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The 37kDa protein annexin 1 (Anx-1; lipocortin 1) is a glucocorticoid-regulated
protein that has been implicated in the regulation of phagocytosis, cell signalling and
proliferation, and postulated to be a mediator of glucocorticoids action in
inflammation and in the control of anterior pituitary hormone release.
Immuno-neutralisation or antisense strategies support this hypothesis as they can
reverse the effect of glucocorticoids in several systems. We recently generated a line
of mice lacking the Anx-1 gene noting that some tissues taken from such animals
exhibited an increased expression of several proteins including COX-2 and cPLA,.
In models of experimental inflammation, Anx-1" mice exhibit an exaggerated
response and a partial or complete resistance to the anti-inflammatory effects of
glucocorticoids. Several other anomalies were noted including abnormal leukocyte
adhesion molecule expression, an increased spontaneous migratory behaviour of
PMN in Anx-1" mice and a resistance in Anx-1" macrophages to glucocorticoid
inhibition of superoxide generation. This paper reviews these and other data in the
light of the development of the ‘second messenger’ hypothesis of glucocorticoid
action.
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INTRODUCTION

Although the potent anti-inflammatory actions of the glucocorticoid steroids
have been known since the late 1940s, their actual mechanism of action eluded
researchers for many years. Many early ideas were advanced to explain their
action, one of the most influential of which was the hypothesis of Weismann and
his colleagues who suggested that these drugs ‘stabilised’ lysosomal membranes
(1) thereby reducing the severity of the inflammatory response.

Another, even more ancient, anti-inflammatory drug with an unexplained
action at the beginning of the 1970s was aspirin. Whilst the pharmacology of the
‘aspirin-like drugs’ was well known, no one understood how the therapeutic and
side effect profile of these drugs was linked. Vane’s resolution of this problem
depended upon the observation that prostaglandins could produce many of the
symptoms of the inflammatory response and that their removal through inhibition
of the prostaglandin forming cyclo-oxygenase could account for most aspects of
their therapeutic action (2, 3) including their ability to inhibit hyperalgesia (4) and
fever (5, 6). It also seemed likely that the mechanism-based side effects of aspirin,
such as the gastric irritancy, could also be explained on the basis of prostaglandin
involvement in this phenomenon (e. g. ref (7)). Indeed for a while in the 1970s, it
seemed that prostaglandin synthesis was the key which unlocked most of the
mysteries of the inflammatory response.

It was in keeping with the spirit of these discoveries therefore that the effects
of several other anti-inflammatory drugs (the glucocorticoids and DMARDS)
were tested on the cell-free cyclo-oxygenase enzyme system in the early 1970s
with the finding that they were uniformly inactive (8). But, given the prominence
of the ‘prostaglandin’ theory of inflammation, this posed a conceptual problem:
if these drugs didn’t inhibit prostaglandin generation, how did they bring about an
anti-inflammatory effect? This mystery was compounded by another series of
observations which suggested that the glucocorticoids could, under some
circumstances, inhibit prostaglandin generation — but only in intact cells (9,10).

The most likely explanation for this was that these drugs inhibited some other
facet of the prostaglandin generating pathway - other than the cyclo-oxygenase
itself. Since arachidonic acid was thought to be the most abundant substrate for
the generation of prostaglandin E, and other members of this series, a potential
mechanism of action could be the inhibition of the release of substrate. Several
studies demonstrated that this was indeed the case as glucocorticoids were seen
to block the release of prostaglandins from intact cells or perfused organs whilst
having no effect upon the conversion of arachidonic acid (10,11). It seemed that
a likely mechanism was inhibition of substrate liberation probably through
inhibition of the activity of the enzyme phospholipase A2, the most likely enzyme
to be involved in cleavage of arachidonyl containing phosphatides in the cell. But
how was this regulatory action of glucocorticoids achieved?
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Despite the fact that specific glucocorticoid receptors had been observed in the
nuclei of some cells (12) and the ‘genomic’ theory of sex steroid action was
already beginning to be understood (13,14), few workers had applied this type of
thinking to the problems of the anti-inflammatory action of the glucocorticoids.
Building upon this type of approach we, and others (15-17) tested glucocorticoid
receptor antagonists and inhibitors of RNA and protein synthesis, as inhibitors of
the effect of glucocorticoids on prostaglandin release. We found that the ability of
glucocorticoids to prevent arachidonic acid release (as well as other effects) was
completely vitiated by such agents providing strong support for an alternative,
genomic, action of these drugs.

