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The hepoxilin pathway was discovered over two decades ago. Products in this pathway are derived through the 12S-
lipoxygenase/hepoxilin synthase enzyme system and contain intrinsic biological activity. This activity relates to the reorgani-
zation of calcium and potassium ions within the cell, and in inflammation and insulin secretion. Although the natural hepoxilins
are chemically unstable, chemical analogues (PBTs) have been synthesized with chemical and biological stability. The PBTs
antagonize the natural hepoxilins. The PBTs showed bioavailability, excellent tolerance and stability in vivo. In proof of principle
studies in vivo in animal models, the PBTs have shown actions as anti-inflammatory agents, anti-thrombotic agents, anti-cancer
agents and anti-diabetic agents. These studies demonstrate the effectiveness of the base structure of the hepoxilin (and PBT)
molecule and serve as an excellent framework for the design and preparation of second-generation compounds with improved
pharmaceutical properties as therapeutics for the above-mentioned diseases.
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Abbreviations: ABL, Abelson gene; BCR, breakpoint cluster region; CCCP, carbonyl cyanide m-chloro phenyl hydrazone; CD-1,
cluster of differentiation 1, a family of glycoproteins expressed on the surface of various human antigen-
presenting cells; COS-7, a cell line derived from the CV-1 cell line by transformation with a replication origin
defective mutant of SV40 virus; DU 145, a cell line established from the tumour tissue removed from the
metastatic central nervous system lesion of a man with human prostate cancer; fMLP, formyl methionyl leucyl
phenylalanine; FMRFamide, Phe-Met-Arg-Phe-NH2; GppNHp, guanosine-5′-(bg-imino) triphosphate; HeLa, a
cell line derived from cervical cancer cells taken from Henrietta Lacks; K562, the first immortalized myelogenous
leukaemia line that is bcr:abl-positive erythroleukaemia line derived from a female chronic myelogenous
leukaemia patient in blast crisis; HX or Hx, natural hepoxilins; HxA3-C, 11-glutathionyl-8,12-dihydroxy-
5Z,9E,14Z-trienoic acid; HPETE, hydroperoxy eicosatetraenoic acid; I-BOP, a thromboxane A2 receptor agonist,
[[1S-[1a,2a (Z),3b(1E,3S*),4a]]-7-[3-[3-hydroxy-4-(4-iodophenoxy)-1-butenyl]-7-oxabicyclo[2.2.1]hept-2-yl]-
5-heptenoic acid]; K2P, potassium channels with two P domains (pore-forming regions); L6, a rat myogenic cell
line derived from thigh muscle from newborn rats; LTB4, leukotriene B4; MCF-7, Michigan Centre Foundation,
a cancer cell line derived from a pleural effusion from a woman with breast cancer; MDA MB 231, M. D. Anderson
Cancer Center, a cancer cell line derived from a pleural effusion from a woman with breast cancer; MT-3,
middle-T-antigen breast cancer cells; PBT, stable hepoxilin analogues; PEEC, pathogen-elicited epithelial
chemoattractant; PFA-100, platelet function analyser; PMN, polymorphonuclear; RVD, regulatory volume
decrease; SQ 29,548, [[1S-[1a,2a (Z),3a,4a]]-7-[3-[[2-[(phenylamino) carbonyl]hydrazino]methyl]-7-
oxabicyclo[2.2.1]hept-2-yl]-5-heptenoic acid]; TCPO, 3,3,3-trichloropropene-1, 2-oxide; TP, thromboxane
receptor protein; TREK1, a two-pore domain potassium ion channel; TrXA3, trihydroxy metabolite of HxA3,
8,11,12-trihydroxy-5Z,9E,14Z-trienoic acid; TrXB3, trihydroxy metabolite of HxB3, 10,11,12-trihydroxy-
5Z,8Z,14Z-trienoic acid; TS, thromboxane synthase
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Nomenclature

The natural hepoxilins (Hx) are 20-carbon tri-olefinic mol-
ecules derived through metabolism of arachidonic acid. They
have an open chain structure with an (S, S) epoxide group
located at C11, 12 of the chain. Two Hxs are formed enzy-
matically from 12(S)-hydroperoxy eicosatetraenoic acid
(HPETE), that is, HxA3 and HxB3; HxA3 has cis delta 5 (5Z) and
delta 14 (14Z) double bonds, while the double bond at C9 is
trans (9E). HxA3 has a hydroxyl group at C8 (racemic) (Pace-
Asciak et al., 1995). HxB3 also has cis double bonds at delta 5
and delta 14, but also at delta 8. The racemic hydroxyl
group in HxB3 is at the C10 location (see structures,
Figure 1A).

Although only 12S-HPETE (derived from arachidonic acid
via 12S-lipoxygenase) acts as substrate for enzymatic Hx for-
mation in many cells/tissues (i.e. enzymatic conversion is
stereoselective yielding the S, S epoxide configuration (Pace-
Asciak, 1984a)], both 12S- and 12R-HPETE can be converted
to Hxs non-enzymatically through the use of haemin or hae-
moglobin as catalyst (Pace-Asciak, 1984a,b; 1985) to produce
epoxide with S, S and R, R configuration and racemic
hydroxyl groups at C8 and C10 (Reynaud et al., 1994).

