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Abstract

This study tested the hypothesis that nitric oxide (NO) synthesized from inducible NO synthase (iNOS) is responsible for the
cardiac dysfunction observed after burn and smoke inhalation injury. Twelve sheep received 40% third-degree burn and smoke
inhalation under halothane anesthesia. The animals were divided into two groups: a MEG group [iNOS was inhibited with
mercaptoethylguanidine (MEG), a selective inhibitor of iNOS, n=6] and a control group (n=6). The control group showed a
significant increase in NO2

−/NO3
− (NOx) concentration, metabolite of NO, in plasma after 24 h, whereas the MEG group did not.

In the control group, cardiac depression was observed immediately after injury associated with hemoconcentration. Cardiac
function returned to a normal level within 6 h following injury. In the control group cardiac dysfunction was observed again after
24 h although the hemoconcentration peaked at 24 h after injury and then began to resolve. In the MEG group, cardiac
depression and hemoconcentration were not observed. The present data suggest that cardiac depression seen with this
combination injury consists of two phases and that the later phase is mediated by iNOS–NO. © 2001 Elsevier Science Ltd and
ISBI. All rights reserved.
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1. Introduction

Patients with massive cutaneous burns and/or smoke
inhalation injury suffer cardiopulmonary dysfunction,
which can be a serious complication, especially in the
early postburn period [1–6]. It is characterized by a
decrease in cardiac output due to myocardial contractile
depression [3,4,7]. However, there is still controversy on
the mechanism of this myocardial dysfunction.

In cases of extensive cutaneous burns in which the
burned area exceeds 25–30% of total body surface area
(TBSA), capillary hyperpermeability occurs not only at
the injured site but also in regions distant from the injury
[8,9]. This systemic vascular hyperpermeability leads to

the loss of a large amount of fluid from the circulation,
which results in hypovolemic shock unless rapid and
adequate fluid resuscitation is administered [10,11]. Some
investigators suggested that the decreased pre-load result
of vascular fluid loss is responsible for the depressed
cardiovascular function in burn shock [2,12].

On the other hand, other investigators have suggested
the existence of specific myocardial depressant factors
released from burned tissue [13–15]. Baxter et al. have
demonstrated that serum from burned dogs created
cardiac depression in normal dogs [14]. Recently,
proinflammatory cytokines such as tumor necrosis factor
(TNF) and interleukin (IL)-1� have been shown as
circulating myocardial depressant substances during infl-
ammatory condition such as septic shock, ischemia-
reperfusion injury or burn [15–17]. Giroir et al. have
demonstrated that TNF is a critical mediator of postburn
cardiac dysfunction [15].
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Nitric oxide (NO) is an endogenous vasodilator syn-
thesized from L-arginine by the enzyme NO synthase.
There are two types of the synthase, constitutive NO
synthase (endothelial (eNOS) and neuronal (bNOS))
and inducible NO synthase (iNOS) in mammals. Under
physiologic conditions, NO from eNOS is generally
believed to be an important mediator to maintain vas-
cular homeostasis [18,19]. However, under pathological
condition iNOS may be formed in the vascular wall by
endotoxin or inflammatory cytokines [20,21]. This re-
sults in the overproduction of NO, which can have
harmful effects on vascular regulation [22]. Recent in
vitro studies have suggested that NO is implicated in
myocardial dysfunction induced by inflammatory cy-
tokines [16,17,23–25]. Schussheim et al. have demon-
strated that NO synthesized from iNOS attenuates
myocyte contractile function using cultured ventricular
myocyte from rat [26].

This study tests the hypothesis that induction of
iNOS and subsequent increased production of NO are
responsible for cardiac dysfunction in conscious sheep
subjected to a combined injury of 40% TBSA third-de-
gree burn and smoke inhalation. To test this hypothe-
sis, iNOS was inhibited with mercaptoethylguanidine
(MEG), a selective inhibitor of iNOS and also a scav-
enger of peroxynitrite that is an oxidative metabolite of
NO [27–29].

2. Materials and methods

This study was approved by the Animal Care and
Use Committee of the University of Texas Medical
Branch and conducted in compliance with the guideli-
nes of the National Institute of Health and the Ameri-
can Physiological Society for the care and use of
laboratory animals.

