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Background: Animal and human data show that platelet-
activating factor (PAF) mediates the life-threatening
manifestations of anaphylaxis. Although administration of
epinephrine is the mainstay of therapy of acute anaphylaxis, the
interaction between epinephrine and PAF has not been studied.
In particular, the effect of the timing of epinephrine
administration on the action of PAF has not been examined.
Objective: Using human vascular smooth muscle cells

(HVSMC s), we examined the effect of timing of epinephrine
addition on the action of PAF.

Methods: The effect of epinephrine on PAF-mediated
prostaglandin E, (PGE,) release from human aortic smooth
muscle cells was examined. Epinephrine was added at various
times before and after PAF stimulation.

Results: HVSMCs stimulated with PAF released PGE, in a
concentration- and time-dependent manner. Whereas
preincubation of HVSMCs with epinephrine before the addition
of PAF suppressed PGE, release, treatment with epinephrine
after PAF stimulation was less effective with time after PAF
stimulation. PGE, release was suppressed by means of
preincubation with 8-bromo—cyclic AMP and forskolin.
Conclusions: PAF induced PGE, release from HVSMCs in a
concentration- and time-dependent manner, and early addition
of epinephrine was essential for the control of PAF-induced
PGE, release. Epinephrine was most effective when
administered before stimulation with PAF but was progressively
less effective with time after PAF stimulation. (J Allergy Clin
Immunol 2012;129:1329-33.)
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Anaphylaxis is a systemic allergic reaction with a constellation
of symptoms ranging from mild and self-limited to rapidly
fatal.' Anaphylaxis is most commonly triggered by foods, med-
ications, and insect stings. Currently, management of patients at
risk for anaphylaxis relies mainly on avoidance of recognized
triggers, desensitization (where feasible), and optimal control of
relevant comorbid conditions, such as asthma, cardiovascular
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disease, and mastocytosis.3 However, avoidance measures are of-
ten ineffective, and accidental exposure can result in an acute an-
aphylactic reaction. The mainstay of therapy of acute anaphylaxis
is the use of epinephrine to halt the progression of anaphylaxis
and to reverse potentially life-threatening cardiopulmonary
manifestations.*"

Early administration of epinephrine effectively reduces mor-
bidity and mortality in human anaphylaxis,’ whereas delayed ad-
ministration of epinephrine is associated with increased mortality
because epinephrine becomes progressively less effective in re-
versing anaphylaxis with the passage of time.®” The therapeutic
action of epinephrine is quite nonspecific, and the therapeutic win-
dow is narrow. As aresult, patients and physicians might be reluc-
tant to use epinephrine early in the course of anaphylaxis because
of concerns over the real or perceived adverse effects of this drug.

Platelet-activating factor (PAF) is the most potent phospholipid
mediator of allergic reactions recognized to date.® PAF acts on
target cells through a specific platelet-activating factor receptor
(PAFR) on the plasma membranes,”'° leading to mobilization
of intracellular calcium and release of arachidonic acid and pros-
taglandins, including prostaglandin E, (PGE,), from vascular
smooth muscle cells.''"'* Signaling through the PAFR can be
downregulated by vasoactive agents that activate adenylate cy-
clase, leading to increased intracellular cyclic AMP (cAMP)
levels.'>'®

Many manifestations of anaphylaxis have been reproduced by
injection of exogenous PAF in animals.'”'® In vitro PAF is rapidly
released from antigen-stimulated mast cells and basophils and ap-
pears to act through a feedback mechanism, causing degranula-
tion of human mast cells with the resultant release of histamine.
PAFR antagonists, which inhibit the binding of PAF to the recep-
tor, exert protective effects against anaphylaxis in animal
models,'® and PAFR knockout mice exhibit a lower rate of mor-
tality caused by systemic anaphylaxis than wild-type mice with
intact PAFR."

In human anaphylaxis serum PAF levels are significantly
increased and correlate directly with the severity of anaphy-
laxis.?® These animal and human data support the predominant
role of PAF as a central mediator in anaphylactic shock.

On the basis of the foregoing observations, the authors
hypothesized that early addition of epinephrine to PAF-
stimulated human vascular smooth muscle cells (HVSMCs)
would be most effective in modifying target cell activation,
whereas delayed administration of epinephrine would be
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TABLE I. Effect of epinephrine concentration on PGE; release by PAF-stimulated HYSMCs*
Epinephrine (nmol/L)
0 0.1 1.0 5.0 10.0
15-min Incubation 1366 = 164 1531 = 307 1178 £ 202 820 * 150 912 = 193
30-min Incubation 2278 * 430 2037 * 168 1489 * 137 893 =+ 230 1057 = 159

*HVSMCs were preincubated with epinephrine in concentrations ranging from 0.1 to 10 wmol/L for 15 minutes. Smooth muscle cells were incubated for either 15 or 30 minutes

with 10 nmol/L PAF, and culture media were assayed for PGE, release.

progressively less effective, which is analogous to the situation in
human anaphylaxis.