Because the natural Hxs are chemically and biologically
unstable, studies of their actions in vivo are limited. Despite

this, published data are available showing, through use of
mass spectrometry, that the natural Hxs are released into the
rat circulation after bolus intra-arterial administration of
arachidonic acid, the eicosanoid lipid precursor, in both
the normal rat and the diabetic rat (Pace-Asciak et al., 1988).
The formation of Hxs and thromboxane was enhanced in the
blood of the diabetic rat. Still, the use of the natural Hxs
in vivo is not warranted due to their chemical and biological
instability, unless a topical application is investigated and
local effects are monitored, for example, skin vascular perme-
ability, intraocular pressure. Hence, analogues were prepared
in which the epoxide was replaced by a cyclopropyl group
(PBTs). This afforded considerable chemical and biological
stability in vivo. In fact, a single intravenous injection of the
PBT as methyl ester showed its detection in blood up to 23 h
as the parent methyl ester and its free acid metabolite.

The unstable epoxide moiety of the native structure was
replaced with a stable cyclopropyl group through total chemi-
cal synthesis (Demin and Pace-Asciak, 1993). Four cyclopro-
pyl analogues corresponding to the four Hx molecules (two
C8 and two C10 enantiomers each of HxA3 and HxB3) were
prepared and termed PBT-1 and PBT-2 (corresponding to the
HxA3 structures) and PBT-3 and PBT-4 (corresponding to the
HxB3 structures). Several derivatives/analogues were prepared
as detailed in Figure 1B.

These compounds proved to be chemically and biologically
stable, and were mostly used as the methyl ester derivative.
The methyl ester group affords good uptake into the cell
where it is hydrolysed to release the free carboxylic acid
through abundant esterases present in cells.

The chemical synthesis of the natural Hxs and of the PBTs
have been described (Hx: Chabert et al., 1989; Corey and Su,
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Figure 1 (A) Structures of the natural hepoxilins epimeric at C8 or C10. The wavy line for the OH group indicates both S and R configuration.
(B) Structures of the hepoxilin analogues (PBTs). Note that families of analogues are indicated in the inset for the ‘1’ series depending on the
definition of R, but similar analogues are named for the other three families (2–4). Hx, natural hepoxilins.

Hepoxilins and some analogues
CR Pace-Asciak 973

British Journal of Pharmacology (2009) 158 972–981



1990; Demin et al., 1990; 1991; Lumin, et al. 1992; Wu and
Wu, 1992; 1993; Vasiljeva et al., 1993; Belosludtsev et al.,
1994; Pivnitsky et al., 1994; Vasiljeva and Pivnitsky, 1996) ;
PBTs: Demin and Pace-Asciak, 1993; Demin et al., 1996). The
chemical synthesis of a sulphur analogue of HxA3 has been
described in which the epoxide ‘O’ has been replaced by ‘S’
(Demin et al., 1996). The sulphur analogues were found as
active as the natural Hxs on calcium mobilization in vitro in
human neutrophils (Demin et al., 1996). Peptido metabolites
of the natural Hxs resulting from the opening of the epoxide
group through Glutathione S-transferase and the attachment
of the peptide group at C11 have been isolated from the liver
(Laneuville et al., 1990) and brain (Pace-Asciak et al., 1990a,b);
the glutathione conjugate was named HxA3-C in keeping with
the leukotriene nomenclature (Samuelsson, 1982). Limited
studies in vitro have shown these products to be biologically
active. Other analogues of the PBTs that were prepared and
proved to be biologically active in vitro and in vivo were the
galactose esters and galactose amides (see Figure 1B; C.R. Pace-
Asciak and D. Reynaud, unpubl. obs.).

While the natural Hxs are unstable chemically and biologi-
cally in vivo due to the presence of an allylic epoxide, the PBTs
are stable. The cyclopropyl group in the PBTs that replaced
the epoxide in the natural compounds affords them their
stability. Studies designed to investigate the lifetime of the
PBTs in the rat circulation demonstrated that the PBT was still
detectable in the circulation 23 h after a single bolus dose of
PBT-1 had been administered (400 mg) as methyl ester. Thus,
PBT-1, as the methyl ester, and its free acid metabolite (PBT-
01) were monitored by mass spectrometry (LC-MSMS) (C.R.
Pace-Asciak, unpubl. obs.). These experiments demonstrated
the bioavailability of the compound in the body and its
appearance in the circulation. The animals tolerated this
amount of PBT well, and this is far above the amount needed
to cause a biological effect (threshold dose in mice in the
cancer model was 30 mg·mouse-1 (see later section on cancer)).
These findings add support to the reports in other sections of
this review that the PBTs are biologically available in vivo. The
lipidic nature of the PBT probably accounts for its long life-
time in the body as the compound would likely enter lipid
pools and be released slowly; this slow release would account
for its desirable long actions in the body (see effects in cancer).

Biological properties

The natural Hxs – HxA3 and HxB3

The naturally occurring Hxs are unstable, degrading to stable
trihydroxy products (TrXA3 and TrXB3) through epoxide ring
opening by epoxide hydrolases in the cell cytosol. The TrXAs
and the TrXBs have no biological activity in the applications
mentioned here within the same dose range of the Hxs or
PBTs. As mentioned previously, the unstable epoxide func-
tionality of the HxAs (and to a lesser extent the HxBs) can
be opened enzymatically by glutathione S-transferases to
produce biologically active peptido conjugates (HxA3-C and
presumably also the respective conjugates D, E and F as in the
leukotriene series). HxA3-C is biologically active in brain and
on platelet cell volume regulation (see below).

