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Abstract

Acute respiratory distress syndrome (ARDS) can be as-
sociated with various disorders. Among these, coronavi-
rus infection may cause life-threatening severe acute
respiratory syndrome (SARS). In this review, we present
animal models and techniques for the study of ARDS,
and discuss the roles and possible mechanisms of var-
ious chemical factors, including nitric oxide (NO). Our
early work revealed that cerebral compression elicits
severe hemorrhagic pulmonary edema (PE), leading to
central sympathetic activation that results in systemic
vasoconstriction. The consequence of systemic vasocon-
striction is volume and pressure loading in the pulmo-
nary circulation. Vasodilators, but not oxidant radical
scavengers, are effective in the prevention of centrogen-
ic PE. In isolated perfused lung, exogenous and endoge-
nous NO enhances lung injury following air embolism
and ischemia/reperfusion. In contrast, NO synthase
{NOS) inhibitors reverse such lung injury. Although NO
is important in maintaining vasodilator tone, hypoxia-
induced pulmonary vasoconstriction is accompanied by

an increase instead of a decrease in NO release. In ani-
mal and isolated lung studies, endotoxin produces acute
lung injury that is associated with increases in cytokines
and inducible NOS mRNA expression, suggesting that
NO is toxic to the lung in endotoxin shock. Recently, we
reported several rare cases that indicate that ARDS in
patients with Japanese B encephalitis, lymphangitis with
breast cancer and fat embolism is caused by different
mechanisms. Our early and recent studies on ARDS and
PE may provide information for clinical practice and the
understanding of the pathogenesis of SARS.
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Introduction

The recent outbreak of the life-threatening severe acute
respiratory syndrome (SARS) in many countries has re-
sulted in deaths of patients infected by coronavirus [22,
23, 28, 34]. In addition to SARS, acute respiratory dis-
tress syndrome (ARDS) can be induced by various disor-
ders. Accordingly, investigations of the mechanism of
ARDS can further our understanding of the yet unknown
mechanism of SARS. In this brief review, we present early
and recent studies in animal and human subjects with
either ARDS or acute pulmonary edema (PE).
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A series of studies on neurogenic PE resulting from
cerebral compression or intracranial hypertension suggest
that brain injuries initiate massive central sympathetic
activation. This, in turn, causes systemic vasoconstriction
and shift of blood from the systemic circulation to the
lung [2-4, 6, 8, 9, 11, 12, 14]. In an isolated lung that is
subject to air embolism, ischemia/reperfusion (I/R) or
endotoxin, nitric oxide (NO) is detrimental to lung tissues
and causes acute injury, although it reduces pulmonary
hypertension [21, 24, 36]. Recently, we reported [19] that
in patients with diseases of rare causes, ARDS is induced
by several other mechanisms. In patients with Japanese B
encephalitis, the viral infection destroys depressor areas
in the medulla, implying that central sympathetic activa-
tion might be the cause of ARDS. On the other hand, NO,
¢GMP and serotonin are possibly involved in ARDS due
to fat embolism. We suggest that further investigation of
the involvement of NO, central nervous lesions and other
chemical factors will advance our understanding of SARS
caused by coronavirus infection.

Animal Models and Techniques for ARDS

Our early studies used whole animals (mainly rats of the
Sprague-Dawley strain) to investigate the mechanism of
neurogenic PE induced by cerebral compression [2-14].
Right and left heart bypass were employed to elucidate the
importance of cardiac output and venous return in the gen-
esis of pulmonary pathology [8]. A technique of regional
weighing described by Fell and Rushmer [15] was used to
demonstrate the shift of blood volume from the systemic
circulation to the lung [2, 9-11, 14]. The total heart bypass
technique has allowed us to perfuse the systemic and pul-
monary circulation with constant flow. We examined sys-
temic and pulmonary hemodynamics in response to intra-
cranial hypertension and found that intracranial hyperten-
sion causes an increase in systemic and pulmonary vascu-
lar resistance and a decrease in capacity [13]. Spectral anal-
ysis for the assessment of steady and pulsatile hemodynam-
ics demonstrated that intracranial hypertension causes an
increase in characteristic impedance, wave reflection and
total peripheral resistance, along with a decrease in cardiac
output [32]. In Sprague-Dawley rats, endotoxin causes sys-
temic hypotension with an increase in cytokine and induc-
ible NO synthase (iNOS) mRNA expression in the injured
lung. These changes are attenuated by NOS inhibitors such
as Ne-nitro-L-arginine methyl ester (L-NAME), S,5-1,4-
phenylene-bis-(1,2-ethanedinyl) bis-isothiourea dihydro-
bromide and dexamethasone [37].

