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MARINELLA TZANELAL, STYLIANOS ORFANOS?, and JAMES R. MCCORMICK!"

ZDepartment of Medicine, Veterans Administration Medical Center, Augusta, GA, 30904-6285, U.S.A.;
2Critical Care Department, University of Athens Medical School, Attikon Hospital, Haidari, Greece

Abstract. The chemotactic factor formyl-methionyl-leucyl-
phenylalanine (FMLP) when injected in rabbits causes dose-
dependent transient hypotension, as well as neutropenia,
thrombocytopenia and a decrease in systemic vascular
resistance, as previously shown. Since both FMLP and
endotoxin are elaborated at sites of infection by certain
bacteria, whether they act in concert to produce shock was
examined. Animals were pretreated with 380 uglkg of E. coli
endotoxin, 24 hours before the infusion of 107 moles FMLP
and were compared with animals pretreated only with saline
and administered FMLP. Within 3 min after FMLP,
endotoxin-pretreated animals developed a significant fall in
MAP (p<0.001) and neutrophils (p<0.001) compared to
controls. Statistically significant lactic acidemia, with reduced
HCO ;3 levels also developed in the endotoxin-pretreated group
after FMLP injection. These results indicate that endotoxin
apparently induces a prepared state, thus facilitating the
hemodynamic and cellular effects of FMLP in this model.

Sepsis is an infection-induced syndrome characterized by a
generalized inflammatory state (1). Although activation of
the immune system during microbial invasion is generally
protective, septic shock develops in a number of patients as
a consequence of excessive or poorly regulated immune
response to the offending organism (Gram-negative or
Gram-positive bacteria, fungi, viruses, or microbial toxins)
(2). Many mechanisms are involved in the pathogenesis of
septic shock, including the release of cytokines (3), the
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activation of neutrophils (4), monocytes and microvascular
endothelial cells (5), as well as the activation of
neuroendocrine reflexes (6) and plasma protein cascade
systems, such as the complement system (7), the intrinsic
and extrinsic pathways of coagulation and the fibrinolytic
system (8). Although the lipopolysaccharide of the gram-
negative bacterial wall (endotoxin) and the peptidoglycan of
gram-positive bacterial wall are the most extensively studied
(1), several other agents, like the formyl-peptide, formyl-
methionyl-leucyl-phenylalanine (FMLP), also promote the
inflammatory response (9).

The bacterial N-formyl peptides, such as N-formyl-Met-
Leu-Phe (fMLF), are some of the first identified and most
potent chemoattractants for phagocytic leukocytes (10).
Two fMLF receptors, the high affinity formyl peptide
receptor (FPR) and its low affinity variant FPR-like 1
(FPRL1), belong to the seven-transmembrane, Gi protein-
coupled receptor superfamily which also includes
chemokine receptors (11). Apart from their ability to bind
bacterial chemotactic peptides, the physiological role of
these receptors in humans remains unclear (12). FMLP
induces activation of leukocytes, initiates chemotaxis,
stimulates cell aggregation, enzyme secretion, arachidonic
acid and oxidative metabolism (9, 13, 14), and causes
systemic hypotension associated with a decrease in systemic
vascular resistance (15, 16). Some of these actions resemble
those seen after exposure of animals or cells to endotoxins
(1, 3, 17). Leukopenia, thrombocytopenia and hypotension
follow infusion of both substances in vivo, but FMLP-
mediated hypotension is rapid in onset and transient (16),
while that of endotoxin generally occurs late and is
persistent (18).

Fehr et al. have documented that FMLP could substitute
for the place of the second endotoxin injection in provoking
the generalized Shwartzman reaction in rabbits (19). In
addition, Goldman et al. demonstrated that rabbit
neutrophils pretreated with endotoxin exhibited an increase
in the receptor density for FMLP (20). Endotoxin-
pretreated neutrophils can then be stimulated by FMLP to
produce enhanced injury of microvascular endothelial cells
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(21) and animals exposed to FMLP after endotoxin
pretreatment developed acute lung injury (22).

The purpose of this study was to examine the possible
interaction between FMLP and endotoxin in producing the
hemodynamic and metabolic alterations typical of septic
shock in the rabbit.

