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Pharmacologists have neglected the glucocorticoids

Because of a curious division of labour amongst life
scientists, the hormones of the adrenal medulla have
traditionally been considered the preserve of phar-
macologists, whilst those of the adrenal cortex have
been studied almost exclusively by endocrinologists
or (more recently) by molecular biologists.

This state of affairs is especially strange when one
considers the importance of steroids and their syn-
thetic congeners in clinical medicine: the glucocorti-
coids are by far the most potent and effective
anti-inflammatory agents we possess and unlike the
aspirin-like drugs, they are active against virtually
every type of inflammatory disease. Asthma, pso-
riasis, multiple sclerosis and the arthritides are all
susceptible to glucocorticoid therapy - indeed it is
often the only form of therapy that is effective in
such diseases. Because of this unusually wide spec-
trum of activity these drugs are extensively used with
some 15 million prescriptions being issued each year
in the U.K. alone.

Another feature of the glucocorticoids which
should endear them to pharmacologists is that they
initiate their biological effects by combining with a
soluble receptor, whose structure and function are
well understood (indeed it is probably the best char-
acterized of all receptors), for which a complete
range of agonists, antagonists and partial agonists is
available, and which at the very least could surely
teach us a very great deal about the basic biology of
drug-receptor interactions.

How is it then that the field of glucocorticoid
pharmacology has 'fallen into such neglect? The
reason, as we shall see, seems to be connected with
early ideas about the function of these hormones,
and to a certain extent, with misconceptions about
the nature of the inflammatory response itself. What-

ever the reason however, Sir John Gaddum would
surely not have approved. In 1954 he wrote,

'Pharmacology is not only the handmaid of thera-
peutics; it is a science in its own right, and has
many other tasks to perform. The most important
one is to find out how drugs act'.

In this lecture I will review work by myself and my
colleagues, as well as other scientists, which suggests
that one mechanism by which these drugs act is by
the induction and release of a regulatory protein
called lipocortin. The work which lead up to the dis-
covery of lipocortin was surely very much in the
Gaddum tradition for he always championed the use
of bioassay techniques as sensitive tools for the
detection of new substances. But before describing
these observations in detail let us first glance at the
history of the field.

Inflammation is a defence mechanism

Unlike machines, living beings are able to recover
spontaneously from most of the damage sustained
during their lifetime. Injury to, or infection of, the
host evokes a well-tested repertoire of responses col-
lectively known as 'inflammation'. This sophisticated
and singularly effective process has as its main objec-
tives the neutralisation and removal of pathogens,
the rebuilding and restructuring of diseased or
injured tissue, and ultimately the restoration of
normal structure and function.
The complexity of inflammation rivals that of any

other physiological system and, as may be imagined,
is closely controlled and regulated. Phagocytic cells

© The Macmillan Press Ltd 1988



988 R.J. FLOWER

must be summoned to the inflammatory site, the
immune system must be primed, there must be an
increased access of certain plasma proteins to the site
of injury and many other concomitant local and sys-
temic changes must also occur.

Normally, the inflammatory response is a spec-
tacularly successful 'defence mechanism'; invading
organisms are neutralised (and in many cases can
never regain access to the host), injury resolves spon-
taneously with healing occurring and complete resto-
ration of function. Like all other biological systems
however, the inflammatory response occasionally
goes awry and under these circumstances the body's
response to disease may assume the character of a
'disease' in itself. Chronic inflammatory conditions
such as rheumatoid arthritis probably fall into this
category. Although the agent which triggers the orig-
inal inflammation is seldom identified, the resulting
reaction causes severe local tissue damage; this
exacerbates and perpetuates the inflammation which
in turn causes more damage and so on. The inflam-
matory response never terminates under these cir-
cumstances. Little if any healing occurs, and a
continuing cycle of inflammation-tissue destruction-
further inflammation is established.

It is upon such occasions that the physician inter-
venes to quench the inflammation with drugs and
other treatment. We know from the work of Vane
and his colleagues (see below) that the most common
anti-inflammatory drugs, the aspirin-like drugs, seem
to work by preventing the generation of the pro-
inflammatory prostaglandins thus relieving the
symptoms of the illness, but the mechanism of action
of the more potent glucocorticoids, has always been
unclear.
The anti-inflammatory steroids are analogues of

the endogenous steroid hydrocortisone. All healthy
mammals have this hormone (or a closely related
compound) in their blood and there is a marked
diurnal variation in secretion. For many years our
ideas about the function of the glucocorticoids in the
regulation of normal physiology were hazy and
unclear. It had been known since the 1930s that
when stressed, injured or infected, man and other
animals invariably responded with a rise in blood
steroid levels. Hans Selye, the Austrian-born physiol-
ogist, regarded this response as a defensive manoeu-
vre and believed that steroids were somehow
responsible for the mounting of inflammatory
response. Selye listed many other physiological
events which occurred in response to stress and
noted that these tended to be stereotyped in nature.
He called these responses 'The General Adaptation
Syndrome' (Selye, 1946).
For a long while Selye's ideas about steroid physi-

ology held sway (even today they continue to exert a
considerable influence on our thinking), but an unex-

pected finding made shortly after the Second World
War cast doubt upon this notion. Phillip Hench was
an American physician who was struck by the fact
that arthritic women who developed jaundice or
became pregnant, frequently experienced a dramatic
remission of their symptoms. During pregnancy,
blood glucocorticoids levels rise dramatically and
Hench surmised that these hormones were
responsible for the anti-inflammatory action. Corti-
sol had just been isolated and was shortly to be
totally synthesized, so Hench was able to test the
hormone in patients with rheumatoid arthritis and
other chronic inflammatory diseases. He found it to
be dramatically effective (Hench et al., 1949). This
observation laid the foundation for modern day glu-
cocorticoid therapy for it was soon found that these
drugs are exceedingly effective against almost any
type of inflammation, regardless of its cause.

This demonstration that the glucocorticoids were
actually anti-inflammatory caused consternation
because it was not in accordance with contemporary
notions of their normal function, largely based on
Selye's work. To circumvent this problem the scienti-
fic community adopted an odd compromise: the idea
that in 'physiological' amounts these hormones had
one type of effect, whereas in 'pharmacological'
amounts they had another, often opposing, action
(cf. Gaunt, 1974).

Recently a new proposal has been put forward by
Munck and his colleagues (Munck et al., 1984) which
suggests that the physiological function of the gluco-
corticoids secreted during stress or injury is not to
protect against the source of the stress itsey (as was
originally believed) but to protect the organism
against the normal defence mechanisms which are acti-
vated by stress. In other words, glucocorticoid secre-
tion is one arm of a homeostatic mechanism which
checks and controls the activity of the inflammatory
(and other) responses. This hypothesis is, I believe, of
great explanatory power. It reconciles a great many,
apparently contradictory, observations and may well
herald a renaissance of interest in glucocorticoid
physiology and pharmacology.
One of the most important and fundamental find-

ings in the field of glucocorticoid biology was the
discovery of the glucocorticoid receptor (Munck &
Brinck-Johnson, 1967; 1968; Schaumburg &
Bojesen, 1968) and the elucidation of the mechanism
whereby occupation of the intracellular receptor
protein leads to an increase or decrease in the tran-
scription of certain genes, thus bringing about the
biological action of the steroids (Buller & O'Malley,
1976; Chan & O'Malley, 1976; Baxter 1976; Munck
& Leung, 1977). This is sometimes known as the
'classical pathway of steroid action'.

It is now clear that these receptors are present in
most, if not all, cells in the mammalian body and
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that the overwhelming majority of the biological
action of the glucocorticoids are brought about by
steroid-receptor interactions and their sequelae. In
the face of this knowledge, the concept that there are
'physiological' and 'pharmacological effects' is van-
ishing and is being replaced with the unifying notion
that 'Glucocorticoid effects can consequently be
defined succinctly as those which are mediated by
glucocorticoid receptors' (Munck et al., 1984).

This generalisation extends to inflammation - at
least acute inflammation - for Tsurufji and his col-
leagues (1979) have demonstrated that the anti-
inflammatory action of dexamethasone in rats can be
blocked by the administration of inhibitors of
protein and RNA synthesis. Additionally, the author
and his colleagues have shown that glucocorticoid
receptor antagonists can block the anti-
inflammatory actions of these drugs providing evi-
dence for the 'classical pathway of steroid action in
acute inflammation' (Peers et al., 1988).

Many aspects of the inflammatory response are
regulated by lipid mediators

I have argued that inflammation is a biological
response of great sophistication and complexity
requiring integration and tight regulation. How is it
controlled?
The most plausible mechanistic explanation yet to

emerge is the 'chemical theory' and during the last
decade this has dominated the attention of most bio-
medical researchers. According to this idea, chemi-
cals released from dead, dying, 'activated' or injured
cells are responsible for initiating the familiar signs
and symptoms of inflammation together with many
of the underlying pathological changes and systemic
effects which are also seen. Histamine, 5-hydro-
xytryptamine and bradykinin, are amongst the local
hormones that have been implicated in the develop-
ment of inflammation, but it is the lipid mediators
such as the prostaglandins, leukotrienes and platelet
activating factor (Pat) which have currently captured
the imagination of the research community and
which have been the focus of intense study.

It is not my intention to review the compelling evi-
dence that suggests a role for these mediators in the
inflammatory response (cf. Ferreira & Vane, 1979;
Piper, 1983; Bray, 1983 for a detailed guide to the
bibliography covering this section) but certain
aspects of their biosynthesis have to be mentioned
here so that the arguments made later in this paper
will appear clear.

Both the prostaglandins and the leukotrienes
(collectively known as the eicosanoids) are biosyn-
thesized from polyunsaturated fatty acids, pre-
eminent amongst which in land-dwelling mammals,

is arachidonic acid. This fatty acid (as well as some
other related compounds) can be transformed by the
fatty acid cyclo-oxygenase into the cyclic endo-
peroxides and thence prostaglandins, thromboxanes
and prostacyclin, and by other enzymes into leuko-
trienes. The first of these transformations may occur
in practically any cell in the body (with the exception
of the erythrocyte) whilst the latter series of reactions
occur mainly in leukocytes (cf. Hamberg et al., 1974;
1975; Murphy et al., 1979; Moncada, 1982).
Paf is probably biosynthetized in a two-stage

process in which a specific ether phosphatide precur-
sor is catalytically hydrolysed to lyso-Paf by phos-
pholipase A2 and then acetylated by a specific acetyl
transferase (Albert & Snyder, 1983). It has been
observed that a high proportion of this ether phos-
phatide precursor also contains arachidonic acid
esterified to the 2'-position such that cleavage by
phospholipase liberates both the precursors for the
eicosanoids, and that for Paf simultaneously (Albert
& Snyder, 1984).

Biologically active lipids are, of course, not the
only chemicals involved in inflammation. For
example, complement plays a role in cell migration
and oedema formation, and fever - a common sequel
to inflammation is regulated by the release from
macrophages of yet another type of chemical, the
polypeptide interleukine 1. Other, less well charac-
terized factors regulating immune and other func-
tions are also generated by lymphocytes and
influence other cells such as monocytes. There is evi-
dence for substantial interactions between inflamma-
tory mediators (see for example Williams, 1983).

Finally, there must be some mechanism, as yet
unidentified, but presumably also dependent on the
release of chemicals, which terminates the inflamma-
tory response and initiates the healing process.

Early work suggested glucocorticoids were without
effects on prostaglandin synthesis

When the inhibitory action of aspirin on the prosta-
glandin forming cyclo-oxygenase was discovered,
many other types of drugs were tested as putative
inhibitors (Vane 1971; Ferreira et al., 1971; Smith &
Willis, 1971; Flower et al., 1972). Amongst inactive
compounds in this test were the narcotic analgesics
and the anti-inflammatory glucocorticoids. Actually
some inhibition was seen at high concentrations by
some other workers (Greaves & Macdonald Gibson,
1972) but it is important to note that these experi-
ments were all performed with broken cell prep-
arations. The negative effects observed with the
glucocorticoids were puzzling, because although the
steroidal drugs were many times more active in
experimental models of inflammation, they were all
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Table 1 Glucocorticoids have potent anti-inflammatory
cyclo-oxygenase directly

actions but do not inhibit the prostaglandin-forming

Class Drug

Aspirin-like Meclofenamic acid
Niflumic acid
Indomethacin
Mefenamic acid

Glucocorticoid Dexamethasone
Triamcinolone
Hydrocortisone

Data from Flower et al. (1972).

inactive against the cyclo-oxygenase enzyme, and
thus, by implication on prostaglandin synthesis (see
Table 1).