Acute Respiratory Distress Syndrome

A good preparation for the study of acute lung injury is
isolated lungs in situ [17, 18, 21]. A previous method
mvolved removing the isolated lung from the body and
placing it on a force-displacement transducer to record
the change in lung weight. Because this procedure is rath-
er complicated and unstable, we invented a device for
measuring the change in lung weight by a scale. The iso-
lated perfused lung is not removed from the body. In-
stead, the whole body is placed on a scale platform and a
digital-analogue converter records the change in lung
weight on a recorder. In the isolated lung preparation,
lung weight gain, lung weight/body weight ratio, micro-
vascular permeability and protein concentration in bron-
choalveolar lavage could be measured and calculated to
evaluate the extent of lung injury, as well as to determine
the pulmonary vascular tone.

Wang et al. [36] found that in an isolated lung, L-argi-
nine and inhaled NO increased lung injury induced by air
embolism, while L-NAME attenuated it. Mecaprine, an
agent that reduces oxygen free radicals, also protects the
lung from acute injury following I/R [29]. It was surpris-
ing to find that hypoxia-induced vasoconstriction is asso-
ciated with an increased release of NO from the lung [35].
This observation is in contrast with the notion that NO is
a vasodilator and that the reduction of NO may lead to
vasoconstriction. In endotoxic shock, NO was shown to
be harmful to the lung, and the major site of NO forma-
tion is in the lung, not the organs [24]. NO also mediates
lung damage following I/R. L-Arginine and inhaled NO
enhance I/R-induced PE, while NOS inhibitors reverse
I/R lung injury [21].

A recently developed animal model of conscious and
unrestrained rats is now available [26]. With this model,
the condition of the animals can be observed and arterial
pressure, heart rate and biochemical factors can be mea-
sured for more than 72 h without anesthesia. We used this
novel model to investigate the physiological and chemical
indicators for early and late stages of sepsis-associated
pulmonary injury [25]. Extensive studies using this tech-
nique have been carried out in our laboratory.

Chemical Factors and Involvement of NO

PE induced by cerebral compression is not affected by
cholinergic blockers (atropine) or beta-adrenergic block-
ers {propranol). However, it is prevented by o-adrenergic
blocking agents (phentolamine and phenoxybenzamine),
norepinephrine depleter (respine) and a sympathetic neu-
ronal blocker (bretylium). High doses of intravenous nor-
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epinephrine, angiotensin and vasopressin induce severe
systemic vasoconstriction and PE [4].

Previous studies have demonstrated that vasodilators
such as nitroprusside and nitroglycerin cause a dose-
dependent attenuation of neurogenic PE, while oxidant
scavengers such as dimethylthiourea and superoxide dis-
mutase exert no significant effect on centrogenic PE [7].
NO is an important substance in the regulation of arterial
pressure [3, 6,20, 27, 30]. Since NO is a free radical, how-
ever, it may lead to the formation of hydroxyl radical and
peroxynitrite, which are toxic to many organs including
the lung {27, 33, 38]. Thus, the effects of exogenous and
endogenous NO were investigated in our recent studies on
tung injury induced by various disorders.

