insti-
tute subsequent to being awarded a doctorate
in organic chemistry at McGill University in
1966. I worked with Wolfe, first as a postdoc-
toral fellow and then as a medical research
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Fig. 1. The arachidonic acid cascade. Boxed compounds are the compounds known at the time of our discov-
ery of the bicyclic compound in 1971. TxAz was discovered later but just before 6-keto PGF1q. LTs, leukotrienes;
HX, hepoxilins; LXs, lipoxins; PG, prostaglandins; TX, thromboxane.

council fellow and research associate from 1966
to 1972, during which time I was exposed to the
prostaglandin field, a young field at that time
that Wolfe believed was an exceedingly promis-
ing area in which I could become involved.

Part 1

Prostacyclin/6-keto Prostaglandin F,

During 1966 to 1972, we made an unexpected
discovery with the demonstration of the forma-
tion of arachidonic acid of a new compound
whose structure was determined to be bicyclic.
The formation of this compound, a new mem-
ber of the prostaglandin family, demonstrated
the existence of a novel pathway of arachidonic
acid metabolism. Wolfe and I published this
seminal paper in 1971 (1). The novelty of this
work should be interpreted in light of the estab-
lished structures and pathways known at the
time. Bergstrom, Samuelsson, and their group
had discovered the series of prostaglandins
known to that point at the Karolinska Institutet
in Stockholm. The prostaglandins known at that
time were designated as prostaglandins Faq, Ez,
and D»,, which were derived from arachidonic
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acid, and the various analogs derived from
eicosatrienoic acid and eicosapentaenoic acid
(2-6). The unstable intermediate endoperoxides
prostaglandin G2 (PGGz) and prostaglandin Ho
(PGHy), as precursors to the prostaglandins,
had not yet been isolated. Therefore, our report
of a novel bicyclic structure at a time when the
prostaglandins were all monocyclic, was not
well-received. The various compounds derived
from the metabolism of arachidonic acid, now
known as the “arachidonic acid cascade,”
involve a cascade of oxygen-incorporating
reactions, including prostaglandins and throm-
boxane formed through cyclooxygenase (COX)-
1 and COX-2 as well as products derived
through the lipoxygenase and cytochrome P450
pathways (Fig. 1).

In 1972, I moved to the Research Institute of
the Hospital for Sick Children in Toronto as an
assistant professor and research scientist. Hav-
ing successfully applied my chemistry back-
ground to prostaglandin biology in Wolfe’s
lab, I continued to investigate the pathway of
formation of the bicyclic compound I discov-
ered with Wolfe, and through rather inconve-
nient cryogenic techniques, I successfully
isolated the prostaglandin endoperoxide inter-
mediates that the Samuelsson group in Swe-
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den (7) and the Nugteren group in Denmark
(8) had published in 1973 through 1974. To
demonstrate that the bicyclic compound was
derived through the prostaglandin pathway, I
treated the purified prostaglandin endoperox-
ide PGH2 with preparations of the rat stomach
from which we had originally isolated the
bicyclic compound; I discovered that PGH:
was rapidly and efficiently transformed to the
bicyclic prostanoid that Wolfe and I had dis-
covered. In these experiments, I also discov-
ered that this bicyclic compound was further
transformed nonenzymatically into a new
compound, which I subsequently identified as
6-keto prostaglandin Fiq (9). In fact, this com-
pound became the key to the identification (by
Vane’s group) of the potent, but chemically and
biologically unstable, antiplatelet aggregating
factor formed from the interaction of PGH>
with preparations of the rat stomach and aorta.
The formation of 6-keto prostaglandin Fi¢ indi-
cated that the biologically active factor was a
precursor in this pathway, and chemical syn-
thesis showed it was the bicyclic compound we
had identified. Vane subsequently named the
factor prostacyclin (10). Vane demonstrated
that prostacyclin was a potent inhibitor of
platelet aggregation, and this important phar-
macological discovery contributed to his shar-
ing of the Nobel Prize with Bergstrom and
Samuelsson in 1982 (the announcement was for
discoveries concerning “Prostaglandins and
Related Biologically Active Substances”). Pro-
stacyclin has become one of the most potent
anti-aggregating substances known; its forma-
tion by blood vessels controls pro-aggregatory
mechanisms in the blood, thereby retaining flu-
idity of the circulation.

Part 2

The Hepoxilins

The aim of this article is to review some bio-
logical features related to the management of
cancer by stable analogs of compounds in
another pathway: the hepoxilin pathway, which
I discovered in the early 1980s during a sabbati-
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cal leave in the laboratories of Yamamoto (11)
and of Samuelsson (12). I later coined the term
hepoxilins, a term combining the structural fea-
tures of hydroxy and epoxide with insulin
secretion, their first biological activity, which we
discovered (13). The natural hepoxilins are
chemically and biologically unstable, so we pre-
pared stable analogs called Pace BioacTive com-
pounds (PBTs) for testing in animals.