The ‘second messenger’ hypothesis

If the glucocorticoids were acting in such a fashion, how did they do it? By
modifying gene expression they clearly had the potential to bring about
a profound change in the biology of the cell by altering the synthesis of many
cellular proteins. Our group took one facet of glucocorticoid action — the ability
to interfere with prostaglandin generation in intact cells — and further analysed the
mechanism. Our studies revealed that the glucocorticoids caused the release and
synthesis from cells and tissues of a ‘second messenger protein’ which had the
ability to inhibit arachidonic acid release in other cells and tissues (18). Initially
this protein was dubbed ‘macrocortin’ (19), but later the name was changed to
‘lipocortin’ (20) to accommodate the fact that two other groups had also
discovered second messengers of glucocorticoids which seemed to be identical or
at least closely related proteins (21, 22).

From farther studies it seemed that there were several lipocortins that could be
released from cells following glucocorticoid treatment (23). The protein
responsible for the majority of the biological activity was characterised as
a monomeric phosphorylated species of approximately 40kDa. It could be
prepared from glucocorticoid-stimulated cells or from the peritoneal lavages of
glucocorticoid-treated rats by ion-exchange and affinity chromatography
(23-25).

The protein was eventually sequenced and cloned (26) and the 37kDa
recombinant human protein shown to share the anti-inflammatory and
eicosanoid suppressive properties of the naturally occurring protein (27). The
other ‘lipocortins’ were likewise sequenced and found to be closely related
species (28).

It was recognised that lipocortins belonged to a much larger family of proteins
characterised by the presence of several (usually 4) repeating domains that
conferred calcium and phospholipid binding properties on the protein. This super
family is now termed the ‘annexins’ and eventually, the name lipocortin 1 was
changed to ‘Annexin-1" (Anx-1) to accommodate this finding. In addition to the
characteristic repeating conserved 70aa calcium binding domain each member of
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the family has a unique N-terminal tail. The presence of annexins in many
different plant and animal species suggests a function that is fundamental to the
biology of many different cell types (29).

Since its discovery, our work, together with that from other laboratories, has
implicated Anx-1 in control of cell growth (30) and differentiation (31), signal
transduction and arachidonic acid release (32, 33), as well as intracellular vesicle
trafficking (34-36). In mammals, glucocorticoids regulate the synthesis,
phosphorylation and cellular disposition of Anx-1 and work from our laboratory,
as well as from others, has provided further evidence for the involvement of
Anx-1 in the regulation by these drugs of leukocyte migration (37), acute (38) and
chronic (39) inflammation, ischaemic damage (40-42), pain (43) and fever (44).

It is not just the host defence system that is a target for Anx-1. The
glucocorticoids themselves have crucial actions in the neuroendocrine system
where they act to inhibit the release of pituitary hormones. In the rodent anterior
pituitary gland for example, the inhibition of ACTH (45) and other (46) hormone
release by glucocorticoids is mediated through an Anx-1 dependent mechanism.

The protein is elevated or released in man after systemic (47, 48), or local (49)
administration of glucocorticoids and endogenous levels in circulating monocytes
correlate with the activity of the HPA axis in normal, cushingoid and addisonian
patients (50) and there have been many reports that defects in Anx-1 function are
implicated in human diseases; familial Mediterranean fever (51, 52), fragile
X syndrome (53) and Weber-Christian disease (54), for example. In other
disorders, such as in cystic fibrosis (55) and other lung pathologies (56-58)
Anx-1 appears to have an abnormal metabolism and it has also been implicated,
directly or indirectly, in the control of human cell division (30) or differentiation
(31) and tumour development, (59) skin disorders (60, 61) and CNS pathology
(62, 63). Auto antibodies to Anx-1 may be responsible for some forms of
glucocorticoid resistance in rheumatoid patients, (64) associated with the
pathology of SLE (65) and Crohn’s disease (66) and could be a diagnostic marker
for certain type of tumours (67).

Our previous attempts to delineate the role of Anx-1 in physiopathology tested
the human recombinant protein (or peptidomimetics) as a putative
anti-inflammatory agent or employed acute passive immunisation strategies to
probe the involvement of Anx-1 in glucocorticoid action. Anx-1 showed great
selectivity of action in inflammation being mainly active in models of
inflammation where the involvement of PMN was crucial to the development of
the response (e. g. ref (68)). When neutralising antibodies were used in models of
rodent inflammation such as the zymosan-inflamed air pouch, our chief findings
were that they exacerbated inflammation as assessed by PMN influx, cytokine
and eicosanoid synthesis and resolution of the response (69). The results of many
of these studies are shown in 7able I and it is clear that whilst duplicating some
of the effects of glucocorticoids, Anx-1 does not account for all their effects. This
is what we anticipated as the whole thrust of our work was to replace the rather



Table 1. Some models of Inflammation where Anx-1 is Active or Implicated in the Mechanism of Glucocorticoid Action.