METHODS

Reagents

PAF, epinephrine, propranolol, 8-bromo-cAMP, forskolin, and fatty acid—
free BSA were purchased from Sigma-Aldrich Canada Ltd (Oakville, Ontario,
Canada). HVSMCs, medium 231, growth factor, insulin-transferrin solution,
and antibiotics were purchased from Cascade Biologics (Portland, Ore). The
PGE,; enzyme immunoassay system was purchased from Amersham Biosci-
ences (Baie d’Urfe, Quebec, Canada).

Cell culture

Aortic HVSMCs (C-007-5C, Cascade Biologics) were plated on tissue-
culture flasks and grown to confluence in medium 231 with growth factor at
37°C in a 5% CO, atmosphere. Cells were replated onto 6-well plates (250 X
10% cells per well) and allowed to grow for 24 hours in medium 231 with
growth factor. After 24 hours, medium 231 was removed and replaced with
quiescent medium, which contains insulin-transferrin solution, vitamin C,
0.1% fatty acid—free BSA, and no growth factor. Cells were incubated for
48 hours in quiescent medium at 37°C in a 5% CO, atmosphere. All experi-
ments were conducted on cells incubating in quiescent medium at 37°C in a
5% CO, atmosphere.

Drug dilution
Drugs were diluted in quiescent medium and added to the cell culture
before experiments.

Effect of PAF on PGE; release

PAF has been shown to stimulate PGE, synthesis and release from smooth
muscle cells.'>!3 The effects of PAF-mediated PGE, release were examined.
PAF was diluted in quiescent medium and added to HVSMC:s in culture (in
triplicates) at final concentrations of 0.1, 1, 10, and 100 nmol/L. Cells were
coincubated with PAF for 15 or 30 minutes at 37°C in a 5% CO, atmosphere.
HVSMCs growing under the same conditions but without PAF addition were
used as controls. PGE, release was measured in culture medium by using the
PGE, enzyme immunoassay system, according to the manufacturer’s instruc-
tions. Results are expressed as means * SDs.

Relationship between time of epinephrine addition
and PAF-induced release of PGE, by HVSMCs

The effect of epinephrine on suppressing PGE; release was tested over the
concentration range of 0.1 to 10 wmol/L (Table I). A concentration of
5 pmol/L was noted to be optimal. Epinephrine was added to HVSMCs (to
a final concentration of 5 wmol/L) before, concomitant with, and after addition
of 10 nmol/L PAF. Epinephrine was added at 5 time points, as follows: 15 min-
utes (—15) or 7.5 minutes (—7.5) before incubation with PAF, simultaneously
with PAF (0), or 7.5 minutes (7.5) or 15 minutes (15) after addition of PAF.
Cells were incubated at 37°C in a 5% CO, atmosphere. Culture supernatants
were removed 30 minutes after PAF addition and assayed for PGE, release.
Cells treated with 10 nmol/L PAF without epinephrine were used as controls.

Effect of adenylate cyclase activation and cAMP
analog on PGE; release by PAF-stimulated
HVSMCs

Next we examined the effect of forskolin, an agent that activates
adenylate cyclase, and of 8-bromo-cAMP, a cell-permeable analog of
cAMP, on PGE, synthesis and release. HVSMCs were preincubated for 15
minutes at 37°C in a 5% CO, atmosphere with 5 wmol/L epinephrine,
1 mmol/L 8-bromo-cAMP, or 50 wmol/L forskolin. After 15 minutes of pre-
incubation, culture supernatants were removed, and cells were incubated
with 10 nmol/L PAF for an additional 15 minutes at 37°C in a 5% CO, at-
mosphere and assayed for PGE, release. Cells treated with 10 nmol/L PAF
were used as controls.

Effect of propranolol on PAF-induced release of
PGE, by HVSMCs

HVSMCs were preincubated for 15 minutes at 37°C in a 5% CO, at-
mosphere with propranolol (100 wmol/L) alone, epinephrine (5 pwmol/L)
alone, or epinephrine (5 wmol/L) plus propranolol (100 wmol/L). After
15 minutes of preincubation, cells were washed with PBS, 10 nmol/L
PAF was added in quiescent medium, and cells were incubated for an ad-
ditional 15 minutes at 37°C in a 5% CO, atmosphere. Culture supernatants
were assayed for PGE, release. Cells treated with 10 nmol/L PAF were
used as controls.