Biosynthetic Aspects of the Natural Hepoxilins

Hepoxilins are hydroxyepoxide derivatives
of arachidonic acid formed through the 12S-
lipoxygenase pathway (12). They are formed
through the enzymatic isomerization of the
intermediate hydroperoxide 125-HPETE by an
enzyme I termed as hepoxilin synthase (14).
Hepoxilin synthase specifically uses 125-
HPETE, but not 12R-HPETE, as substrate (15).
Both hepoxilins Az and Bs are formed. Using
18oxygen-labeled 12S-HPETE, I demonstrated
that the hydroxyl and epoxide oxygen atoms
in both hepoxilins were derived from the
hydroperoxy oxygen atoms of 12S-HPETE,
indicating an internal isomerization within the
enzyme; no dilution with external oxygen from
air or water occurred (ref. 14; Fig. 2). Recently,
through  immunoprecipitation techniques
using antibodies for the leukocyte 12S-lipoxy-
genase, this synthase was shown to coprecipi-
tate with 12-lipoxygenase and was shown to be
an intrinsic catalytic component of the leuko-
cyte- and platelet-type 125-lipoxygenase (16).

Biological Actions of the Natural Hepoxilins

The most notable biological activity of the
hepoxilins probably is their ability to release
intracellular calcium from internal calcium
stores. This was initially demonstrated in
human neutrophils (17) but was also observed
in neurons (18). This action may be responsi-
ble for the effects of hepoxilins in causing the
release of insulin from pancreatic islets of
Langerhans (13,19). Another important obser-
vation was that hepoxilins inhibited the action
of inflammatory mediators on intracellular
calcium release. This suggests that hepoxilins
may antagonize some common pathway
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propyl PBT analogs.

related to inflammation, although they release
calcium from stores (20). Indeed, hepoxilin A3
was recently shown to be proinflammatory
and was identified as the pathogen-elicited
epithelial chemo-attractant, which is formed
by epithelial cells and is secreted from their
apical surface in response to inflammation.
Hepoxilin has been shown to be a key factor
promoting the final step in neutrophil recruit-
ment to sites of mucosal inflammation. This is
relevant to inflammatory bowel disease (21).
The Need for Stable Analogs (Antagonists) of the
Hepoxilins: The PBTs The native hepoxilins
showed good biological potential, with the
exception that because of their instability in a
biological system, their structure had to be
modified for the compounds to be expected to
have biological actions in vivo. The native
hepoxilin structure is subject to rapid cata-
bolism, leading to epoxide ring opening by
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epoxide hydrolase (22) and glutathione S-
transferase (23,24; Fig. 2). Hepoxilin Az has
been identified as the natural endogenous fac-
tor in platelets that regulates cell volume (25).
Enhanced hepoxilin synthesis has also been
shown in psoriatic lesions, suggesting that
they may be formed in response to inflamma-
tion (26). Interestingly, hepoxilin B3 and its
product of epoxide hydrolase activity, triox-
ilins B3, have been shown to be incorporated
into phospholipids (27). Hepoxilins have also
been demonstrated to be formed by the
Aplysia neurons (28,29).

To stabilize the hepoxilin structure, we
chemically synthesized a series of compounds
in which the unstable epoxide was replaced by
a cyclopropyl group (30) (Fig. 2). Preliminary
biological testing demonstrated that the cyclo-
propyl analogs (later abbreviated as PBTs)
antagonized the calcium-mobilizing actions of
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Fig. 3. The biological actions of PBTs are shown in vitro (calcium release) and in vivo (proof-of-principle studies).

the native hepoxilins. Because the PBTs are
inactive to degradation chemically (low pH)
and to ring opening (catabolism), they should
be much more stable for in vivo studies.
Indeed, measurable levels of PBTs in blood
could be detected by mass spectrometry after
intravenous administration in animals.

To date, we have demonstrated in three sep-
arate in vivo proof-of-concept studies that the
PBTs were active in opposing the bleomycin-
induced pulmonary fibrosis (31); in inhibiting
platelet aggregation through actions as throm-
boxane receptor antagonists in vitro (32,33),
specifically as TP receptor antagonists (34), as
well as thrombosis in vivo (Dogne et al., pri-
vate communication, 2004); and in inhibiting
the growth of leukemic cells in vitro (35) and in
vivo (35a) (Fig. 3). This article summarizes
some of our recent studies implicating the
PBTs as potential therapeutics in the manage-
ment of solid tumors using the K562 leukemia
cell line transplanted into immunocompro-
mised mice.