Species Inflammatory model Parameter Effect of Anx-1 Effects of GCs Effect of Ref.
anti-annexin abs.

Rat Carrageenin paw oedema Swelling Inhibits Inhibits Reverses GCs (68,81)
Dextran paw oedema Swelling None or slight. NT NT (68)
48/80 paw oedema Swelling Inhibits moderately  Inhibits NT (68)
PLA2 paw oedema Swelling Inhibits NT NT (68)
PAF paw oedema Swelling None Inhibits NT (68)
Bradykinin Swelling None Inhibits NT (68)
SHT Swelling None Inhibits NT (68)
Brain ischemia Oedema Inhibits NT Exacerbates (40)
Myocardial reperfusion PMN damage Inhibits Inhibits Reverses GCs (82)
Splancnic reperfusion injury ~ PMN damage Inhibits Inhibits Reverses GCs (41)
ILIb hyperalgesia Pain Inhibits Inhibits Reverses GCs (43)

Mouse Air pouch (IL 1 (3) PMN migration Inhibits Inhibits Reverses GCs (83)
Air pouch (zymosan) PMN migration NT NT Exacerbates (69)
Air pouch (ovalb) Eosinophil migration None Inhibits None (84)
Zymosan blister Oedema NT NT Exacerbates (69)

Hampster  Intravital microscopy PMN migration Inhibits Inhibits Reverses (85)

Rabbit Fever (poly 1C) Body temperature Inhibits Inhibits NT (44)

9749
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simplistic physico-chemical account of glucocorticoid action with a model that
depends upon the action of many genes.

However, inflammation was not the only system where Anx-1 was implicated
as a mediator of glucocorticoid action. In models designed to mimic activation of
the HPA axis during infection or inflammation, passive immunisation blocked the
inhibitory effects of exogenous corticosterone or dexamethasone on IL-I induced
increases in ACTH (70, 71). Similarly, passive immunisation studies have
suggested that the capacity of glucocorticoids to counter the regulatory action of
cytokines on the secretion of growth hormone and prolactin is dependent on
Anx-1 (71).

A transgenic approach.

Recently, we decided to employ a transgenic strategy to study farther
Anx-1 function in rodents (72). We were encouraged in this approach by the
observation that in the case of some other members of the annexin family, such
as Anx-6 (73) and (possibly) Anx-7 (74) (75), gene deletion was not a lethal
mutation and that animals grow to sexual maturity without any obvious
developmental problem. Therefore, using conventional gene targeting techniques,
we raised a line of mice that lacked the Anx-1 gene.

There was no obvious physical difference between the Anx-1" Anx-1"" and
Anx-1"" littermate control mice in terms of gross physical appearance or
behaviour and we saw no significant differences in weight between any of the
(sex matched) groups at any time point examined. All animals appeared healthy,
bred normally and produced healthy Anx-1" offspring.

There were, however, striking changes in this study in the altered expression
in some tissues of other members of the annexin family together with the over
expression of COX-2 and cPLA, in the lung and thymus. The idea that there may
be some form of reciprocal regulation between annexin family members and that
inducible COX-2 and cPLA, enzymes is congruent with some previously
published observations (76, 77).

In inflammation, many of our early findings were echoed, and confirmed by
this gene ‘knockout’ study. In mouse paw carrageenin-induced oedema, for
example, the inflammatory response exhibits a characteristic biphasic pattern
(78). The first phase peaks at 4-6h and resolves at 24h whilst the second phase
peaks at 72h and resolves at >96h. Dexamethasone (10pug/kg x3, i.p.) strongly
inhibited the first phase of oedema (mainly PMN-dependent: ref 78) in Anx-1""
mice (Fig. 1) but was completely without effect in Anx-1" mice. In contrast, the
glucocorticoid generally maintained its efficacy in the second phase (mainly
macrophage - lymphocyte - and eosinophil - dependent (78)) of the oedema. An
exaggerated response to zymosan was also seen in another zymosan peritonitis
model with greatly increased PMN migration and an increase in IL1 observed
during the course of the inflammatory response. Once again dexamethasone was
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Figure 1. Failure of dexamethasone to inhibit the PMN dependent phase of carrageenin paw oedema
in Anx-1" mouse.

Black columns, wild type mice. White columns Anx-1-/- mice. Cross-hatched columns, 10ug
dexamethasone i.p. at 2, 6 and 24 h. Data analysed relative to time-matched, vehicle-treated control
using student’s t-test, n= 17-18 per group; ** P<0.01.

noticeably less efficacious in the Anx-1"- and Anx-1" mice than in the wild type
controls.

