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1. ABSTRACT

Until recently, studies on the role of the
metabolites of arachidonic acid (AA), eicosanoids in
fever have primarily focused on prostaglandins,
prostaglandin E2 (PGE2) in particular, derived from the
pathway related to cyclooxygenases (COX). COX exists
in two known isoforms; a constitutive COX-1, and COX-
2, which is inducible upon the action of pyrogens. Data
accumulated in our laboratories suggest a
thermoregulatory role for two other pathways of
arachidonate metabolism; 5-lipoxygenase (5-LOX) and
cytochrome P-450 (epoxygenase). We have demonstrated
that leukotrienes (LTs; 5-LOX-derived eicosanoids) and
various isomers of epoxyeicosatrienoic acids (EETs;
epoxygenase-derived eicosanoids) contribute to the
process of endogenous antipyresis or cryogenesis, which
limits the height of fever. In support of this are several
lines of evidence based on both in vivo and in vitro
experiments. 1) Intracerebroventricular (icv) injections of
LTC4 at nanomolar concentrations cause a dose-

dependent decrease of body temperature (Tb) in mice. 2)
Lipopolysaccharide (LPS)-induced anapyrexia in mice is
preceded and accompanied by elevation in hypothalamic
cysteinyl-LT (CysLT) production. 3) The inhibitor of LT
synthesis MK-886 suppresses both of these processes. 4)
EETs as well as inducers of the epoxygenase attenuate,
whereas inhibitors of epoxygenase enhance the LPS-
induced fever in rats. 5) One of the isomers of EET,
11,12-EET, in in vitro studies inhibited both the
generation of PGE2 and IL-6 in monocytes stimulated
with LPS. These results, together with a well-established
pyrogenic role of PGE2, indicate that AA cascade may be
regarded as an endogenous system to regulate the
temperature response upon disease. COX, 5-LOX, and
epoxygenase products may act at the level of
hypothalamus as proximal mediators of, respectively,
fever (PGE2) or cryogenesis (CysLTs and EETs), or
indirectly by influencing the other endogenous cryogens
and pyrogens.
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Figure 1. Schematic illustration of pathways of the free
arachidonic acid metabolism.

Figure 2. Pathways of arachidonic acid via lipoxygenases.

2. INTRODUCTION

Previous chapters of this volume focused on the
role of a cyclooxygenase-derived eicosanoids,
prostaglandins, in generation of fever (see, e.g., ref. 1). The
other known major groups of enzymes of the arachidonic
acid (AA) metabolism are the lipoxygenase and
monooxygenase pathways (Figure 1).

Although lipoxygenases and monooxygenases
generate potent biological modifiers, they have not been
studied extensively in connection to the response to
pyrogens. Perhaps because these two pathways, in
contrast to the cyclooxygenases (COX) pathway, do not
produce factors directly involved in the onset of fever.
They appear to play a role, however, in the modulation of
fever. They have also been discovered later than
prostaglandins. The lipoxygenases convert AA to labile
hydroperoxy intermediates that go on to form the
leukotrienes (LTs), lipoxins, and hydroxyeicosatetraenoic
acids. Monooxygenases, on the other hand, are mixed
function oxidase enzymes belonging to the cytochrome P-
450 (CYP) superfamily. They metabolize AA to three types
of eicosanoid products: (1) midchain conjugated dienols
formed by allylic oxidation of AA; (2) C16-C20 alcohols

formed by omega-terminal hydroxylation of AA; and (3)
cis-epoxyeicosatrienoic acids formed by olefin epoxidation
of AA (also called the epoxygenase reaction). Thus, in
addition to prostanoids (prostaglandins, thromboxanes, and
prostacyclins), the composition of the eicosanoid family
has expanded immensely to include large number of the
oxygenated AA metabolites, which possess both pro- and
anti-inflammatory properties. In this chapter, data
suggesting a role of lipoxygenase and monooxygenase
pathways in regulation of body temperature (Tb) will be
highlighted.

3. PHYSIOLOGICAL CHARACTERISTICS OF THE
LIPOXYGENASE PATHWAY

Mammalian lipoxygenases are categorized as 5-,
12-, or 15-lipoxygenases (5-, 12-, and 15-LOX,
respectively), with the number denoting the site of insertion
of a single oxygen molecule into arachidonate to form
initially a hydroperoxyeicosatetraenoic acid (HpETE; 5-,
12-, and 15-HpETE, respectively (Figure 2). The primary
localization of the lipoxygenases is in leukocytes (5-LOX),
platelets (12-LOX), and airway cells (15-LOX).
Nevertheless, they are also expressed in numerous other
tissues and cell types, including brain (2). With respect to
the role in fever, 5-LOX has actually been the only
pathway studied so far (3 - 14).

3.1. Enzymatic activity of 5-LOX
5-LOX (arachidonate:oxygen 5-oxidoreductase,

EC 1.13.11.34) is the key enzyme to transform AA into
LTs, potent pro-inflammatory mediators. The term
“leukotriene” was coined by Samuelsson and his colleagues
to reflect their cells of origin, inflammatory cells, and the
recognition that these compounds have a conjugated triene
structure (15). In resting cells, 5-LOX appears to be
predominantly a cytosolic protein. Phosphorylation of 5-
LOX and its translocation to the nuclear membrane are
necessary steps in the enzyme activation (16, 17). Cellular
stimulation by number of factors such as immune
complexes, bacterial proteins, calcium ionophores, formyl
peptides, platelet-activating factor (PAF), and other stimuli
elicit a sequence of events that result in translocation of
cytosolic 5-LOX to the nuclear envelope (18). In particular,
priming the cells with cytokines or LPS has been shown to
enhance the process of 5-LOX translocation (19). Elevation
of intracellular Ca2+ and phosphorylation of 5-LOX by
MAPK pathway-associated molecules are considered to be
important for activation and translocation of 5-LOX.
However, the relative role of each of these factors may
differ between various cell types (17, 20, 21). In intact
inflammatory cells, the presence of the 5-LOX-activating
protein (FLAP) is required to make this enzyme fully active
(22). FLAP acts as an AA transfer protein that “presents”
the substrate to the 5-LOX on the leukocyte nuclear
membrane (23). Thus, in contrast to the prostaglandin
formation, AA released from the nuclear membrane rather
than the outer cell membrane may be the primary substrate
for the LT synthesis (24). 5-LOX catalizes two reactions:
oxygenation of AA at the fifth carbon generating unstable
hydroperoxyl intermediate (5-HpETE), and then a
dehydration reaction, forming the unstable epoxide
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intermediate, LTA4. LTA4 can then be further metabolized
to LTB4 by LTA4 hydrolase or to LTC4 by conjugation of
glutathione at the sixth carbon by the action of LTC4
synthase. The peptide moiety of LTC4 is subjected to
extracellular metabolism, forming LTD4 and LTE4 (Figure
2). It has been established that LTC4 and its extracellular
metabolites LTD4 and LTE4 are the constituents of slow-
reacting substance of anaphylaxis, but they are now more
properly termed cysteinyl leukotrienes (CysLT). Synthesis
of these end products represents the most firmly established
functions of 5-LOX. This pathway, although largely
restricted to cells of myeloid origin, has also been
documented in the brain (25, 26). In vitro studies showed
LTC4 synthesis in most regions of the rat brain stimulated
by the ionophore A23187, with the highest levels in the
hypothalamus and the median eminence (27). Binding
studies revealed LTC4 binding sites throughout the rat brain
(28). Chen and Reiss (29) reported a shunting effect
between 5-LOX and COX-2 in the mouse brain during viral
encephalitis. When 5-LOX activity is inhibited, there was
more COX-2 expressed in the brain of mice infected with
vesicular stomatitis virus. On the other hand, when COX-2
activity was inhibited, more 5-LOX mRNA was expressed
in the mouse brain at day 1 post-infection.