Materials and Methods

New Zealand white rabbits weighing 2.5 to 3.5 kg were used in this
study. The experimental protocol is shown in Table I. Surgical
procedures were performed on lightly anesthetized animals with a
mixture of ketamine (Vetalar, Parke Davis, 60 mg/kg) and xylazine
(Rompun, Mobay Co., 7 mg/kg). Polyethylene catheters were placed
within the right atrium and the aortic arch via the right jugular vein
and the left carotid artery, respectively. To prevent dislodgment of the
catheters during recovery, the animals wore Harvard soft-mesh
jackets. The animals were divided into four experimental groups
(Table I). After the operation (time-24 h), 16 animals received 1.0 ml
of normal saline intravenously (group SAL+FMLP) and all the other
the animals (n=37) were injected with endotoxin (E. coli 026:B6,
Sigma Chemical Co., 380 ug/kg). This dose of endotoxin was chosen
because it caused no immediate deleterious effects and 100% of the
animals recovered uneventfully if no further interventions were
undertaken. The animals were allowed to recover in their cages for 24
h. The next day, each animal was kept awake in a standard rabbit cage
for the duration of the experiment. The arterial line was connected to
a Statham transducer and blood pressure and pulse rates were
continuously recorded on a Beckman Dynograph. This cannula was
also used to withdraw blood samples for the determination of blood
cell counts, blood gases, pH, plasma lactate, fibrinogen and
prothrombin time. The venous line was used to administer the
chemotactic factor FMLP (10-2 moles) in groups SAL+FMLP (n=16)
and ENDO+FMLP (n=6) and appropriate dilutions of DMSO in
saline (group ENDO+DMSO, n=17) or endotoxin (380 ug/kg, group
ENDO+ENDO, n=14, Table I). Throughout the experiment,
replacement volumes of isotonic saline (usually 30 ml) were infused.
Both lines were kept patent with heparinized saline.

FMLP (Sigma Chemical Co.) was prepared as a 10-2 M stock
solution using DMSO as the solvent. Dilution of 10~ moles FMLP
was prepared daily. Endotoxin (E. coli 026:B6) solution in normal
saline was also prepared daily at the appropriate dose of 380 pg/kg
for each animal. Blood cell counts were determined by a Coulter
Counter (Model S-Plus, Coulter Electronics, Inc.), blood gases and
pH by a pH-blood gases Analyzer (Model 813, Instrumentation
Laboratory) and lactate by an ACA IIl-discrete Clinical Analyzer
(Clinical Systems, DuPont Co). Clotting factors were measured by
standard methods.

Statistical analysis. The data analysis was performed with an SAS
statistical program. One way ANOVA followed by Dunnett’s test or
one way ANOVA on the ranks followed by Dunn’s test (when data’s
distribution was not normal) were used to compare baseline levels
with levels at the different time-points within the same group during
the experiment. Comparisons of the means at the same time-point
between two experimental groups were made by the ¢-test or
Wilcoxon’s rank sum test (when data distribution was not normal),
and between multiple groups with one way ANOVA followed by
Student-Newman-Keuls test or one way ANOVA on the ranks
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Table 1. Experimental protocol.

Time SAL+ ENDO+ ENDO+ ENDO+
FMLP DMSO FMLP ENDO
(n=16) (n=6) (n=17) (n=14)

-24h Anesthesia and catheter placement

-24 h Saline Endotoxin  Endotoxin  Endotoxin

(1st injection)

0Oh FMLP DMSO FMLP Endotoxin

(2nd injection)

followed by Dunn’s test (for comparisons between means when data
distribution was not normal). Data are expressed as mean+SD. A
two-tailed p<0.05 was considered statistically significant.

Results

Effect of endotoxin pretreatment on FMLP administration. To
investigate the effect of endotoxin preatreatment on FMPL
administration the SAL+FMLP group was compared to the
to group ENDO+FMLP group. As shown in Figure 1A, the
two groups presented similar mean arterial pressure (MAP)
levels at time 0, before the second injection of the protocol.
Three minutes after the administration of 10~° moles
FMLP, a significant but transient reduction in MAP (from
87+3.8 to 54+4.7 mmHg, p<0.05) developed in the
SAL+FMLP animals. FMLP given ENDO+FMLP animals,
led to a drop in MAP to 52% of the levels at time 0 (from
79+2.9 to 41+3.2 mmHg, p<0.0001). This effect was acute,
with maximal hypotension at 3 min after FMLP. There was
a full recovery within 15 min, followed by a second phase of
progressive decline with statistically lower levels of MAP
compared to SAL+FMLP for the rest of the experiment

As shown in Figure 1A, 3 min after the administration of
FMLP a significant drop in neutrophil levels was observed
(from 3715+362 at time 0 to 907+218/mm?>, p<0.0001) in
SAL+FMLP. In ENDO+FMLP, neutrophil levels were
also profoundly reduced (from 3376£635 to 132+50/mm>,
p<0.001). Neutrophil counts in this group were significantly
lower compared to SAL+FMLP (p<0.01). The lowest
neutrophil counts occurred 3 min after the FMLP
administration and a slight recovery was shown within 15
min, which was sustained for the rest of the experiment.