We also saw changes in the behaviour of leukocytes including alterations in
adhesion molecule expression and defects in zymosan phagocytosis. Interestingly,
hydrocortisone, which inhibits the activation of PMN superoxide generation by
aggregated IgG in Anx-1"*" mice was completely ineffective in the Anx-1"- animals.
At the level of the microcirculation an increased basal adherence and migration of
PMN was observed using intravital microscopy techniques but the velocity of
rolling was not altered. A summary of many of these changes is given in 7able 2.

Modulation of the synthesis and release of Anx-1 is, of course, not the only
way in which glucocorticoids operate; they can act through a variety of
mechanisms including inhibition of NF-xB activation, direct genomic actions
mediated through GREs as well as other signalling effects (32, 79) to bring about
their effects. There are also several ways in which the activated glucocorticoid
receptor can function to effect cellular changes. We recently described a rapid
receptor-dependent, genome-independent, signalling effect of glucocorticoids in
the A549 human carcinoma cell line mediated by src specifically involving
Anx-1 and demonstrated that this pathway is utilised preferentially by some, but
not all glucocorticoids (80). Because of the apparent redundancy of
glucocorticoid mechanisms we were not surprised that not all effects of these
drugs were suppressed in the Anx-1" animals. Such results suggest that
glucocorticoids employ separate but parallel pathways to regulate inflammation
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Table 2. Summary of differences between Anx-1"* and Anx-1"- mice in response to inflammatory
stimuli.

Parameters measured Behaviour in Anx-1" Mouse Effect ofGCs
Tissue protein expression*

Cox-2 Increased NT

CPLA, Increased NT
Adhesion molecules

Basal PMN/MonoCD11b Reduced NT

Basal PMN/Mono L selectin Elevated NT
Stimulated PMN/Mono CD11b Exaggerated NT
Macrophage phagocytosis

Uptake ofunopsonised zymosan Greatly diminished NT

Uptake ofopsonised zymosan Diminished NT

PMN superoxide generation

1gG stimulated Unchanged Abolished
Red Oxyburst assay Unchanged Abolished
Intravital microscopy

Basal PMN rolling Unchanged NT

Basal PMN adherence Increased NT

Basal PMN migration Increased NT
Inflammatory models

Carrageenin induced paw oedema

PMN dependent phase Slightly increased Abolished
PMN independent phase Slightly increased Unchanged
Zymosan peritonitis

PMN migration Greatly exaggerated Diminished
IL 1B production Increased NT

TNFa production Slightly increased NT

and is congruent with the observation that the recombinant protein exerts
anti-inflammatory effects in some, but not all, inflammatory models (68).

CONCLUSION

In summary the overall pathophysiological picture of Anx-1 gene deletion that
emerges from our studies suggests a heightened sensitivity to inflammatory and
other environmental stimuli. This is no doubt exacerbated in vivo by the
ineffectiveness of endogenous glucocorticoids adequately to control the
inflammatory response because of the absence of this protein.

Acknowledgements: RJF is a Principal Fellow of the Wellcome Trust and we wish to thank the
Trust for supporting this study (Grant no. 051887/97).



20.

21.

549

REFERENCES.

Weismann G, Thomas L. The effects of corticosteroids upon connective tissue and lysosomes.
Recent. Prog. Horm. Res. 1964; 20: 215-239.

Vane JR. Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like drugs.
Nat New Biol 1971; 231: 232-235.

Ferreira SH, Moncada S, Vane JR. Indomethacin and aspirin abolish prostaglandin release from
the spleen. Nat New Biol 1971; 231 : 237-239.

Ferreira SH, Moncada S, Vane JR. Prostaglandins and the mechanism of analgesia produced by
aspirin-like drugs. Br J Pharmacol 1973; 49 : 86-97.

Milton AS, Wendlandt S. Effects on body temperature of prostaglandins of the A, E and F series
on injection into the third ventricle of unanaesthetized cats and rabbits. J Physiol 1971; 218:
325-336.

Flower RJ, Vane JR. Inhibition of prostaglandin synthetase in brain explains the anti-pyretic
activity of paracetamol (4-acetamidophenol). Nature 1972; 240 (5381): 410-411.

Shaw JE, Ramwell PW. Inhibition of gastric acid secretion in rats by prostaglandin E,. In:
Ramwell PW, Shaw JE, editor. Prostaglandins. New York: Wiley.; 1968. p. 55-56.

Flower R, Gryglewski R, Herbaczynska-Cedro K, Vane JR. Effects of anti-inflammatory drugs
on prostaglandin biosynthesis. Nat New Biol 1972; 238 : 104-106.