Insulin secretion. The first biological action reported for the
naturally derived and isolated HxA3 was on isolated rat pan-
creatic islets of Langerhans; the Hxs were discovered to be
present in these cells (Pace-Asciak and Martin, 1984). This
study was carried out in collaboration with Dr Julio Martin at
our institute. Indeed, the compound stimulated the release of
insulin in vitro in a glucose-dependent fashion.

Calcium regulation. In an attempt to investigate whether
calcium ions were involved in the actions of Hxs, we investi-
gated whether HxA3 affected the transport of calcium across
membranes. We used a foetal-maternal membrane system
(the guinea pig yolk sac) to investigate this in the laboratory
of Dr Ingeborg Radde at the Hospital for Sick Children. Trans-
port of calcium 45 across the membrane was stimulated to the
compartment containing HxA3. These studies were under-
taken with synthetic natural compounds provided by Profes-
sor E. J. Corey that were obtained through total chemical
synthesis (Corey and Su, 1990). In collaboration with Profes-
sor Sergio Grinstein, we showed that HxA3 stimulated the
rapid release of intracellular calcium in fluorescent dye-loaded
human neutrophils (Dho et al., 1990). This rapid increase in
intracellular calcium slowly returned towards baseline but
stayed above baseline within the 5 min observation period.
Interestingly, the slow second component of the curve after
the initial calcium spike depended on the presence of calcium
in the medium; that is, in the absence of external calcium, the
return to baseline was rapid and occurred within 5 min,
unlike when the medium contained calcium (Dho et al.,
1990). This demonstrated that HxA3 affects two phases of
intracellular calcium concentrations, the most pronounced
being an initial rapid spike of calcium (independent of the
presence of extracellular calcium) derived from the release of
calcium from intracellular stores. A second but less dramatic
rise in intracellular calcium (dependent on the presence of
extracellular calcium) is derived through calcium influx from
the external medium. Further interesting observations were
derived through the use of GTP analogues, GTP-g-S and
GppNHp. These analogues, loaded into human neutrophils,
inhibited the rapid calcium spike evoked by HxA3, suggesting
that the HxA3 effect was mediated by a G-protein (Reynaud
et al., 1995a). Studies with carbonyl cyanide m-chloro phenyl
hydrazone (CCCP), an uncoupler of mitochondrial oxidation,
revealed that the pattern of intracellular calcium changes
evoked by HxA3 resembled that of the pattern observed in the
absence of external calcium, suggesting that the second slow
wave of calcium represented uptake of intracellular calcium
by the mitochondria, and this was inhibited by CCCP (Mills
et al., 1997).

Exposure of human neutrophils to HxA3 blunts the rise in
intracellular calcium evoked by a variety of different ago-
nists, for example, leukotriene B4 (LTB4), platelet activating
factor and formyl methionyl leucyl phenylalanine (fMLP)
(Laneuville et al., 1993). The diversity in structure of these
agonists suggests that HxA3 acts at some site common to all
of these agonists; presumably, this may be at a post-receptor
site or it may act primarily at calcium channels, blunting
the release of calcium into the cell cytosol. There is insuffi-
cient evidence at this time to point to a precise mode of
action.
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Is the calcium regulation evoked by HxA3 caused by depletion of
calcium stores? Other actions of other Hxs that do not cause
calcium release, but also cause an inhibition of the action of
the inflammatory mediators mentioned in the previous
section suggest that depletion of calcium stores is not the
mechanism responsible for the actions of these Hxs. For
example, HxB3 does not cause release of intracellular calcium
at the doses used for HxA3, yet it inhibits dose-dependently
the release of calcium caused by LTB4 or fMLP. Similar findings
were observed with the PBT analogues. These experiments
suggest that an intrinsic common pathway is involved in the
release of calcium from internal stores that is activated by
HxA3 leading to the release of calcium on one hand, and the
inhibition of the action of inflammatory mediators on the
other hand; however, the other analogues such as HxB3 and
the PBTs (as methyl esters) that, although lacking intrinsic
actions to release calcium, may still ‘bind’ to the same protein
to block the actions of other calcium mediators. This blockade
is mediated by G-proteins (see above and section below).

