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Abstract

Early systemic arterial hypotension is a common clinical feature of
Pseudomonas septicemia. To determine if Pseudomonas aeruginosa
endotoxin induces the release of endothelium-derived nitric oxide
(EDNO), an endogenous nitrovasodilator, segments of canine femo-
ral, renal, hepatic, superior mesenteric, and left circumflex coronary
arteries were suspended in organ chambers (physiological salt solu-
tion, 95% O2/5% CO2, pH 7.4, 37oC) to measure isometric force. In
arterial segments contracted with 2 µM prostaglandin F2α, Pseudomo-
nas endotoxin (lipopolysaccharide (LPS) serotype 10(Habs) from
Pseudomonas aeruginosa (0.05 to 0.50 mg/ml)) induced concentra-
tion-dependent relaxation of segments with endothelium (P<0.05) but
no significant change in tension of arteries without endothelium.
Endothelium-dependent relaxation in response to Pseudomonas LPS
occurred in the presence of 1 µM indomethacin, but could be blocked
in the coronary artery with 10 µM NG-monomethyl-L-arginine (L-
NMMA), a competitive inhibitor of nitric oxide synthesis from L-
arginine. The inhibitory effect of L-NMMA on LPS-mediated
vasorelaxation of the coronary artery could be reversed by exogenous
100 µM L-arginine but not by 100 µM D-arginine. These experiments
indicate that Pseudomonas endotoxin induces synthesis of nitric oxide
from L-arginine by the vascular endothelium. LPS-mediated produc-
tion of EDNO by the endothelium, possibly through the action of
constitutive nitric oxide synthase (NOSc), may decrease systemic
vascular resistance and may be the mechanism of early hypotension
characteristic of Pseudomonas septicemia.
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Introduction

Bacteremia caused by Pseudomonas ae-
ruginosa is a significant source of morbidity
and mortality among hospitalized patients
(1). Clinically, sepsis from Pseudomonas
aeruginosa may manifest as systemic arteri-
al hypotension (2) which can progress to
septic shock (3). Indeed, in a study of 385

patients with nosocomial infections, early
hypotension was a predictor of Pseudomo-
nas as the etiologic agent (4). Endotoxin, a
lipopolysaccharide (LPS) found in gram-
negative bacteria, is considered to be the
principal toxin responsible for the clinical
expression of sepsis in these infections (5,6).
When infused into experimental animals,
Pseudomonas LPS acutely induces hypoten-
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sion due to a decrease in peripheral resis-
tance (7,8). However, the pathophysiologic
mechanism of this decrease in peripheral
vascular resistance is not absolutely clear.

The vascular intima releases endotheli-
um-derived relaxing factor (EDRF) which
causes vasodilation of the underlying vascu-
lar smooth muscle (9). The active compo-
nent of EDRF is the nitric oxide (NO) radical
(10,11), which is also the active component
of nitrovasodilators such as sodium nitro-
prusside and nitroglycerine (12). The pur-
pose of this experiment was to determine if
Pseudomonas LPS could induce endotheli-
um-dependent relaxation of canine arteries
in “organ chambers” in in vitro studies, and
if the relaxation could be inhibited by NG-
monomethyl-L-arginine (L-NMMA), a
blocker of nitric oxide synthesis from L-
arginine.

Material and Methods

Heartworm-free mongrel dogs (25-30 kg)
of either sex were anesthetized iv with 30
mg/kg pentobarbital sodium (Fort Dodge
Laboratories, Inc., Fort Dodge, IA) and ex-
sanguinated via the carotid arteries. The chest
was quickly opened and the heart was har-
vested and immersed in cool, oxygenated
physiological salt solution of the following
composition: 118.3 mM NaCl, 4.7 mM KCl,
1.2 mM MgSO4, 1.22 mM KH2PO4, 2.5 mM
CaCl2, 25.0 mM NaHCO3, 0.016 mM Ca-
EDTA, and 11.1 mM glucose (control solu-
tion). The femoral, renal, hepatic, and supe-
rior mesenteric arteries were also harvested
and immersed in control solution. The pro-
cedures and handling of the animals were
reviewed and approved by the Institutional
Animal Care and Use Committee of the Mayo
Foundation.