Gryglewski RJ, Panczenko B, Korbut R, Grodzinska L, Ocetkiewicz A. Corticosteroids inhibit
prostaglandin release from perfused mesenteric blood vessels of rabbit and from perfused lungs
of sensitized guinea pig. Prostaglandins 1975; 10: 343-355.

. Nijkamp FP, Flower RJ, Moncada S, Vane JR. Partial purification of rabbit aorta contracting

substance-releasing factor and inhibition of its activity by anti-inflammatory steroids. Nature
1976; 263 (5577): 479-482.

. Hong SL, Levine L. Inhibition of arachidonic acid release from cells as the biochemical action

of anti-inflammatory corticosteroids. Proc Nati Acad Sci USA 1976; 73: 1730-1734.

. Baxter JD, Tomkins GM. Specific cytoplasmic glucocorticoid hormone receptors in hepatoma

tissue culture cells. Proc Natl Acad Sci USA 1971; 68 :932-937.

. Duller RE, O’Malley BW. The biology and mechanism of steroid hormone receptor interaction

with the eukaryotic nucleus. Biochem Pharmacol 1976; 25:1-12.

. Chan L, O’Malley BW. Mechanism of action of the sex steroid hormones (first of three parts).

N Engi J Med 1976; 294: 1322-1328.

. Danon A, Assouline G. Inhibition of prostaglandin biosynthesis by corticosteroids requires

RNA and protein synthesis. Nature 1978; 273 (5663): 552-554.

. Russo-Marie F, Paing M, Duval D. Involvement of glucocorticoid receptors in steroid-induced

inhibition of prostaglandin secretion. J Biol Chem 1979,254 : 8498-8504.

. Tsurumji S, Sugio K, Takemasa F. The role of glucocorticoid receptor and gene expression in

the anti-inflammatory action of dexamethasone. Nature 1979; 280 (5721): 408-410.

. Flower RJ, Blackwell GJ. Anti-inflammatory steroids induce biosynthesis of a phospholipase

A2 inhibitor which prevents prostaglandin generation. Nature 1979; 278 (5703): 456-459.

. Blackwell GJ, Camuccio R, Di Rosa M, Flower RJ, Parente L, Persico P. Macrocortin:

apolypeptide causing the anti-phospholipase effect ofglucocorticoids. Nature 1980; 287 (5778):
147-149.

Di Rosa M, Flower RJ, Hirata F, Parente L, Russo-Marie F. Anti-phospholipase proteins.
Prostaglandins 1984; 28: 441-442.

Russo-Marie F, Duval D. Dexamethasone-induced inhibition of prostaglandin production does
not result from a direct action on phospholipase activities but is mediated through
a steroid-inducible factor. Biochim Biophys Acta 1982; 712:177-185.



550

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hirata F, Schiffinann E, Venkatasubramanian K, Salomon D, Axelrod J. A phospholipase A2
inhibitory protein in rabbit neutrophils induced by glucocorticoids. Proc Natl Acad Sci
U S 41980; 77: 2533-2536.

Blackwell GJ, Camuccio R, Di Rosa M, Flower RJ, Langham CS, Parente L, et al.
Glucocorticoids induce the formation and release of anti-inflammatory and anti-phospholipase
proteins into the peritoneal cavity of the rat. Br J Pharmacol 1982; 76: 185-194.

Hirata F, Notsu Y, Iwata M, Parente L, DiRosa M, Flower RJ. Identification of several species
of phospholipase inhibitory protein (s) by radioimmunoassay for lipomodulin. Biochem Biophys
Res Commun 1982; 109: 223-230.

Parente L, Di Rosea M, Flower RJ, Ghiara P, Meli R, Persico P, et al. Relationship between the
anti-phospholipase and anti-inflammatory effects of glucocorticoid-induced proteins. Eur
J Pharmacol 1984; 99: 233-239.

Wallner BP, Mattaliano RJ, Hession C, Cate RL, Tizard R, Sinclair LK, et al. Cloning and
expression of human lipocortin, a phospholipase A2 inhibitor with potential anti-inflammatory
activity. Nature 1986; 320 (6057): 77-81.

Cirino G, Flower RJ, Browning JL, Sinclair LK, Pepinsky RB. Recombinant human lipocortin
1 inhibits thromboxane release from guinea- pig isolated perfused lung. Nature 1987; 328
(6127): 270-272.

Pepinsky RB, Tizard R, Mattaliano RJ, Sinclair LK, MUIer GT, Browning JL, et al. Five distinct
calcium and phospholipid binding proteins share homology with lipocortin 1. J Biol Chem 1988;
263: 10799-10811.

Raynal P, Pollard HB. Annexins: the problem of assessing the biological role for a gene family
of multifunctional calcium- and phospholipid-binding proteins. Biochim Biophys Acta 1994;
1197: 63-93.