Thrombocytopenia (from 421+18 at —24 to 80+16x10%/mm?>
at 0, p<0.001) was found in the ENDO+FMLP animals and
FMLP caused no any further alteration in the platelet counts
throughout the experiment. A decrease in platelet counts
(from 34124 at time 0 to 187+32.6x10%/mm?>, p<0.001) was
observed 3 min after FMLP administration in animals of the
SAL+FMLP group, but platelets were always significantly
higher than in the ENDO+FMLP group throughout the
experiment (Figure 1A).
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Figure 1. Mean arterial pressure, neutrophil and platelet levels (A) and arterial HCO=3; pCO, and lactate levels (B) in the 2 experimental groups:
SAL+FMLP (n=16): 10~ moles FMLP (2nd injection of the protocol at 0 h) in saline-pretreated animals (Ist injection at baseline, -24 h) and
ENDO+FMLP (n=17): 10~ moles FMLP (2nd injection of the protocol at 0 h) in 380 ug/kg endotoxin-pretreated animals (Ist injection at baseline,
-24 h). Data are mean+SE, %p<0.05 from time 0 of the same group, ’p<0.05 from SAL+FMLP, at the same time-point.

Pretreatment of rabbits with endotoxin, caused
significantly lower levels of bicarbonate (HCO™3) and blood
pCO, at time 0, compared to saline-pretreated animals
(p<0.001, Figure 1B). FMLP in ENDO+FMLP animals,
induced a further reduction of HCO™5 (from 18.9+0.7 to
15.4%£0.7 mmol/L, p<0.001) and pCO, (32.3%1.2 to
26.7x1.9 mmHg, p<0.05) and a marked elevation of
plasma lactate (from 2%=0.2 to 5.3%x1.1 mmol/L, p<0.05,
Figure 1B), sustained up to the end of the experiment.

Animals in SAL+FMLP also demonstrated a slight and
progressive reduction in HCO73 levels; this was less
profound however. This reduction could be explained by
saline infusion to replace volume following blood
withdrawal. A progressive decrease in the arterial pCO,
levels was also noted (Figure 1B).

The endotoxin-pretreated animals had significantly higher
heart rate values at time 0 (Table II) than saline pretreated
animals. After FMLP infusion, a further increase in heart
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Table 11. Arterial pO, and pH levels (mm Hg).

Arterial pO,

Time SAL+ ENDO+ ENDO+ ENDO+
FMLP DMSO FMLP ENDO
(n=16) (n=6) (n=17) (n=14)
0 108.5+4.5  106.8+3.5 115+33 117+3.11
3 105.8+3.2  117.6%£3.5 109.8+6.2 122.7%2.7
15 110.1£3.8  114+4.6 116+5.2 123.2+2.3
30 113.3+5.1  106+%5.1 113£3.9 102+7.6
60 102.7+3.7  109.4%73 111%x3.7 109.7£7.6
Arterial pH
0 7.42+0.02  7.38+0.01 7.39%0.01 7.42%0.01
3 7.44x0.02  7.39x£0.01 7.43+0.01 7.44%0.1
15 7.44x0.02  7.44x0.01 7.36%0.04 7.47x0.0.01
30 7.45x0.01  7.41x0.02  7.42%0.03 7.43%0.02
60 7.44x0.01  7.43x0.01 7.402x0.03  7.409+0.04

Values are means=SE.

rate was observed in the ENDO+FMLP animals,
statistically different from that in the SAL+FMLP animals
(»p<0.01). None of the animals demonstrated any changes
in arterial pH or pO, levels (Table II).

Effect of FMLP on endotoxin pretreated animals. There was
no significant change in MAP levels in the ENDO+DMSO
or ENDO+ENDO animals (Figure 2A), while in the
ENDO+FMLP group an acute and transient hypotensive
effect at 3 min post FMLP was noted with MAP levels
significantly lower than in all other groups (p<0.01). A
progressive delayed decline in MAP was also noted in the
ENDO+ENDO group, parallel to the second phase of
progressive MAP decline in the ENDO+FMLP group.