In Sprague-Dawley rats, endotoxin produces systemic
hypotension, accompanied by enhancement of cytokines
(tumor necrosis factor and interleukins) and iNOS
mRNA expression [37]. In isolated perfused lung, exoge-
nous and endogenous NO is detrimental to the lung fol-
lowing air embolism and I/R [29, 36]. The endotoxin-
induced ARDS was found to be caused by large amounts
of NO release in the lung [24]. The I/R-induced lung inju-
ry is exacerbated by NO inhalation and L-arginine admin-
istration, but is attenuated by an NOS inhibitor, L-NAME
[21]. In patients with fat embolism due to long bone frac-
ture, the plasma levels of cGMP and nitrate/nitrite are
significantly increased, suggesting that NO is involved in
ARDS associated with fat embolization [19].

Possible Mechanisms

Our early work indicated that massive sympathetic
drive is responsible for the pathogenesis of neurogenic PE.
PE induced by cerebral compression is not affected by
vagotomy and adrenalectomy, but is prevented by spinal
transaction [12, 14]. In rats under monitoring of aortic
and pulmonary blood flow, cerebral compression causes a
dramatic decrease in aortic flow {cardiac output), to less
than 50% of the basal value. The pulmonary flow then
slowly declines. We showed that the imbalance in right
and left cardiac output resulted in the accumulation of
blood in the lung [8]. Furthermore, we used right and left
heart bypass in that study. In the left heart bypass, aortic
flow was kept constant. The lung change was not discerni-
ble following cerebral compression. In the right heart
bypass, the pulmonary flow was constant and the left car-
diac output was allowed to change. Cerebral compression
produced severe PE. These findings suggest that the
decrease in left ventricular output is the major cause of
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PE. Venous return, however, is not essential. In another
study, regional sympathectomy was performed to eluci-
date the participation of various vascular beds in neuro-
genic PE [10]. Splanchnic sympathectomy by dissection
of the splanchnic nerves and celiac plexus almost com-
pletely prevented PE induced by cerebral compression.
On the other hand, pulmonary sympathetic denervation
by excising the thoracic sympathetic chains from the stel-
late ganglia to T4 attenuated the extent of PE by ap-
proximately 30%. These results suggest that sympathetic
splanchnic vasoconstriction is essential for the production
of neurogenic PE and that pulmonary sympathetic vaso-
constriction is not the major factor involved. When the
lung is distended by accumuiation of blood volume, pul-
monary vasoconstriction can, however, cause an addi-
tional effect to enhance the pulmonary venous hyperten-
ston and PE.

Hypoxia-induced pulmonary vasoconstriction is a
well-known phenomenon. The physiological significance
is that capillary flow to hypoxic alveoli can be reduced,
and the flow is thus shifted to oxygenated alveoli. It has
been speculated that inadequate NO formation may be
responsible for the increased vascular tone, pulmonary
vasoconstriction and hypertension [for reviews, see ref. 6,
27]. This contention was challenged by a study from our
laboratory [35]. An NO detector probe was placed in the
pulmonary vein in isolated perfused lung. Real-time NO
monitoring revealed that NO release was increased, ac-
companied by pulmonary arterial hypertension following
hypoxia. L-Arginine was able to potentiate NO release
and reduce the pulmonary hypertension, while L-NAME
produced opposite effects. These findings suggest that
continuous NO release from the lung maintains pulmo-
nary arterial pressure and that insufficient NO formation
is not the cause of hypoxia-induced pulmonary hyperten-
sion. In this connection, studies from our laboratory [5, 6,
20] also contest the early consensus that impairment of
endothelial function and NO formation is the cause of
hypertension due to reduction of the vasodilatory effect of
NO [for a review, see ref. 27].