Inflammatory mediators. HxA3 is equipotent to LTB4 as a
chemotactic factor to human neutrophils, but has higher
potency than that of fMLP (Sutherland et al., 2000). More
recently, HxA3 was identified as pathogen-elicited epithelial
chemoattractant (PEEC), a low-molecular-weight naturally
occurring mediator of mucosal inflammation (Mrsny et al.,
2004). PEEC stimulates G-protein-coupled Ca2+ mobilization
that is pertussis toxin-sensitive. Mrsny et al. (2004) have
shown that PEEC is distinguished from the effect of other
known polymorphonuclear (PMN) chemoattractants in that
it does not cause degranulation or oxidative burst. PEEC
(HxA3) appears to be formed by the apical epithelial cells and
is secreted from their apical surface in response to inflamma-
tory events, for example, bacterial pathogens. It then acts by
drawing PMNs via the establishment of a gradient across the
epithelial tight junction complex. HxA3 is more active than
LTB4 in causing basolateral to apical transepithelial migration
of human PMNs in vitro. Additional confirmation of the role
of HxA3 in these events was obtained by disruption of its
synthesis in vivo through use of 12-lipoxygenase blockers that
reduced tissue inflammation (Mrsny et al., 2004). These
studies were designed to probe into the mechanisms and
potential treatment of inflammatory bowel disease, and
indeed the positive results obtained demonstrate that the Hx
pathway is an essential mediator in causing neutrophil emi-
gration to inflammatory sites, the control of which can be
accomplished through the use of the 12-lipoxygenase inhibi-
tors that block formation of endogenous Hx. Interestingly,
and as anticipated, confirming the mediation of inflamma-
tion by HxA3, in vitro studies have shown efficacy of
the PBT analogues (as methyl esters) in blocking neutrophil
emigration (B.A. McCormick and C.R. Pace-Asciak, unpubl.
obs.), further confirming the Hx antagonistic effects of the
PBTs.

Cell volume regulation. Cells regulate their volume through
mechanisms innate within the cell (Sarkadi and Parker, 1991).
Platelets, for example, respond to hypotonic-induced swelling
by elevation of K + conductance, which occurs simultaneously
with that of an independent conductive Cl- transport. Thus,

the outward clearance of KCl, driven by the K+ gradient,
results in an osmotically obliged water efflux, causing a
volume loss known as RVD (regulatory volume decrease)
(Livne et al., 1987). RVD was discovered to be controlled by
HxA3, formed endogenously during hypotonic volume expan-
sion. Thus, when 12-lipoxygenase activity is blocked (thereby
formation of endogenous HxA3 is inhibited), and the cell is
subjected to volume expansion, the cell volume stays
expanded; addition of exogenous HxA3 in the presence of
TCPO to prevent enzymatic hydrolysis of HxA3 causes the cell
volume to retract (Margalit et al., 1993). Interestingly, the
glutathione conjugate of HxA3, HxA3-C, was also very active
in regulating platelet cell volume (C.R. Pace-Asciak and A.
Margalit unpubl. obs.).

Potassium regulation. Studies in the marine snail Aplysia have
shown that the Hxs mimic the effects of histamine to produce
a dual depolarizing–hyperpolarizing synaptic action in a class
of motor neurones (Piomelli et al., 1987a,b; 1989). In the
mammalian brain, Hxs were shown to possess synaptic
actions and to inhibit the release of tritiated norepinephrine
from brain slices that were pre-labelled with the neurotrans-
mitter (Pace-Asciak et al., 1990c and see section below). In
Aplysia sensory neurones, indirect evidence suggests that the
Hxs may help mediate the action of the neuropeptide FMR-
Famide to open the S-type K+ channels (Belardetti et al., 1989).
In this study, S-type channels in inside-out membrane
patches from Aplysia sensory neurones failed to respond to
the Hx precursor, 12-HPETE. However, co-application of
12-HPETE with haematin, which catalyses Hx formation, pro-
duced a robust increase in S-type channel opening. This sug-
gests that 12-HPETE may need to be converted into Hxs to
enhance channel opening and that an Hx-generating system
exists in the cytosol. Indeed, heme-proteins present in the
cytosol are capable of converting 12-HPETE into the Hxs
(Pace-Asciak, 1984b; 1985; Belardetti et al., 1989). Indepen-
dently, Buttner et al. (1989) reported that outside-out patches
were more responsive to 12-HPETE than inside-out patches,
presumably due to the conversion into the active Hxs by the
former preparation. Although the molecular identity of the
S-type channels in Aplysia remains unknown, they appear to
be closely related to the mammalian K2P channel, TREK1 (see
review by Honore, 2007). Interestingly, TREK1 activation has
been shown to play an important role in neuroprotection,
anaesthesia, pain and depression. Are these actions of
TREK1 ones that the native Hxs are associated with? If
so, the PBT antagonists described herein could serve
important functions as novel therapeutics in the central
nervous system.

Effects in the mammalian brain. Both HxA3 and HxA3-C
showed biological activity in the brain. In electrophysiological
recordings from intracellular and whole-cell hippocampal CA1
neurones, HxA3 and HxA3-C displayed excitatory effects of
lowering spike threshold and decreasing spike frequency adap-
tation and the inhibitory actions of membrane hyperpolariza-
tion, enhanced post-spike train after hyperpolarizations and
increased inhibitory postsynaptic potentials or currents
(Carlen et al., 1989; Pace-Asciak et al., 1990b). This appeared to
be structure-specific as a synthetic analogue of HxA3-C, pro-
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vided by Professor E. J. Corey, having the glutathione moiety at
carbon 9 instead of carbon 11, was totally devoid of activity.
The minimal threshold activity for HxA3-C was at 3 nmol·L-1.

HxA3 showed interesting possibilities in that it caused an
enhancement of neurite regeneration in neurones after
axotomy. Hence, HxA3 caused a remarkable potentiation of
nerve growth factor-evoked neurite outgrowth in superior
cervical ganglion neurones in vitro (Amer et al., 2003). Could
this observation be useful in treating optic nerve damage as in
glaucoma or in spinal cord damage?