Leukotrienes may convey messages by
interacting with specific membrane G-protein-coupled
CysLT receptors. CysLT receptors are classified into two
major subtypes: CysLT1, which could be blocked by
specific antagonists, and CysLT2, which are basically
insensitive to CysLT1 antagonists (30). CysLT1 receptors
are present in numerous peripheral tissues, whereas the
CysLT2 subtype is expressed in brain, heart and coronary
vessels, and in adrenal gland (30). The 5-LOX has also
been found in the cell nucleus in association with
chromatin (16), and nuclear import sequences on the 5-
LOX have been identified (31) suggesting involvement of
the nuclear 5-LOX in the regulation of gene expression.
Indeed, it has been demonstrated that LTs can affect
transcription of genes involved in inflammatory responses
(24).

3.2. Nonenzymatic activity of 5-LOX
Apart from its well-established catalytic activity

related to LT synthesis, the 5-LOX may also influence the
cellular functions via nonenzymatic way. This could be
associated with the ability of 5-LOX to form complexes
with other proteins and to enter the nucleus. In particular,
5-LOX protein contains a Src homology (SH) 3-binding
motif, which enables the 5-LOX to interact with proteins
containing SH3 domains (32). Among them are Grb2, an
adaptor protein, which together with Shc and Sos transduce
the signals from tyrosine kinase receptors to Ras/MAPK
signaling, and cytoskeletal proteins (32, 33). Two other
candidate proteins are related to TGF-beta receptor-1-
mediated signaling and to RNA processing (33). These data
have been obtained using in vitro model systems and a
physiological role of 5-LOX-protein complexes remains
unclear. Nevertheless, such a possibility should be taken
into consideration, especially with respect to a potential
modulation of MAPK signaling. During the last years, the
role of this pathway in regulation of key enzymes of

arachidonic acid cascade and mediating the pharmacological
effects of anti-inflammatory drugs have gained growing
attention (34-36).

3.3. Regulation of 5-LOX expression and activity
There are numerous endogenous factors that

regulate expression and activity of 5-LOX. The 5-LOX
gene promoter belongs to housekeeping genes and its
activity is regulated by several transcription factors, most
likely via DNA methylation/demethylation processes (37).
It has been shown that the 5-LOX gene promoter contains
hormone response element, which indicates its strong
susceptibility to hormonal regulation (38). In line with this
are reports showing that glucocorticoids stimulate the
expression of 5-LOX mRNA in vitro (39) and in vivo (40).
It has been documented that treatment of rats with
dexamethasone induced an increase of the brain 5-LOX
mRNA accompanied by an increase in 5-LOX protein
content (40), whereas melatonin exerts an inhibitory effect
(2, 41). Dexamethasone is known to inhibit fever (42, 43)
suggesting that induction of 5-LOX may be associated with
an antipyretic effect of the steroid. In contrast, agents that
raise intracellular cAMP, including PGE2 and adenosine,
down-regulate the activity of 5-LOX (44, 45). Brain PGE2
is regarded as the proximal mediator of fever (46, 47).
Brain adenosine, on the other hand, may be involved in
down-regulation of fever (48, 49). These data suggest that
if there is a role for 5-LOX in fever, it is probably indirect
and complex, and could be related to both enzymatic and
nonenzymatic activities.

4. STUDIES ON LEUKOTRIENES AND BODY
TEMPERATURE

Studies on putative involvement of LTs in
thermoregulatory responses could be divided into two
groups with respect to laboratory animal species: 1) studies
using laboratory mammals (rats, guinea pigs, cats) not
including the mice, and 2) those conducted on mice. Such a
division reflects chronology of investigations in the field
and, on the other hand, the diversity in working hypotheses
on a possible role for LTs, i.e., contribution either to fever
or to cryogenesis.

4.1. Studies on laboratory mammals other than mice
In general, studies using laboratory mammals

other than mice demonstrate that LTs do not contribute to
the generation of fever. Some data suggest, however, that
the involvement of LTs in thermoregulatory responses
upon disease may vary across species, may depend on a
kind of pyrogen, and that LTs may play a role in
anapyrexia.

4.1.1. Thermal effects of the central injection of LTs
Early studies designed to examine whether the

LTB4, LTC4, LTD4, and LTE4 can be ascribed to as
mediators of the febrile response, brought about negative
data. They demonstrated that, in contrast to the central
administration of PGE2, central injection of LTs did not
induce the increase of Tb. For example, Brus et al. (4)
found a hypothermic response to icv injection of LTC4 and
LTD4 in rats. In contrast, O’Rourke & Rudy (3) and Sri
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Kantra et al. (10) failed to observe any significant changes
in Tb of rats after either icv or intra-hypothalamic injection
of LTC4, LTD4, and LTE4. Similar results have been
reported by Mashburn et al. (5) in guinea pig.
Administration of lipoxins, 15-LOX-derived eicosanoids,
into the rat brain (10) resulted in a mild hyperthermia (after
injection of LXA4) or no change in Tb (after injection of
LXB4). Collectively, these data were in line with a widely
accepted assertion that LTs are unlikely to play a role in
fever (see, e.g., 50, 51). It should be stressed however, that
the experimental conditions (restrained animals, rectal
probe, or arousal state) could influnce the effects of LTs in
these studies. In addition, negative results in the
experiments with such unstable compounds as LTs, may
require parallel testing of their bioactivity using well-
established models (for example, the guinea pig tracheal
strip bioassay or hypotensive effects of CysLTs). Such an
approach was used by O’Rourke & Rudy (3) and by
Mashburn et al. (5), while Sri Kantra et al. (10) did not
confirm a high bioactivity of LTs used in their study. The
hypothermic effect of icv administered LTs reported by
Brus et al. (4) should also be taken with caution, since
apparently too high doses of LTs were used (e.g., 12 nmole
LTC4 ~7.5 µg). These experiments were designed to search
for fever after the administration of LTs into apparently
afebrile animal. There have been no studies investigating
the effect of the injection of LTs on a time-course of fever
induced by, e.g., bacterial pyrogen.