In vitro experiments

Canine left circumflex coronary arteries
were dissected free of connective tissue and

placed in control solution. Femoral, renal,
hepatic, and superior mesenteric arteries were
also cleaned of loose connective tissue. Seg-
ments (4-5 mm in length) of blood vessel
were prepared with special care not to touch
the intimal surface. In some of the segments
in which vascular smooth muscle function
was to be tested without the influence of the
endothelium, the endothelium was removed
by gently rubbing the intimal surface of the
blood vessel with a pair of watchmakers’
forceps. This procedure removes endotheli-
um but does not affect the ability of vascular
smooth muscle to contract or relax (13).

Coronary, renal, femoral, hepatic, and
superior mesenteric artery segments, with
and without endothelium, were suspended
in organ chambers (25 ml) filled with control
solution maintained at 37oC and bubbled
with 95% O2/5% CO2, pH 7.4. Two stainless
steel clips passed through the vessel lumen
suspended each ring. One clip was anchored
to the bottom of the organ chamber, and the
other was connected to a strain-gauge for
measurement of isometric force (Grass FTO3,
Grass Instrument Company, Quincy, MA).
The rings were placed at the optimal point of
their length-tension relation by progressively
stretching them until contraction to potas-
sium ions (20 mM), at each level of disten-
sion, was maximal (13). In all experiments,
the presence or absence of endothelium was
confirmed by determining the response to 1
µM acetylcholine in rings contracted with 20
mM potassium ions (9,13). After optimal
tension was achieved, the arterial segments
were allowed to equilibrate for 30-45 min
before administration of drugs.

Drugs

The following drugs were used: acetyl-
choline chloride, indomethacin, lipopolysac-
charide serotype 10(Habs) from Pseudomo-
nas aeruginosa, prostaglandin F2α (Sigma
Chemical Co., St. Louis, MO), L-arginine,
D-arginine, and NG-monomethyl-L-arginine
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(Calbiochem, San Diego, CA). All powdered
drugs were prepared with distilled water ex-
cept for indomethacin, which was dissolved
in 10 µM Na2CO3. Concentrations are re-
ported as final molar concentration in the
organ chambers.

Data analysis

Results are reported as mean ± SEM. In
all experiments, N refers to the number of
animals from which blood vessels were taken.
Responses are reported as percent change
from the contracted levels. We considered
only the data for each vessel with and with-
out endothelium. Since we did not compare
the data for the five different vessels assayed
in each experiment, statistical evaluation was
performed only by Student t-test for either
paired or unpaired observations. Values were
considered to be statistically significant when
P was less than 0.05.

Results

Coronary artery segments with and with-
out endothelium exhibited comparable con-
traction in response to 2 µM prostaglandin
F2α (5.43 ± 0.92 vs 4.02 ± 0.08 g for arteries
with and without endothelium, N = 6). After
the contraction in response to prostaglandin
was stable, administration of increasing con-
centrations of Pseudomonas LPS (0.05-0.50
mg/ml) caused significant vasodilation in
arteries with endothelium, but no significant
change in tension in arteries without endo-
thelium (Figures 1 and 2). The endothelium-
dependent vasodilator response to LPS was
inhibited by incubating the coronary arterial
segments with 10 µM L-NMMA, a competi-
tive inhibitor of nitric oxide synthesis from
L-arginine, at least 10 min prior to contrac-
tion with prostaglandin F2α (Figure 2). L-
NMMA caused no significant consistent
change in tension in arterial segments with
or without endothelium. Contraction in re-
sponse to 2 µM prostaglandin F2α following

Figure 1 - Isometric tension recording of the effect of Pseudomonas aeruginosa lipopolysac-
charide on canine epicardial coronary arteries (original tracing). Segments of left circumflex
coronary artery, with and without endothelium, were suspended in organ chambers to
measure isometric force. Segments were contracted with 2 µM prostaglandin F2α (PGF2α).
When the contraction in response to prostaglandin was stable, the vessels were exposed
to increasing concentrations of endotoxin (0.05 to 0.50 mg/ml).