Pulmonary arterial pressure, microvascular permeabil-
ity, lung weight/body weight ratio and protein concentra-
tion in bronchoalveolar lavage have been measured or cal-
culated before and after air embolism, I/R and endotoxin
administration in isolated perfused lung. NO only exerts a
beneficial effect on the increase in pulmonary arterial
pressure (pulmonary hypertension). This substance me-
diates the induction of acute lung injury induced by air
embolism, /R and endotoxin administration [21, 24, 36].
In the case of sepsis, the NO concentration is increased in
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exhaled air, thus acting as an early marker of lung inflam-
mation [16, 31]. We found that NO production is mainly
from the lung. Furthermore, the extent of acute lung inju-
ry and the NO concentration in exhaled air are greatly
reduced in lung perfused with physiological solution when
compared to tung perfused with whole blood [24]. This
finding suggests that cellular elements are essential to the
production of NO and lung injury. These changes are
attenuated by pretreatment with L-NAME, aminoguani-
dine and dexamethasone, suggesting that iNOS is in-
volved in the pathogenesis of sepsis-induced PE. Exoge-
nous and endogenous NO also causes lung injury follow-
mg /R [21].

In conscious and unrestrained rats following intrave-
nous infusion of lipopolysaccharide (LPS; 10 mg/kg),
hypotension and plasma nitrite/nitrate reached a peak at
9-12 h. This finding indicates that increased NO release
accounts for the systemic hypotension. Plasma amylase
reached a peak at 18-24 h after LPS infusion. The in-
crease in plasma amylase may be an indication of multi-
ple organ damage in the late stage of sepsis. Postmortem
examination of the lung revealed a slight increase in lung
weight compared to normal lung. Lung injury was mild
{25]. Higher doses of LPS may be required to induce
severe PE, and changes in biochemical factors may be
used to elucidate the pathogenesis of acute lung injury in
this conscious rat model.

Our recent report of ARDS patients suggests that cere-
bral compression, air embolism, I/R and endotoxin are
not the only causes of ARDS [19]. In patients with Japa-
nese B encephalitis, viral destruction of the depressor
areas may induce central sympathetic activation resulting
in ARDS. Disruption of a cerebral aneurysm can cause
severe intracranial hypertension and ARDS. Obstruction
of lymphatic drainage can also lead to severe ARDS, In fat
embolism, biochemical mediators such as ¢cGMP, NO
and serotonin may be involved in the pathogenesis of
ARDS.

Conclusion and Suggestions

A series of studies on centrogenic PE clearly suggest
that massive sympathetic drive causes intensive sympa-
thetic vasoconstriction. The blood is shifted from mainly
the splanchnic beds to the lung. Additional pulmonary
vasoconstriction adds to the disruption of pulmonary
small vessels in the face of a volume-distended lung. In
isolated perfused lung, PE induced by air embolism, I/R
and endotoxin is mainly mediated by NO. Patients with

Acute Respiratory Distress Syndrome

Japanese B encephalitis demonstrate viral destruction of
the medullary depressor areas. The release of sympathetic
drive may be the cause of ARDS due to viral lesions in the
brain. Chang et al. [1] reported that patients with entero-
virus infection demonstrated hand, foot and mouth le-
sions, and in the most dramatic case, ARDS ensued.
Unfortunately, pathological examination of the brain was
not reported in their study. The outbreaks of SARS from
early to mid-2003 resulted in high mortality. The mecha-
nism of coronavirus-induced SARS is still unknown. It
may be interesting to see whether coronavirus and/or
enterovirus introduced into the animal can produce brain
lesions as observed in patients with Japanese B encephali-
tis. A recent observation by Hsu et al. [unpubl. data]
revealed that ARDS occurred after rabies infection as a
consequence of a brain lesion similar to that seen in Japa-
nese B encephalitis.

Research with isolated lung used NO substrate and
blockers to clucidate the detrimental role of NO in the
acute injury caused by air embolism, I/R and endotoxin.
We are now extending this research with the measure-
ment of biochemical factors and expression of mRNA for
cytokines and NOS.

In the conscious rat model, investigation of dose-
dependent changes in physiological parameters, biochem-
ical factors and pathological changes should be carried out
in order to observe dose-dependent organ injury, includ-
ing that in the lung.

Experimental results in animals with chronic depriva-
tion of constitutive NOS and iNOS and with NO knock-in
or knock-out may further elucidate the involvement of
different NOS forms in the pathogenesis of ARDS.
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