Croxtall JD, Flower RJ. Lipocortin 1 mediates dexamethasone-induced growth arrest of the
A549 lung adenocarcinoma cell line [published erratum appears in Proc Natl Acad Sci USA
1992 Sep 1; 89: 8408]. Proc Natl Acad Sci U S A 1992; 89: 3571-3575.

Violette SM, King I, Browning JL, Pepinsky RB, Wallner BP, Sartorelli AC. Role of lipocortin
I in the glucocorticoid induction of the terminal differentiation of a human squamous
carcinoma. J Cell Physiol 1990; 142: 70-77.

Croxtall JD, Choudhury Q, Flower RJ. Glucocorticoids act within minutes to inhibit recruitment
of signalling factors to activated EGF receptors through a receptor-dependent,
transcription-independent mechanism. Br J Pharmacol 2000; 130: 289-298.

Pepinsky RB. Phosphorylation of lipocortin-1 by the epidermal growth factor receptor. Methods
Enzymol 1991; 198: 260-272.

Meers P, Mealy T, Pavlotsky N, Tauber AL Annexin I-mediated vesicular aggregation:
mechanism and role in human neutrophils [published erratum appears in Biochemistry 1993
Feb 9; 32: 1390]. Biochemistry 1992; 31: 6372-6382.

Futter CE, Felder S, Schlessinger J, UUrich A, Hopkins CR. Annexin I is phosphorylated in the
multivesicular body during the processing of the epidermal growth factor receptor. J Cell Biol
1993; 120: 77-83.

Diakonova M, Gerke V, Ernst J, Liautard JP, van der Vusse G, Griffiths G. Localization of five
annexins in J774 macrophages and on isolated phagosomes. J Cell Sci 1997; 110 (Pt 10): 1199-
1213.

Perretti M, CroxtaU JD, Wheller SK, Goulding NJ, Hannon R, Flower RJ. Mobilizing lipocortin
1 in adherent human leukocytes downregulates their transmigration. Nat Med 1996; 2: 1259-
1262.

Getting SJ, Flower RJ, Perretti M. Inhibition ofneutrophil and monocyte recruitment by
endogenous and exogenous lipocortin 1. Br J Pharmacol 1997; 120: 1075-1082.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

551

Yang Y, Hutchinson P, Morand EF. Inhibitory effect ofannexin I on synovial inflammation in rat
adjuvant arthritis. Arthritis Rheum 1999; 42: 1538-1544.

Relton JK, Strijbos PJ, O’Shaughnessy CT, Carey F, Forder RA, TUders FJ, et al
Lipocortin-1 is an endogenous inhibitor of ischemic damage in the rat brain. J Exp Med 1991;
174: 305-310.

Cuzzocrea S, Tailor A, Zingarelli B, Saizman AL, Flower RJ, Szabo C, et al. Lipocortin
1 protects against splanchnic artery occlusion and reperfusion injury by affecting neutrophil
migration. J Immunol 1997; 159: 5089-5097.

La M, D’Amico M, Bandiera S, Di Filippo C, Oliani SM, Gavins FN, et al. Annexin 1 peptides
protect against experimental myocardial ischemia- reperfusion: analysis of their mechanism of
action. Faseb J 2001; 15: 2247-2256.

Ferreira SH, Cunha FQ, Lorenzetti BB, Michelin MA, Perretti M, Flower RJ, et al. Role of
lipocortin-1 in the anti-hyperalgesic actions of dexamethasone. Br J Pharmacol 1997; 121: 883-
888.

Davidson J, Flower RJ, Milton AS, Peers SH, Rotondo D. Antipyretic actions of human
recombinant lipocortin-1. Br J Pharmacol 1991; 102: 7-9.

Taylor AD, Cowell AM, Flower J, Buckingham JC. Lipocortin 1 mediates an early inhibitory
action of glucocorticoids on the secretion of ACTH by the rat anterior pituitary gland in vitro.
Neuroendocrinology 1993; 58: 430-439.

Taylor AD, Flower RJ, Buckingham JC. Dexamethasone inhibits the release of TSH from the
rat anterior pituitary gland in vitro by mechanisms dependent on de novo protein synthesis and
lipocortin 1. J Endocrinol 1995; 147: 533-544.

Goulding NJ, Godolphin JL, Sharland PR, Peers SH, Sampson M, Maddison PJ, et al.
Anti-inflammatory lipocortin-1 production by peripheral blood leucocytes in response to
hydrocortisone. Lancet 1990; 335 (8703): 1416-1418.

