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ABSTRACT

AIM: To compare effects of pulmonary surfactant and
inhaled nitric oxide ( INO} in improvement of survival
and blood oxygenation in ventilated rabbits with acute
hypoxic rmespiratory failure induced by repeated
bronchoalveolar lavage { BAL)., METHODS: After
BAL all the rabbits had more than 50 % reduction of
dynamic lung compliance (Cayp ), 50 % increment of
resistance of respiratory system (R}, and an increase
of mean oxygenation index (Ol) from 1 to 22. The
rabbits were then randomly allocated to groups receiving
(1} mechanical ventilation only (Control), (2} INO
0.8 umot < L7120 ppm) (NO), (3) intratracheal
bolus surfactant phospholipids at 100 mg+kg ~!{ Surf},
and {4) combined surfactant at 100 mg - kg ! with
inhaled NO at 0.8 umot+ L™ { Surf + NO).  All the
rabbits were ventilated with standardized tidal volume
(810 mL kg™ ') for another 8 h or until early deatt.
RESULTS: The rabhits in both control and NO groups
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had the lowest survival rate, deterioration of lung
mechanics and Ol, whereas those in the Surf and Surf
+ NO groups had modestly improved C,,,. R,, and
Ol.  Only rabbits in the Surff + NO group had
significantly improved survival rate and alveolar
expansion, CONCLUSION: Sucfactant with or
without INO is more effective compared to the control
and INO groups in rabbit, suggesting that iINO is not
effective unless a method to recnuit alvecli is applied .

INTRODUCTION

Inhaled nitric oxide (iINO}, a new therapy to
selectively dilate pulmonary resistant vessels and
improve blood oxygenation, has been introduced into
respiratory and critical care medicine since early 90’s,
mainly for persistent pulmonary hypertension of the
newborns ( PPHN) and hypoxic respiratory failure in
children and adult patients. Its clinical effects are
variable:""?!, partly because the underlying diseases in
these patients are complex, often accompanied with
acute lung injury {ALl) in which the pathogenesis is
associated with inflammatory damage. surfactant
deficiency and dysfunction, impairment and dysfunction
of antioxidant system. and other mechanisms. The
selective vasodilatation of INO depends on efficient
intrapulmonary diffusion of NO, and response of GTP-
cGMP pathway that results in protein phosphorylation,
reversed calcium influx and relaxation of intrapulmonary
vascular smooth muscle cells'® . Pulmonary surfactant
is a phospholipid-protein complex produced by the type
II alveolar epithelial cells. It reduces surface tension
of alveclar lining layer, stabilises alveoli during

respiration, and facilitates alveolar aeration. Exoge-
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nous surfactant is routinely used for nepnatal respiratory
distress syndrome { RDS) . and its application for infant
and adult with ALI and hypoxic respiratory fatlure is
%3 Current clinical
studies have shown that, in collapsed lung region,

under extensive investigation

diffusion of NO into intrapulmonary vasculature may be
hampered by high alveolar surface tension, edema fluid
and hypoxic impairment of the vasculature.  In order to
enhance the effect of INO, we supplied surfactant
intratracheally to facilitate diffusion of NQ in the
collapsed rabbit lungs induced by repeated broncho-
alveolar lavage ( BAL) with saline, and evaluated lung
function, blood gas exchange, and survival rate.

MATERIALS AND METHODS

Surfactant Preparation of porcine lung surfac-
tant phospholipid extract was performed by lung
lavage, cenmifugation, chemical extraction. filtration
and saline suspension as reported elsewhere o' Stock
surfactant preparation was 10 mg phospholipids in 2.5
mL of steriled nommal saline.

Nitric oxide  Stock gas ( Shanghai BOC.,
Shanghai, China) was obtained as NO at 44) zmol-L ™!
(1000 ppm J. balanced in nitrogen { purity
>099. 999 %), containing less than 0.5 % nitrogen
dioxide {NOs) relative 1o NO. 1t was supplied to the
inspiratory kne of the ventilator circuit about 20 m
Details
of the NO gas flow control and monitoring was reported

proximal to the endotracheal tubing connector.