4.1.2. Use of 5-LOX inhibitors in studies on fever
Studies applying various inhibitors of LT

synthesis in different models of fever also have generated
conflicting results, and fail to support a role for LTs in
generation of fever. For example, Bhattacherjee et al. (6)
demonstrated that the 5-LOX inhibitor BW A797C reduced
yeast-induced fever in rats. However, in another study on
rats challenged with a baker’s yeast, Muller-Peddinghaus et
al. (9) have reported no effect on fever of Bay X1005, an
inhibitor of LTB4 and LTC4 synthesis. Similarly, Cornell
(7) has demonstrated no effect of another inhibitor of 5-
LOX, propyl gallate, on fever in rats treated centrally or
peripherally with IL-1. However, lack of the important
experimental details (including Tb values; 6, 9) or specific
experimental design (24-h fasting before the experiment; 7)
does not offer firm conclusions regarding the role for LTs
in Tb responses to pyrogens. Hynes et al. (8), on the other
hand, reported that U-60257, an inhibitor of 5-LOX,
suppressed PAF-induced elevation of LTs in cerebrospinal
fluid of cats, and enhanced the PAF-induced fever in this
species. They also have shown that pyrogens such as LPS
and IL-1, in contrast to PAF, did not affect the LT level in
cerebrospinal fluid of cats (8). These data, generated in
studies using inhibitors that directly affect the molecule of
5-LOX, suggest that LTs may not be required for the
induction of fever. Nevertheless, the enhancement of fever
in cats treated with PAF and U-60257 (8) suggests that LTs
may act as endogenous antipyretics.

4.2. Studies on mice
Mice have long been considered as not quite

appropriate animal model for studies on fever (reviewed,
for example, by Kluger (52). The reason for this was that

mice often responded to pyrogenic stimuli by a decrease in
Tb. The diverse Tb responses were also reported for other
mammalian species including humans (53 - 58). Depending
on the mouse strain, a kind of pyrogen, and ambient
temperature, both increase and decrease in Tb (13, 57), as
well as polyphasic responses have been observed (for
recent review see: 58). From our point of view, this
"disadvantage" makes, however, the mice an extremely
interesting and suitable model for searching the
mechanisms of cryogenesis (endogenous antipyresis).
Studies on various murine strains (differing in their patterns
of Tb response to LPS) using icv microinjections of LTs
through a chronically implanted cannula, determination of
CysLT production by an ex vivo incubated hypothalamus
and expression of neuronal 5-LOX, pretreatment of mice
with the inhibitors of LT synthesis have led us to
conclusion that LTs, 5-LOX-derived eicosanoids, may
contribute to the process of endogenous cryogenesis
(antipyresis).

4.2.1. Icv injections of LTC4 decrease Tb of CD-1 and
C57BL/6 mice

PGE2 administered icv at nanomolar doses
generated fever in the CD-1 and C57/BL/6 mice. In
contrast, the central administration of LTC4, a major CysLT
in the CNS, caused a dose-dependent decrease in Tb in
these two murine strains (data prepared for publication).
The magnitude of the drop of Tb induced by nanomolar
doses of LTC4 was similar to that induced by “septic” doses
of LPS administered intraperitoneally. We did not,
however, observe any significant change in Tb following
icv injection of LTB4, which represents another metabolic
branch of 5-LO pathway.

Our studies demonstrated that morning injections
of LTC4 icv (0.3 nmole) caused a decrease in Tb in mice,
whereas injection of LTC4 before the onset of darkness
significantly reduced a nighttime rise of Tb (14). These
effects of LTC4 resemble the action of the inhibitors of
PGE2 synthesis on the circadian elevation of Tb (14, 59,
60). These results suggest that LTC4 may act as an
endogenous cryogen.

4.2.2. LPS-induced decrease in Tb of mice is associated
with up-regulation of brain 5-LOX and elevation in
hypothalamic CysLT production

Presuming a physiological role for LTs in
mediating the cryogenesis (antipyresis), one could expect
some quantitative relationship between the level of
hypothalamic LTs and the Tb response (e.g., to LPS).
Indeed, we found that the LPS (1.35 mg/kg ip)-induced
drop in Tb in CD-1 mice was accompanied by a significant
(~2-3-fold) elevation in total CysLT production by ex vivo
incubated hypothalamus (12, 13), and this elevation
negatively correlated with Tb changes (R = -0.77; P <
0.05), i.e., the lower values of Tb were associated with
higher levels of CysLTs. LPS also resulted in a rapid up-
regulation of brain 5-LOX. An increased level of 5-LOX
protein was recorded as early as at least 30 min following
LPS injection. Notably, more pronounced drop in Tb in
response to a high dose of LPS in older mice correlated
with the age-related increase in the level of brain 5-LOX
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(unpublished data). In the mGSTM5 knockout mice
(developed in the laboratory of Dr. Irving Listowsky),
expression of neuronal 5-LOX mRNA was down-regulated
compared to the wild-type animals. Accordingly, mGSTM5
knockout mice developed more pronounced fever in
response to low doses of LPS, and reduced anapyrexia to
high doses of LPS (61).

Analysis of temporal changes in Tb and
hypothalamic eicosanoid production in 3 murine strains
(CD-1, BALB/c, and C57BL/6) revealed that LPS-induced
decrease in Tb was consistently associated with an initial
increase in CysLTs, which preceded the elevation in PGE2
(for details see: 13). Collectively, the results coincide well
with the hypothesized cryogenic role for the 5-LOX
products, in particular CysLT.