RESULTS
Effect of PAF on PGE release

HVSMC s stimulated with PAF released PGE, in a concentra-
tion- and time-dependent manner (Fig 1). HVSMCs released
1473 pg/mL PGE, after 15 minutes of incubation with 100
nmol/L PAF compared with 127 pg/mL PGE, by the untreated
control (11.6-fold increase) and 2172 pg/mL PGE, after 30 min-
utes of incubation with 100 nmol/L PAF compared with 127 pg/
mL PGE, by the untreated control (17.1-fold increase).

Relationship between time of epinephrine addition
and PAF-induced release of PGE, by HVSMCs

Preincubation of HVSMCs with epinephrine before the addi-
tion of 10 nmol/L PAF significantly suppressed PGE, release (P <
.001, Fig 2). However, coaddition of epinephrine with PAF or ad-
dition of epinephrine after PAF stimulation was progressively less
effective with time.

Effect of adenylate cyclase activation and a cAMP
analog on PGE, release by PAF-stimulated
HVSMCs

HVSMCs were preincubated with epinephrine, forskolin, and
8-bromo-cAMP (Fig 3). PGE, release was effectively suppressed
by preincubation with epinephrine (P < .001), 8-bromo-cAMP
(P <.01), and forskolin (P <.001).
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FIG 1. Time and dose dependency of PAF-stimulated PGE, release from
HVSMCs. PAF was added to HVSMCs at final concentrations of 0.1, 1, 10,
and 100 nmol/L. Cells were coincubated with PAF for 15 or 30 minutes.
HVSMCs growing under the same conditions but without PAF addition
were used as controls. PGE, release was measured in culture medium.
All experiments were repeated in triplicates. Solid squares, PGE, release
from HVSMCs incubated with 100 mmol/L PAF for 15 minutes. Solid trian-
gles, PGE, release from HVSMCs incubated with 100 mmol/L PAF for 30
minutes. **P < .01 for 15 minutes versus 30 minutes of incubation with
PAF. #P < .05 and ###P < .001 compared with unstimulated controls.
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FIG 2. Relationship between time of epinephrine addition and PAF-induced
PGE, release. Epinephrine (5 umol/L) was added to HYSMCs at 15 minutes
(—15) or 7.5 minutes (—7.5) before incubation with 10 nmol/L PAF, simulta-
neously with PAF (0), or 7.5 minutes (7.5) or 15 minutes (15) after addition of
PAF. Culture supernatants were removed 30 minutes after PAF addition and
assayed for PGE; release. Cells treated with 10 nmol/L PAF without epi-
nephrine were used as controls. ***P < .001 compared with treatment
with PAF alone. NS, Not significant. Bars represent means * SDs of tripli-
cate experiments.

Effect of propranolol on PAF-induced release of
PGE, by HVSMCs

Preincubation of HVSMCs with 5 pwmol/L epinephrine before
addition of 10 nmol/L PAF suppressed PAF-stimulated PGE, re-
lease by 77% compared with control values. Propranolol reversed
the effect of epinephrine on PAF-stimulated PGE; release (Fig 4).

DISCUSSION

Anaphylaxis is an acute, potentially life-threatening or
fatal systemic reaction characterized by multisystem organ
involvement as a result of mediators released from mast cells
and basophils. Although the skin and respiratory systems are the
main organs involved in the early stages of anaphylaxis,21 dys-
function of the central and peripheral cardiovascular systems of-
ten determines the outcome of anaphylactic events.?” The release
of preformed mediators (eg, histamine, tryptase, chymase, and
carboxypeptidase A) and newly synthesized lipid mediators
(prostaglandin D5; leukotrienes Cy4, By, and E,4; and PAF) occurs
within minutes.>>?* Cytokines, such as TNF-a and IL-4, IL-6,
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FIG 3. Effect of adenylate cyclase activation and a cAMP analog on PGE,
release by PAF-stimulated HVSMCs. HVSMCs were preincubated for 15
minutes with epinephrine, 8-bromo-cAMP, or forskolin. Culture superna-
tants were removed, and cells were incubated with 10 nmol/L PAF for an ad-
ditional 15 minutes and assayed for PGE, release. Cells treated with 10
nmol/L PAF alone served as controls. a, Epinephrine (5 umol/L) and PAF;
b, 8-bromo-cAMP (1 mmol/L) and PAF; ¢, forskolin (50 wmol/L) and PAF;
and d, PAF alone. *P < .05, **P < .01, and ***P < .001. NS, Not significant.
Bars represent means = SDs of triplicate experiments.
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FIG 4. Effect of propranolol on PAF-induced release of PGE, by HVSMCs.
HVSMCs were preincubated for 15 minutes with propranolol alone, epi-
nephrine alone, or epinephrine plus propranolol. PAF (10 nmol/L) was
added, cells were incubated for an additional 15 minutes, and culture super-
natants were assayed for PGE, release. Cells treated with 10 nmol/L PAF
were used as controls. HVYSMCs were coincubated with PAF (10 nmol/L)
and epinephrine (5 uwmol/L; a); PAF (10 nmol/L), epinephrine (5 pwmol/L),
and propranolol (100 pmol/L; b); PAF (10 nmol/L) and propranolol
(100 pmol/L; ¢); and PAF (10 nmol/L; d). *P < .05, **P < .01, and ***P <
.001. NS, Not significant. Bars represent means * SDs of triplicate
experiments.