Whilst these findings suggested that the glucocor-
ticoids had no effect on the prostaglandin system, a
number of observations soon began to appear in the
literature which apparently contradicted this conclu-
sion. In 1974, Herbaczynska-Cedro & Staszewska-
Barczak demonstrated that the release of a
prostaglandin-like substance into the venous blood
of exercising dogs was blocked by hydrocortisone.
Shortly after this came a report by Lewis & Piper in
which it was observed that steroids could antagonize
the release from isolated fat pads of prostaglandin E2
which accompanies ACTH-induced vasodilatation
(Lewis & Piper, 1975). The suggestion made at that
time to explain these findings was that the glucocor-
ticoids were preventing the release of prostaglandins
from the adipocytes, rather than their biosynthesis
but results of other experiments by different groups
suggested another interpretation. In 1975, Gry-
glewski and his colleagues found that two glucocor-
ticoids, hydrocortisone and dexamethasone,
prevented the noradrenaline-induced release of pros-
taglandins from rabbit perfused mesenteric vascular
bed as well as the immunologically-induced release
of prostaglandins from guinea-pig lungs. The direct
conversion of arachidonic acid into prostaglandins
in these preparations was not blocked by the gluco-
corticoids indicating that they had no inhibitory
activity on the cyclo-oxygenase itself.

Because the rate-limiting step in prostaglandin
synthesis seems to be the release of arachidonic acid
from some intracellular lipid pool, probably the
phosphatide pool, it was suggested that the glucocor-
ticoids were interfering with substrate release from
membrane phospholipids. This conclusion was sup-
ported by some elegant experiments from Levine's
group published in 1976. Using cultured fibroblasts
labelled with tritiated arachidonic acid, this group
was able to demonstrate that the anti-inflammatory

Cyclo-oxygenase
(ICS0 PgmP 1)

0.03
0.03
0.06
0.17

> 100
I 100
t 100

Rat paw odema
(ED50mgkg- 1)

15.0
47.0
6.0

68.0
0.01
0.08
13.0

glucocorticoids prevented phospholipid deacylation
and arachidonic acid release which accompanied
stimulation by various agents (Hong & Levine,
1976). Levine's group proposed that the mechanism
of action of these drugs was to prevent substrate
release and suggested that this might underlie their
inflammatory action. Several other groups also
reported that steroids could prevent synthesis of
prostaglandins by intact cells and in each case the
mechanism was consistent with an action on the
supply of substrate.

The site of glucocorticoid action was examined by use
of the guinea-pig perfused lug

In addition to the studies cited above the author and
his colleagues, then at the Wellcome Foundation,
were also studying the effect of steroids upon prosta-
glandin synthesis and release in the light of some
early work implicating the enzyme phospholipase A2
in this event (Flower & Blackwell, 1976). The system
used was the guinea-pig perfused isolated lung, a
simple technique which has proved extremely useful
to workers in the prostaglandin field (Piper & Vane,
1969).
The perfused lungs can be induced to release

thromboxane and other prostaglandin endoperoxide
derivatives in two ways: firstly, by the injection or
infusion into the lungs of the substrate arachidonic
acid, and secondly by the injection of 'releasing
factors' such as histamine, bradykinin, SRS-A (as it
used to be known) or antigen. Figure 1 shows the
basic experimental set up used for this work. All
these substances apparently release eicosanoids (as
detected by superfusion bioassay) by liberating ara-
chidonic acid within the lung tissue by some ill-
defined mechanism. Under investigation at that time
was another releasing factor, RCS-RF (an acronym
of Rabbit Aorta Contracting Substance - Releasing
Factor), a low molecular weight peptide found in
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BASIC EXPERIMENTAL DESIGN

FURTHER BIOSSAY
KREBS SOLN PUMP OR COLLECTlON

Figure 1 The guinea-pig perfused isolated lung was

used for many experiments on steroid hormone action.
The procedure was adapted from that described by
Piper & Vane (1969): Krebs solution gassed with 95%
02 and 5% CO2 was pumped at 10mlmin-' through a
catheter inserted into the pulmonary artery into the
pulmonary circulation of a guinea-pig isolated lung.
The left heart was cut away allowing the perfusate to
escape and this was then diverted over a series of bio-
assay tissues selected for their sensitivity to eicosanoids.
The rabbit aortic strip is particularly sensitive to pros-
taglandin endoperoxides and thromboxane A2. The
release of these substances can be elicited by the injec-
tion of arachidonic acid substrate (AA) or releasing
factors (RF) into the pulmonary artery catheter. The
isolated smooth muscles used for the bioassay are ren-
dered insensitive to the direct action of AA or RF by
the continuous infusion over the tissues of a mixture of
antagonists to histamine, 5-hydroxytryptamine, cate-
cholamines and acetylcholine together with indometha-
cin to prevent the endogenous synthesis of
prostaglandins.

immunologically-shocked lung effluent (Piper &
Vane, 1969). RCS-RF had no direct effect upon the
assay tissues but when injected into the lung it
caused a release of biologically active substances
identified as a mixture containing chiefly thrombox-
ane and prostaglandin endoperoxides. Arachidonic
acid injections induced a similar effect.
When a glucocorticoid such as dexamethasone

was infused into this preparation, it was observed
that the generation of biologically active substances
elicited by the releasing factor was blocked whereas
the conversion of arachidonic acid was unimpaired
(Nijkamp et al., 1976). There was always a time delay
with the first effects of steroid being observed after
about 30min of infusion. To produce greater than
50% inhibition it was often necessary to continue
the infusion for 45-60 min or even longer. Of course,
when indomethacin was given to the lung prep-
aration, the generation of products in response to
both arachidonic acid and RCS-RF was blocked.
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Figure 2 The glucocorticoid dexamethasone (DEX)
inhibits the release of thromboxane A2 (TXA2) caused
by the injection into the guinea-pig perfused lung of
RCS-RF (RF) but not arachidonic acid (AA). The
release of TXA2 was detected by a rabbit aorta strip
(RA) and rat stomach strip (RSS) superfused in series.
Contractions were recorded isotonically. Injections of
AA or RF were made into the pulmonary artery cathe-
ter. Dexamethasone was infused for 30min (indicated
by the dotted lines) in the concentrations indicated
before TXA2 release was elicited by AA or RF. Reprint-
ed by permission from Blackwell et al. (1978) Br. J.
Pharmacol., 62, 79-89.

Figure 2 shows the results of an experiment done at
that time.

Dexamethasone was not the only steroid able to
produce this effect: all the common glucocorticoids
shared this activity (see Table 2). Mineralocorticoids
and most sex steroids were inactive in this test
(although in some experiments oestradiol seemed to
have a similar action). Further experiments revealed
that the releasing activity of some other agents such
as 5-HT and histamine was also blocked by the
steroids, although curiously, the action of bradykinin
was not (see Figure 3). The steroid-induced block of
eicosanoid release was not irreversible. If the infu-
sion of the drug was stopped the inhibition gradually
faded with (in most cases) a complete return to
control values within 60-90 min (see Figure 4).

Studies in which the arachidonic acid content of
the perfusate was measured by gas chromatography
indicated that when releasing factors were injected
into the perfused lung there was a transient release of
arachidonic acid into the effluent, and that during
steroid infusion, this release was inhibited or
reduced. This inhibition was easily reversed when the
steroid infusion was terminated (Nijkamp et al.,
1976).

Phospholipase A2 is activated by releasing factors

The most widely accepted idea at this time was that
the major store of polyunsaturated fatty acid precur-
sors in the cell were the phospholipids, and that it
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Table 2 All glucocorticoids tested inhibited the release of thromboxane A2 (TXA2) from guinea-pig perfused lungs
and their rank order of potency strongly resembles that of their anti-inflammatory activity

Class

Glucocorticoid

Sex steroid

Mineralocorticoid

Steroid

Dexamethasone
Betamethasone
Triamcinolone
Fludrocortisone
Prednisolone
Corticosterone
Cortisone
Hydrocortisone
Oestradiol 17-p
Progesterone
Testosterone
Aldosterone

Inhibition of TXA2
release (IC5o, ugml-1)

1.4
1.4
4.2
5.1
6.4

33.6
43.5
43.8
1.9

>> 100
>> 100
> 80.0

Relative Relative anti-
potency* inflammatory potency

31.2
31.2
10.4
8.5
6.8
1.3
1.0
1.0

23.1
40.01
40.01
40.5

25.0
25.0
5.0

10.0
4.0
0.4
0.8
1.0

Nil
Nil

Data compiled mainly from Blackwell et al. (1978).
* Hydrocortisone = 1

was the liberation of arachidonic acid from this pool
under the influence of the enzyme phospholipase A2
which was the first step in the generation of prosta-
glandins. Virtually all mammalian cells contain
phospholipases A2 and there are several types which
differ in their pH optima, calcium requirement and
subcellular location (see review by Van den Bosch,
1980), but it seemed highly likely that the enzyme
most relevant to the generation of arachidonic acid
was the plasma membrane phospholipase A2. This
protein is a constituent of all plasma membranes, it
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Figure 3 The glucocorticoid dexamethasone (DEX)
inhibits the release of thromboxane A2 (TXA2) caused
by injection into a perfused guinea-pig lung of hista-
mine (HIST) and 5-hydroxytryptamine (5-HT) but not
bradykinin (BK). Three isolated smooth muscles were
used to detect the release of TXA2: the rabbit aortic
strip (RA) the guinea-pig trachea (GPT) and the rat
stomach strip (RSS). The left hand panel shows the
control responses and the right hand panel the
responses obtained following a 30min infusion of dexa-
methasone. Note that the release of TXA2 by histamine
or 5-HT is diminished but not that induced by brady-
kinin or arachidonic acid. Reprinted by permission,
from Blackwell et al. (1978) Br. J. Pharmacol., 62, 79-89.

has a requirement for calcium, and a neutral or alka-
line pH optimum. If such a potent hydrolytic enzyme
were simply embedded in the membrane it would
digest the membrane phospholipids very rapidly.
Since this obviously does not happen, the enzyme
must be present as some functionally inactive
complex which can be 'switched on' in some way by
stimuli known to release arachidonic acid.
To test if this concept obtained in the lung, a spe-

5 min
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Figure 4 The dexamethasone (DEX) inhibition of
RCS-RF (RF)-induced thromboxane A2 (TXA2) release
from the guinea-pig perfused lung is reversible. The iso-
lated tissues used in this experiment were the rabbit
aortic strip (RA) and the rat stomach strip (RSS). The
figure shows the record obtained in response to arachi-
donic acid (AA) or RCS-RF (RF) injections given
45 min before, during, or 45 min after the termination of
an infusion of dexamethasone (1 yg/ml). The right hand
panel shows that a single injection of indomethacin
(IND) depresses the release of TXA2 caused by both
agonists.
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cifically labelled phospholipid substrate of phos-
pholipase A2 was synthesized with a radioactive
fatty acid in the 2'-position. The author and his col-
leagues reasoned that if a cell membrane phos-
pholipase was attached to the surface of some
cell-type in the lung (as it is with several other cell
types) then it should be revealed by examining the
hydrolysis of the radioactive fatty acid.
When aliquots of the labelled isotope (suspended

as micellae in buffer) were injected into the pul-
monary circulation of the lung we found that there
was a 'background' hydrolysis of the labelled phos-
pholipid and that this was strongly inhibited by infu-
sions of glucocorticoids such as dexamethasone
(Blackwell et al., 1978). Again, the onset of the
steroid effect occurred after a time delay and was
reversible upon the termination of the infusion.
Experiments of a similar nature also determined that
phospholipase A2-like activity was increased by the
injection of releasing factors such as RCS-RF, hista-
mine and SRS-A and that this elevated hydrolytic
activity was also blocked by glucocorticoids.
The obvious question was whether or not the glu-

cocorticoids caused the inhibition of phospholipase
activity by the 'classical pathway' of steroid action.
We found that there was indeed a high affinity glu-
cocorticoid binding protein in the cell-free super-
natants of the guinea-pig lung (Flower & Blackwell,
1979). The receptor was detected by use of tritiated
dexamethasone as a ligand, and this was displaced
from the receptor with unlabelled dexamethasone,
hydrocortisone or the glucocorticoid receptor
antagonist cortexolone. Interestingly, this latter com-
pound also partially inhibited the effect of the steroid
in the perfused lung preparation. Further experi-
ments established that the anti-phospholipase effect
of steroids in the lungs could be reversed by inhibi-
tion of RNA synthesis (by agents such as actino-
mycin D) and of protein synthesis (by agents such as
cycloheximide and puromycin): Figure 5 illustrates
this point well. Danon & Assouline (1978) had also
observed that the glucocorticoid effects on prosta-
glandin production by renal interstitial cells depend-
ed upon unimpaired RNA and protein synthesis and
going even further, Russo-Marie and her colleagues
(1979) demonstrated unequivocably that the inhibi-
tory action of corticosteroids on prostaglandin syn-
thesis by rat renomedullary cells is mediated through
receptor occupancy and requires ongoing RNA and
protein synthesis.