De Caterina R, Sicari R, Giannessi D, Paggiaro PL, Paoletti P, Lazzerini G, et al.
Macrophage-specific eicosanoid synthesis inhibition and lipocortin-1 induction by
glucocorticoids. J App! Physiol 1993; 75: 2368-2375.

Smith SF, Tetley TD, Datta AK, Smith T, Guz A, Flower RJ. Lipocortin-1 distribution in
bronchoalveolar lavage from healthy human lung: effect of prednisolone. J App! Physiol 1995;
79: 121-128.

Mulla A, Le Roux C, Meeran K, Buckingham JC, Solito E. Annexin 1 expression in peripheral
leukocytes from patients with endocrine diseases correlates with the serum levels of cortisol. J.
Endocrinol. 2002; in press.

Shohat M, Korenberg JR, Schwabe AD, Rotter JI. Hypothesis: familial Mediterranean fever—
a genetic disorder of the lipocortin family? Am J Med Genet 1989; 34: 163-167.
Garcia-Gonzalez A, Weisman MH. The arthritis of familial Mediterranean fever. Semin
Arthritis Rheum 1992; 22: 139-150.

Sun HT, Cohen S, Kaufinann WE. Annexin-1 is abnormally expressed in fragile X syndrome:
two- dimensional electrophoresis study in lymphocytes. Am J Med Genet 2001; 103: 81-90.
Akama H, Tanaka H, Kawai S. Possible mechanisms of glucocorticoid-unresponsive pyrexia.
Defect in lipocortin 1? Mater Med Pol 1995; 27: 75-78.

Tsao FH, Meyer KC, Chen X, Rosenthal NS, Hu J. Degradation of annexin I in bronchoalveolar
lavage fluid from patients with cystic fibrosis. Am J Respir Cell Mol Biol 1998; 18: 120-128.
Smith SF, Tetley TD, Guz A, Flower RJ. Detection of lipocortin-1 in human lung lavage fluid:
lipocortin degradation as a possible proteolytic mechanism in the control of inflammatory
mediators and inflammation. Environ Health Perspect 1990; 85: 135-144.



552

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Mikuniya T, Nagai S, Morita K, Mio T, Satake N, Izumi T. Lipocortin I gene expression is
higher in blood monocytes than in BAL fluid macrophages in patients with pulmonary
sarcoidosis. Sarcoidosis Vase Diffuse Lung Dis 1998; 15: 38-43.

Lindahl M, Svartz J, Tagesson C. Demonstration of different forms of the anti-inflammatory
proteins lipocortin-1 and Clara cell protein-16 in human nasal and bronchoalveolar lavage
fluids. Electrophoresis 1999; 20: 881-890.

Ahn SH, Sawada H, Ro JY, Nicolson GL. Differential expression of annexin I in human
mammary ductal epithelial cells in normal and benign and malignant breast tissues. Clin Exp
Metastasis 1997; 15: 151-156.

Bastian BC, van der Piepen U, Romisch J, Paques EP, Brocker EB. Localization of annexins in
normal and diseased human skin. J Dermatol Sci 1993; 6: 225-234.

Kitajima Y, Owada MK, Mitsui H, Yaoita H. Lipocortin I (annexin I) is preferentially localized
on the plasma membrane in keratinocytes of psoriatic lesional epidermis as shown by
immunofluorescence microscopy. J Invest Dermatol 1991; 97: 1032-1038.

Eberhard DA, Brown MD, VandenBerg SR. Alterations of annexin expression in pathological
neuronal and glial reactions. Immunohistochemical localization of annexins I, II (p36 and p11
subunits), IV, and VI in the human hippocampus. 4m J Pathol 1994; 145: 640-649.

Elderfield AJ, Newcombe J, Bolton C, Flower RJ. Lipocortins (annexins) 1, 2, 4 and 5 are
increased in the central nervous system in multiple sclerosis. J Neuroimmunol 1992; 39: 91-100.
Podgorski MR, Goulding NJ, Hall ND, Flower RJ, Maddison PJ. Autoantibodies to
lipocortin-1 are associated with impaired glucocorticoid responsiveness in rheumatoid arthritis.
J Rheumatol 1992; 19: 1668-1671.

Goulding NJ, Podgorski MR, Hall ND, Flower RJ, Browning JL, Pepinsky RB, et al.
Autoantibodies to recombinant lipocortin-1 in rheumatoid arthritis and systemic lupus
erythematosus. Ann Rheum Dis 1989; 48: 843-850.

Stevens TR, Smith SF, Rampton DS. Antibodies to human recombinant lipocortin-1 in
inflammatory bowel disease. Clin Sci (Colch) 1993; 84: 381-386.