Potentiation of vasoconstriction. The Hxs possessed vascular
properties that potentiated the effects of vasoconstrictor hor-
mones on smooth muscle. Thus, with a concentration of
10 nmol·L-1 HxA3 in the bath containing helicoidal strips of
rat thoracic aorta, the EC50 for norepinephrine was reduced
from 5 to 0.5 nmol·L-1. The Hx glutathione metabolite, 8S
HxA3-C, was also effective, but the sensitivity was somewhat
decreased (EC50 at 1 nmol·L-1 of norepinephrine). Interest-
ingly, the responses were enantiomer-specific, with the 8S
enantiomer of the Hx being active, while the 8R enantiomer
was totally inactive at the same bath concentration of
10 nmol·L-1 (Laneuville et al., 1992a). The isolated portal
vein was also stimulated by 10 nmol·L-1 of 8S HxA3 to con-
traction by norepinephrine. Here, the frequency and
strength of contraction to norepinephrine were enhanced
by the presence of 4.88 nmol·L-1 of the 8S enantiomer of
HxA3 in the bath. The actions of the Hxs were dependent on
the presence of calcium in the bath. Thus, the EC50 for
norepinephrine changed from 13.3 � 3.3 nmol·L-1 in the
presence of calcium to 93.1 � 6.2 nmol·L-1 in the absence of
calcium in the medium. Importantly, the threshold dose of
norepinephrine required to cause a contraction in the pres-
ence of HxA3 was 0.49 nmol·L-1 in calcium-containing
medium and 8.3 nmol·L-1 in a calcium-free medium (Laneu-
ville et al., 1992a). HxA3 and HxA3-C also potentiated the
contraction of guinea pig isolated trachea to neurokinin A,
although on their own, the Hxs had no effect. The maximal
response to neurokinin A was also increased in the presence
of the Hxs. The 8R enantiomer of HxA3 was active. But in
contrast to the aorta and the portal vein studies described
above, the guinea pig trachea responded only to the 8R
enantiomer of the glutathione metabolite, HxA3-C
(Laneuville et al., 1992b). Could different Hx receptors be
involved?

A Hx receptor? We have generated ample evidence for the
presence of a binding protein in human neutrophils that is
specific to the natural Hxs (Reynaud et al., 1995a,b; 1996). The
binding protein appears to be on the inside of the cell as the
methyl ester of Hx binds but not the free acid form (Reynaud
et al., 1995a). We demonstrated a high degree of binding with
a single population of binding sites (Bmax 8.86 � 1.4 pmol·mL-1

per 2 ¥ 106 cells = 2.6 ¥ 106 binding sites per cell) and a Kd of
79.9 nmol·L-1 (Reynaud et al., 1996). This binding was specific
to Hx as other related eicosanoids ranging from 12-HETE
through to leukotrienes and the prostaglandins were unable to
compete for the binding (Reynaud et al., 1996). The binding
was specific to the hydroxy-epoxide functionality of the Hx
molecule, a central feature in its structure, although related

compounds having only an epoxide group appeared to
compete for Hx binding. Interestingly, this protein displayed
different binding properties between neutrophils from normal
and type 1 diabetic human volunteers (Kd 79.9 nmol·L-1 for
normals; Kd 38.7 for type 1 diabetes; Kd 68.4 for type 2 diabetes).
When analysed on 2D PAGE after photoaffinity covalent
binding with a radioiodinated Hx analogue, the protein
showed differences between normal and diabetic neutrophils.
The protein from normal neutrophils appeared as a single
radiolabelled spot while a triplet was seen with the type 1
diabetic protein (C.R. Pace-Asciak, unpubl. obs.). Is this protein
involved in the mechanism of action of HxA3 (and the antago-
nism by PBTs) in causing release of intracellular calcium and
inhibition of action of the inflammatory mediators mentioned
in the previous sections?

The Hx analogues – PBTs
PBTs are Hx antagonists. The PBTs antagonize the actions of
the natural Hxs. They inhibit the mobilization of intracellular
calcium evoked by HxA3 and other calcium agonists in
human neutrophil suspensions (Pace-Asciak et al., 1999),
while on their own, they have marginal effects on calcium
mobilization. The PBTs compete for the binding sites on
human neutrophils occupied by tritiated HxA3 (see below).

Inhibition of platelet aggregation. Probably, the most remark-
able activity of the PBTs lies in their ability to inhibit human
platelet aggregation. This was totally unexpected when com-
pared with other eicosanoids. For example, PGE2 and throm-
boxane A2 contain a five- and a strained four-member ring
structure respectively, the former antagonizing aggregation of
platelets while the latter being one of the most potent aggre-
gating agents. The PBTs possess a stable three-member ring
structure. It is also unexpected that one of the PBTs is far more
active in opposing platelet aggregation than the others. Struc-
turally, the distance between the carboxyl end of thrombox-
ane A2 and the strained four-member ring is actually quite
similar to the distance between the carboxyl end of PBT and
the three-member ring.