Figure 2 - Concentration-response relationship for Pseudomonas aeruginosa lipopolysac-
charide in canine coronary arteries (N = 6 per group). Segments were contracted with 2 µM
prostaglandin F2α (PGF2α) (initial tension) and exposed to increasing concentrations of
endotoxin (0.05-0.50 mg/ml). Results are reported as means ± SEM. L-NMMA denotes the
presence of 10 µM NG-monomethyl-L-arginine. L-NMMA + L-ARG denotes the presence of
10 µM NG-monomethyl-L-arginine and 100 µM L-arginine. *P<0.05 compared to the initial
tension of coronary artery segments (Student t-test).
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Canine arteries with and without endo-
thelium exhibited the following contraction
in response to 2 µM prostaglandin F2α (N = 6
per group): femoral artery, 3.67 ± 0.42 vs
5.30 ± 0.70 g (P<0.05); hepatic artery, 8.30 ±
1.31 vs 4.67 ± 0.91 g (P<0.05); superior
mesenteric artery, 9.03 ± 1.12 vs 14.42 ±
1.18 g (P<0.05), and renal artery, 8.37 ± 1.46
vs 10.38 ± 1.74 g, respectively. In contracted
canine renal, femoral, hepatic, and superior
mesenteric arteries, Pseudomonas LPS (0.05-
0.50 mg/ml) induced concentration-depend-
ent decreases in tension (P<0.05, all groups).
In contracted femoral, hepatic, and superior
mesenteric arteries without endothelium,
Pseudomonas LPS (0.05-0.50 mg/ml) caused
no significant change in tension (Figure 3).
However, in the renal artery without endo-
thelium, LPS induced a significant increase
in tension (to 129 ± 13.5% of the initial
contraction in response to prostaglandin F2α

at the highest concentration tested (N = 6,
P<0.05)) (Figure 4).

Discussion

In the present experiment, Pseudomonas
LPS induced endothelium-dependent relax-
ation of the canine femoral, renal, superior
mesenteric, hepatic, and epicardial coronary
arteries. The LPS concentrations (0.05 to
0.50 mg/ml) were estimated in previous ex-
periments with progressive dilutions until an
isometric tension recording without com-
plete relaxation was obtained in response to
a single concentration. Vasorelaxation was
prevented by removing the intima of the
blood vessel, and cannot be attributed to a
prostanoid, since all experiments were per-
formed in the presence of the cyclooxy-
genase inhibitor indomethacin. To further
identify the mechanism of lipopolysaccha-
ride-mediated endothelium-dependent va-
sodilation, we treated segments of epicardial
coronary artery with L-NMMA, an inhibitor
of nitric oxide synthesis from L-arginine
(14), which blocked endothelium-depend-

Figure 3 - Concentration-response relationship for Pseudomonas aeruginosa lipopolysac-
charide of canine femoral, hepatic, and superior mesenteric arteries (N = 6 per group).
Segments were contracted with 2 µM prostaglandin F2α (PGF2α) (initial tension) and
exposed to increasing concentrations of endotoxin (0.05-0.50 mg/ml). Results are reported
as means ± SEM. *P<0.05 compared to the initial tension (Student t-test).

Figure 4 - Concentration-response relationship for Pseudomonas aeruginosa lipopolysac-
charide in canine renal arteries (N = 6). Segments were contracted with 2 µM prostaglandin
F2α (PGF2α) (initial tension) and exposed to increasing concentrations of endotoxin (0.05-
0.50 mg/ml). Results are reported as means ± SEM. *P<0.05 compared to the initial tension
of arterial segments with endothelium (Student t-test). +P<0.05 compared to initial tension
of arterial segments without endothelium (Student t-test).
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ent relaxation to the toxin. The specificity of
the blocker for the L-arginine pathway was
further substantiated by the finding that the
inhibition of vasodilatation by L-NMMA
could be reversed by exogenous L-arginine
(15).