elsewherel” |

Animal management  Thirty healthy adult
New Zealand white rabbits (2.6+ 0.2 kg ) were sedated
with im diazepam (2 mg-kg™'). and anaesthetised
with iv 1 $% pentobarbital sodium (2 mL - kg™').
Rabbiis were tracheotomized, intubated. and ventilated
mechanically with a ventilator ( Newport Wave E-200)
set at pressure control mode to provide a tidal volume
{Vr) of 8- 10 mL-kg™!, a frequency of 25/min.
inspiration-to-expiration time ratio of 1:2, and inspired
fraction of oxygen (FiQ») of 0.21. Baseline blood
pH, Pal;. and PalO, were measured uvsing an
automated blood gas analyser.
compliance { Cyy,) and resistance of the respiratory

Baseline  dynamic

system {R,,) were measured with a pneumotachograph
GM 250 Navigator { Newport), and were expressed as
mL- coH,0™ ! - kg ! and cmH,0 - L'+ 87!, respec-

tively (1 ¢m HaO=98.0067 Pa).

Bronchoalveolar lavage { BAL) The rabbits
were disconpected from the ventilator. and a volume of
40 mL-kg~! of body weight of 0.9 % NaCl at 37 T
was infused into and withdrawn from the lungs 3 times,
then collected., and the animal was reconnected to the
ventilator.  This procedure was repeated twice at 10
min interval, and a total of 9 washes was applied.
More than 85 % of the instilled BAL fluid was
collected from each animal. The BAL fluid was
immediately centrifuged at 200x g and 4 °C for 10 min
to remove cell debris, and the supernatant was stored at
- 20 C for biochemical analysis.

From the first lavage. ventilator frequency was
increased o 40/min. peak inspiratory pressure ( PIP)
was raised 10 25 cmH:O or higher, and positive end-
expiratory pressure ( PEEP) at 4 cmH,O was applied to
keep V1 at 8 — 10 mL- kg ! and PaCO; at 4.7 - 6.0
kPa. After last BAL. the rabbits were ventilated for
30 — 60 min until Pa0O, decreased to less than 16 kPa
and a reduction of Cyy, by more than 30 % from the
corresponding  baseline level.  This momemt was
regarded as treatment time O h and the rabbits were then
subjected to the experimental protocols.  Lactated
Ringer's solution and bicarbonate sodium were provided
intravenously when necessary .

Experiment protocols The rabbits were
randomnly allocated to four weatment groups receivimg
(1) mechamcal ventilation only { Control 1: {2)
inhalation of 0,8 umol-L~'{20 ppm) NO (NO); (3)
intratracheal instillation of a bolus surfactant at 100 mg
phospholipids - kg™' body weight (Surf); and (4]
combined treatment as for the groups 2 and 3 ( Surf +
NQO). Al the rabbits were subscquently ventilated for
another & h. or until earfy death, and values for Cyy,.
R,.. and arterial pH, PaO,, PaCO; were measured each
hour. Oxygenation index {Ol, FiQ, x MAP x 100/
Pa0),) was used for evaluation of blood oxygenation,
where MAP is mean airway pressure (in cmH.O)
recorded from the ventilator, At the end of the period
of ventilation, rabbits were sacrificed by an overdose of
5 % pemobarbital sodium and the animal lungs were
processed .

Biochemical assays In omder to quantitate
amount of surfactant phospholipids in alveolar space,
BAL fluid samples were extracted with chloroform -
methanol (2:1, vol/vol) to isolate the phospholipids in
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the chloroform phase. Disaturated phosphatidylcholine
{ DSPC) was separated from other phospholipids'™ .
DSPC and total phospholipids ( TPL} were determined
according to the method described by Bartlett'® .
Values for TPL are presented as mg-kg '. and those
for DSPC as percentage of TPL (DSPC/TPL), Total
proteins ( TP) in BAL fluid were measured'® , and are
presented as mg-kg™'. The DSPC and TP ratio was
expressed as mg/g.

Measurements of nitrite/nitrate and met-
hemoglobin (MetHb) Blood and urine nitrite/
nitrare at baseline, treatrnent time 0 and 4 h were
measured using a modified method using  Griess
reagent'® . and values are expressed as panol- L' of
serum or urine. MetHb was determined' "' |, and
expressed as percentage of total hemoglobin (Hb).

Histologic and morphometric examination
of lungs Lungs from 4 - 7 rabbits of each group were
fixed by pulmonary artery perfusion with 4 %
formaldehyde'").  Sections stained with hematoxylin
and eosin were examined by light microscopy for
evidence of lung injury, as described elsewhere!'”
Lung expansion was quantified by the point-counting
method, and expressed as volume density ( Vi) of
Fifty fields of each lung
section were examined from each animal ( magnifica-
tion: x 300}, and field-to-field variability was
determined by calculating the coefficient of variation of
VulCV[ Vi ]). A low value of CV[ Vy ] indicates
homogeneity of alveolar acration.