PBT-3 was the most active of the series in this in vitro assay
(Reynaud et al., 2001; Pace-Asciak et al., 2002), with the
natural compounds being virtually inactive, possibly due to
the rapid enzymatic hydrolysis of the latter compounds by
epoxide hydrolases in the cell (Pace-Asciak et al., 1986a; Pace-
Asciak and Lee, 1989). IC50 for PBT-3 = 0.06 mmol·L-1 versus
aggregation by the thromboxane agonist, I-BOP, while its
IC50 versus aggregation by collagen was 0.8 mmol·L-1 (Pace-
Asciak et al., 2002). PBT-3 was much more effective as an
antagonist to I-BOP binding in washed platelets. Hence, the
IC50 against I-BOP binding was 8.1 nmol·L-1 (Pace-Asciak
et al., 2002). Intravenous administration of PBT-3 (3 mg·kg-1

rat body weight) reduced thrombus formation induced by
deposition of FeCl3 onto the abdominal aorta in pentobarbital
anaesthetized rats; however at 1 mg·kg-1, the PBT was ineffec-
tive in this in vivo assay (J.M. Dogne and C.R. Pace-Asciak,
unpubl. obs.).

Using an ex vivo model of bleeding time employing the
PFA-100, PBT-3 was shown to inhibit primary platelet-related
haemostasis in whole human blood. PBT-3 caused a signifi-
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cantly longer closure time only in membranes coated with
collagen/epinephrine but not coated with collagen/ADP. In
this study, PBT-3 was 250 times less active than the throm-
boxane receptor antagonist, SQ 29,548 and about 20 times
less active than pinane thromboxane A2 (Reynaud et al.,
2003). The lesser activity of PBT-3 may be related to its
expected greater binding to plasma protein.

The actions of PBT-3 were mediated through binding to the
platelet thromboxane receptor as PBT-3 inhibited aggregation
evoked by the TP receptor agonists, I-BOP and U-46619 (Pace-
Asciak et al., 2002). The possible selectivity of PBT-3 may be
related to its selective binding to the TP receptor. This was
further confirmed through binding studies of the TP receptor
antagonist, 3H-SQ 29,548, in COS-7 cells that had been trans-
fected with the a and the b isoforms of the TP receptor cDNA
(Qiao et al., 2003a). These isoforms possess a different tail
length, the a form being shorter than the b form. The TPa-
isoform-transfected cells were selectively inhibited by PBT-3.
It should be noted that PBT-3 is both a TP receptor antagonist
and a thromboxane synthase (TS) inhibitor, although its
actions on the receptor far exceed those as a TS inhibitor
(IC50 for inhibition of I-BOP binding was 8 nmol·L-1 while
that for TS inhibition was 400 nmol·L-1) (Qiao et al., 2003a).

The galactose ester of PBT-3, PBT-300 (see Figure 1B), was as
active in inhibiting collagen-induced platelet aggregation as
PBT-3 (methyl ester); however, other galactose-esterified PBTs
(100, 200 and 400) were more potent than the methyl esters.
Interestingly, all galactose esters were more potent than the
corresponding galactose amides (C.R. Pace-Asciak and D.
Reynaud, unpubl. obs.; see Figure 2). The galactose esters are
also potent in antagonizing the HxA3-evoked intracellular
calcium rise in human neutrophils in vitro. This probably
relates to an expected decrease in the rate of hydrolysis of the
galactose ester group in comparison with the methyl ester.

Cancer. The PBTs (as methyl esters) cause apoptosis of neo-
plastic cells in vitro. Thus, PBT-1 through to PBT-4 were
approximately equally active in inhibiting the growth of the
BCR-ABL-positive human chronic myelogenous leukaemic
cell line, K-562, in vitro. Neither the natural Hxs nor throm-
boxane analogues had much effect at the doses used for the
PBTs (Qiao et al., 2003b), so the actions of the PBTs in cancer
are not mediated via antagonism of the TP receptor. Further
actions of the PBTs in apoptosing neoplastic cells were

observed in the breast cancer cell lines, MCF-7 and MDA MB
231, the prostate cancer cell line DU 145, and the cervical
cancer cell line HeLa (C.R. Pace-Asciak and N. Qias, unpubl.
obs.). Of all cell lines tested, the K562 line was the most
responsive with an IC50 of 0.4 mmol·L-1 for PBT-3 as the
methyl ester (Qiao et al., 2003b). The effects of PBTs compare
favourably in doses with those of Gleevec (STI571) in vitro as
well as in their characteristics of growth inhibition. While
BCR-ABL opposes apoptosis through its ability to delay the
release of mitochondrial cytochrome c (Amarante-Mendes
et al., 1998), Gleevec opposes this effect, thereby causing the
release of cytochrome c from the mitochondria into the cell
cytosol. PBT-3 mimics the apoptotic effect of Gleevec in a
time-dependent manner. Both Gleevec and PBT-3 cause the
activation of caspase 3 (Qiao et al., 2003b).

An interesting observation showed that PBT-3 was active
in causing apoptosis of K562 cells that were made resistant
to Gleevec by long-term exposure of the cells to small
amounts of Gleevec in the growth medium. These observa-
tions indicate that the mechanisms of action of PBT-3 may
not be entirely related to those evoked by Gleevec (Qiao
et al., 2007).