Apoptotic Actions of PBT-3

I refer the reader to two excellent recent
review articles on leukemia and the current sta-
tus of therapy (36,37). Leukemia is a heteroge-
neous disease characterized by malignant
proliferation of cells of the hematopoietic sys-
tem. The use of chemotherapeutic agents
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remains the mainstay of antileukemia therapy.
However, significant morbidity and mortality
still occurs. Chronic myeloid leukemia (CML)
is typified by a chromosomal abnormality
termed the Philadelphia chromosome (Ph), in
which a unique fusion gene called BCR-ABL is
generated. BCR-ABL accounts for the cause of
the chronic phase of the disease. The expression
of the BCR-ABL gene leads to enhanced tyro-
sine kinase activity, which is required for cell
viability. In fact, STI-571 (Gleevec®) has been
developed as effective therapy against CML
through its inhibition of tyrosine kinase (38).
Unfortunately, however, significant resistance
to the drug occurs. Hence, novel approaches to
the management of the disease are still needed.

Apoptosis  (programmed cell death) is
defined by a set of distinct morphological
(DNA laddering, cell cycle changes, nuclear
condensation, and fragmentation) and bio-
chemical (activation of caspases) changes (39).
There are several signal transduction pathways
regulating cell survival and cell death (40). For
example, chemotherapy-induced apoptosis has
been shown to involve the mitochondrial path-
way; disruption of the mitochondrial mem-
brane results in the release of mitochondrial
proteins, including cytochrome c. Cytochrome
¢ interacts with cytoplasmic proteins such as
Apaf 1 to cause caspase-9 activation, which in
turn results in activation of the downstream
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(effector) caspases, such as caspase 3 (41). The
Bcl-2 family of apoptosis-regulating proteins
regulates mitochondrial membrane permeabi-
lization; this family includes pro-apoptotic pro-
teins such as Bax and Bad and anti-apoptotic
proteins such as Bcl-2 and Bcl-xl (42).

CML cells appear to have a defective apop-
totic pathway, resulting in their enhanced sur-
vival relative to normal cells. We have used the
CML leukemic cell line K562, which originated
from a patient in blast crisis, because this cell
line is accepted as a good model of the disease
(43,44). These cells are resistant to apoptosis
induction by several chemotherapeutic agents
(45,46), and they express the functionally
active anti-apoptotic protein BCR-ABL product
p210. BCR-ABL protein is associated with
CML and interacts with several signal trans-
duction pathways. The K562 cell line has been
studied extensively, and there exists much
information regarding the apoptosis pathways.

The cyclopropyl hepoxilin analog PBT-3
causes K562 cells to undergo apoptosis in vitro
(35). This was demonstrated through a combi-
nation of cell changes, including inhibition of
3H-methyl thymidine incorporation into DNA,
DNA degradation (laddering) and nuclear
fragmentation, increased percentage of cells in
the sub-G1 phase, and Annexin V binding as a
measure of early stage cell changes; all of these
are hallmarks of apoptosis (35). Biochemical
signal transduction pathways affected by PBT-
3 include increased release of cytochrome c
from the mitochondria and associated caspase-
3 degradation. These results compare favor-
ably with positive controls involving Gleevec,
with the exception that the latter drug was
slightly more active in vitro. Interestingly, the
effects of PBT-3 were independent of its throm-
boxane antagonist actions in vitro, because
control studies with thromboxane agonists and
antagonists were largely ineffective in causing
similar apoptotic effects observed with PBT-3
(35).

To define whether PBT-3 was effective in
blocking tumor growth in vivo, we adopted a
nude mouse model (NU/NU) in which K562
cells were subcutaneously transplanted, result-
ing in the appearance of solid tumors. These
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tumors could be observed and measured dur-
ing the course of the study (47). The animals
showed the appearance of solid tumors within
a few days following K562 cell transplantation,
and the tumors continued to grow during the
next 2 to 4 wk. When the tumors reached a cer-
tain size (80-100 mm?3), the animals were sepa-
rated into groups and the groups were treated
with the vehicle PBT-3 and Gleevec (as positive
control). Preliminary results indicated that
PBT-3 was as effective as Gleevec in controlling
the growth of the tumors during an 8-d treat-
ment regimen. The size of the tumors from
the PBT-3-treated animals did not vary much
from the first day of treatment (i.e., 100-200
mm?3) compared to the control animals (vehi-
cle-treated and drug free), which showed a
more than 10-fold increase (>2500 mm?) in
tumor volume. Tumors excised at the end of
the study from the PBT-3- and Gleevec-treated
animals showed DNA laddering and apop-
tosis, whereas the vehicle control animals did
not (35a).

These studies demonstrate a positive anti-
tumor effect of PBT-3 independent of its
thromboxane receptor antagonist action, plac-
ing it on favorable ground with Gleevec as a
potential therapeutic in cancer. Additionally,
because PBT-3 is a potent thromboxane recep-
tor antagonist, its dual actions of pro-apopto-
sis and antithrombosis effects may place
PBT-3 in a more favorable position as an anti-
cancer drug because enhanced thrombosis is a
feature of many cancers. My colleagues and I
believe that the PBT structure has good poten-
tial for the development of novel therapeutics
in the management and treatment of cancer.
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