Administration of endotoxin or FMLP induced a similar
degree of neutropenia in the endotoxin-pretreated animals,
as no difference was noted between neutrophil levels
between the ENDO+ENDO and ENDO+FMLP animals
(Figure 2A). Neutrophil counts in these groups were
statistically lower compared to the neutrophil counts of
ENDO+DMSO animals after the second injection and
throughout the experiment.

Blood platelet counts of the three experimental groups
are shown in the lower panel of Figure 2A. Immediately
before the second injection of the protocol (time 0), all
endotoxin-pretreated groups presented a statistically
significant decrease in blood platelet counts from the
baseline levels (time-24, p<0.001, in all groups). FMLP
administered to rabbits after challenge with endotoxin
(ENDO+FMLP), did not cause any further alteration in the
platelet counts throughout the experiment.
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Table I11. Effect of endotoxin preatreatment on the heart rate (pulses/min)
of the FMPL-treated animals.

Time SAL+FMLP ENDO+FMLP
0 237+6 280=+11P
3 240+6 304 +9a.b
15 249+6 299+13b
30 266+9 299+14b
60 267+9 294+18

Values are means+SE; 3 <0.05 from time 0 of the same group,
bp<0.05 from SAL+FMLP, at the same time-point.

FMLP administered to ENDO+FMLP animals, induced
reductions in HCO73 and pCO, which were similar to the
second endotoxin injection in ENDO+ENDO animals.
These changes were sustained up to the end of the
experiment. Lactate levels were elevated both in
ENDO+FMLP and ENDO+ENDO groups, but in the
latter group a continuous increase was noted which reached
statistical difference from ENDO+FMLP at the end of the
experiment (Figure 2B).

While no changes were demonstrated in arterial pH or
pO, levels (Table II), after FMLP infusion, an increase in
heart rate was observed in the ENDO+FMLP animals
compared to the ENDO+DMSO animals (p<0.05), but was
similar to that in ENDO+ENDO animals (Table III).

Discussion

The synthetic chemotactic peptide FMLP, structurally related
to bacterial chemotactins, has been found to activate human
and rabbit neutrophils (9), macrophages (23) monocytes and
endothelial cells (12, 24, 25). FMLP, the major
chemoattractant synthesized by E. coli (10) and several related
peptides were isolated from cultures of streptococci (26, 27)
and staphylococci (18). Therefore, it is possible that, in cases
of bacterial infection, the inflammatory response may be
promoted, at least in part, by these agents. In the present
work, animals were subjected to 380 pg/kg endotoxin injection,
followed by 10~ moles FMLP. The dose of endotoxin used in
this experiment did not affect the MAP, as reported by others
(21, 22). The subsequent administration of 10~ moles FMLP
induced a biphasic profound decrease in MAP. From our
data, it is clear that endotoxin pretreatment potentiates the
hypotensive, neutropenic, thombopenic effect of FMLP and
leads to lactic acidosis accompanied by compensatory alveolar
hyperventilation. Endotoxin produces hypotension at
relatively high doses and several substances released during
endotoxemia such as arachidonic acid metabolites, cytokines
and platelet-activating factor (1, 3) and nitric oxide (28, 29)
have been implicated in its pathogenesis.
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Figure 2. Mean arterial pressure, neutrophil and platelets levels (A) and arterial HCO=3, pCO, and lactate levels (B) in the 3 experimental groups:
ENDO+FMLP (n=17): 10-9 moles FMLP (2nd injection of the protocol at 0 h) in 380 ug/kg endotoxin-pretreated animals (Ist injection at baseline,
-24 h), ENDO+ DMSO (n=6): DMSO (2nd injection of the protocol at 0 h) in 380 uglkg endotoxin-pretreated animals (1st injection at baseline, -24
h) and ENDO+ENDO (n=14): 380 ug/kg endotoxin (2nd injection of the protocol at 0 h), in 380 ug/kg endotoxin-pretreated animals (Ist injection at
baseline, -24 h). Arrows indicate time of the injections. Values are means+SE; %p<0.05 from time 0 of the same group, ‘p<0.05 from ENDO+DMSO
and 4p<0.05 from ENDO+ENDO, at the same time-point.