PBT-3 was advanced to xenograft animal studies in which
K562 cells (1 ¥ 10-7 cells) were transplanted into the left flank
of 6-week-old female CD-1 nude mice (20 g body weight).
Solid tumours were visible 2–3 weeks after subcutaneous
injection of the cells. PBT-3 and Gleevec were administered in
several groups of mice, saline being used as control in another
group of mice. Results showed that PBT-3 at 300 mg per injec-
tion (twice daily for 8 days, intravenous and intra-tumour)
was as effective as the same dose of Gleevec (Li et al., 2005a,b),
reducing tumour volume relative to the saline group by 84%.
The tumours at the end of the study were analysed for apop-
tosis by DNA laddering as well as DNA fragmentation (TUNEL
assay), showing that significant apoptosis had taken place in
the PBT-3 and Gleevec groups. Additional studies in vivo indi-
cated that PBT-3 was well tolerated and that inhibition of
tumour growth was long-term, up to 50 days after the drug
was stopped (after an 8 day period of administration) before
tumours started to grow again (Li et al., 2005a). Additional
studies demonstrated that if PBT-3 was administered a second
time (another 8 day period) before tumours began to grow
(i.e. around 40 days), an additional long period of tumour
growth suppression was observed extending the start of
tumour growth to approximately 100 days (C.R. Pace-Asciak
unpubl. obs.). Although in vitro studies had shown that PBT-3
and PBT-4 actively apoptosed K562 cells that were made resis-
tant to Gleevec (Qiao et al., 2007), combination of Gleevec
with PBT-3 in vivo caused a further but small delay in growth
of solid tumours (C.R. Pace-Asciak and X. Li, unpubl. obs.).
The threshold concentration of PBT-3 that caused apoptosis of
K562-induced tumours in vivo was 30 mg per animal, that is,
1.2 mg·kg-1 for a 25 g mouse; partial response was observed at
0.40 mg·kg-1, that is, 10 mg per animal twice daily for
8 days.

The PBTs were active in inhibiting growth in nude mice of
solid tumours derived from subcutaneous implantation of the
breast cancer cell lines, MBA MD 231 and MT-3. Their actions
were similar to those of doxorubicin used as a positive control
(C.R. Pace-Asciak and X. Li, unpubl. obs.).

Figure 2 Comparison of the inhibition of collagen-induced human
platelet aggregation by three analogues of the PBTs, the methyl ester
(Me), the galactose amide and the galactose ester.
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Lung inflammation. The PBTs inhibit pulmonary fibrosis
evoked by bleomycin (Jankov et al., 2002). Bleomycin is an
antibiotic with potent cancer chemotherapeutic actions
(Adamson, 1984; Nici et al., 1998); however, it may cause
interstitial lung fibrosis in men (Yagoda et al., 1972). This
observation has led to the development of an animal model
in which a single intratracheal administration of bleomycin
sulphate caused pulmonary changes that resembled histo-
pathologically human idiopathic lung fibrosis (Kelley et al.,
1980), where the acute phase is characterized by an accumu-
lation of inflammatory cells and an increase in collagen syn-
thesis and deposition (Cooper et al., 1988; Gurujeyalakshmi
and Giri, 1995; Giri and Hollinger, 1996). In collaboration
with Dr Keith Tanswell at the Hospital for Sick Children, we
showed that PBTs (as the methyl esters) administered intrap-
eritoneally inhibited the bleomycin-evoked effects dose-
dependently in mice (Jankov et al., 2002). The best compound
was PBT-1, with as little as 10 mg·day-1 (400 mg·kg-1) showing
such pronounced effects. In the same animals, while bleomy-
cin caused an increase in the synthesis and deposition of
collagen, PBT-1 showed a reduction in the bleomycin-evoked
changes. The best compound again was PBT-1. All four PBTs
(PBT-1 to PBT-4) caused a decrease in the bleomycin-evoked
accumulation of macrophages in the lung. Hence, PBT-1 espe-
cially, eliminated the incidence of bleomycin-evoked pulmo-
nary effects including alveolar hemorrhage, macrophage
infiltration and collagen deposition.

Vascular permeability. HxA3 increased the vascular permeabil-
ity of rat skin in vivo (Laneuville et al., 1991; Jankov et al.,
2002). This was observed after intradermal application of the
Hx and measurement of the amount of Evans blue leakage
at the site of application. The effect was time- and
concentration-dependent (0–60 min, and 10–1000 ng·site-1).
The threshold dose was 10 ng·site-1 of HxA3 at 5 min after
administration (139% of control). Similar findings were
observed with prostaglandin E2 (Laneuville et al., 1991;
Jankov et al., 2002). The PBTs (100 ng·site-1) were found to
inhibit plasma leakage in the rat skin that was evoked by
12 mg bleomycin sulphate intradermally (Jankov et al., 2002).
PBT-1 and PBT-2 showed significant inhibition of the
bleomycin effect at 30 min after application (Jankov et al.,
2002).

Glucose control. The natural Hxs are formed and released by
isolated perifused rat islets of Langerhans in vitro on which
they act to release insulin (Pace-Asciak and Martin, 1984;
Pace-Asciak et al., 1985; 1986b). HxA3 is found in the circula-
tion of the rat after intra-arterial administration of arachi-
donic acid, the fatty acid precursor (Pace-Asciak et al., 1987).
In fact, total profiling of the prostaglandins and the Hxs in
blood by mass spectrometry after arachidonic acid adminis-
tration in the rat showed that the diabetic rat (BB) produced
more thromboxane and Hxs than the normal rat. Water-
soluble galactose amide analogues of PBTs (i.e. PBT-10, -20,
-30, -40) (C.R. Pace-Asciak and P.M. Demin, unpubl. obs.)
were prepared and tested on rat plasma glucose concentra-
tions in vivo. At 100 mg bolus intra-arterial injection of each of
the galactose amide derivatives, only PBT-10 gave a statisti-
cally significant reduction in plasma glucose (see Figure 3).