All these experiments strongly suggested that
steroids inhibited phospholipase A2 by a mechanism
depending upon glucocorticoid receptor occupancy,
followed by de novo RNA and protein synthesis and
begged the question of whether the glucocorticoids
were inducing the synthesis or release of an inhibitor
of phospholipase A2 .

ISO DEX flag ml IASSAY 0 PROTIN SYNTHESIS10 E RADIQSSY ERNA SYNTHESIS
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Figure 5 Inhibition of protein or RNA synthesis by
cycloheximide, actinomycin or puromycin prevents the
inhibition by dexamethasone (DEX) of phospholipase-
dependent events in the guinea-pig perfused lung. Phos-
pholipase A2-activity was measured in two ways: by a
bioassay technique (open columns) in which the inhibi-
tion of RCS-RF-induced thromboxane A2 release was
measured relative to that induced by arachidonic acid
and by a radiochemical assay (shaded columns) in
which the hydrolysis of labelled phosphatidylcholine
was measured after passage through the pulmonary cir-
culation. All the results from these assays were normal-
ised so that they could be represented on a single axis.
The cross-hatched and stippled columns on the right

indicate protein and RNA synthesis in the lung mea-
sured as a percentage of control synthesis. Assessment
of these parameters was made by measuring the incor-
poration of labelled precursors into macromolecules.
The figure shows that dexamethasone reversibly

depresses phospholipase A2 activity in the perfused lung
with a latent period of 30-40min and that this is pre-
vented by treatment of the organ with agents which
depress RNA or protein synthesis. Reprinted, by per-
mission, from Flower & Blackwell (1979) Nature, 278,
456-459.

A 'second messenger' of steroid action detected in the
lung and macrophage

To search for an inhibitor of phospholipase we
devised a bioassay experiment in which two guinea-
pig isolated lungs were perfused in series (Flower &



994 RJ. FLOWER

SERLAL PERFUSON EXPEWr
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Figure 6 A 'second-messenger' of steroid action was
detected using an experimental design in which two
guinea-pig isolated lungs were perfused in series. The
effluent from the first lung was re-oxygenated and
pumped into the second lung. The latter organ was
used for the measurement of phospholipase A2 activity
using a bioassay or radiochemical assay technique. This
lung also received a constant infusion of cycloheximide
to render it insensitive to the direct actions of glucocor-
ticoids. Dexamethasone was infused either through the
pulmonary circulation of the first lung (TL) or into the
effluent draining the tissue (IE).

If dexamethasone given TL induced a soluble inhibi-
tor of phospholipase A2 activity then it should pass
from the first ('generator') lung to the second ('target')
lung and there cause an effect on phospholipase-
dependent events. Infusions of dexamethasone IE
produce no effect because of the presence of cyclo-
heximide, thus the only difference between TL or IE
infusions must be caused by contact between the gluco-
corticoid and normal lung tissue.

Blackwell, 1979). The design of the experiment (see
Figure 6) was such that the outflow from one lung
(generator lung) was pumped into a second lung
(target lung) in which phospholipase activity was
assessed by the radiochemical assay or bioassy (i.e.
release of prostaglandins). The second lung was ren-
dered insensitive to steroids by the continuous infu-
sion of cycloheximide. The design of this experiment
meant that when a steroid was infused directly into
the second lung, there was little or no effect on phos-
pholipase activity. However, when the drug was
infused into the first lung, we observed that the
phospholipase activity of the second test lung
declined after a short lag period (see Figure 7). The
most obvious interpretation of these experiments
was that a soluble inhibitor of phospholipase was
being secreted from the first lung under steroid
stimulation and was being transported in the per-
fusate into the second lung.

In another type of experiment which also rein-
forced this idea, two lungs were independently per-
fused: one of these received steroid, the other, vehicle
(see Figure 8). The perfusates were collected and
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Figure 7 Infusion of dexamethasone into guinea-pig
perfused lungs causes the release of a second messenger
which depresses phospholipase activity. The experimen-
tal design was that outlined in Figure 6. When dexa-
methasone was infused IE there was no change in the
phospholipase A2 activity of the 'target' lung as esti-
mated by a bioassay (open columns) or a radiochemical
(shaded column) technique. When the dexamethasone
was infused TL however there was a prompt fall in the
phospholipase activity in the target lung which was
reversed when the infusion was once again changed to
the IE route. This was taken to indicate that a 'second
messenger' appeared in the perfusate when steroids
were in contact with the cells in the untreated lung.
Reprinted, by permission, from Flower & Blackwell
(1979) Nature, 278, 456-459.

later tested on a third cycloheximide-treated lung.
The perfusate from the steroid-treated lung blocked
phospholipase activity in the cycloheximide-treated
lung but the perfusate from the control lung was

PRANAEL PERFUSION EXPERNMENT

STEROID TL
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KREBS KREBS

PUMP PW

Etffnl from both hugs reperfused Ohwugh a id. cyide beasd king

Figure 8 A different type of experimental design used
to search for a steroid-induced second messenger. In
this scheme, two guinea-pig isolated lungs were per-
fused in parallel, one received dexamethasone as a con-
stant infusion through the pulmonary artery (TL) whilst
the other received an equivalent amount directly into
the effluent (IE). After collecting the perfusate from each
lung for 1 h it was re-oxygenated and tested on a fresh
cycloheximide-treated organ. Although both aliquots of
perfusate contain equivalent amounts of steroid, only
one should contain induced second messengers.
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Figure 9 Effluent from steroid-treated lungs contains a
'second messenger' which depresses phospholipase A2
activity in a cycloheximide-treated test lung. The experi-
ments design was that outlined in Figure 8. Phos-
pholipase A2 activity was estimated by bioassay (open
column) or radiochemical techniques (shaded columns)
already described. The test lung received Krebs solution
only (A), Krebs effluent containing steroid (B) or Krebs
effluent from a lung-treated with steroids (C). Only the
latter contained inhibitory activity. Reprinted by per-
mission, from Flower & Blackwell (1979) Nature, 278,
456-459.

inactive (see Figure 9). If the perfusate containing the
anti-phospholipase factor were boiled or treated with
proteolytic enzymes, then the biological activity was
quickly and completely lost. This experiment strong-
ly suggested that the inhibitory factor was a protein.

In other systems too, the action of glucocorticoids
was found to be more complex than was originally
envisaged. Bray & Gordon had found in 1976 that
corticosteroids blocked prostaglandin synthesis by
guinea-pig macrophages and in 1979 Di Rosa and
his colleagues at the University of Naples demon-
strated that rat peritoneal lavage cells (about 80%
macrophages) were also highly sensitive to the pros-
taglandin inhibitory effect of steroids and that this
effect too was dependent on de novo RNA and
protein synthesis. They obtained evidence that this
effect was also caused by the release from the cells of
a phospholipase inhibitory protein (Carnuccio et al.,
1980). Further experiments revealed that the release
of this inhibitor was dependent upon the concentra-
tion of the inducing steroid and that the amount of
the protein present depended upon the cell number
as well as the drug concentration (see Figure 10).
When the biological profile of the lung and

macrophage-derived inhibitors were compared it was
determined that they were both proteins, and had
similar molecular weights (about 15 k) as judged by a
gel exclusion chromatography. Both inhibitors were
also interchangeable in their actions, that is to say
the macrophage-derived material was active in the
guinea-pig lung system and vice versa. Finally, both
proteins shared a similar resistance to heating being
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Figure 10 The release from rat peritoneal lavage
macrophages of 'macrocortin' (since renamed 'lipocor-
tin') is dependent upon the concentration of steroid
(hydrocortisone) and upon the number of target cells
present. In these experiments lavage macrophages were
incubated in Krebs solution (37°C) in vitro for 90 min in
the presence of hydrocortisone and the cells removed by
centrifugation. The supernatants were dialysed and the
inhibitory activity tested by measuring the reduction in
eicosanoid synthesis achieved when the samples were
mixed with fresh zymosan-stimulated cells. Left hand
panel; the release inhibitory activity from lavage macro-
phages (10o) is dependent upon the concentration of
hydrocortisone. Right hand panel; the release of inhibi-
tory material in the. presence of fixed concentration of
hydrocortisone (20gM) is dependent upon the number
of macrophages in solution. Reprinted by permission,
from Blackwell et al. (1980) Nature, 287, 147-149.

stable for up to 10min at 700C but being destroyed
at higher temperatures.
These and other results encouraged the author

and his colleagues to believe that we were dealing
with a single protein which we christened 'macro-
cortin' (Blackwell et al., 1980): 'cortin' to indicate
that the protein was induced (or released) specifically
by the glucocorticoids and mimicked their action in
the two systems, while the prefix 'macro' indicated
the most likely cellular origin (macrophages) also
that their molecular weight (15k) was considerably
in excess of that of the steroids themselves.

Other protein inhibitors of phospholipase A2 activity
are discovered

Two other groups had independently arrived at a
similar conclusion concerning the mechanism of
action of steroids on phospholipase. At the National
Institute of Health in Bethesda, Hirata and his col-
leagues had been investigating the mechanism of
neutrophil chemotaxis and observed that when neu-
trophils were stimulated with chemoattractants such
as f-Met-Leu-Phe there were rapid changes in mem-
brane biochemistry which included phospholipid
methylation and arachidonic acid release (Hirata et
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al., 1979). These authors demonstrated that both
events were preceded by an activation of phos-
pholipase A2 in the cell membrane, and that drugs
which inhibited this enzyme such as the anti-
malarial, mepacrine, blocked both the phospholipase
A2 activation and the chemotactic response.
When steroids were tested as inhibitors in the che-

motaxis assay, both cell movement and phos-
pholipase A2 were blocked. Only glucocorticoids
(dexamethasone, fluoccinolone, hydrocortisone, and
cortisone) were effective, oestradiol 17-B, testoster-
one and progesterone were without activity. As in
the guinea-pig lung experiments, steroid receptors
were demonstrated in the neutrophils and displace-
ment of labelled dexamethasone from the receptor
was observed in the presence of inducing steroids.
The inhibitory activity of the steroids was also abro-
gated by inhibitors of protein and RNA synthesis.
When the particulate fractions of the steroid-

treated neutrophils were solubilised with the non-
ionic detergent NP40, it was found to contain a
phospholipase inhibitory protein which chromato-
graphed on Sephadex with an apparent molecular
weight of 40k (Hirata et al., 1980). If neutrophils
were first incubated with labelled lysine the Sepha-
dex fractions containing the 40k protein were found
to have a greater incorporation of the isotope when
prepared from steroid treated cells than did similar
fractions derived from untreated cells. The conclu-
sion from these experiments was that glucocorticoids
blocked chemotaxis by inhibiting phospholipase A2
and this was the result of an induction (or at least an
increase) of protein inhibitor of this enzyme. This
protein was subsequently christened 'lipomodulin' by
the N.I.H. group.
Another laboratory interested in the question of

steroid inhibition of prostaglandin synthesis, was
that of Russo-Marie and her colleagues at the
Necker Hospital in Paris (Russo-Marie et al., 1979;
Russo-Marie & Duval, 1982). Rat renomedullarly
interstitial cells in culture produce large amounts of
prostaglandins, and both non-steroidal and steroidal
drugs have inhibitory effects on the generation of
these lipids. In a series of beautiful experiments they
were able to demonstrate that the glucocorticoids
dexamethasone and corticosterone, inhibited prosta-
glandin synthesis and that the concentrations
required to do this generally correlated well with
those required to occupy glucocorticoid binding
sites. Once again, only steroids with the glucocorti-
coid properties prevented prostaglandin secretion,
this effect was not caused by a depression of cell
growth or cyclo-oxygenase activity and was blocked
by inhibitors of macromolecule synthesis.