2.1. Surgical preparation

Twelve female sheep were surgically prepared for
chronic study under halothane anaesthesia. The right
femoral artery and vein were cannulated with Silastic
catheters (Intracath®, 16GA, 24IN, Becton Dickinson
Vascular Access, Sandy, UT). A thermodilution
catheter (Swan Ganz®, model 131F7, Baxter, Edwards
Critical-Care Division, Irvine, CA) was introduced
through the right external jugular vein into the pul-
monary artery. Through the fifth intercostal space, a
catheter (Durastic Silicone Tubing®DT08, 0.062 in. ID,
0.125 in. OD; AlliedBiomedical, Paso Robles, CA) was
positioned in the left atrium. The animals were given
5–7 days to recover from the surgical procedure with
free access to food and water.

2.2. Burn and smoke inhalation injury

Before the injury, a tracheostomy was performed
under ketamine anesthesia (Ketaset®, Fort Dodge Ani-
mal Health, Fort Dodge, IA) and a cuffed tra-
cheostomy tube (10 mm diameter, Shiley, Irvine, CA)
was inserted. Then anesthesia was continued with
halothane. All animals then received a combined injury
with a 40% TBSA third-degree burn and 48 breaths of
cotton smoke inhalation. After shaving the wool, a 20%
TBSA third-degree flame burn was made on one side of
the flank using a Bunsen burner. Thereafter, inhalation
injury was induced with a modified bee smoker. The
bee smoker was filled with 40 g of burning cotton
toweling and attached to the tracheostomy tube via a
modified endotracheal tube containing an indwelling
thermistor from the Swan Ganz® catheter. Four sets of
12 breaths of smoke (total 48) were delivered and the
carboxyhemoglobin level was determined immediately
after smoke inhalation. The temperature of the smoke
was not allowed to exceed 40 °C during the smoking
procedure. After smoke insufflation, another 20%
TBSA third-degree burn was made on the remainder of
the flank.

2.3. Measured �ariables

Vascular pressures, mean arterial pressure (MAP,
mmHg), pulmonary arterial pressure (PAP, mmHg),
left atrial pressure (LAP, mmHg) and central venous
pressure (CVP, mmHg) were measured using pressure
transducers (model PX-1800, Baxter, Edwards Critical-
Care Division, Irvine, CA) which were adapted with a
continuous flushing device. The transducers were con-
nected to a hemodynamic monitor (model 78304A,
Hewlett Packard, Santa Clara, CA). All hemodynamic
measurements were made in the standing position on
animals that were awake. Zero calibrations were taken
at the level of the olecranon joints on the front leg of
the animals. Cardiac output was measured by the ther-
modilution technique using a cardiac output computer
(COM-1™, Baxter, Edward Critical-Care Division,
Irvine, CA). A 5% dextrose solution was used as the
indicator. For evaluation of cardiac function, cardiac
index (CI, l min−1 m−2), stroke volume index (SVI,
ml beat−1 m−2), left ventricular stroke work index
(LVSWI, g m m−2) and systemic vascular resistance
index (SVRI, dyn s cm−5 m−2) were calculated using
standard equations. Blood gases and acid/base balance
was measured using a blood gas analyzer (model IL
1600, Instrumentation Laboratory, Lexington, MA).
The blood gas results were corrected for the body
temperature of the sheep. Oxyhemoglobin saturation
and carboxyhemoglobin concentration were analyzed
with a co-oximeter (model IL 482, Instrumentation
Laboratory, Lexington, MA). Hematocrit (Ht) was
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measured in heparinized micro-hematocrit capillary
tubes (Fisherbrand®, Pittsburgh, PA). Concentrations
of NO2

−/NO3
− (NOx, �mol l−1) intermediate and end

products of NO oxidation, in plasma, were measured
by a chemiluminescence assay using a nitric oxide ana-
lyzer (ANTEK Model 745, Antek Inst. Inc., Houston,
TX).

