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Abstract Objective: We examined
whether mechanical ventilation with
low tidal volume induces polymor-
phonuclear infiltration and proin-
flammatory and profibrogenic re-
sponses in rat lungs compared de-
pendent and nondependent lung re-
gion to expression of interleukin-1β
(IL-1β) and α-1 procollagen III
(PC III) mRNA. Design: An experi-
mental, randomized and controlled
protocol with previously normal rats.
Interventions: Three groups of ten
animals were studied. Two groups
were ventilated (FIO2=0.3) in supine
position for 1 h without positive end
expiratory pressure, one group with a
low tidal volume (6 ml/kg), and the
other with a high tidal volume
(24 ml/kg). In the third group ani-
mals were kept in spontaneous venti-
lation for 1 h. Measurements and 
results: After ventilation the right
lung was used to quantify polymor-
phonuclear infiltration. The left lung
was divided into dependent and non-
dependent regions, and expression of

IL-1β and PC III mRNA was quanti-
fied by northern blot analysis. The
group ventilated with low tidal vol-
ume had greater polymorphonuclear
infiltration IL-1β and PC III mRNA
expression than the nonventilated
group. Similar results were observed
with high tidal volumes. There was
no difference between low and high
tidal volume ventilation. Expression
levels of IL-1β and PC III mRNA
were higher in the nondependent 
region of ventilated groups and 
equal in the nonventilated group.
Conclusions: Even a low tidal 
volume mode of mechanical ventila-
tion induces proinflammatory and
profibrogenic response, with a non-
dependent predominance for IL-1β
and PC III mRNA expression in su-
pine, ventilated, previously normal
rats.
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Low tidal volume ventilation induces 
proinflammatory and profibrogenic response
in lungs of rats

Introduction

Experimental studies have shown that mechanical ventila-
tion (MV) with high tidal volume and high inflation pres-
sure causes edema, tissue damage, neutrophil infiltration,
and production of inflammatory and profibrogenic media-
tors [1]. The injury induced by MV is characterized by a
dependent (posterior) distribution of pulmonary collapse
and edema [2]. However, the association of these altera-
tions in MV with low tidal volume is not established. It has

been shown in patients with acute lung injury and acute
respiratory distress syndrome that MV with a low tidal vol-
ume results in decreased mortality [3], and therefore an in-
creased use of MV with low tidal volume is expected.

We examined whether MV with low tidal volume in pre-
viously normal supine rats induces polymorphonuclear in-
filtration and production of inflammatory and profibrogenic
mediators. Proinflammatory and profibrogenic responses
were represented by their key mediators interleukin-1β (IL-
1β) and α-1 procollagen III (PC III) mRNA expression. In
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addition, we compared dependent and nondependent lung
regions to IL-1β and PC III mRNA expression.

Methods

Male Wistar rats were sedated (ketamine, 80 mg/kg and xylazine,
8 mg/kg) and paralyzed (succinylcholine, 3 mg/kg). Tracheotomy
was performed and a catheter inserted into the right carotid artery.
Groups of ten animals were randomly assigned to 1 h under the
following conditions: (a) NV group: animals were tracheotomized,
not paralyzed, superficially sedated and kept in spontaneous venti-
lation; (b) LV group: low tidal volume of 6 ml/kg and zero posi-
tive end-expiratory pressure (ZEEP); (c) HV group: high tidal vol-
ume of 24 ml/kg and ZEEP.

Ventilation was performed in supine position using a volume-
controlled ventilator (Inter 3, Intermed, Brazil) with FIO2 at 0.3
and a frequency of 90 breaths/min. To assure the same inspiratory
time we used distinct inspiratory flows (LV=10 ml/min and
HV=40 ml/min). Airway pressure was measured using a transduc-
er (142PC05D, Honeywell, Freeport, Ill., USA) connected to the
endotracheal tube. Flows were measured by a pneumotachograph
(Hans-Rudolph 8420, Kansas City, Mo., USA) connected to a
transducer (163PC01D36, Honeywell). Signals were sampled at
200 Hz (Anadat 4.0, Montreal, Calif., USA). At the end of the MV
period animals were bled to death. To avoid collapse artifacts the
lungs were recruited with a continuous positive airway pressure of
30 cmH2O for 10 s and kept statically inflated with 5 cmH2O. The
right lung was sectioned in a sagittal plane, and 3-µm-thick sec-
tions were stained with hematoxylin and eosin for the histomor-
phometric study. The left lung was divided into three regions: an-
terior, hilar, and posterior. Nondependent and dependent tissues
were immediately frozen for mRNA quantification.

Based on the point-counting method [4], the polymorphonucle-
ar infiltration index was the ratio between the numbers of points
that fell on polymorphonuclears and the numbers of lines intersec-
tion with the alveolar septum. Measurements were performed in
20 fields per slide, using a magnification of ×1000, by two investi-
gators blinded to the region of sampling. IL-1β and PC III expres-
sions in lungs were determined by northern blot analysis using to-
tal RNA as previously described [5]. As probes we used cDNA
fragments from IL-1β and PC III (positions 5′ CTAATGCCTTCC-
CCAGGA 3′ and 5′ GCTGTGCACTGGTCCA 3′ and 5′ TACA-
CAGTTCTAGAGGATGG 3′ and 5′ CTGTATTGGTGGGTGA-
AACAG 3′, respectively) and GAPDH as control for RNA load-
ing. Filters were scanned by a phosphorimager (Storm 840, Mo-
lecular Dynamics, Sunnyvale, Calif., USA).