Later experiments by this group indicated that the
inhibition of prostaglandin synthesis was secondary
to phospholipase inhibition and this in turn was

caused by the generation of a heat-labile non-
dialysable factor subsequently dubbed 'renocortin'.
Analysis of renocortin demonstrated that it was a
mixture of two proteins, one having a molecular
weight of 15k and the other a molecular weight of
30k (Cloix et al., 1983).
At the Childrens Hospital of Philadelphia, Gupta

and his colleagues demonstrated that dexametha-
sone induces the formation of phospholipase inhibi-
tory proteins ('PLIP') in cultures of embryonic palate
cells and thymocytes. The molecular weight species
observed (55k, 40k, 28k and 15k) are very similar
to those observed by the other groups (Gupta et al.,
1984; Gupta & Goldman, 1985).
Longenecker and his colleagues (1987) have also

isolated from human peritoneal dialysis fluid, a 40k
phospholipase inhibitor. This protein displays many
properties common with the other inhibitors referred
to above in that it inhibits eicosanoid release from
cells. No information is available on the steroid
inducibility and the available evidence tends to
suggest that it is not identical to the protein now
named 'lipocortin 1' (see below) although it may well
be related in some way.

A change in nomenclature

Initially, it seemed that macrocortin, lipomodulin
and renocortin were three different proteins induced
by the glucocorticoids, but a comparison of the con-
ditions of their generation and a more rigorous
examination of the distribution of molecular weights,
their anti-enzyme and immunological properties led
the Wellcome group, the N.I.H. group and the
Necker Hospital group to the conclusion that all
these proteins were functionally identical and all
active fragments of the same precursor. A unified
nomenclature was agreed and the name 'lipocortin'
proposed (Di Rosa et al., 1984). It was suggested that
the disparity in molecular weights was a conse-
quence of proteolysis.

Lipocortin has been isolated and purified

Once established as a distinct entity, several groups
expended considerable energy in an attempt to
purify and sequence lipocortin. Whilst the highly
purified protein was soon available for biological
work, it was some time before the structural work on
the molecule was completed.

In some early work Hirata used primary cultures
of rabbit neutrophils stimulated for 16 h with gluco-
corticoids as the main source of lipocortin (Hirata et
al., 1980; Hirata, 1983). Using the concentrated con-
ditioned media as a starting material, purification to



LIPOCORTIN AND THE GLUCOCORTICOIDS 997

near homogeneity (as judged by SDS-PAGE) was
achieved by sequential chromatography on DEAE-
ion exchange resins and Sephadex G-75. The purified
protein seemed to be a glycoprotein (estimated at
10% sugar residues w/w) in as much as it was
retained by Con-A affinity columns. The predomi-
nant species detected in these studies had a molecu-
lar weight (M,) of 40k although other species were
seen including a 15k and 25-30k species. The latter
were apparently formed by a proteolysis of the 40k
form since the relative proportions changed when
protease inhibitors were omitted from the mixture.

Lipocortin was partially purified by Russo-Marie
and her colleagues (Cloix et al., 1983) using super-
natants of cultured rat renomedullary cells which
had been treated for 24 h with dexamethasone.
Chromato-focussing and gel filtration techniques
revealed two species with anti-phospholipase activity
having isoelectric points of 8.3 and 5.8 (an isoelectric
point of 9.4 for the 40k protein had been suggested
by Hirata). After chromatography of the crude
mixture on Ultrogel columns, two species of 15 and
30 k were recovered but it was not clear which
species related to each isoelectric point. In more
recent experiments in which serum-free medium was
used, an additional species of 40k was detected.
Apparently foetal calf serum contains a protease
which cleaves the 40k species to the 30k species. It is
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not clear whether the 30 to 15k transformation is
catalysed by a specific enzyme or a general cellular
protease. The 15k form was substantially phos-
phorylated and was only fully active after treatment
with alkaline phosphatase (see below).

In contrast to the in vitro systems described above,
the author's group used rat peritoneal lavage fluid
from steroid-treated rats as starting material
(Blackwell et al., 1982). This material contains a sub-
stantial amount of anti-phospholipase activity
although it is a more complex mixture of proteins
than that generated by either of the other techniques.
The work of Hirata et al. (1982) has revealed that a
substantial proportion of the anti-phospholipase
proteins in this mixture is phosphorylated and that
they are not inhibitory in the in vitro phospholipase
assay system until treated with alkaline phosphatase.
Because of this it is likely that early estimates of the
anti-phospholipase content of peritoneal fluid under-
estimated the actual amounts present.

Partially purified anti-phospholipase proteins
from rat lavage fluid was prepared by DEAE ion
exchange chromatography and gel filtration. A
complex pattern of active peptides was often seen
eluting from DEAE columns and several proteins
eluting at different ionic strengths appeared, on sub-
sequent analysis, to have the same molecular weight
(see Figure 11). In the first experiments Sephadex
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Figure 11 The phospholipase inhibitory activity in lavage fluid from steroid-treated rats can be resolved into
discrete components by DEAE ion exchange chromatography. Peritoneal lavage fluid was collected from rats which
had received dexamethasone (1mgkg-1), saline alone, or dexamethasone and puromycin (to prevent protein
synthesis). After dialysis and concentration the proteins were applied to a DEAE ion exchange column and eluted
with a 0-1M NaCl salt gradient. Fractions were collected and tested for anti-phospholipase activity in a cell-free
enzyme assay. The figure shows the anti-phospholipase activity expressed as umg-f protein (left hand scale) in
steroid-treated (continuous line), saline-treated (broken line) and dexamethasone and puromycin-treated (dotted
line) samples. The cross-hatched area represents the protein concentration estimated by u.v. absorbance at 280nm
(right hand scale).
The anti-phospholipase activity was resolved into four separate components labelled as polypeptides I-IV which

eluted at different salt concentrations. Polypeptides I and II appeared to have very comparable molecular weights
and were used most often for biological experiments. Reprinted, by permission, from Blackwell et al. (1982) Br. J.
Pharmacol., 76, 185-194.
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Figure 12 The molecular weight of lipocortin can be ascertained by h.p.l.c. gel exclusion techniques. In this experi-
ment polypeptide II (see Figure 11) was collected following DEAE chromatography concentrated and subjected to
h.p.l.c. gel exclusion chromatography. Each fraction was tested for anti-phospholipase activity (cross hatched
columns, left hand scale) and an estimate of the protein concentration was obtained by continuous monitoring at
254nm (dotted line, right hand scale). The vast majority of the anti-enzyme activity was eluted in fraction 7. Since
the column was calibrated with marker proteins (ribonuclease (RNUC), dihydrofolate reductase (DHFR), chy-
motrypsin (CHYMO), bovine serum albumin (BSA) and aldolase (ALD), see inset) it was possible to assign an
apparent mol. wt. of 39-40k to polypeptide II. Experiments with polypeptide I gave similar results. Reprinted, by
permission, from Blackwell et al. (1982) Br. J. Pharmacol., 76, 185194.
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Figure 13 Crude peritoneal lavage fluid from steroid-treated rats contains anti-phospholipase proteins with differ-
ent molecular weights.

After collection, lavage fluid was collected, dialysed, concentrated and applied to a sephadex S 300 gel exclusion
column. The anti-phospholipase activity in each fraction was estimated (top record) as was the protein (A280,
bottom record). The column was calibrated with marker proteins (see inset) and the four peaks were assigned
apparent molecular weights of - 200k (A), 125k (B), 40k (C) and 15k (D).
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G-75 was used as gel filtration medium but later gel
exclusion chromatography was performed by high
performance liquid chromatography (h.p.l.c.) using a
TDK 200 SW column. With these methods the most
prominent species detected was the 40k protein
although a 15k species was also often found (see
Figure 12). In other experiments Sephacryl SF300
was employed and led to the detection of more anti-
phospholipase proteins with much higher weights
(principal species 125k, see Coote et al. 1983 and
Figure 13). The phospholipase inhibitory activity of
these large proteins was neutralised by the mono-
clonal RM23 (see below) in the same way as lower
molecular weight forms were. These proteins also
reduced prostaglandin production by cells and
seemed to behave in every way as the lower molecu-
lar weight species. It could be that these molecules
are in fact precursors of the 40k species or simply
related proteins, but direct evidence for this will have
to await structural elucidation of all peptides.

Although considerable purification can be
achieved by combination of ion exchange and gel fil-
tration chromatography this was not sufficient to
give homogeneous protein bands on SDS gel electro-
phoresis when rat peritoneal lavage fluid is used as a
starting material. The monoclonal antibody RM 23
proved difficult to use when coupled to an affinity
matrix, but another technique, phospholipase A2
affinity chromatography, substantially improved the
procedure. Typically, ex-DEAE fractions containing
a mixture of proteins were passed through the
column phospholipase A2 linked to agarose beads)
whereupon 80-90% of the biological activity was
retained by the bound ligand. This could be subse-
quently eluted with 2M KCI and a considerable puri-
fication now achieved (see Figure 14 and Table 3).
The phospholipase A2 affinity column is also very
effective for purifying the high molecular weight
inhibitor.
The 40k protein had the same molecular weight

on SDS-PAGE in the presence or absence of a
reducing agent implying that it is a single polypep-
tide chain (Hirata, 1983).
At the time of writing the most complete analysis

of the phospholipase inhibitory activity in rat perito-
neal lavage fluid has been furnished by Pepinsky and
his colleagues at the Biogen Research Corporation
(Pepinsky et al., 1986). These workers purified the
predominant phospholipase inhibitory protein from
lavage fluid and characterized it as a 37 kDa protein
which was also present in a series of lower molecular
weight species including a 30k, 24k and 15k form.
This inhibitor, which probably corresponded to
'polypeptide 1' according to the authors purification
scheme (see Figure 11), was purified to homogeneity
using a combination of ion exchange and gel exclu-
sion chromatography and submitted to partial
sequence analysis. The distribution of the inhibitory
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Flgwe 14 Lipocortin can be highly purified by phos-
pholipase A2-affinity chromatography. The figure
shows a silver stained 10% SDS-PAGE chromatogram.
Band A represents a crude and complex mixture of pro-
teins collected from the active fraction eluting from a
DEAE column. Most of these proteins passed through
the column (porcine pancreatic phospholipase A2
linked onto agarose beads) although the biological
activity was retained on the column (see Table 3). After
elution of the column with 2MKCI virtually all the bio-
logical activity was recovered from the column and was
subsequently identified as the -41 k protein in band C.
The other proteins on this band (-75k and -130k)
are probably contaminants. Reprinted, by permission,
from Parente & Flower (1984) Eur. J. Pharmacol., 99,
233-239.

protein was investigated between organs and
amongst certain cell lines. Interestingly the protein
was found to cross react with an antibody raised
against an inhibitor of phospholipase found in
Cobra (Naja naja) venom. The thorough and pains-
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Table 3 Lipocortin can be purified by phospholipase A2 (PLA2) affinity chromatography

Fraction

Original (ex-DEAE)
Run through
PBS wash
Dialysed KCl eluate
Dialysate control

Total
% inhibition Total vol Total protein
ofPLA2* (ml) (units) (lg)

77.9 (± 0.9)
9.8 (± 3.0)
0.2 (± 13.0)
73.9 (± 2.4)
0.5 (± 3.8)

* mean + s.e. mean, n = 3.
UD = undetectable
Data from Flower (1984).

taking work of the Biogen team was to provide the
basic information required for the sequencing and
cloning of human lipocortin (see below).