2.4. Experimental protocol

Twenty-four hours prior to the experiment, vascular
catheters were connected to the monitoring devices and
maintenance fluid administration (Ringer’s lactate, 2
ml kg−1) via femoral vein was started. After baseline
measurements and sample collections were completed,
all animals received burn and smoke inhalation-com-
bined injury, as described above. A silicone Foley
catheter (Dover®, 14Fr., 5 ml, Sherwood Medical, St.
Louis, MO) was placed in the urinary bladder to deter-
mine urine output. Immediately after injury, anesthesia
was discontinued and the animals were allowed to
awaken but were maintained on mechanical ventilation
(Servo Ventilator®900C, Seimens–Elema, Sweden)
throughout the 48-h experimental period. Ventilation
was performed with a positive end-expiratory pressure
(PEEP) of 5 cm H2O and a tidal volume of 15
mg kg−1. During the first 3 h following injury, the
inspiratory O2 concentration was maintained at 100%
and the respiratory rate was kept at 30 per minute to
induce rapid clearance of carboxyhemoglobin after
smoke inhalation. Then ventilation was adjusted ac-
cording to blood gas analysis to maintain the arterial
O2 saturation above 90% and the PCO2 between 25 and
30 mmHg. Fluid resuscitation during the experiment
was performed with Ringer’s lactate solution following
the Parkland formula (4 ml/% burned surface area/kg
body weight for the first 24 h and 2 ml/% burned
surface area/kg body weight for the next 24 h). One-
half of the volume for the first day was infused in the
initial 8 h, and the remainder was infused in the next 16
h. Fluid balance was determined by urine output every
3 h subtracted from total fluid volume infused. Net
fluid balance accumulation was calculated and repre-
sented as ml kg−1 hr−1. During this experiment, the
animals were allowed free access to food, but not to
water so as to accurately measure fluid intake.

The animals were randomized into two groups: a
MEG group (30 mg kg−1 of MEG was given 1 h after
injury and then every 8 h for 41 h, n=6) and a control
group (0.9% NaCl was given in same manner, n=6).
MEG was prepared by Inotek Corporation as described
previously [28]. MEG was dissolved in normal saline
and 15 min before administration its pH was adjusted
to 4.0. The infusion rate was 150 ml h−1. The lymph
and blood samples for determination of total protein
concentration, colloid osmotic pressure and NOx were

collected at 3, 6, 12, 18, 24, 36 and 48 h following
injury in both groups. Hemodynamic variables and
blood gases were obtained at 3, 6, 12, 18, 24, 30, 36, 42
and 48 h post-injury in both groups.

2.5. Statistical methods

Summary statistics of data are expressed as mean�
standard error of the mean. Data were analyzed using
analysis of variance for a two-factor experiment with
repeated measures over time. Measurements at various
time periods were tested at the 0.05 level of significance.
Fisher’s least-significant difference procedure was used
for multiple comparisons (or post hoc analysis).

3. Results

All animals survived after the combined injury with
40% burn and smoke inhalation during the 48-h exper-
imental period. Fluid resuscitation strictly followed the
Parkland formula. The arterial carboxyhemoglobin lev-
els immediately after the smoke exposure were 62.2�
9.08 in the control group and 65.5�7.34 in the MEG
group. There was no significant difference between
these values.

The NOx concentrations in plasma (PNOx) signifi-
cantly increased from the baseline value in the control
group, whereas in the MEG group NOx was not in-
creased significantly throughout the experiment (Fig.
1). Notably, a significant difference between the groups
was observed beginning 24 h after injury.

The control group showed severe hemoconcentration
evident from the significant increase in Ht immediately
after injury (123.1�6.3% of the baseline value, P�
0.05) (Fig. 2). It peaked at 24 h following injury and
then returned toward the baseline value. In the MEG
group, the Ht was maintained in normal range during

Fig. 1. Concentration of NO2
−/NO3

− (NOx, �mol l−1) in plasma. The
control group showed significant increase in NOx beginning 24 h
following injury. †: Significant difference from baseline value, P�
0.05. *: Significant difference from the control group, P�0.05.
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Fig. 2. Changes in hematocrit (Ht). The control group showed
significant increase in Ht. It peaked at 24 h after injury, then it
returned to the baseline. In the MEG group, there was no change in
the Ht during experiment. †: Significant difference from baseline
value, P�0.05. *: Significant difference from the control group,
P�0.05.