4.2.3. Inhibitors of LT synthesis suppress the LPS-
induced decrease in Tb in mice

MK-886 is a selective inhibitor of FLAP, a
membrane-bound protein required for full enzymatic
activity of 5-LO (see section 3.1.). Pretreatment of CD-1
mice with MK-886 abrogated both the decrease in Tb and
elevation in hypothalamic CysLT production caused by
LPS (1.35 mg/kg ip) (12). This inhibitory effect of MK-886
was dose- and time-dependent. The Tb decrease due to LPS
was partially prevented when MK-886 (1 mg/kg ip) was
administered 3 h before and completely blocked by MK-
886 injected 4 h before LPS. No significant effect was
observed if MK-886 was injected 1 h prior to LPS. That is,
MK-886 required a relatively long period for exhibiting its
inhibitory activity. Perhaps, a temporal factor should be
taken into account when the effects of other LT inhibitors
are evaluated. For example, esculetin, a potent inhibitor of
LTs synthesis (IC50 ~4 µM), injected ip 1 h prior to LPS
had no effect on the LPS-induced fever in Swiss Webster
mice (11).

Data obtained in Swiss Webster mice using
nordihydroguaiaretic acid (NDGA), a dual inhibitor of
epoxygenase and lipoxygenase (5-, 12, and 15-LOX), could
be interpreted in favor of a cryogenic role for 5-LOX
products. These mice developed a biphasic Tb response to
LPS (2.5 mg/kg ip), i.e., a transient decrease in Tb followed
by fever. We found that the low NDGA dose prevented the
LPS-induced drop of Tb without influencing the onset or
peak of fever, whereas the high dose affected both phases
of Tb response (11). In this regard, it should be noted that
the lowest IC50 of NDGA was found for 5-LOX (~0.2 µM),
whereas IC50 for cytochrome P-450 was approximately
two-order higher (~40 µM) (62). Hence, it is tempting to
speculate that the dose-dependent effects of NDGA on Tb
response to LPS in mice may be attributed to a differential
sensitivity of 5-LOX and CYP to inhibitory action of
NDGA.

We also examined whether the effect of MK-886
on Tb response to LPS in CD-1 mice could be associated
with factors other than the inhibition of LT synthesis. In
particular, those may include an indirect action of MK-886
on PGE2 synthesis or possible changes in the production of
cryogenic cytokine, such as TNFalpha (12). The first

possibility seems quite reasonable, in view of an increased
availability of AA for processing via COX pathway under
inhibition of LT synthesis. We, however, found only a slight
potentiation of the LPS-induced stimulation of hypothalamic
PGE2 production in MK-886-pretreated mice. The second
possibility could be rejected, since the pretreatment of mice
with MK-886 did not alter the LPS-induced elevation in
plasma TNFalpha. Hence, the inhibition of 5-LOX activity
and LT synthesis was responsible for the "anti-anapyrexic"
effect of MK-886, most likely due to its direct central action.
The latter was further supported by using the icv route of
MK-886 administration (data prepared for publication). We
found that 5 µg MK-886 injected icv 2 h prior to LPS (1.35
mg/kg ip) significantly suppressed LPS-induced decrease in
Tb of CD-1 mice.

4.2.4. “Paradoxical” Tb response to LPS in 5-LOX-/-

(LT-deficient) mice
The lack of LT production in 5-LOX knockout

mice offers a “natural model” of a total inhibition of LT
synthesis, both in peripheral and central tissues. Presuming
a cryogenic action of LTs, one could predict an exacerbated
fever, or attenuated anapyrexia in these mice in response to
LPS, compared to their wild-type controls. Paradoxically,
ip injection of LPS did not cause any significant changes in
Tb of 5-LOX-/- mice, whereas the wild-type animals
(genetically close to C57BL/6 strain) responded with fever
(63). It is reasonable to suggest that the lack of 5-LOX
would lead to a re-distribution of AA between alternative
metabolic pathways. In particular, in 5-LOX-/- mice more
AA may be available for processing via COX. In fact, the
hypothalamic PGE2 production of LPS-treated 5-LOX-/-

mice was aproximately 3-fold higher than that of 5-LOX+/+

wild-type. It may be speculated that the lack of fever in 5-
LOX-/- mice could be attributed to a desensitization of
PGE2 receptors in these mice due to a permanently elevated
PGE2 level throughout their life. “Problems” inherent with
using knockout mice for studying pathophysiological
aspects of fever have been discussed in details by Kluger et
al. (64). In addition, independently to LT synthesis, gene
deletion for the 5-LOX may affect a proper functioning of
signaling pathways specific for fever and thermoregulation.

4.2.5. Leukotrienes may be involved in modulation of
normal Tb in mice
Further evidence for the cryogenic role of LTs has been
obtained from the studies focusing to the involvement of
LTs in modulation of normal photoperiod-related variations
of Tb (14). We noticed that the Tb of CD-1 mice tended to
decline gradually during the light period, reaching the
lowest values between 12:00 to 14:00 (4-6 h before the
light was switched off). The decline was generally within
~0.5 °C, and part of the mice exhibited Tb changes
comparable to those induced by LPS (see 3.2.3). In this
group of mice, the injection of “anti-anapyrexic” dose of
MK-886 (1 mg/kg ip) at 09:00 (3 h after light on)
significantly reduced the daytime decrease in Tb. The mean
values of Tb in saline-treated controls (n = 13) were 37.1 ±
0.1, 35.9 ± 0.1, and 36.2 ± 0.1 °C at 09:00, 12:00, and
15:00, respectively, whereas the corresponding Tb values
in MK-886-treated mice (n = 9) were 36.9 ± 0.2, 36.5 ±
0.2*, and 36.8 ± 0.1* °C (*P < 0.05 vs. control).
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Figure 3. Oxygenation products of arachidonic acid
catalyzed by monooxygenases.

These data as well as those previously discussed (see
4.2.1.) support the concept that LTs are involved not only
in an anapyrexic response, but also in regulation of the
circadian variations of Tb in mice. Below we present data
that another pathway of the arachidonic acid metabolism,
i.e., monooxygenase pathway, may be involved in an
antifebrile mechanism.

5. PHYSIOLOGICAL CHARACTERISTICS OF THE
CYP-DEPENDENT MONOOXYGENASE PATHWAYS

The participation of cytochrome P-450 (CYP) in
the metabolism of arachidonic acid was first suggested in
studies by Cinti & Feinstein (65), who observed that
arachidonate-induced platelet aggregation could be blocked
by known CYP inhibitors. It was not until early 80s,
however, that the role of microsomal CYP in the oxidative
metabolism of arachidonic acid was unequivocally
demonstrated (66 - 68). These observations were largely
ignored for many years due to the focus of researchers on
the cyclooxygenase pathway. In recent years, the
investigation of the biochemistry and biological
significance of arachidonate metabolism via CYP has
developed into an area of exciting research. Although the
biological implications of this pathway remain to be fully
understood, work from several laboratories is beginning to
establish biochemical and functional correlations that can
be interpreted as suggestive of a physiological and
pathological function (see for example: 69 - 76, and
references therein).