Lipocortin may be phosphorylated by protein kinases

An apparent discrepancy in the biological activity of
some lipocortin fractions exchanged between the
author, his collaborators and the N.I.H. group was
settled by Hirata and his colleagues in a way which
shed further interesting light on the biology of lipo-
cortin and which has initiated an entirely new
approach to oncogene function.

Samples of lipocortin prepared from rat peritoneal
fluid were assayed for biological activity on a whole
cell eicosanoid-release assay before being sent to the
N.I.H. for radioimmuno- and enzyme assay. Initially
there seemed to be little correlation between the two
types of assay some species being detectable by
radioimmunoassay (RIA) but not by the enzyme
assay. Hirata surmised that lipocortin might be
phosphorylated and demonstrated that when treated
with alkaline phosphatase the samples were active in
the enzyme assay as well as being detectable by
radioimmunoassay (Table 4) (Hirata et al., 1982).
Presumably the samples were active in the original
cell assay because leucocytes contain some alkaline
phosphatase associated with the cell membrane.

Table 4 Treatment with alkaline phosphatase
increases the inhibitory potency of lipocortin in a
phospholipase A2 assay system

Mol wt. fraction

40k
30k
15k

Inhibition of phospholipase
A2 activity (umg 1)

before after
treatment treatment

150
118
0

480
260
160

Table from Hirata et al. (1982).

By using a cell-free kinase system, Hirata (1981)
was able to confirm that phosphorylation of lipocor-
tin renders the protein incapable of inhibiting phos-
pholipase A2. When beef heart cyclic AMP-
dependent protein kinase was added together with
cyclic AMP and ATP the protein was almost com-
pletely inactivated and this corresponded with an
incorporation of radioactive phosphate into the lipo-
cortin molecule if radioactive ATP was used. The
inactivated protein could be easily reactivated by
alkaline phosphatase treatment. The exact type of
protein kinase responsible for this reaction in living
cells has not been determined but the acceptor site
on the molecule seems to be a tyrosine or a serine
(Hirata, 1983).

That lipocortin 1 is a substrate for protein kinases
has now been confirmed by several groups. Indeed it
is likely to be identical to several previously
described, but uncharacterized, proteins which have
long been known to be substrates for various
oncogene kinases (see section below). This may poss-
ibly explain why certain tumours generate large
amounts of eicosanoids.

Lipocortin has biological properties consistent with
phospholipase inhibitory activity

(a) Anti-enzyme activity in vitro

A basic property of all species of the lipocortin
family is their ability to inhibit phospholipase A2
activity. In many of the original experiments the evi-
dence that phospholipase was directly inhibited was
compelling, but ultimately only circumstantial, the
site of action of the protein being deduced from its
behaviour in complex cellular systems.
The problem was that the most likely target for

these proteins was the membrane-bound phos-
pholipase, an enzyme notoriously difficult to assay.
A partial solution was achieved by using the more
readily available soluble pancreatic enzyme as a
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model 'target'. This was very much a 'second best'
option because there are obviously differences
between the membrane bound enzyme and the pan-
creatic protein. Indeed, there are considerable prob-
lems in assaying even this latter species since its
behaviour does not comply with the tenets of clas-
sical Michaelis-Menten kinetics and exhibits a
number of anomalies (cf. Chang et al., 1987). The
area is a treacherous one with many pitfalls and the
behaviour of lipocortin in such assays is unex-
pectedly complex.
The inhibition of phospholipase A2 activity in a

cell-free system was first demonstrated by Hirata
(1981). Lipocortin was found to exert a concen-
tration-dependent inhibition of pancreatic phos-
pholipase as assessed in a micellar assay using
labelled phosphatidylcholine as a substrate.
The pancreatic phospholipase A2 was not the only

phospholipase enzyme to be inhibited by lipocortin:
Hirata (1981) observed that phospholipase A2 from
the snake (Naja naja) and bee venom were also
inhibited to comparable degrees. Phospholipase C,
from two bacterial sources was also blocked, but the
inhibition was not so pronounced. Phospholipase D
(from cabbage), was also inhibited but again it was
not so susceptible to inhibition as the A2 enzymes.
Equilibrium dialysis experiments suggested that
protein might bind Ca2 + ions and Hirata suggested
that this action underlay its ability to inhibit phos-
pholipase. Recently, the Ca2 + properties of lipocor-
tin have been confirmed. According to Schlaepfer &
Haigler (1987) the molecule contains four Ca2 +
binding sites although it has little affinity for the
cation in the absence of phosphatidylserine. The
ability of lipocortin to form a ternary complex with
Ca2 + and phospholipids is extremely interesting and
may be important from the mechanistic viewpoint.

Further studies by Hirata (1983) suggested that
lipocortin reduced the V.ax of the enzyme-catalysed
reaction but not the Km value for the substrate, and
it was suggested that a stoichiometric complex was
formed between the protein and the inhibitor. This
complex was disrupted by some detergents suggest-
ing that hydrophobic binding was important for the
inhibitory action.
The author's group (Blackwell et al., 1982) studied

the release of anti-phospholipase proteins into per-
itoneal lavage fluid of the rat also using the pancre-
atic enzyme as a target and micellar phosphatidyl
choline as a substrate and used the assay as a basis
for estimating the amount of lipocortin present. The
lavage fluid from 'normal' rats was found to contain
abundant anti-phospholipase activity as estimated in
the in vitro assay, but this was greatly reduced in the
lavage fluid from adrenalectomised animals. Admin-
istration of steroids to both groups caused an
increase within 1 h. In addition to these studies, there

are several other reports of proteins present in
plasma or cell (especially leukocyte) extracts which
have antiphospholipase activity in in vitro assay
systems (Bartolf& Franson, 1987; Authi et al., 1982).
The results obtained by Hirata and his colleagues

and by the author's group suggested that lipocortin
bound to phospholipase itself brought about inhibi-
tion of enzyme activity, and indeed this property was
sometimes utilized as a means of purifying the
protein (see above). Recently however the mecha-
nism of action of these proteins in bringing about an
inhibition of the enzyme has been disputed.

Davidson and her colleagues (1987) studied the
inhibition of pancreatic and snake venom phos-
pholipases by preparations of calpactin II (probably
identical to lipocortin 1; see below) and were unable
to demonstrate inhibition of the enzyme at saturat-
ing concentrations of substrate. Inhibition was seen
only when the substrate were present in rate-limiting
amounts and the inhibition could be overcome by
adding substrate, but not more enzyme. These
authors suggested that lipocortin produced inhibi-
tion of phospholipase activity by sequestering sub-
strate and that it did so by binding to it in a Ca2+
dependent manner.

Published work from some other groups also
support their contention: Aarsman et al. (1987)
observed that the inhibition by a human monocyte
lipocortin of phosphatidylethanolamine hydrolysis
by the pancreatic enzyme or by partially purified
intracellular phospholipases was substrate-depen-
dent and the same group (Rothhut et al., 1987) found
that this inhibitor blocked hydrolysis of a negatively
charged, but not zwitterionic phospholipid substrate.
Haigler et al. (1987) also failed to find an interaction
between lipocortin and phospholipase A2 and sug-
gested that the inhibitory action of the protein was
caused by an effect on the substrate.

Lipocortin is indeed able to bind to certain phos-
phatides such as the substrates in the assays used by
many of these groups (phosphatidylserine and
phosphatidylethanolamine) but since it does not
apparently bind to phosphatidylcholine vesicles
(Schlaepfer & Haigler, 1987), the substrate used in all
the early studies, it is difficult to envisage how this
notion explains the anti-phospholipase action on
this substrate and in any case could not explain the
phospholipase affinity column data.

It is certainly true however that the Ca2+ and
lipid binding properties of this molecule could give
rise to spurious results when the substrate concen-
tration is low as it is in the widely used E. coli assay.
It is evident that we still do not fully understand the
behaviour of this protein in the apparently simple
assay systems used for estimating phospholipase
activity and perhaps the simplest explanation which
would accommodate both sets of data is that lipo-
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cortin can have effects both on the enzyme and its
substrate.

(b) Suppression of mediator production by cells in
vitro

It was the steroid-induced inhibition of prostaglan-
din production by cells that originally provoked
much of the interest in the mechanism of steroid
action. The anti-phospholipase proteins mimic the
action of steroids in many systems quite closely,
although little latency of action is observed and their
effect is resistant to the action of protein/RNA syn-
thesis inhibitors. The inhibition of cellular prosta-
glandin synthesis by these proteins is dose-
dependent, leukotriene production is also blocked as
one would expect (Parente et al., 1984), and the
inhibitory effect of these proteins, like that of the

steroids themselves, is readily reversed by the addi-
tion of exogenous arachidonic acid (see Table 5). The
inhibitory effects of the aspirin-like drugs are, of
course, not reversed by supplying the substrate, a
fact that is entirely consistent with the differing sites
of action of the two types of agent.
Another putative inflammatory mediator formed

by the action of phospholipase A2 is Paf Parente &
Flower (1985) demonstrated that affinity-purified
lipocortin blocked the release of lyso-Paf (the precur-
sor of Pal) from rat resident macrophages stimulated
with zymosan, and that this action was prevented by
the neutralising monoclonal RM 23 when this was
present in the mixture (see Table 6). Interestingly the
latter monoclonal can also inhibit the blocking
action of hydrocortisone itself providing additional
evidence that the inhibitory action of glucocorticoids
is mediated by lipocortin (see Table 7).

Table 5 Partially-purified lipocortin preparations inhibit the production by leucocytes both of cyclo-oxygenase
and lipoxygenase products

Concentration % inhibition*
Treatment (AgmlP1) PGE2 P LTB4 P

Hydrocortisone 10 41.2 + 3.4 <0.01 45.0 ± 5.8 <0.01
Lipocortin fraction 100 42.4 + 1.9 <0.01 52.4 ± 1.5 <0.01

* Values are mean ± s.e. mean, n = 5.
Data from Parente et al. (1984).

Table 6 Affinity purified lipocortin inhibits the release by leukocytes of lyso-Paf

Treatment
*Lyso-Paf

(pg per 106 cells) % inhibition p

None
Lipocortin 10pg

1459.6 ± 132.1 - -
770.4 + 73.0 47.2 ± 4.5 <0.01

* Values are means ± s.e. mean, n = 5.
Data from Parente & Flower (1985).

Table 7 A monoclonal antibody (RM23) recog-
nising lipocortin can reverse the inhibitory effect of
hydrocortisone on prostaglandin release from
macrophages

Hydrocortisone
(pgml -')

1.0
1.0
1.0
1.0

Neutralising % inhibition of
antibody diln PGE2 synthesis

1: 300
1:100
1: 50

88.5
60.7
11.0
0.0

A 'control' antibody of the same type and sub-
class was without effect at any concentration.
Data from Flower et al. (1984).