A MEDLINE search about nitric oxide
and sepsis, since EDRF was identified as
nitric oxide, showed about 350 published
papers. Most of the studies were done using
cell cultures. In vitro studies using “organ
chambers” were a minority, reflecting, for
sure, limitations of this methodology. In fact,
we tried to study another bacterial lipopoly-
saccharide without obtaining a uniform vas-
cular reactivity response. A survey of this
bibliography did not show any study using
Pseudomonas LPS as a pharmacological tool
to study endothelium function in “organ
chambers”. Still concerning the methodol-
ogy, it is important to emphasize that injec-
tion of bacterial endotoxins administered to
animals at a low dose (30-40 µg/kg) can
cause hypotension. In vivo, bacterial toxins
act to trigger systemic inflammatory reac-
tions through cytokines and, perhaps, this
should explain the higher doses used in the
present in vitro study.

Three isozymes of nitric oxide synthase
(NOS) have been identified and the cDNAs
for these enzymes have been isolated. In
humans, isozymes I (in neuronal and epithe-
lial cells), II (in cytokine-induced cells), and
III (in endothelial cells) are encoded by three
different genes located on chromosomes 12,
17, and 7, respectively. Expression of isoform
II of NOS can be induced with lipopolysac-
charide and cytokines in many different cells.
NOS II is not regulated by Ca2+; it produces
large amounts of NO that has cytostatic ef-
fects on parasitic target cells by inhibiting
iron-containing enzymes and causing DNA
fragmentation. Induced NOS II (NOSi) is
involved in the pathophysiology of autoim-
mune diseases and septic shock (16). Inves-
tigations by Knowles et al. (17) and others
(18,19) have demonstrated that exposure to

endotoxin stimulates the expression of an
inducible form of the nitric oxide synthase
enzyme (NOSi) within smooth muscle cells
of the peripheral vasculature. The resulting
increase in nitric oxide formation is so great
that the vasodilation produced cannot be
overcome by administration of direct vaso-
constrictors. Interestingly, glucocorticoids,
which inhibit the expression of the inducible
form of NOS (20), prevent the progressive
late fall in vascular tone following exposure
to endotoxin in vitro (14). These experi-
ments established that activation of NOSi in
vascular smooth muscle is the cause of hy-
potension late in sepsis, but the data did not
explain the early systemic arterial hypoten-
sion that is a common clinical feature of
sepsis. In our experiments we used only L-
NMMA as a blocker of nitric oxide synthe-
sis, which acts by inhibiting both synthases
(constitutive NOS (NOSc) and NOSi). We
did not use specific NOSi blockers such as
glucocorticoids (14) and more recent agents
such as aminoguanidine (21), L-canavanine
(22), N6-(1-iminoethyl) lysine (L-NIL), and
2,4-diamino6-hydroxy-pyrimidine (23), but
the results of all studies using this approach
are consistent with the current concept of a
pivotal role of NOSi in late sepsis. Emergent
new concepts have established that NOSi
should act early because protein synthesis
should occur within a very short time, but in
vivo experiments, and even molecular biol-
ogy experiments, show the importance of
NOSi late in sepsis (24).

On the basis of our experimental data and
of the studies cited previously, we postulate
the following mechanism for the develop-
ment of hypotension in Pseudomonas septi-
cemia. Initially, Pseudomonas LPS acts on
the peripheral vasculature to stimulate endo-
thelial cell synthesis of nitric oxide from L-
arginine via activation of NOSc. As our ex-
periments indicate, this vasodilator effect of
Pseudomonas LPS on the endothelium can
be inhibited by L-NMMA. In this early phase
of sepsis, the vascular smooth muscle does
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not contribute to NO synthesis and may re-
spond to intravenous vasoconstrictors. How-
ever, in late sepsis, hypotension may progress
to an irreversible stage (septic shock) be-
cause endotoxin stimulates synthesis of the
NOSi in the vascular smooth muscle. Pe-
ripheral vascular smooth muscle would then
produce nitric oxide, which, by inducing

tonic vasodilation of the blood vessels via a
cyclic GMP-dependent mechanism, would
make the vascular smooth muscle unrespon-
sive to vasoconstrictor agents. Therapies di-
rected toward the nitric oxide pathway might
be effective in counteracting the early and
late phases of hypotension associated with
Pseudomonas endotoxemia.
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