Statistics  Data are presented as I + 5.
Survival rate was examined with chi-square and Fisher's
exact test. Analysis of varance [ ANOYA ) and
Student-Newman-Keuls post hoc test were applied to
parametric data.  Within-group  differences
determined with the Wilcoxon signed-rank test.

aerated alveolar spaces'?- .

WEere

RESULTS

General conditions of the rabbits
no significant difference of baseline wvalues of
physiological parameters across the groups.  The
survival rate in the Surf + NO group was higher than
that in the control group ( P <0.05) (Tab 1).

Lung function measurements  Values for
OI. Cyn. and R, at baseline level and during the
treatment period are shown in Tab 2. BAL resulted in

There was

Tab 1. General conditions of the rabbits, and ratio of
disaturated phosphatddylcholine ( DSPC) and total
proteins | TP) in bronchoalveolar lavage fluid. ¥+ s.
bp < 0.05 »s NO group.

Group Control NO Surf Surf + NO

# 8 i) 8 8
Body weight/kg 2,5+0.2 2.7+0.2 2.6+0.1 2.6x0.2
Survival 3 h o 6 8 a

6 h i) 1 ™ i

&h 0 1 o n°
DSPC/ TP 139106 1W4+d6  1hx18 139+ 102
/mgrg”!
Tab 2. Oxygenmation index, dynamic compliance and

resistance of respiratory system at baseline and different
treatment time in experitmental rabbits. 2 =6 - 8 at
baseline and0-1h; a=5-8at3 h; n=1-6at§ h.
x+s, "P<0.05, ‘P<0.01 vs control. °P<0.05,
fP<0.01 vs NO group { ANOVA}. "P<0.05 us
corresponding values at baseline { within-group test) .

Group Control NO Surf Surf + NO
Orxygenation index

Baseline 1.5+£0.3 1.2x0.3 1.2+0.2 1.3x0.4

Oh 25+08 199+7.4" 2. 1+60™ 21.0+£8.8

1h 20,2436 31390 14.2+547 120p+7.3¢

3h 21.9+81 204+81 18345 159+74°

§h - 23.9+0 16.5+5.3 1W0.1+6.2
Dynamic compliance/mL-emH,0~ '~ kg™?

Baseline 1.1 +0.15 1.05x0.25 1.11+0.19 1.09x0.2]

(N} 0.52 +0.17" 0.51+£0.15" Do+ 0.11" .57 £0.08
1h 0.30x0.18 0.40£0.10 [.68+0.20° 0.48x0.22
3h 0. W+0.080 0.32x0.10 0.56+0.15' 0.55+u.12f

8h - 0.20+0 051005 N.320.05
Respiratory resistancesvmH, O L'+ 571
Baselme M. +£12.6 32.9+6.3 3B4+x066 3831100

Dh 0. Y+20.8
ITh 10R6+31.0
3h 8.8+21.7
8h -

0.2+12.7 54,3 10.8" W.o+15.3"
64.3+19.8" 57.6+18.0° 50.8+23.1°
60.0+24.7 55.1+10.5 3.5x8.4

29,00 62.2+7.9 57.7+12.5

Bascline was the momemnt when inducton of lung injury by
bronchoalveolar lavage was not initiated.

all the rabbits a significant reduction of Cyy, and an
increase of Ry, by approximately 30 %, respectively,
from corresponding baseline levels, and increase of
mean values of Of from 1 t0 22 in 60 min { P <(0.05}.
During the treatment period, there was no improvement
of Ol in the NO group. In contrast. OI in both Surf
and Surf + NO groups were improved moderately, with
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a tendency in favor of Surf + NO group at 6 — 8 h of
treatment |
Surf and Surf + NO groups during treatment remained

However, average levels of Cy,, and R, for

urchanged compared with the corresponding values at
time O b,

Chemical analysis of BAL fluid [n all the
groups, mean values of TPL were about 9 — 12 mg -
kg ™" whereof approximately M) % was DSPC. TP in
BAL fluid were about 4) — 55 mg-kg ', and valyes for
DSPCATP in BAL fluid were presented in Tab 1. No
marked difference was found between the gronps for
these parameters.