Several experiments suggest that lipocortin inac-
tivates membrane phospholipases by interacting with
the enzyme from outside the cell. In the guinea-pig
perfused lung system for example, phospholipase
activity is inhibited almost as soon as lipocortin infu-
sions are begun, and declines shortly after the infu-
sions are terminated (Blackwell et al., 1982). It seems
inherently improbable that a protein of a minimum
size 15k could so rapidly gain access to the interior
of cells as it would have to do if the target enzyme
was cytosolic. Again, Hirata et al. (1980) observed
that the steroid inhibition of neutrophil chemotaxis
(which was associated with an inhibition of phos-
pholipase A2) was completely reversed if the neu-
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trophils were exposed to the proteolytic enzyme
pronase. This experiment suggests that at least part
of the inhibitory protein is accessible to the
(extracellular) hydrolytic activity of enzyme. A
further observation which tends to support the
notion that lipocortins are cell-membrane proteins
was made using the anti-lipocortin monoclonal
4-4C3. This antibody was observed to stain proteins
on cell surfaces, such as murine thymocyte subsets
(Hirata, 1983; Hirata & Iwata, 1983). Again, the
experiment with the monoclonal RM23 cited above
also supports this idea.

Cirino & Flower (1987ab) observed that
lipocortin-like activity was easily dislodged from
cells when they were washed in low Ca2 + media and
that the ex vivo inhibition of eicosanoid generation
by steroids could be abrogated if cells were subjected
to this procedure. Authentic recombinant human
lipocortin 1 (see below) also required the presence of
Ca2+ before it produced an inhibition of eicosanoid
synthesis in macrophages. Even repetitive washing of
cells by vigorous centrifugation in Ca2" containing
solutions is often sufficient to remove lipocortin
(Carnuccio et al., 1981).
An important conclusion to be derived from all

this work is that the ex vivo actions of steroids may
be missed if the protocol involves a step where cells
are exposed to low calcium environments or to
multiple washing procedures. This could explain
many discrepancies in the literature.

(c) Anti-inflammatory activity in vivo

Clearly, these induced proteins have biochemical
properties consistent with anti-inflammatory activity,

but is there any evidence that they actually produce
an anti-inflammatory effect in vivo? The author's
group used crude protein extracts from peritoneal
lavage fluid from dexamethasone- or saline-treated
rats to test the general hypothesis that there is a
soluble anti-inflammatory substance produced in the
body fluids of steroid-treated animals (Blackwell et
al., 1982). The proteins were concentrated, dialysed
to remove steroid and injected together with carra-
geenin into the pleural cavity of anaesthetized rats.
Four hours later the animals were killed and the
extent of the inflammation assessed by measuring the
fluid exudation and leukocyte infiltration. Protein
extracts from rats treated with saline alone did not
alter the pleurisy when compared to that produced
by carrageenin alone, but a substantial inhibition
occurred when proteins from dexamethasone-treated
rats were used. This was caused by the presence of
an induced protein in the exudate because boiling
destroyed the activity, and treatment of the rats in
which the protein was raised with actinomycin D
prevented the anti-inflammatory principle from
appearing (see Table 8). Fractionation of the active
extracts on DEAE ion exchange cellulose indicated
that the peaks of anti-inflammatory activity coin-
cided with anti-phospholipase activity.

In later studies partially purified (ex-DEAE and
Sephadex G-75) anti-phospholipase proteins were
used as anti-inflammatory agents in the carrageenin
paw oedema model (Parente et al., 1984). Again this
test showed that lipocortin-containing fractions sup-
pressed the oedema with a duration of action of
about 3 h, and that the effect was reversed by a
supra-injection of arachidonic acid.

Hirata (1983) has also demonstrated inhibition of
raw paw oedema by lipocortin.

Table 8 A heat-labile, non-dialysable protein(s) induced in rats by the administration of dexamethasone (Dex)
exerts anti-inflammatory effects in the rat pleurisy model

Treatment

1 Saline
Proteins from control rats
Proteins from Dex-treated rats

2 Saline
Proteins from Dex-treated rats
as above, boiled

3 Proteins from control rats
Proteins from Dex-treated rats
Proteins from Dex + actinomycin

D-treated rats

tExudate vol (ml per rat)
% change

0.84 + 0.08 (11)
0.89 + 0.13 (14)
0.41 ± 0.09 (14)
0.59 ± 0.02 (3)
0.30 ± 0.13 (3)
0.62 ± 0.07 (3)
0.84 ± 0.06 (4)
0.27 ± 0.08 (3)
0.77 ± 0.04 (4)

+5.9
- 57.2**

-49.2**
+5.1

-67.9*
-8.3

tLeukocytes (106 per rat)
% change

90.8 ± 9.1 (11)
95.7 ± 12.5 (15)
53.6 ± 6.9 (15)
35.4 ± 3.7 (3)
10.6 ± 3.3 (3)
28.7 ± 2.6 (3)
55.2 ± 8.7 (4)
32.5 ± 5.1 (4)
50.1 ± 1.8 (4)

+5.4
-43.9***

-70.1***
-18.9

-41.1*
-9.2

t Values are mean ± s.e. mean with n in parentheses.
Data from Blackwell et al. (1982).
*P <0.05;**P <0.01; ***P <0.001.

Expt
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Both the synthesis and the release of lipocortin appear
to be controlled by glucocorticoids

In the first studies of steroid-induced inhibition of
prostaglandin synthesis it was assumed that the
glucocorticoids promoted the generation of anti-
phospholipase proteins by straightforward induction
of protein synthesis. In some cells this may be true,
but in the macrophage the situation seems more
complex. Blackwell et al. (1980), noticed that
untreated macrophages contained a substantial
amount of lipocortin which could be recovered from
the supernatant phase if the cells were lysed by freez-
ing and thawing. When intact macrophages were
treated with steroids there was a 'secretion' or release
of the preformed proteins into the medium: after
30min incubation with the steroid, for example
approximately half the lipocortin was released into
the extracellular fluid. After 90min approximately
two thirds, and after 150 min, virtually all the lipo-
cortin stores was externalised with only a small
amount of bioactivity remaining inside the cells
themselves (see Figure 15). When these depleted cells
were washed and resuspended in fresh medium they
were found to be unresponsive to the inhibitory
actions of steroids and this lack of responsiveness
persisted until fresh lipocortin was synthesized
within the cells, an event which required a further
2-2.5 h in vitro, although it was much faster in vivo
(Carnuccio et al., 1981; Blackwell, 1983).

This experiment suggests that in the macrophage
at least, the steroid-induced response can be divided
into an acute secretion or release phase which begins
about 30 min after the addition of steroid and a
further synthesis of lipocortin some 4 to 5 h after the
initial contact with the steroid. Both events seem to
be blocked by RNA/protein synthesis inhibitors and
may both therefore depend on the 'classical pathway'
of steroid action. The latter resynthesis phase could
be caused by actual de novo synthesis of the protein
or it might be secondary to the catabolism of a high
molecular weight precursor catalysed by some
steroid-induced processing enzyme. The trigger for
the resynthesis phase could be either the steroid
itself, or the fact that intracellular levels of lipocortin
have fallen below a set point. At the moment the
evidence suggests that the steroid itself increases
lipocortin resynthesis.

Steroids induce cells to synthesize and release anti-
phospholipase proteins in vitro and presumably
should do so in vivo too. In the healthy living animal,
of course, there is a constant steroid background
with a superimposed circadian rhythm. Obviously
the genes which code for these anti-phospholipase
proteins were designed to respond to fluctuations in
endogenous steroid secretion and indeed the dose-
response curve suggests that the system can respond
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Figure 15 The initial release of lipocortin from cells is
caused by the exteriorization of the protein from cells.
In this experiment the inhibitory activity (on eicosanoid
generation) was measured both within peritoneal lavage
macrophages (following cell lysis) and in the super-
natant phase after incubation with hydrocortisone
20upM for various times. At time '0' (data not shown)
inhibitory activity was detected in cell lysates (open
columns) but not in the supernatant (cross hatched
columns) but by 30min about half the total inhibitory
activity was extracellular. By 150min little activity
remained in the cells and the vast majority was extra-
cellular. Reprinted, by permission, from Blackwell et al.
(1980) Nature, 287, 147-149.

within the physiological range (Blackwell et al.,
1980). One would therefore anticipate a certain lipo-
cortin background in normal animals and that this
would quantitatively rather than qualitatively be
changed by steroid administration.

Rat peritoneal macrophages generate lipocortin in
vivo and peritoneal lavage fluid from untreated rats
also contained abundant amounts of lipocortin-like
activity (Blackwell et al., 1982). This was increased
several fold by the injection of glucocorticosteroids
but not if rats were first treated with inhibitors of
RNA/protein synthesis. An increase in peritoneal
lipocortin levels was observed within 30 min of
steroid injection and reached a peak at about 60min
returning to control levels within 3 to 4 hours of
giving the drug. Interestingly, peritoneal fluid from



LIPOCORTIN AND THE GLUCOCORTICOIDS 1005

Table 9 Glucocorticoids and ACTH release lipocortin in vivo

Type of rat
tInhibition ofphospholipase activity (units)

Background Dexamethasone Hydrocortisone
(lmg kg-') (10mgkg-1)

Normal (or sham-operated)
Adrenalectomised

81.0+ 5.3(11)
29.9 + 11.3 (6)1

193.4 + 10.0 (25)**
129.3 + 14.9 (6)**

144.4 + 1.1 (2)**
68.8 + 0.48 (2)

ACTH
(3001igkg- 1)

153.9 + 1.3 (2)**
15.5 + 0.9 (2)

Values are mean + s.e. mean, n in parentheses.
** Significantly greater than background levels (P < 0.001).
1 Significantly less than sham operated controls (P < 0.05).
Data from Blackwell et al. (1982).

untreated adrenalectomised animals were found to
contain considerably less biologically active lipocor-
tin than peritoneal fluid from normal (or sham-
operated) rats although the injection of steroid led to
an immediate release. This of course is consistent
with the absence of glucocorticosteroids in the adre-
nalectomised rats. ACTH and mild stress released
lipocortin into lavage fluid in normal, but not adre-
nalectomised, animals (see Table 9).

Lipocortin may therefore exert a tonic regulatory
tone on phospholipase A2 activity in vivo (see below).

Lipocortin is widely distributed

The peritoneal macrophage was used as a source of
lipocortin in many of the early experiments and this
remains one of the richest known cellular sources of
the protein, although there is also a great deal in
placenta (Huang et al., 1986). It is possible that the
lipocortin generated by the guinea-pig perfused lung
was actually derived from alveolar macrophages and
indeed in some unpublished esperiments Parente &
Flower (1984) observed that alveolar macrophages
(obtained by bronchial lavage) from several species
release lipocortin in response to glucocorticoids.
That other types of cell can also generate this
protein was illustrated by studies already referred to
such as Hirata's early work on lipocortin in the neu-
trophil, and the work of Russo-Marie and her col-
leagues with kidney interstitial cells. Endothelial and
mesothelial cells also generate lipocortin-like sub-
stances (De Caterina & Wekslar, 1986; Rosenbaum
et al., 1986; Van de Helde et al., 1986a, b) as do skin
fibroblasts (Errasfa et al., 1985) and human endome-
trium (Gurpide et al., 1986) in response to glucocor-
ticoids.

Coote, Flower and Wood (unpublished data cited
in Flower, 1984) studied the distribution of lipocor-
tin in the rat using a labelled antibody and a solid
phase assay system and noted that it was widely dis-
tributed and could be detected in every organ tested.

Thymus, spleen, lung and brain had especially high
amounts of the protein under 'resting' conditions (i.e.
with no exogenous steroids). When treated with
dexamethasone the immunoreactivity of all organ
extracts (except some gastrointestinal tissues) was
increased within 2 h in some cases by 4-5 fold (see
Figure 16). Similar results were obtained in the
guinea-pig.