and IL-13, are released hours after mast cell activation and are
thought to have a role in biphasic anaphylaxis.19

The mainstay of treatment of acute anaphylaxis is adminis-
tration of epinephrine in conjunction with other supportive
measures.> Recommendation for early use of epinephrine is
currently based on expert opinion and anecdotal evidence.
On the other hand, a number of studies have clearly docu-
mented the relationship between anaphylactic fatalities and de-
layed administration of epinephrine.(”zs’26 The mechanism of
action of epinephrine is largely unknown,?’ and the therapeutic
window is narrow. More specific drugs with better efficacy and
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fewer side effects have not yet been developed to treat
anaphylaxis.

PAF is the most potent phospholipid mediator of allergic
reactions described to date® and is biologically active in concen-
trations as low as 10~'> mol/L."® In spite of its short half-life
invivo, PAF can produce sustained manifestations of anaphylaxis.
Its biologic effects include increased vascular permeability, de-
creased cardiac output, circulatory collapse, and smooth muscle
contraction in the gut, uterus, and airways.”® PAF also can poten-
tiate the action of other mast cell products. PAF-like analogs, such
as 1-acyl-2-acetyl-sn-glycero-3-phosphocholine, are produced by
mast cells, basophils, and endothelial cells. These analogs share
many of the same biologic activities as authentic PAF.*
A variety of cells, including platelets, monocytes, macrophages,
eosinophils, Kupfer cells, endothelial cells, and neutrophils,”’3 0
have been shown to synthesize and release PAF on stimulation
while at the same time exhibiting biologic responses to PAE!
Therefore many of the cells that produce PAF also are targets of
the bioactivity of PAF. The biologic actions of PAF appear to in-
volve several signaling pathways,32 such as activation of GTPase
activity,” G proteins,” and phospholipase A,.** PAF has been
shown to bind to specific PAFRs on the plasma membranes of tar-
get cells.’ Binding studies have revealed 2 distinct types of bind-
ing sites on human platelets with high and low affinity for PAF.*®

PAF acts by binding to a G protein—coupled transmembrane
receptor.32 PAFR is linked through G protein to intracellular sig-
nal transduction pathways, including turnover of phosphatidylin-
ositol, increase of intracellular calcium, and activation of several
kinases, including inositol 1,4,5-trisphosphate, protein kinase C,
and mitogen-activated protein kinase, resulting in the spectrum
of biologic activities. It appears that the basic components of
this pathway operate in all cells bearing PAFR, whereas the differ-
ent responses to PAF depend on the function of the target cells.
Many signaling events and subsequent functional responses trig-
gered by the PAFR occur in seconds to minutes and do not require
new gene expression. However, ligation of PAFR can also lead to
nuclear signaling and transcriptional induction of genes involving
nuclear factor kB and other transcription factors. ¢

Expression of PAFR is regulated by intracellular cAMP
levels.>”® cAMP downregulates cellular responses to PAF after
short exposures, downregulates PAFR mRNA expression after
longer exposures,”>* and significantly reduces PAF-induced
arachidonic acid release.*® Therefore an increase in intracellular
cAMP levels, such as that caused by [-adrenoceptor agonists
(eg, epinephrine), represents an important route for controlling
PAF activities. On the basis of these data, epinephrine has the po-
tential to modulate the expression of cell-surface PAFRs through
an increase in intracellular cyclic AMP levels.