Measurements of nitrite/nitrate and met-
hemoglobin  Values of MetHb in each group were all
less than 1 % of the total hemoglobin. There were no
substantial changes for both serum and urinary nitrite”
nitrate levels daring INO in both NO and Surf + NO
groups (Tab 3).

Tab 3. Nitrite/nitrate (the sum of nitrite and nitrate in
pumol' L'} in serum and urine. Numbers in paren-

thesis. X+ s,

Group Control NO Swf Suf + NO
Serum nitrite/ rutrate

Baseline 15544 17)  1M=+38 (60 M5 (8)  #3x43(8)
tth 122432146) J03x™ (6) 105+8018) 114+43 (8}
th 137 (1) 120431 (3) 102x70(7) 122%2817)
Urinary nitrite nitrate

Bascline 613278 (7) 6Bo£386 {6] 5192300 (8) Too+ 368 (8)
Uh O+ 7 (1) 642+ 2% (o) o8B 1T) 5M I8 ()
4h TLE (1} F0+271 (5) 583417 (7) M7+ 103 (7)

Histological and morphometric findings In
all the fowr gromps, atelectasis, edema, hyaline
membranes,  intraalveolar patchy hemorthage and
infiltration of neutrophils in the lungs were found. In
the Surf and Surf + NO groups, there were modestly
improved aeration of alveoli and less severe edema.
hyaline membranes. hemorhage and infiltration of
neutrophils compared to those in the Control and NO
groups.  Aeration of alveoli was improved in the
Surf + NO group as reflected by increased Vy and low
values for CV{ ¥y ). but in the NO and Surf groups
there was only modest improvememt of CV ( V }
(Tab4),

Tab 4. Morphoetric analysis of alveolar expansion

{ ¥y) and coefficiency of variation ( fieid-to-field
variability) of V4 [CV(¥y)}]. Z=s.

bp <0.05, P <0.01 vs control.

Group Control NO Surf Surf + NO

n 1) 5 4 v

1% 0.53+0.05 0.58+x0.07 U.61x0.03 {.63=+0.05

CVIV 0292008 3.30+0.11° 0.2+ 0,03 0.222 .07

DISCUSSION

In the present study, repeated BAL in aduft rabbits
consistenily induced respiratory failure within 60 min of
mechanical with impaimment of lung
mechanics and gas exchange, and the characteristic
changes of AIIl and ARDS. Suobsequent use of
sorfactant or a combined surfactant and INO treatment
showed effects in increased survival rate and improved
blood oxygenation. However, this combined treatment
showed no striking improvement compared with the
effects of surfactant treatment alone.  Much less effects
were found in the rabbits treated by iNO, which is quite
different from that seen in our previous study-®' in
which INO improves blood oxygenation in oleic acid-
induced rabbit ARDS. In the present study. endo-
genous surfactant was removed by repeated BAL. and
lung damage and atelectasis were present as verified by
morphological examination, which should account for
the ieffectiveness of iINO. In contrast, both surfactant
and combined surfactant and iNO treatment tended to be
more effective. It should be possible that instilled
surfactant opens collapsed lungs, facilitating diffusion
of NO gas to resistant vasculature in the lung interstitial
compartment, as evidenced by increased alveolar Vy
and low CV ( V¢), significantly improved blood
oxygenation, and prolonged survival time in both
groups compared with the rabbits in the control and NO
groups.  Thus ole,
improved diftusion of NO to expanded alveolar spaces,
enhanced intrapulmonary hlood flow, and reversed
intrapulmonary ventilation-perfusion mismatching in this
animal model, but! overall effect was modest when
comparing each other between both surfactant treated

ventilation,

surfactant played a major

groups. Use of INO alone for ARDS remains
controversy, and recen! multicenter trials have failed to
reveal its lomg term efficacy for survivall*\
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Nevertheless, evidence for improvement of blood
oxygenation using iNO is definitive from these studies.
Mechanism of ALI is in part associated with volotrauma
and hyperoxic damage of the lungs. Using iNO alone
far ALI and ARDS may not be sufficient when dealing
with diffusive lung damages. We therefore anticipate
that a combined use of INO and intratracheal
administration of surfactant to enable NO distribution
has no substantial side effect, and there js variable
response to combined surfactant and iNO treatment in
terms of types of animal model.
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