Lipocortin appears to exert a constant regulatory
effect in vivo

The blood of all healthy mammals contains circulat-
ing glucocorticoids and the toe of the dose-response
curve of steroid-stimulated lipocortin release lies
within this physiological range (Blackwell et al.,
1980; see Figure 10) it is therefore not surprising that
lipocortin is present in normal cells and tissues,
although it is apparently washed off cells rather
rapidly when they are re-suspended ex vivo particu-
larly in the absence of calcium (which may be the
reason why such preparations are prone to generate
a large amount of prostaglandins).
To discover how an absence of steroids, and by

implication, lipocortin would alter the nature of the
inflammatory response in vivo, the author and his
colleagues compared the acute inflammatory
response to carrageenin in the adrenalectomised and
sham-operated rat (Flower et al., 1986). In a carefully
matched experiment the irritant was introduced into
the pleural cavity of the two groups of rats and the
extent of the inflammation assessed at various time
points.
The magnitude and duration of the inflammation

as estimated by fluid exudation and cell migration
was greatly increased (approximately doubled) in
adrenalectomised animals compared with their
sham-operated controls. The eicosanoid and lyso-
Paf (Parente & Flower, 1985) content of the inflam-
matory fluid obtained from the adrenalectomised
animals was also greatly increased (2-4 fold) com-
pared with the controls (see Figure 17). The adminis-
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Figure 16 Steroid treatment of rats increases tissue lipocortin content. Rats were injected with dexamethasone
(1 mgkg-) or saline and killed 2 h later. Organs were removed, homogenized in buffer and adjusted to a standard
protein concentration. Samples were spotted onto a nitrocellulose sheet and the presence of lipocortin revealed with
an iodinated monoclonal antibody thus enabling a semiquantitative assessment of the lipocortin concentration to
be made. A 'control' antibody also displayed low binding to these organ extracts but this did not change with
steroid treatment. Reprinted, by permission, from Flower (1984) In Advances in Inflammation Research Vol. 8, pp.
1-33.
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Figure 17 Glucocorticoids, and probably therefore lipocortin, seem to exert a continuous inhibitory tone on cellu-
lar eicosanoid production in vivo. In this experiment an inflammation was induced in adrenalectomised and sham
operated rats by injection of carrageenin into the pleural cavity. The inflammatory fluid was collected at various
times and the eicosanoid (6-keto prostaglandin F1, (6-keto PGF1J, thromboxane B2 (TXB2) and leukotriene B4
(LTB4)) content estimated by radioimmunoassay. Inflammatory fluid from adrenalectomised rats (0) invariably
contained more eicosanoids than inflammatory fluid from sham-operated controls (0) suggesting that glucocorti-
coids exert a tonic inhibitory influence on eicosanoid production in vivo. *P < 0.01; ***P < 0.001. Reprinted, by
permission, from Flower et al. (1986) Br. J. Phanmacol., 87, 57-62.
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tration of glucocorticoids to both groups of rats
reversed the inflammatory process, the adrenalecto-
mised animals being more sensitive.

Interestingly, even when resident macrophages
were collected from adrenalectomised rats and
stimulated with zymosan ex vivo, the eicosanoid pro-
duction per cell in unit time was greater than with
cells from control animals.
The latter data were confirmed by Vincent and his

colleagues (1986) who found a striking increase in
leukotriene B4 (LTB4) production by peritoneal
macrophages from adrenalectomised animals
(interestingly the amount in splenic tissue was
decreased). In addition to the enhanced synthesis
and release of mediators, produced from endogenous
arachidonic acid, Vincent and his colleagues found
that the production of products from exogenous ara-
chidonic acid also seemed to be increased. Possibly
steroids also provide a long-term suppressive influ-
ence on the levels of cyclo-oxygenase and lipoxyge-
nase enzymes as well as acute effect on
phospholipase A2.

There is a considerable body of largely anecdotal
evidence suggesting that adrenalectomy enhances the
effects of pro-inflammatory substances. Undoubtedly
the loss of the adrenal medulla is also important,
however treatment of animals with the glucocorti-
coid receptor antagonist RU38486 leads to a quali-
tatively similar effect on inflammation and lyso-Paf
release ex vivo (Peers et al., 1988) so the adrenal
cortex and therefore lipocortin is certainly of con-
siderable significance in this phenomenon. In view of
the fact that steroids increase f-adrenoceptor
numbers it may well be that there is a very impor-
tant interaction between the hormones of the
adrenal medulla and the cortex.

All these data suggest that if the amount of lipo-
cortin becomes limiting then the organism/cell is
unable to maintain control over the development of
the inflammatory response or phospholipase activity.
It implies that lipocortin or a similar protein pro-
vides a tonic inhibitory influence on cellular phos-
pholipase activity and that one of the ways in which
steroids act is by increasing the available amount of
this inhibitor.

Human lipocortin 1 has been sequenced and cloned

In a study already referred to, Pepinsky et al. (1986)
purified a protein from rat peritoneal lavage fluid
which inhibited phospholipase A2 and subjected it to
partial sequence analysis. This protein, which rep-
resented the major inhibitor present in lavage fluid,
had a mass of 37 kDa, but gave rise to a series of
proteolytic fragments including species at 30, 24 and
15 kDa: these corresponded very closely to the

Table 10 The amino acid composition of human
recombinant lipocortin 1

Amino acid Mol %

Asp
Thr
Ser
Gln
Gly
Ala
Cys
Val
Met
Iso
Leu
Pro
Tyr
Phe
His
Lys
Trp
Arg

39
22
19
39
20
33
4
19
9

21
34
8

11
11
5

32
1

19

Data from Wallner et al. (1986).

observed distribution of anti-phospholipase proteins
in the systems described above.
The sequence of several tryptic fragments of the

rat peritoneal lavage protein were determined and
this information was used to synthesize chemically
pools of oligonucleotide probes. With these probes it
was possible to locate, in a U937 cDNA library, the
human gene. From this it was possible to deduce the
complete amino acid sequence, and thus the primary
structure of the protein (Wallner et al., 1986). Human
lipocortin is very closely related to the rat protein
isolated by Pepinsky and his colleagues suggesting
that it is highly conserved throughout evolution. It is
a very polar molecule, with approximately a third of
its amino acids being charged (see Table 10). These
are distributed throughout the molecule separated
by short stretches of hydrophobic residues. There are
4 cysteines close to the C-terminal (263, 270, 324 and
343) which presumably can form disulphide bridges.
Recombinant human lipocortin does not appar-

ently contain a leader peptide, and although it is
clearly recovered as an extracellular protein, the
mechanism whereby its release from cells is effected
is unclear at the moment. Lipocortin contains a
single potential glycosylation site (Asn-43-Ser45) and
also contains the consensus sequences for both tyro-
sine and threonine phosphorylation sites (Tyr 21 and
Thr 212). The latter point is of a special significance
since it had already been demonstrated that the
naturally occurring molecule could be phos-
phorylated, and that the phosphorylated form was
inactive as a phospholipase A2 inhibitor (Hirata,
1981).
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To confirm that human lipocortin was a phos-
pholipase inhibitory protein, a full length coding
sequence was expressed in E. coli and crude extracts
of these E. coli organisms, or highly purified frac-
tions containing the recombinant protein were found
to be highly inhibitory in a popular conventional
cell-free phospholipase A2 enzyme assay (but see
earlier section on assay techniques).

Using Northern blot analysis, it was possible to
demonstrate that the lipocortin gene was indeed
glucocorticoid-sensitive: mRNA levels in peritoneal
lavage cells were increased by approximately 6 fold
2 h after the injection of an inducing steroid.
Huang et al. (1986) observed that human placental

extracts contained two types of lipocortin. One
species (subsequently christened lipocortin 1) was
identical to the recombinant protein previously
cloned but the other (called lipocortin 2) was a differ-
ent protein. Like lipocortin 1, lipocortin 2 does not
contain a signal sequence: both proteins are very

polar molecules with approximately one third of
their total amino acids being charged. Overall there
was approximately 50% sequence homology sug-
gesting that the genes for the two proteins arose by
gene duplication. It was within the central region of
lipocortin 2 that the greatest homology with lipocor-
tin 1 was observed.

Interestingly the sequences near the N-terminus of
the two proteins were substantially different
although both contained a sequence which can be
phosphorylated by tyrosine kinases.

Both proteins have very comparable molecular
weight and similar pi values (7.9) both are inhibitors
of phospholipase activity and require the presence of
calcium before association with membranes can
occur.

Unique
N-termi nal

We do not know anything about the biological
activity of lipocortin 2, other than the fact it has
approximately the same antiphospholipase activity
as lipocortin 1. However, the protein has now been
cloned and it will presumably only be a matter of
time before such data are available.

Lipocortin 1 and 2 are related to other
membrane-associated proteins

Kretsinger & Creutz (1986) observed the presence of
three repeating consensus sequences in lipocortin 1,
and Munn & Mues (quoted in Huang et al., 1986)
have gone further and suggested that, except for the
first 43 amino acids the primary structure of lipocor-
tin 1 is built from 4 repeats of a single unit (see
Figure 18). The same basic structure has been
observed in lipocortin 2 and similar sequences are

also seen in some other calcium (see Table 11) and
lipid binding proteins such as calpactin (see
Table 11). In fact, some very recent work has
demonstrated that the cytoskeletal protein pre-
viously referred to as 'calpactin 2', is in all probabil-
ity, identical to lipocortin 1 (Glenney et al., 1987).

It is likely that lipocortin 1 and lipocortin 2 are
related, or identical to, some other hitherto
unsequenced proteins too and, indeed, may belong
to a super family of membrane-associated proteins.
For example, a very important discovery made by
the Biogen group (Pepinsky & Sinclair, 1986 and
Huang et al., 1986) is that lipocortin 1 is identical to
the substrate for the EGF receptor kinase and that
lipocortin 2 is identical to the PP60 src kinase sub-

N 1 43 46 1 16 1 18 1 88 203 273

I
-_

278 348 C

lys-gly-x-gly-thr-asp-gl u-x-x-1 eu-il e-1 eu-x-i l.e;1 eu-al a-x-arg

Figure 18 Lipocortin 1 contains a unique N-terminal and four-fold repeat sequences with Ca2" and lipid binding
properties. The lipocortin 1 molecule may be considered to possess 5 domains: a unique N-terminal and four
regions each of which begin with the same 17 amino acid sequence. This type of molecular architecture seems to be
common in proteins which bind Ca2l and certain phospholipids and may be the mechanism by which lipocortin
attaches to cell membranes. Adapted from data in Saris et al. (1986) Cell, 46, 201-202.

INTERNAL STRUCTURE OF LIPOCORTIN 1

repeating Ca2+/1;pid binding units

I
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Table 11 Relationships between the Ca2l /phospholipid binding proteins

67-73 kDa 35-40 kDa 34-39 kDa 28-325 kDa

Intestinal (73 kDa)

anti-PLA2 (70kDa)

Calelectrin (70 kDa)
Lymphocyte (68 kDa)
Calcimedin (67 kDa)

P35
Calpactin II
Lipocortin 1

Calcimedin (35 kDa)
Chromobindin IX
EGF-receptor

Kinase substrate

P36 (P34, P39)
Calpactin I
Lipocortin 2
Protein I

Calelectrin (36 kDa)
Lymphocyte (33 kDa)
Calcimedin (33 kDa)
Chromobindin VIII
pp6fc kinase

substrate

Protein II

Endonexin
Calelectrin 32.5 kDa)
Lymphocyte (28 kDa)

Modified, with permission from Saris et al. (1986).

strate. These results are important, for whilst the
molecular weight of the major cellular substrates for
these kinases has been known for a long time their
precise function was a mystery. The fact that lipocor-
tin 1 and 2 are inhibitors of phospholipase activity
may provide a valuable clue as to the role of these
proteins in the regulation of cell growth and division,
and promises to be a fruitful and rewarding area of
future research, particularly in the light of some
recent work showing that microinjection of the ras
oncogene into fibroblasts leads to phospholipase A2
activation, membrane ruffling (Bar-Sagi & Fera-
misco, 1986) and proliferative responses (Stacey &
Kung, 1984).

Recombinant human lipocortin 1 shares many of the
actions of 'macrocortin' and the glucocorticoids

Cloning of the human lipocortin 1 gene was a major
breakthrough because it enabled large amounts of
the protein to be produced for biological testing.