Fig. 4. Changes in cardiac index (CI): the control group showed
significantly decrease in CI immediately after injury and 24–30 h
following injury. The MEG group did not show decrease in CI. †:
Significant difference from baseline value, P�0.05. *: Significant
difference from the control group, P�0.05.

immediately (53.3�2.2% baseline, P�0.05 at 3 h).
The LVSWI showed slight improvement transiently,
then significantly deteriorated again after 24 h and
stayed low throughout the remainder of its experimen-
tal period. In the MEG group, the LVSWI did not fall
and it was significantly higher than the control group.
The relationship between pre-load and stroke work
index as an index of myocardial contractile function
showed a right shift. In the control group it signifi-
cantly shifted downward and to the right side. It indi-
cates that this cardiac dysfunction was due to
myocardial contractile depression independent of the
Starling mechanism (Fig. 6). The MAP was maintained
in the normal range during the experiment. The mean
PAP, the CVP, and the LAP were increased after injury

the study. Net fluid accumulation was significantly
lower in the MEG group than in the control group
(Fig. 3).

Despite a large amount of fluid administration, the
control group showed a significant decrease in CI im-
mediately after injury (72.7�3.7% of the baseline value
at 3 h after injury, P�0.05) (Fig. 4) associated with
hemoconcentration. In the MEG group, these changes
were not observed. This fall in CI in the control group
returned to a non-significant level within 6 h, but
remained depressed more than 24 h and reached a
significant level again during 24–30 h after injury, and
then gradually returned toward baseline values. There
was also a significant difference in the left ventricular
stroke work index (LVSWI) between groups (Fig. 5). In
the control group, the LVSWI significantly decreased

Fig. 5. Left ventricular stroke work index (LVSWI): in the control
group, LVSWI significantly deteriorated in the initial phase. It
showed improvement transiently and then significantly deteriorated
again after 24 h and it sustained throughout the reminder of the
experimental period. In the MEG group, it did not decrease. †:
Significant difference from baseline value, P�0.05. *: Significant
difference from the control group, P�0.05.

Fig. 3. Net fluid accumulation: the fluid requirement was significantly
less in the MEG group than control group. †: Significant difference
from baseline value, P�0.05. *: Significant difference from the
control group, P�0.05.
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Fig. 6. The relationship between pre-load and stroke work index as
an index of myocardial contractile function: in the control group it
significantly shifted downward and to the right side. It indicates that
this cardiac dysfunction was due to myocardial contractile depression
independent of the Starling mechanism.

the control group and the MEG group (iNOS inhibited
group) should be proportional to the amount of NO
associated with iNOS. The control group showed an
increase in plasma iNOS–NO immediately after injury
and it reached significance at 24 h after injury. This
significant increase in NOx ran in parallel with the
cardiac dysfunction seen in the control group in the
later period. In the iNOS inhibited group, both the
increase in NO production and the cardiac depression
were prohibited. These data may suggest that iNOS–
NO contributes to some part of the myocardial con-
tractile dysfunction seen in the later phase after this
kind of injury.

Recent investigations have suggested that inflamma-
tory cytokines such as TNF or IL-1� can be cardiac
depressant substances [15–17]. Other studies using iso-
lated hearts or cultured myocytes have suggested that
NO is implicated in the myocardial contractile dysfunc-
tion induced by these inflammatory cytokines
[17,23,24,32]. Although our study was not designed to
evaluate the changes in inflammatory cytokines, many
studies have shown that these inflammatory cytokines
can be produced from burned tissue or injured airway
[33–36].

There is still controversy over whether decreased
plasma volume is responsible for cardiac depression
seen with extensive burn injury [2,4,12], since evaluating
cardiac mechanical function is difficult using an in vivo
model in which the cardiac function is affected by many
factors [3,4,32]. However, in our study, the cardiac
depression in the initial phase is most probably due to
the transient decrease in CI as a result of the loss of
fluid from the circulation. In the MEG group, hemo-
concentration was not observed and cardiac function
did not show deterioration. The mechanism of this
early effect of MEG could not be defined by this study,
as iNOS is not expressed before cell activation by
inflammatory cytokines, and this takes several hours
[21]. We speculate that the peroxynitrite that can be
scavenged by MEG has some role in the occurrence of
cardiac depression and vascular hyperpermeability in
the early stage of burn injury. It has been demonstrated
that peroxynitrite is generated from the NO synthesized
by constitutive NOS after hemorrhagic shock, sepsis or
ischemia-reperfusion injury [37,38].