Endotoxin-induces also neutropenia within minutes second endotoxin administration in endotoxin-pretreated
after injection with a complete recovery by 6 hours (30) animals also caused a similar degree of neutropenia but
and systemic administration of FMLP also causes a did not induce acute hypotension, an observation
reversible and dose-related decrease in circulating indicating that the first phase of FMLP-induced
neutrophils (16). Pretreatment with a low dose of hypotension is neutrophil-independent as we have
endotoxin increased the neutropenic effect of FMLP. A previously shown (16).
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A reversible and dose-related decrease in circulating
platelets follows FMLP administration in rabbits (16),
although we were not able to demonstrate FMLP-receptor
sites on human or rabbit thrombocytes, (Frederick DS and
McCormick JR, unpublished data). The release of platelet
activating factor (PAF) from rabbit basophils or mast cells
may mediate this response (31). Thrombo-cytopenia has
also been observed in experimental animals after treatment
with endotoxin, and this effect is probably due to platelet
aggregation following endotoxin which was demonstrated,
in vivo, in rabbits and rats (32). In the present study,
endotoxin-pretreated rabbits continued to have very low
platelet levels 24 hours after endotoxin and FMLP failed to
further reduce the platelet counts.

Another interesting finding of this study was the
prominent lactic acidemia which developed in the
endotoxin-pretreated animals, associated with a significant
fall in arterial bicarbonate levels. We previously
demonstrated that a similar degree of lactic acidemia occurs
after injection of a 5-fold higher dose of FMLP alone to
rabbits (16). It is also known that endotoxin causes an
immediate increase in lactate concentration as a part of a
generalized alteration in carbohydrate metabolism (33). The
shift from aerobic to anaerobic metabolism, indicated by the
high lactate levels in these animals, may be the result either
of a deficit in oxygen utilization related to systemic
hypoperfusion, or of a direct defect in intermediary
metabolism caused by the endotoxin-FMLP treatment.
Endotoxin is a potent stimulus of TNF and IL-1 release
from macrophages, which have been implicated as
mediators of the metabolic changes observed in endotoxic
shock (3). It is possible that this cascade of cytokines is
responsible for the potentiation of the metabolic effects of
FMLP administration in the endotoxin-pretreated animals.

Several investigators have been working on the potential
interaction of endotoxin and FMLP as they both are
elaborated at sites of infection by certain bacteria. Fehr et al.
(19) reported that FMLP can mimic the second, provoking
endotoxin injection in the generalized Shwartzman reaction.
FMLP causes dose-dependent edema and vasoconstriction in
isolated lungs from endotoxin-pretreated rats, mediated by
eicosanoids released from cells trapped in the lung circulation
(22). An identical effect of FMLP has been observed in lungs
after injection of tumor necrosis factor, an effect thought to
be mediated by PAF and thromboxane (34). More recently it
has been demonstrated that FMLP administered 24 h after
intratracheal endotoxin resulted in acute lung injury (35).

It is possible that a cellular mechanism is involved in the
endotoxin-induced potentiation of the FMLP effect. Rabbit
neutrophils pretreated with endotoxin exhibit increased
FMLP receptor density (20) and endotoxin at very low
concentrations greatly enhances the endothelial injury
caused by FMLP stimulated neutrophils (21). TNF-a, a
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cytokine produced by macrophages in response to
endotoxin, modulates the affinity of FMLP receptors on
human neutrophils and stimulates FMLP-mediated activity,
expressed with superoxide anion production (36). FMLP
also induces gene expression and release of IL-8 (37).
Interestingly, recent data provides evidence that in humans
endotoxin desensitizes monocytes, by down-regulating CD14
(38). Thus, the second phase of sustained hypotension after
FMLP in endotoxin-preatreated animals, similar to the
hypotension after the second injection of endotoxin in the
same animals, could be the result of a compromised state
induced in these animals by endotoxin pretreatment via one
of the above mechanisms.

In summary, we showed that endotoxin pretreatment
potentiated the hypotensive, neutropenic and thombopenic
effect of FMLP and induced a lactic acidosis compensated by
alveolar hyperventialation. FMLP caused an effect similar to
the second endotoxin injection in endotoxin-pretreated
animals, with the exception of the induction of acute but
transient hypotension and lactic acidosis. These results indicate
that, in our model, endotoxin pretreatment induces a prepared
state, thus potentiating the hemodynamic and metabolic effects
of FMLP, as well as the effect of FMLP on blood cells.
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