Because there were several, apparently distinct,
antiphospholipase components in peritoneal lavage
fluid, an obvious question was whether lipocortin 1
could account for the properties observed in the
early experiments with 'macrocortin' containing
extracts. At the time of writing, apart from the in
vitro anti-enzyme activity, the activity of lipocortin 1
has been checked in three systems known to be sen-
sitive to 'macrocortin' they are, the guinea-pig per-
fused lung system, the release of eicosanoids by
endothelial cells and the carageenin-induced paw
oedema in the rat.

Cirino & Flower (1987b) demonstrated that
recombinant human lipocortin 1 (ex E. coli) strongly
inhibited the release of prostacyclin by human
umbilical arterial endothelial cells, with complete
suppression occurring in concentrations above
0.1 j1M (see Table 12).
When dealing with recombinant proteins, particu-

larly those derived from E. coli (the most popular
vector), the perennial problem of purity arises. Even
when the protein is (as in the case of lipocortin 1)

Table 12 Human recombinant lipocortin 1 inhibits prostacyclin generation by human umbilical artery

Sample

Control
Lipocortin 0.01 pM

0.02
0.025
0.05
0.1

Sham lipocortin 0.1 uM
Lipocortin (0.1 pM) + trypsin
Indomethacin 10pM

t Values are mean s.e. mean, n in parentheses.
Data from Cirino & Flower (1987).

tPGI2
(ng per 100mg tissue)

37.0 ± 2.85 (4)
28.6 + 2.15 (2)
9.3 + 0.95 (2)
8.5 ± 2.89 (4)
6.9 + 3.0 (4)
0.8 + 0.1 (2)

37.0 + 1.0 (2)
33.0 + 2.0(2)
8.5 ± 1.5(2)

inhibition

22.7
74.9
77.0
81.4
97.8

10.8
77.0
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greater than 99% pure protein, traces of E. coli pro-
teins, endotoxin or DNA can cause false positives
and negatives in many experiments, particularly
those involving isolated leucocytes or models of
inflammation. To circumvent this type of problem a
particular type of control was devised and tested.
'Sham' lipocortin was a preparation produced by
extracting E. coli organisms, which did not contain
the lipocortin plasmid, and processing it in an identi-
cal fashion to the preparations containing lipocortin.
In this way, one obtains a sample which contains
both qualitatively and quantitatively the same con-
taminants as the lipocortin preparations but without
the active protein. This was routinely employed as a
control in all our early studies with this protein.

Cirino and his colleagues Cirino, Peers, Flower,
Browning, Sinclair & Pepinsky, unpublished obser-
vations also tested recombinant lipocortin 1 in the
guinea-pig perfused lung preparation. Like macro-
cortin, and the glucocorticoids themselves, lipocortin
was able to block the release of thromboxane A2
from the perfused lung when this was elicited by leu-
kotriene C4 or FMLP but not when elicited by
bradykinin or arachidonic acid (see Figure 19).
Unlike steroids; but like macrocortin itself, the
action of lipocortin was very rapid and was easily
reversed when the infusion was stopped. As with the
steroids and macrocortin, the effect was cumulative
with time and the actual amount of inhibition was
dependent upon the concentration of the agonist as
well as the concentration of lipocortin itself.

Experiments in which lipocortin 1 has been shown
to block eicosanoid release provide useful evidence
that this protein can mimic some actions of steroids
but the real field of interest is inflammation. To what
extent can this protein reproduce the potent anti-
inflammatory effect of these drugs?

It is too early to answer this question fully yet: at
the time of writing only one study has been com-
pleted, but this had proved most interesting. Cirino
et al. (unpublished observations) studied the action
of lipocortin 1 given locally in the rat paw oedema
assay, a very well characterized model of inflamma-
tion sensitive both to steroidal and non-steroidal
drugs.

The swelling of the paw was substantially inhib-
ited by lipocortin, when the agent inducing inflam-
mation was carrageenin (see Figure 20) which acts
principally by releasing eicosanoids, but not when
Paf or dextran were used. The latter two irritants
probably act by releasing mast cell amines and
although they are sensitive to steroid they are not
sensitive to inhibition by the non-steroidal, 'aspirin-
like', drugs. Another agent which also works by lib-
erating mast cell amines is the enzyme phospholipase
A2 itself. In this particular case the purified phos-
pholipase A2 from the venom of Naja naja mocam-

a
10 min

RA I2 cm
2 ng L
LTC4 Lipocortin 400 ng ml-'

J5 cm

2 ng
LTC4

C

acid

A.

'Sham' lipocortin 400 ng rl-1

10 min
'U- |

J2 cm

Lipocortin 400 ng ml-,

d 10 min

RA 2 cm
A A* A A A A

lOng '
Bradykinin Lipocortin 400 ng mi-1

Figure 19 Human recombinant lipocortin 1 mimics
the action of 'macrocortin' and glucocorticoids in the
guinea-pig perfused isolated lung system. In these
experiments leukotriene C4 (LTC4), bradykinin and
arachidonic acid were used as the releasing agents. The
release of thromboxane A2 (TXA2) was detected using
the superfused rabbit aortic strip. Trace (a): inhibition
by lipocortin of the release of TXA2 induced by
2ngLTC4. Trace (b): lack of effect of 'sham' prep-
aration of lipocortin (see text for details) on the release
of TXA2 induced by 2 ng LTC4. Traces (c) and (d): lack
of effect of lipocortin on the release ofTXA2 induced by
bradykinin or arachidonic acid. Reprinted, by per-
mission, from Cirino et al. (1987) Nature, 328, 270-272.
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Figure 20 Human recombinant lipocortin 1 inhibits
carrageenin-induced oedema of the rat paw. Lipocortin
was injected locally into the paw at the same time as the
carrageenin solution. Measurements of paw volumes
were made each hour using conventional plethysmog-
raphic techniques. For technical reasons no more than
50Opg lipocortin could be given.
The relationship between the log dose and the inhibi-

tion was linear and the ED50 10-20pg per paw. On a
molar basis, lipocortin is over 100 times more effective
than indomethacin in this model.

bique was employed. The pro-inflammatory action
was greatly reduced when this agent was premixed
with lipocortin 1 before injection, presumably
because the protein was binding to, and inactivating
the inhibitor.

These experiments suggest that lipocortin 1 dupli-
cates those actions of steroids which are mediated by
the release of eicosanoids or by the direct action of
phospholipase itself but not those caused by the
direct action of substances such as Paf, histamine or
5-HT. Since the glucocorticoids can inhibit all these
types of oedema it would strongly suggest that
another protein (or mechanism) is involved. Di Rosa
and his colleagues have indeed suggested that such a
protein exists and have named it 'vasocortin'.

There are autoantibodies to lipocortin 1 in the sera of
patients with chronic inflammatory diseses

Hirata and his colleagues (1981) made the important
and original observation that a high proportion of
patients with chronic rheumatic diseases have detect-
able autoantibodies to lipocortin in their sera,
whereas disease-free people did not. The titres of
antibody were particularly high in patients with sys-
temic lupus erythmatosis and rheumatoid arthritis,

diseases in which there are frequently autoantibodies
to a variety of cell surface and other proteins.
This work led the N.I.H. group to the concept that

the presence of these autoantibodies may contribute
to the aetiology of these diseases by removing 'pro-
tective' proteins which regulate eicosanoid gener-
ation.

This observation was followed up by the author's
colleagues at the Bath Institute of Rheumatic Dis-
eases (Podgorski et al., 1987). Using recombinant
human lipocortin 1 as a 'target' they devised an
ELISA assay for measuring anti-lipocortin autoanti-
bodies and examined the sera of selected patients
attending the Royal National Hospital for Rheu-
matic Diseases as well as a large number of controls.

These authors confirmed the presence of both
1 gG and 1 gM anti-lipocortin autoantibodies in sera
from patients with systemic lupus and rheumatoid
arthritis but also made two striking and original
observations. In patients with systemic lupus the
antibodies seemed present whether or not the
patients had already received any steroid therapy
but in the group with rheumatoid arthritis, signifi-
cantly elevated titres were only seen in patients who
were receiving oral glucocorticoid therapy. In both
groups the presence of a high titre of autoantibodies
correlated strongly with the clinical phenomenon of
steroid 'resistance'. Many other patients with other
inflammatory diseases were also investigated but no
autoantibodies were detected, whether or not they
were receiving steroids or were 'steroid resistant'.

This notion, that the administration of glucocorti-
coids may encourage the formation of autoanti-
bodies to lipocortin in certain susceptible groups and
that if present to excess these autoantibodies may
lead to steroid resistance, or at least some manifesta-
tion of it, is obviously a radical one with important
implications for a correct understanding of glucocor-
ticoid therapy.

Final reflections

The glucocorticoids inhibit our 'defence reactions' at
many levels. One way in which they achieve this is
by inhibiting the synthesis of chemicals involved in
the promotion of the inflammatory response. The
production of many mediators involved in the
response to infection, injury, haemorrhage or meta-
bolic disturbances are under glucocorticoid control
such that elevated levels of hormone in the blood
suppresses their formation. In many cases the action
of these mediators is blocked as well.

It might be thought that the glucocorticoids act
simply by decreasing the synthesis rate of these
protein regulators of inflammation such as the lym-
phokines, or of the enzymes which make prostaglan-
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dins. Whilst this undoubtedly does occur, another
mechanism is also employed: that is, the
glucocorticoid-induced synthesis of inhibitory pro-
teins.

Lipocortin (and possibly other related proteins)
then is a sort of 'second messenger' of the glucocorti-
coids. It is only one of many such regulatory pro-
teins but it is an important one, controlling as it
does the mediators which promote development of
the symptoms of the inflammatory response. It is
undoubtedly the significant component of the inbuilt
mechanism for terminating the inflammatory
response which the physician exploits, for when he
gives his patients relatively large doses of steroids to
control an inflammatory response, he is in reality
increasing the synthesis of these 'second messenger'
proteins such as lipocortin to a near maximum.

All the early studies on lipocortin were performed
in vitro, that is under conditions in which steroids
were not normally present. Under these circum-
stances the generation and appearance of lipocortin
seemed absolutely dependent upon the presence of
glucocorticoids in the perfusing medium. These find-
ings have led some to the erroneous notion that lipo-
cortin was only present following treatment with
exogenous steroids.
Of course, all healthy mammals have circulating

glucocorticoids and thus it is more rational to expect
that lipocortin is a normal constituent of plasma and
tissues (as indeed it appears to be), although the
amount present in the cells can be increased by
raising the concentration of endogenous or exoge-
nous steroids.
There has been a corresponding change in our

appreciation of the function of lipocortin. Originally,
it was regarded mainly as an 'anti-inflammatory
protein' but today it seems more likely that this
protein is present in most cells, and that its function
is to control phospholipase A2 activity and to allow
lipid hydrolysis only under strictly defined circum-
stances. This reversible inhibitory function of lipo-
cortin could well be controlled by the

phosphorylation and dephosphorylation cycle
described above. Naturally, during inflammation,
phospholipase is substantially activated and thus
there is a requirement for a greater than normal
supply of the inhibitory protein, hence the relation-
ship between the rate of synthesis and the release of
steroid hormones.
The discovery, characterisation, isolation, sequen-

cing and cloning of lipocortin has opened up an
entirely new and exciting chapter in cell biology and
also holds out a strong promise for the future of
anti-inflammatory therapy. In addition to their bene-
ficial clinical effects, steroids produce a wide spec-
trum of side effects which preclude the use of these
drugs for long periods of time except in the very seri-
ously ill. These side effects are caused by changes in
the transcription of specific genes in the same way as
the anti-inflammatory effects. It has long been an
article of a faith of scientists working in this area
that if we could identify and isolate the 'second mes-
sengers' of steroid action that are responsible for the
anti-inflammatory effects, it should be possible to
produce drugs which possess many of the beneficial
action of steroids without incurring the heavy
penalty of side effects. The real value of this work is
that it enables us to take our first steps in that direc-
tion.
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