In summary, the present study strongly suggests that
NO produced from iNOS is responsible for the myocar-
dial contractile dysfunction that may be induced by
inflammatory cytokines seen with burn and smoke
combination injury in the later phase. The iNOS inhibi-
tion restored this cardiac dysfunction. Additionally,
mercaptoethylguanidine prevented the cardiac depres-
sion seen in the early phase after injury although the
mechanism responsible for this effect is still unknown.

under mechanical ventilation with PEEP. There was no
statistical difference in the MAP, PAP and CVP be-
tween groups, although the CVP tended to be higher in
the control group. The LAP was significantly higher in
the control group (Table 1).

4. Discussion

In the present study, the control group showed a
typical hemodynamic response to combined injury with
extensive cutaneous burn and smoke inhalation injury
[30,31]. Despite receiving large amounts of fluid, signifi-
cant low CI associated with hemoconcentration was
observed. The hemoconcentration was evident from the
significant increase in Ht. It peaked at 24 h following
injury and then improved, which suggest that the hemo-
concentration did not persist after 24 h. The cardiac
dysfunction in the control group seemed to consist of
two phases. In the initial phase, cardiac depression was
observed within 3 h and seemed to correlate with
hypovolemia. This initial dysfunction was rapidly cor-
rected with large amounts of fluid. In contrast, in the
treated group, both cardiac depression and hemocon-
centration were not observed. This result suggests that
administration of mercaptoethylguanidine prevented
the systemic vascular permeability changes and the
initial cardiac depression.

On the other hand, in the later phase, after 24 h, the
cardiac dysfunction seen in the control group was the
result of myocardial contractile dysfunction. This was
shown by the relationship between pre-load and stroke
work index. This study was designed to determine the
concentration of NO2

−/NO3
− (NOx), metabolite of NO,

in plasma. The difference in the level of NOx between
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Table 1
Summary of data

Time (h) after injuryVariable/group

3 6 12 24 36Baseline 48

pH
7.49�0.01Control 7.51�0.03 7.50�0.01 7.51�0.02 7.52�0.03 7.45�0.03 7.47�0.04

7.56�0.02 7.56�0.01 7.51�0.02 7.50�0.027.49�0.01 7.46�0.01MEG 7.44�0.02

MAP (mmHg)
106�4 106�4 108�599�3 104�3Control 96�4 99�3

MEG 114�5101�5 114�5 110�5 110�7 100�7 98�6

PAP (mmHg)
27�2† 29�2†Control 32�2†21�2 33�2† 32�2† 31�2†

20�1MEG 22�2† 28�2† 31�1† 30�1† 31�1† 31�2†

CVP (mmHg)
6.7�1.1† 8.0�1.2†Control 9.3�1.7†5.8�1.3 12.0�1.5† 12.0�2.8† 11.8�2.6†
4.8�0.7† 7.8�1.1† 8.7�0.9† 9.3�0.8†3.8�0.4† 8.2�0.6†MEG 8.2�0.7†

LAP (mmHg)
8.8�1.0 10.6�1.3 11.8�2.8†7.2�0.7 16.6�3.7†Control 14.2�1.5† 11.8�2.6†
6.8�0.8 8.6�0.8 10.0�1.3†MEG 10.6�0.7†6.0�0.4 8.8�1.0† 8.6�0.5†

CI (l min−1 m−2)
5.2�0.5† 4.8�0.3Control 5.0�0.46.1�0.5 4.6�0.7† 5.6�0.8 5.8�0.2

5.6�0.2MEG 5.9�0.4* 5.7�0.3* 6.3�0.3* 6.4�0.4* 7.1�0.3 7.5�0.5†

SVI (ml beat−1 m−2)
33�4† 44�5† 42�5† 33�4† 42�6† 43�2†Control 63�4
49�3* 48�4* 54�3* 51�4*56�2 58�3*MEG 58�6*

SVRI (dyn s cm−5 m−2)
1970�358† 1381�151Control 1539�1621212�128 1337�136 1201�127 1141�130
1772�254† 1492�82 1311�1301412�108 1306�147MEG 978�107† 974�116†

All animals received a 40% third-degree burn and insufflated with smoke. The MEG group was treated with MEG and the control group was with
0.9% NaCl. †: Significant difference from baseline value, P�0.05. *: Significant difference from the control group, P�0.05. MAP, mean arterial
pressure; PAP, pulmonary arterial pressure; CVP, central venous pressure; LAP, left atrial pressure; CI, cardiac index; SVI, stroke volume index;
SVRI, systemic vascular resistance index.
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