Brichory FM, Misek DE, Yim AM, Krause MC, Giordano TJ, Beer DG, et al. An immune
response manifested by the common occurrence of annexins I and II autoantibodies and high
circulating levels of IL-6 in lung cancer. Proc Natl Acad Sci USA 2001; 98: 9824-9829.

Cirino G, Peers SH, Flower RJ, Browning JL, Pepinsky RB. Human recombinant lipocortin
1 has acute local anti-inflammatory properties in the rat paw edema test. Proc Natl Acad Sci
U S 4 1989; 86: 3428-3432.

Perretti M, Ahluwalia A, Harris JG, Harris HJ, Wheller SK, Flower RJ. Acute inflammatory
response in the mouse: exacerbation by immunoneutralization of lipocortin 1. Br J Pharmacol
1996; 117: 1145-1154.

Philip JG, John CD, Cover PO, Morris JF, Christian HC, Flower RJ, et al. Opposing influences
of glucocorticoids and interleukin-1f on the secretion of growth hormone and ACTH in the rat
in vivo: role othypothalamic annexin 1. Br J Pharmacol 2001; 134: 887-895.

Taylor AD, Loxley HD, Flower RJ, Buckingham JC. Immunoneutralization of lipocortin 1 reverses
the acute inhibitory effects of dexamethasone on the hypothalamo-pituitary-adrenocortical
responses to cytokines in the rat in vitro and in vivo. Neuroendocrinology 1995; 62: 19-31.
Hannon R, Getting SJ, Roviezzo F, Yona S, Paul-dark M, Gavins FN, et al. Aberrant
inflammation and resistance to glucocorticoids in Annexin I-/- Mouse. Faseb J 2002; In press.
Hawkins TE, Roes J, Rees D, Monkhouse J, Moss SE. Immunological development and
cardiovascular function are normal in annexin VI null mutant mice. Mol Cell Biol 1999; 19:
8028-8032.

Srivastava M, Pollard HB. Low in vivo levels of human anx7 (annexin vii) gene expression are
due to endogenous inhibitory promoter sequences. Cell Biol Int 2000; 24: 475-481.



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

553

Herr C, Smyth N, Ullrich S, Yun F, Sasse P, Hescheler J, et al. Loss of annexin A7 leads to
alterations in frequency-induced shortening of isolated murine cardiomyocytes. Mol Cell Biol
2001; 21: 4119-4128.

Vishwanath BS, Frey FJ, Bradbury MJ, Dallman MF, Frey BM. Glucocorticoid deficiency
increases phospholipase A2 activity in rats. J Clin Invest 1993; 92: 1974-1980.

Newman SP, Croxtall JD, Choudhury Q, Flower RJ. The co-ordinate regulation of lipocortin 1,
COX 2 and cPLA2 by IL-1 beta in A549 cells. Adv Exp Med Biol 1997; 407: 249-253.
Henriques MG, Silva PM, Martins MA, Flores CA, Cunha FQ, Assreuy-Filho J, et al. Mouse
paw edema. A new model for inflammation? Braz J Med Biol Res 1987; 20: 243-249.

Barnes PJ. Molecular mechanisms of corticosteroids in allergic diseases. Allergy 2001; 56: 928-
936.

Croxtall JD, van Hal PT, Choudhury Q, Gilroy DW, Flower RJ. Different glucocorticoids vary
in their genomic and non-genomic mechanism of action in A549 cells. Br J Pharmacol 2002;
135: 511-519.

Duncan GS, Peers SH, Carey F, Forder R, Flower RJ. The local anti-inflammatory action of
dexamethasone in the rat carrageenin oedema model is reversed by an antiserum to lipocortin-1. Br
J Pharmacol 1993; 108: 62-65.

D’Amico M, Di FiUppo C, La M, Solito E, McLean PG, Flower RJ, et al. Lipocortin 1 reduces
myocardial ischemia-reperfusion injury by affecting local leukocyte recruitment.
FASEB J 2000; 14: 1867-1869.

Perretti M, Flower RJ. Modulation of IL-1-induced neutrophil migration by dexamethasone and
lipocortin 1. J Immunol 1993; 150: 992-999.

Das AM, Flower RJ, Perretti M. Eotaxin-induced eosinophil migration in the peritoneal cavity
of ovalbumin-sensitized mice: mechanism of action. J Immunol 1997; 159: 1466-1473.
Mancuso F, Flower RJ, Perretti M. Leukocyte transmigration, but not rolling or adhesion, is
selectively inhibited by dexamethasone in the hamster post-capillary venule. Involvement of
endogenous lipocortin 1. J Immunol 1995; 155: 377-386.

Received: September 17, 2002
Accepted: October 29, 2002

Author’s address: R. J. Flower, e-mail: rj.flower@qmul.ac.uk, tel +44 (0) 207-882-6072.