The microsomal CYP can oxidaze arachidonic
acid (Figure 3) by one or more of the following types of
reaction (70, 77): 1) lipoxygenase-like bis-allylic oxidation
to generate six regioisomeric hydroxyeicosatetraenoic acid
(HETEs; 5-, 8-, 9-, 11-, 12-, and 15-HETE) demonstrated
in skin, liver, kidney, olfactory epithelium, lung, and brain;
2) omega/omega-1 hydroxylation (omega-oxygenase
reaction) affording five omega-n arachidonate alcohols
(OH-AAs; 16-, 17-, 18-, 19-, and 20-OH-AA)
demonstrated in liver, kidney, lung, intestine, olfactory
epithelium, and anterior pituitary (this reaction is the most
prevalent in renal tissue); and 3) olefin epoxidation
(epoxygenase reaction) furnishing four regioisomeric cis-
epoxyeicosatrienoic acids (EETs; 5,6-, 8,9-, 11,12-, and
14,15-EET); demonstrated in numerous tissues, including
liver, brain, kidney, adrenal, endothelium, and ovary. There
is an interesting concept already supported by data that
significant portion of generated EETs may be taken up
from cytosole and circulation and re-tailored into the sn-2
position of the cell membrane glycerophospholipids (78 -

80). This feature differentiates EETs from PGs, which are
generated exclusively for the export from cells for a
receptor-mediated endocrine and paracrine actions.

As with most CYP-catalyzed reactions, the type
of products generated from arachidonic acid during
metabolism are highly dependent on the tissue, animal
species, sex, age, hormonal status, diet, and exposure to
xenobiotics. Fitzpatric & Murphy (81), McGiff (69), Oliw
(82), Capdevila et al. (70, 77), Imig (73), and Roman (76)
have reviewed the biochemical and enzymologic aspects of
these processes, and concluded that although the
metabolites of arachidonic acid via CYP have vascular,
endocrine, renal, and ocular effects, the physiological
importance of this pathway remains to be clarified. It has
been shown that exposure to an inflammatory agent (e.g.,
LPS) results in reduction of the activity of epoxygenase by
a cytokine- and nitric oxide-dependent mechanism (83).

5.1. Expression of monooxygenases in mammals
CYP comprises a large, but closely related

superfamily of distinct gene products with different
substrate specificities (84). Members of the CYP
superfamily are heme-containing membrane-bound mixed
function oxidases which catalyze important steps in the
biosynthesis and/or degradation of endogenous compounds
such as steroid hormones, cholesterol, and fatty acids,
including arachidonic acid (69). In addition, CYP catalyze
oxidation of many therapeutic agents and other xenobiotics,
which results in their inactivation and facilitation of their
excretion from the body. Thus, CYP mediated metabolism
is potentially involved in the expression of the
pharmacological and/or toxicological effects of drugs and
environmental chemicals in tissues, which contain the CYP
metabolic system. CYP family is regarded as a part of the
bodily detoxification system. The remarkable versatility of
this system is due to a large number of isozymes expressed
in tissues [e.g., approximately 29 subfamilies have been
identified in mammalian tissues (85)]. Some isozymes are
only expressed significantly after chemical induction [e.g.,
specific molecular isoforms of CYP are preferentially
induced by exposure to chemical stimuli such as
phenobarbital, β-naphtoflavone, theophylline, fibrates, and
3-methylcholantrene], whereas others are expressed
constitutively (86, 87). The constitutive enzymes are
thought to provide a host defense against foreign
compounds (88).

The highest concentrations of CYP are found in
the liver, kidney, adrenals, testis, ovary, lung, and skin, but
the enzyme is present in most, if not all, tissues of the body,
albeit at lower concentration. The hepatic CYP accounts for
4-5% of rat hepatic microsomal protein, of which
epoxygenase constitute major component (89). CYP is
present in the brain at a concentration of approx. 1% of the
liver level (90 - 92). The presence of CYP in the rat medial
preoptic and anterior hypothalamus has also been
demonstrated (93). It is worth noticing that the expression
of CYP in the brain, implicating involvement of the brain
tissues in steroidogenesis (generation of neurosteroids) has
recently captured attention of neuroendocrinologists (92).
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In mammals, expression of monooxygenases and
synthesis of EETs has been detected, among other tissues,
in the brain, lungs, liver and kidney, and in cells such as
astrocytes, hepatocytes, and endothelium (73, 94).
Monocytes, the cells playing a key role in inflammation,
contain various CYP capable of EET biosynthesis (95, 96)
and, in addition, they express specific high affinity
receptors for EETs (97). Exhibition of monooxygenases in
the brain and immune cells suggest that there is a role of
this pathway of arachidonic acid in the
neuroimmunomodulation.

5.2. Monooxygenases and neuroimmunomodulation
Immunological stimuli depress the CYP-

mediated hepatic metabolism of a variety of drugs. The first
demonstration of altered drug metabolism during infectious
disease came from observation showing delayed
theophylline elimination in patients with influenza (98).
Human volunteers injected with small doses of LPS show
decreased hepatic CYP-mediated clearance of antipyrine,
hexobarbital, and theophylline (99). Clinical infections
cause a reduction in total hepatic content of CYP (100).
Partly attenuated CYP activity (40-50% inhibition) has also
been seen in animals after infection with bacteria and
viruses, after administration of vaccines, or after treatment
with pyrogenic agents (e.g., LPS, Poly I:C, turpentine,
carrageenan) and cytokines (88, 101 - 106).
Dexamethasone has been shown to reverse the inhibitory
effect of IL-1 and LPS on liver CYP (107).

Expression of CYP is hormonally regulated (69).
Growth hormone is believed to be the most important
physiological regulator of the expression of CYP (87, 108).
Administration of endotoxin causes suppression of the
growth hormone secretion that lasts for several hours (109).
Therefore, one could hypothesize that alteration in
secretion of growth hormone is responsible for the
inhibition of CYP by endotoxin. In addition, according to
the concept suggested by Ghezzi et al. (110), and others
(104-106), cytokines and nitric oxide (NO) may mediate
the inhibitory effect of inflammatory agents on CYP. As
has already been thoroughly discussed in this volume,
cytokines and NO are both involved in fever, indicating
that suppression of the monooxygenase activity may have a
regulatory feedback on the generation of fever. On the
other hand, it has been well established that endogenous
febrile and antipyretic mechanisms are operating at the
level of neuroendocrino-immunomodulation.