This current study was designed to examine the effect of timing
of epinephrine administration on the action of PAF in an in vitro
model by using HVSMCs to better understand clinical observa-
tions regarding the therapeutic use of epinephrine in patients
with acute anaphylaxis. This study demonstrated that PAF-
induced PGE, release from HVSMCs in a concentration- and
time-dependent manner and that early administration of epineph-
rine was essential for the control of PAF cell activation, as mea-
sured based on PAF-induced PGE, release. PAF-induced PGE,
release from HVSMCs was downregulated by agents that are
known to increase intracellular cAMP levels, including epineph-
rine, 8-bromo-cAMP, and forskolin. Addition of propranolol to
PAF-stimulated HVSMCs reversed the actions of epinephrine,
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demonstrating that the effect of epinephrine on the regulation of
PAF-induced PGE, release is through (3-adrenergic receptors.

In vitro murine bone marrow—derived mast cells produced
arachidonic acid during FceRI-mediated activation.*” Arachi-
donic acid was converted to PGE, by microsomal PGE synthase
1 in cocultured fibroblasts, potentially dampening local anaphy-
lactic responses. In contrast, a number of studies have shown
that PGE, might augment anaphylactic reactions. PAF could in-
duce release of PGE, and other arachidonic acid metabolites
from guinea pig lungs in a model of IgG anaphylaxis, suggesting
an interaction between PAF and synthesis of eicosanoids.*! Spe-
cific PAFR antagonists dose-dependently decreased the release of
PGE, and other eicosanoids in experimental anaphylaxis.*'***
PGE, production was markedly increased locally in anaphylactic
lungs and systemically in ovalbumin-induced anaphylactic shock
but blocked by treatment with histamine and serotonin receptor
blockade in combination with inhibition of nitric oxide syn-
thase.** The decreased production of vasodilatory PGE, was
thought to contribute to overall hemodynamic improvement.

Epinephrine presumably modulates intracellular signaling in
HVSMCs by increasing intracellular cAMP levels, leading to
phosphorylation of the PAFR, although this remains to be
studied. There are additional limitations to the current study in
that use of an in vitro system does not allow for the complex in-
teraction of other mediators relevant to anaphylaxis, particularly
under conditions of respiratory alkalosis or metabolic acidosis.
Only one read-out of PAF action, namely PGE, was measured
in this study, leaving unknown the effect of epinephrine on the
release of other mediators. Arguably, however, the findings of
this study are pertinent because of the compelling data showing
the centrality of PAF in anaphylaxis in animals and human sub-
jects. Moreover, the progressive reduction in the efficacy of ep-
inephrine with increased time of addition in this in vitro system
is strikingly similar to the documented reduction in efficacy of
epinephrine when its administration is delayed in human
anaphylaxis.”"4547

The effect of epinephrine on PAF-stimulated HVSMC:s is just
one aspect of the action of epinephrine and might not be the
overriding or most prominent effect. Other recognized mecha-
nisms of action include its oj-adrenergic vasoconstrictor effects
in most body organ systems, with the exception of skeletal mus-
cle, and its ability to reverse airway obstruction, mucosal edema,
hypotension, and shock.****3*° Other relevant actions in anaphy-
laxis include its [3;-adrenergic agonist properties, leading to an
increase in the force and rate of myocardial contractility, and its
[3,-adrenergic agonist properties, such as decreased mediator re-
lease and relief of bronchospasm.49 Moreover, these in vitro ob-
servations do not take into account the pathophysiologic
changes as anaphylaxis progresses, such as the reduction in tissue
perfusion because of impaired circulation, leading to a corre-
sponding reduction in epinephrine delivery to target organs.
Such a reduction in epinephrine delivery would also contribute
to its reduced effectiveness as a rescue medication.

This study examined the effect of epinephrine addition on PAF-
induced PGE, release from HVSMC:s. Early addition of epineph-
rine was essential for the control of PAF-induced PGE, release.
Epinephrine was most effective when administered before stimu-
lation with PAF but was progressively less effective with time af-
ter PAF stimulation. These observations in vitro reflect the
observation in human anaphylaxis that early administration of ep-
inephrine is critical for the successful treatment of anaphylaxis.
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Further elucidation of the molecular basis for the action of epi- 24
nephrine will assist in the understanding of the short window of
time during which epinephrine is most effective in the treatment
of anaphylaxis and in the development of more specific drug ther- 2,
apies for anaphylaxis with fewer unintended side effects.

Clinical implications: Our findings ir vitro are consistent with 28
clinical observations showing that epinephrine is most effective

when administered early in anaphylaxis and less effective with 29.

the passage of time.
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