The threshold concentration for this hypoglycemic
response was 50 mg bolus dose and the drop in glucose was
dose-responsive up to 200 mg tested. When insulin concentra-
tions were measured in these animals, a time-dependent
decrease in plasma insulin was observed that paralleled the
decrease in plasma glucose concentrations, indicating that
the effect of PBT-10 was primarily on glucose concentration
and not on insulin; the latter would have been expected to
rise (not fall) to cause a decrease in blood glucose. In control
animals, there was no decrease in insulin levels within the
time period monitored (-10 min up to 1 h after injection of
vehicle). In contrast, when natural HxA3 and HxB3 were
administered, a small gradual rise in glucose and insulin was
observed (C.R. Pace-Asciak, unpubl. obs.). It appears that the
galactose amide derivative (PBT-10) may be active in vivo on
its own rather than through its hydrolysis product, PBT-01, as
preliminary studies on smooth muscle L6 cells in vitro, carried
out in collaboration with Dr Amira Klip at our hospital,
showed that the four compounds in the PBT 0 series (i.e.
PBT-01, 02, 03, 04, all free acids) caused a dose-dependent
uptake of tritiated 2-deoxyglucose in the cells. PBT-03, not
PBT-01, was the most active in these experiments at
3 mmol·L-1 and this compared favourably in response to
100 nmol·L-1 insulin (A. Klip and C.R. Pace-Asciak, unpubl.
obs.). Interestingly, the methyl esters were mostly inactive in
the in vitro study (and the in vivo study), further confirming
that the galactose amide derivative was the active species.

PBT-10 lowered plasma glucose when it was administered
orally through a gastric tube, indicating that the compound is
bioavailable through this route and is effective (C.R. Pace-
Asciak and R. Aslam, unpubl. obs.). The potential advantages
of PBT-10 as an oral hypoglycemic drug are that its parent

Figure 3 Effect of four hepoxilin galactose amide analogues on
plasma glucose concentrations in the normal fed rat. Analogues were
injected intra-arterially 2 h after surgery. Animals were anaesthetized
with Inactin, and indwelling cannulas were inserted in the carotid
artery and jugular veins for blood sampling and drug injection respec-
tively. A 2 h period of stabilization after surgery was allowed prior to
starting the experiment. Data are reported for five to nine animals per
test. Statistics shown relate to corresponding values at the time of
injection of drug. All animal studies had Animal Care Committee
approval at our institution.
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compound PBT-01 (see Figure 1B), which is formed after
hydrolysis of PBT-10 in vivo, possesses potent anti-
inflammatory potential inhibiting bleomycin-induced lung
fibrosis in mice and that it belongs to a class of compounds
which appear to have neuro-generative actions (Amer, 2000).
Hence, PBT-10 may serve multiple functions not only to
manage glucose plasma levels independent of insulin, but
also to control complications associated with diabetes, that is,
to oppose neurodegeneration, thrombosis and inflammation.
Animal studies have shown that the compound is well toler-
ated at the doses employed in this study (800 mg·kg-1). In
animal toxicity studies, the lethal dose was not reached up to
a PBT dose of 30 mg·kg-1.

Sulphur analogues of the Hxs
Replacing the epoxide functionality of HxA3 with sulphur
rendered compounds that are also active in mobilizing
intracellular calcium in human neutrophils. Their potency
was similar to that of the natural Hxs (Demin et al., 1996).
Due to the restriction in the availability of compounds,
no other biological tests were carried out on these
analogues.

Conclusions

This article reviews much of the published and unpublished
studies carried out on the Hxs and related stable analogues,
PBTs. The PBTs are antagonists of the natural Hxs, but also
provide compounds that revealed many interesting biological
properties when applied in vivo not seen or anticipated with
the natural compounds; for example, these relate to: the effi-
cacy of the PBTs in vivo, their anti-cancer effects (the natural
Hxs have no effects), their anti-inflammatory actions (the
natural Hxs are pro-inflammatory), their anti-thrombotic
actions (the natural Hxs have no effects on platelet aggrega-
tion), their anti-diabetic actions (the natural compounds are
insulin secretagogues). We have just skimmed the surface
exploring the actions of this promising class of eicosanoids.
Although current information points to the presence of a
specific receptor for the Hxs that may be linked to G-proteins,
little published information is available on the putative Hx
binding protein. It is interesting to note that one specific
compound in the family, PBT-3, is a potent anti-thrombotic
agent that functions as a selective antagonist to the TPa
isoform of the thromboxane receptor. Furthermore, stable
galactose amide and ester analogues possess unexpected
potent biological activities. Importantly, the PBTs appear to
have a low toxicity as evidenced by lack of mortality even at
the high dose of 30 mg·kg-1. This author feels that the studies
to date point to the recognition that the base structure of the
Hxs, especially modified and stabilized as the cyclopropyl
analogues (PBT), possesses properties that allow good bio-
availability and efficacy and possesses the successful frame-
work for expansion into second-generation compounds with
improved pharmaceutical properties. The present PBTs as
described herein appear suitable for advancement into clini-
cal trials.
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