EETs were found to stimulate in vitro secretion
of several brain, pituitary and pancreatic hormones such as
somatostatin, luteinizing hormone, growth hormone,
adrenocorticotropic hormone, prolactin, insulin, and
glucagon (69, 90 - 92). EETs are also potent stimulators of
the release of alphaMSH and AVP (69, 111), the hormones
known to be involved in endogenous antipyresis (112 -
114). It has also been shown that AVP can stimulate the
CYP-related metabolism of arachidonic acid (115 - 118),
implying a positive feedback between EETs and AVP. This
vast spectrum of interactions of EETs with functioning of
immune and brain tissues is grounds for a number of
hypotheses regarding a role of the epoxygenase pathway in

various aspects of neuroimmunomodulation, including
fever.

6. STUDIES ON THE ROLE OF CYP IN FEVER

Studies focusing on the role of CYP in fever may
be ascribed into three categories: (i) effect of CYP
inhibitors; (ii) effect of CYP inducers; and (iii) effect of
CYP metabolites on fever in laboratory mammals. These
studies allow for a conclusion that monooxygenase
pathway contributes to the endogenous antipyretic
mechanism.

6.1. Inducers of CYP attenuate fever in laboratory rodents
The fibrates (oxyisobutyrates) are the largest

structurally related group of CYP inducers investigated,
and detailed induction protocols have been described for
clofibrate, ciprofibrate, clobuzarit, and bezafibrate (119).
Bezafibrate administered three times prior to injection of
LPS reduced fever in rats in a dose-dependent manner
(120). Figure 4 illustrates changes in fever in rats pretreated
three times at 24-h intervals with bezafibrate, and injected
24 h later with LPS. To test the effect of bezafibrate
administration on CYP activity in the liver, in a separate
experiment tissues were collected from corn oil- and
bezafibrate-treated rats. Microsomes were prepared and
enzymatic activities using three derivatives of resorufin
were analyzed according to the method described
elsewhere (121). The metabolism of ethoxyresorufin
(EROD) is associated with CYP1A1 family.
Methoxyresorufin dealkylation (MROD) is carried out by
CYP1A2 family, while the dealkylation of
pentoxyresorufin (PROD) is attributed to CYP2B1/2. All
three CYP families possess monooxygenase activity known
to catalyze the epoxidation of arachidonic acid (70). As can
be seen in Figure 5, liver samples from the rats treated with
bezafibrate showed a significant 3 – 5-fold increase in activities
of EROD, MROD, and PROD compared to rats treated with
corn oil as control. This indicates that in the rat liver all three
CYP families were affected by treatment with bezafibrate.

6.2. Inhibitors of CYP exacerbate fever induced by LPS
and interleukin-1beta

Nakashima et al. (122) reported that im
administration of imidazole inhibitors of CYP, econazole
and clotrimazole, augmented fever in the rats injected icv
with IL-1beta. We have shown that various structurally
dissimilar inhibitors of CYP including SKF-525A,
clotrimazole, miconazole, 1-ABT, and 17-ODYA,
administered ip (mice and rats) and im or icv (rats)
possess the capacity of enhancing fever induced by
peripheral injection of LPS (11, 75, 120, 123). Data reported by
Nakashima et al. (122) indicated that the mechanism of
action of the inhibitors of monooxygenases on fever in
these species was downstream to the production of IL-
1beta, and presumably affecting a generation of other
cytokines. In line with this assumption are data showing
that injection of the inhibitor of CYP resulted in
suppression of the generation of TNFalpha (11, 124), and
potentiation of the elevation of plasma IL-6 (11) in
laboratory rodents challenged with LPS. Interestingly,
indomethacin, a well-known antipyretic and an inhibitor
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Figure 4. Effect of two doses of bezafibrate, 10 and 100
mg/kg, on lipopolysaccharide (LPS)-induced fever in rats.
Bezafibrate, or corn oil as control, were injected
intraperitoneally 3 times at 24-h intervals before
intraperitoneal LPS (80 µg/kg or saline as control;
arrowhead at 0900; 24 h after the 3rd injection of
bezafibrate). Values are means ± SE at 20-min averages; n,
number of rats in each group (data from Kozak et al., 120).

Figure 5. Effect of bezafibrate on ethoxyresorufin
(EROD), methoxyresorufin (MROD), and pentoxyresorufin
(PROD) O-dealkylase activity in microsomes purified from
liver. Bezafibrate was injected ip three times at 24-h
intervals at a dose of 50 mg/kg each. Tissues for analyses
were collected 24 h after the third injection. Values are
means ± SE (n indicates sample size; unpublished data).

of cyclooxygenases, exerted the opposite effects than
that of CYP inhibitor on the generation of the two
cytokines in mice injected with LPS. Namely,
indomethacin suppressed generation of IL-6 and
exacerbated the levels of TNFalpha (11). These results
suggest that higher levels of IL-6 may account for the

augmentation of LPS-induced fever in mice and rats
treated with CYP inhibitors.

We have found, however, that the potentiation
of fever in mice treated with clotrimazole was prevented
by indomethacin (11), indicating that prostanoids are
also involved in this effect. It is known that generation
of IL-6 in cells stimulated with LPS or IL-1beta is
prostaglandin-dependent (125 - 127). Subsequent studies
in our laboratory revealed that inhibitors of mono-
oxygenases (e.g., SKF-525A), exerted profound effects
on the levels of prostaglandins measured in body fluids
during LPS-induced fever, and in vitro in monocyte
cultures upon stimulation with LPS. PGE2 levels
measured in the blood and cerebrospinal fluid of rats
during fever were several-fold higher in animals treated
with SKF-525A and LPS than in those treated with
control vehicle and LPS (123). Similar potentiating
effects of the two structurally dissimilar CYP inhibitors
(SKF-525A and 1-ABT) on the levels of PGE2 in
supernatants from the rat mononuclear cells stimulated
with LPS have also been detected (128). Thus, the
elevated levels of PGE2 may account for the enhancing
effect of the CYP inhibitors on fever.

The mechanism of this effect of CYP inhibitors on
levels of PGE2 in body fluids and cell-culture supernatants
remains to be established. One may hypothesize that
inhibition of CYP results in the shunting effect in favor of the
cyclooxygenase activity, similar to that observed in mice
when lipoxygenases were inhibited under inflammation (29).
Another possibility is that treatment with CYP inhibitors
affected clearance of PGE2, since some CYP are thought to
be involved in a downstream metabolism of the
prostaglandins (69). It is also plausible that SKF-525A and
other inhibitors of CYP blocked the synthesis of the
modulators of fever, resulting in a higher elevation of core
temperature. In favor of the latter hypothesis, we have
demonstrated that administration of EETs prevented fever.

6.3. Central EETs inhibit fever induced by LPS and
interleukin-1beta

Administration of monooxygenase metabolites
into the brain of the febrile rats exerted an opposite effect
on fever to that seen after the injection of the inhibitor of
CYP, e.g. SKF-525A (Figure 6).

Three out of four studied EET regioisomers
injected into the lateral ventricle prevented fever induced
by peripheral injection of LPS in rats (120). The effect was
dose-dependent at different ranges for each isomer. The
most potent antipyretic isomers were 11,12-EET followed
by 14,15-EET, and 8,9-EET. Isomer 5,6-EET at the dose
examined (1 and 10 µg/rat) did not affect fever. EETs at
doses used did not affect normal Tb of rats. In subsequent
studies, Nakashima et al. (129) reported that 11,12-EET
administered into the rat pre-optic anterior hypothalamus
(PO/AH) prevented fever induced by IL-1beta infused into
the PO/AH. These data indicate that central EETs exert
their antipyretic effects acting on the centers of
thermoregulation, and that they act downstream to IL-
1beta, an endogenous mediator of fever.
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Figure 6. Twenty eight rats were implanted with
biotelemetry devices to monitor body temperature, and with
brain cannulea to the lateral ventricle. At the day of
experiment at 0850 (arrowhead) rats were divided into two
groups; 6 rats were injected ip with saline and 22 rats were
injected ip with LPS (80 µg/kg). After 4 hrs (arrowhead at
1250) all rats received icv infusion of agents as shown.
Saline-treated rats received 5 µl aCSF icv (vehicle control
group). LPS-treated rats were divided into 3 groups each
receiving: aCSF, SKF-525A (5 µg/rat), and 11,12-EET
(100 ng/rat; in control injections this dose of 11,12-EET did
not affect normal Tb in rats). Values are means ± SE at 20-
min averages; n, number of rats in each group (unpublished
data).

Effect of peripheral infusion of EETs on fever
has not yet been studied. The major problem with
determination of the effects of peripheral administration of
EETs is the presence of soluble epoxide hydrolases,
enzymes that rapidly hydrolyze EETs into the respective
dihydroxyeicosatrienoic acids (see, e.g.: 73, 76). Activity of
the epoxide hydrolases in the brain appears to be very low
compared to the activity of this enzyme in peripheral
tissues (130, 131). This is consistent with a general
assumption that expression of the eicosanoids neutralizing
enzyme system, including 15-hydroxy-PG dehydrogenase
(enzyme that normally neutralizes PGE2) is reduced in
adult brain compared to the peripheral tissues (132, 133).
Resistant to the enzymatic metabolization analogs of EETs
will be required to assess their effects on fever following
peripheral administration.

7. STUDIES INTO THE MECHANISM OF
ANTIPYRETIC ACTION OF EETs

Based on in vivo data demonstrating that
administration of inhibitors of CYP exacerbated the LPS
provoked increase levels of PGE2 in the cerebrospinal fluid
and blood, we hypothesized that the mechanism underlying
the antipyretic effect of EETs may involve inhibition of the
PGE2 generation by inflammatory cells.

7.1. Regulatory feedback imposed by monoxygenases on
the generation of PGE2

11,12-EET prevented, while CYP inhibitors (SKF-
525A and ABT) augmented the release of PGE2 in monocytes
co-cultured with LPS (128). In addition to that, 11, 12-EET
added back to the monocytes incubates inhibited the
augmenting effect of SKF-525A on LPS-induced release of
PGE2. Enhancement and reduction of PGE2 synthesis in
monocytes, respectively, stimulated with LPS in the presence
of SKF-525A and/or 11, 12-EET might be due to an up-
and/or down-regulation of COX-2 induction in the cells. As
expected, LPS markedly up-regulated the expression of COX-
2 protein in the rat monocytes. However, we have not been
able to determine any significant effects of SKF-525A and/or
11, 12-EET on the LPS-induced elevation of the enzyme
protein (128). We reasoned, therefore, that 11, 12-EET
affected PGE2 synthesis via inhibiting the activity of COX-2.

Pre-incubation of the murine COX-2
preparation for 5 minutes with three concentrations of
11,12-EET (1, 5, and 10 µM) led to the inhibition of the
activity of the enzyme in a concentration-dependent
manner, with an IC50 of 6.43 ± 1.58 µM. This inhibitory
effect of 11,12-EET was also time-dependent, i.e., the
longer pre-incubation time of COX-2 with 11,12-EET the
greater inhibition of the activity of COX-2 (128). The
parallel experiments using the same enzyme preparation
and assay have shown that the potency of inhibition of
COX-2 by 11,12-EET was approximately 58-fold greater
than that of acetaminophen (IC50 = 372 µM; ref. 134), and
ca. 120-fold greater than that of sodium salicylate (IC50 =
763 µM; ref. 135). Ongoing experiments revealed that
8,9-EET is 10—fold more potent inhibitor of COX-2
(IC50 = 0.64 µM) than that of 11,12-EET, and it
approximates that of ibuprofen (IC50 = 0.60 µM;
unpublished data). Despite of these subtle differences, it
appeared that EETs surpassed the most commonly used
nonspecific anti-inflammatory drugs in their ability to
inhibit COX-2 activity.

We conclude based on data presented, that
monooxygenase pathway imposes a negative
regulatory feedback on the prostaglandin synthesis
machinery.

7.2. Monooxygenases and generation of cytokines by
inflammatory cells

As mentioned earlier, injection of the inhibitor
of CYP resulted in suppression of the generation of
TNFalpha and exacerbation of the elevation of plasma IL-
6 in laboratory rodents challenged with LPS. Injection of
indomethacin, an inhibitor of cyclooxygenases exerted the
opposite effects than that of CYP inhibitor on plasma
levels of the cytokines: it exacerbated levels of TNFalpha
and suppressed generation of IL-6. These results suggest
that prostanoids and epoxyeicosanoids may play an
opposite regulatory role on the synthesis of IL-6 and
TNFalpha in the inflammatory cells stimulated with LPS.
To test this hypothesis, we compared the levels of IL-6
and TNFalpha in supernatants of the rat macrophages
stimulated with LPS and co-incubated with or without
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Figure 7. Effect of SKF-525A (panel A) and 11,12-EET
(panel B) on IL-6 levels in supernatants of rat monocytes
stimulated with LPS. Cells were prepared as described in
Kozak et al. (128). Ten µl of LPS solution was added to a
final concentration of 100 ng/well/2x105 cells (saline,
vehicle for LPS, was added to the control cell incubates).
Immediately after the LPS, 10 µl of SKF-525A or 11,12-
EET was added to concentration as indicated. RPMI
vehicle was added to control incubates. Supernatants for
analyses were collected after 8 hours. ELISA-based
immunoassay (Quantikine M Rat IL-6 kit from R&D
Systems; Cat #R6000) was used to determine IL-6 in
supernatants. The asterisk indicates significant difference
from the control incubates (vehicle/SKF525A as well as
vehicle/11, 12-EET). # Depicts significant difference of all
LPS/SKF-525A and LPS/11, 12-EET groups from
respective LPS/vehicle groups. Values are means ± SEM (n
= three repetitions, each consisted of four incubation wells
per group).

11,12-EET, as well as with and without SKF-525A. A
part of this experiment, revealing the levels of IL-6 is
shown in Figure 7.

As can be seen, SKF-525A at a concentration of
100 µM doubled while 11,12-EET at a concentration of 10
µM reduced approximately by half the increase of IL-6 in
supernatants of the cells stimulated with LPS for 8 h.
TNFalpha levels assessed in the same supernatants were
also affected by SKF-525A and 11,12-EET. These effects,
however, were opposite to that seen for IL-6. Namely, an
inhibitor of CYP significantly reduced, while 11,12-EET
augmented the levels of TNFα (data not shown). We
postulate, therefore, that EETs and PGE2, metabolites of
AA via epoxygenase and COX-2, respectively, are
involved in regulation of the release of IL-6 and TNFα
from inflammatory cells in opposite fashion. This
conclusion is depicted in Figure 8.

Inhibitory action of 11,12-EET, and presumably
other EETs, on generation of PGE2 and IL-6, two major
endogenous mediators of fever, may certainly be translated
onto the role of these metabolites play during fever. They
impose a negative feedback on the febrile response. Hence,
we conclude, that epoxygenase pathway of the AA cascade
contributes to the endogenous antipyresis mechanism, the
process that keeps fever from reaching dangerous heights
during infectious and inflammatory disorders.

8. CONCLUDING REMARKS

Fever is a fundamental component of the acute
phase response to infection, and has an extremely important
diagnostic value. Fever is also thought to evolve as an
adaptive response. Nevertheless, unusually high and
persistent fever may be harmful and may contribute to
morbidity. However, upon normal infections fever almost
never reaches such excessive measures. But what keeps
fever from reaching dangerous heights?

Since data published in 1949 by DuBois (136), it
has been appreciated that fever has an upper limit, and that
increase of Tb during infection in most patients is
maintained within safe limits. In other words, that the
magnitude of fever (fever ceiling) is tightly regulated. As a
consequence, the concept of endogenous antipyresis has
emerged (137, 138) and number of various factors,
including hormones, neurotransmitters, and cytokines has
been identified as endogenous antipyretics. These studies
are thoroughly reviewed by other authors contributing to
this volume (see: 139 - 143). Based on data discussed in
this chapter, we conclude that metabolism of AA via
lipoxygenases and epoxygenases also operates to limit the
magnitude of fever. We hypothesize that arachidonic acid
metabolism may yield both pro- and anti-febrile
eicosanoids through a cascade inherently requiring tight
regulation. Regulation of the arachidonate pathway may
help to control both the magnitude and duration of fever.
However, mechanisms and endogenous factors involved in
this regulation have yet to be identified.

Biological relevance as well as clinical
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Figure 8. Schematic representation of the action of
prostaglandin E2 (PGE2) and 11,12-epoxyeicosatrienoic
acid (11,12-EET) on the release of IL-6 and TNFalpha
from monocytes stimulated with LPS. Solid arrows
represent stimulation, whereas dashed arrows depict
inhibitory effects. Abbreviations: COX-2, cyclooxygenase-
2; EPOX, epoxygenase; IL-6, interleukin-6; TNFalpha,
tumor necrosis factor-alpha.

significance of these findings also needs further
investigation. There are, however, clinical indications that
substantiate the above hypothesis. For example,
phenobarbital, a CYP inducer, is one of the most effective
and widely used drugs for treatment of febrile convulsions
in children (144). Anti-seizure effect of phenobarbital is
ascribed predominantly to the enhancement of GABA A
receptor-mediated currents. However, phenobarbital-
induced induction and activation of CYP may be also
responsible for this effect. In accordance, it has been found
that metabolites of AA via CYP act as neurotransmitters,
and they interact with GABA A receptors (92). There are
also reports indicating that aspirin, while inhibiting a
cyclooxygenase pathway, stimulates CYP- and 5-LOX-
dependent metabolism of arachidonic acid (see, e.g., 75,
and references therein). Thus, NSAIDs, while inhibiting
cyclooxygenases may also unmask or potentiate an
antipyretic pathway via CYP and 5-LOX.

Clinical reports frequently describe compromised
and neutropenic patients with high and persistent fevers,
which are often resistant to a regular antipyretic regimen.
Furthermore, treatment with antifungal agents, known to
inhibit CYP, as well as with other drugs that work, in part,
via inhibition of CYP, is often accompanied by fever and
other untoward effects such as chills, headache, rash,
nausea, renal dysfunction, respiratory distress, and body
fluid electrolyte imbalance (145 - 151). We postulate that
exacerbated and unusually high fevers frequently seen in
such patients and in infants and children (152) may result
from a deficiency in the endogenous antipyretic
mechanisms. Conversely, lack of a history of fever in
cancer patients [clinical oncologists repeatedly report that
cancer patients stress in their history that they did not

suffer from a febrile illness before the onset of cancer; see
review by Kleef et al., (153)] may indicate that there is a
higher expression of endogenous antipyresis in these
patients. Consistent with this notion are laboratory and
clinical studies indicating a potent tumor-promoting
activity of LTs (see, e.g., 154). High expression of the
endogenous antipyresis has also been proposed to explain
lack of fever in females at term of pregnancy (112, 113)
and an impaired febrile response in the elderly (57, 155).
Clearly, the mechanisms of endogenous antipyresis deserve
the best of our scientific attention to understand these
important clinical observations.
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