The groups of animals were similar regarding weight, inspirato-
ry time, and dose of drugs (Table 1). Mean arterial blood pressure

was kept above 60 mmHg. No animal died, nor did any develop air
leaks or intrinsic positive end-expiratory pressure during MV.

Data are expressed as the ratio probe/GAPDH. General charac-
teristics, mRNA expression, and histomorphometric values were
compared by one-way analysis of variance. Dunnett’s post hoc test
was used to determine statistically significant differences between
specific pairs of groups. Nondependent and dependent mRNA ex-
pressions were compared using the Wilcoxon test. A p value less
than 0.05 was considered statistically significant. Values are re-
ported as median and interquartile range.

Results

The polymorphonuclear infiltration index was signifi-
cantly higher in LV and HV than in NV (p<0.001); there
was no difference between LV and HV (Table 1). In both
dependent and nondependent lung regions there was

Table 1 General characteristics and polymorphonuclear infiltra-
tion index of animals at beginning and end of mechanical ventila-
tion: low tidal volume (6 ml/kg and ZEEP), high tidal volume

(24 ml/kg and ZEEP) and nonventilated groups. Results expressed
as median (interquartile range)

Nonventilated Low volume High volume pa

Weight (g) 260 (250–345) 280 (250–312) 285 (245–302) NS
Inspiratory time (s) − 0.19 (0.18–0.21) 0.20 (0.18–0.23) NS
Initial mean arterial pressure (mmHg) 115 (105–130) 110 (105–128) 105 (98–126) NS
Initial peak airway pressure (cmH2O) − 9.0 (8.2–9.3) 24.6 (22.8–27.5)
Final peak airway pressure (cmH2O) − 10.6 (10.3–11.5) 24.3 (23.5–28.1)
Tidal volume (ml) − 1.7 (1.5–1.9) 6.8 (6.1–7.4)
Arterial CO2 at the end of ventilation (mmHg) 43.4 (42.6–47.6) 57.9*(52.7–79.9) 11.3 (9.7–14.2) <0.001
Polymorphonuclear infiltration index 0.008 (0.003–0.017) 0.087**(0.078–0.122) 0.076 (0.048–0.092) <0.001

*p<0.001, **p=0.97 vs. high volume HV group
a One-way analysis of variance; comparison among all groups

Fig. 1 Comparison of interleukin-1β (IL-1β) mRNA expression
between nondependent and dependent regions in each group. Low
tidal volume: 6 ml/kg and ZEEP; high tidal volume: 24 ml/kg and
ZEEP. IL-1β mRNA expression is expressed as IL-1β
mRNA/GAPDH arbitrary units. Graphics are clustered boxplot
summarizing the median and quartiles *p=0.96, **p=0.02,
***p=0.04, dependent vs. nondependent regions



general anesthesia and supine position are associated
with dependent atelectasis [6]. This lung heterogeneity
may have caused alveolocapillar distention in the nonde-
pendent region and repetitive opening and closing of dis-
tal lung in the dependent lung region, rendering the lung
more susceptible to ventilator induced lung injury [1]. In
addition to heterogeneity, passive MV is not a physiolog-
ical condition (even within physiological ranges) and
may induce a proinflammatory and profibrogenic re-
sponse. Infants without preexisting lung disease and me-
chanically ventilated for 2 h present in the tracheal aspi-
rates an immune balance favoring a proinflammatory re-
sponse pattern [7]. However, in patients with normal pul-
monary function plasma cytokines, which may not en-
tirely mirror the lungs, do not change with MV [8].

An interesting finding in our study was the equal in-
duction of IL-1β and PC III mRNA between LV and HV.
The use of a moderately aggressive MV mode in HV
with a peak inspiratory pressure kept below that custom-
ary for injury induction in animal experiments [1] and
the fact that previously healthy lungs are less prone to
injury [9] could explain the results. According to the
protocol design, arterial CO2 differed between LV and
HV, and it is known that hypercapnia attenuates pulmo-
nary inflammation [10]. Notwithstanding this protective
effect of hypercapnia, proinflammatory and profibrogen-
ic mediators were induced in LV. The intriguing result
was the nondependent predominance of mediators
mRNA expression in contrast to the dependent predomi-
nance of edema and collapse described in previously
normal animals subjected to MV [2]. A possible expla-
nation for this finding is the different distribution of the
injury mechanisms. If the alveolocapillar distention gen-
erates more mediators, a higher induction in the non-de-
pendent region is to be expected. Experimental models
with high inflation pressures, a probable cause of alveol-
ocapillar distention, show extensive ultrastructural fail-
ure of the alveolocapillar barrier, histological damage,
and production of inflammatory mediators [1]. More-
over, experimental models designed to study repetitive
opening in previously healthy lungs show disturbance of
lung mechanics and blood gases while the alveolar mi-
crostructure remains preserved and inflammation was
absent [11]. Despite this, to reexpand a collapsed region
the surrounding alveoli are exposed to a higher distend-
ing pressure thus combining the two mechanisms of ven-
tilator-induced lung injury in the same region. Finally, as
positive end-expiratory pressure alters lung gas distribu-
tion, its use may alter the distribution of injury mecha-
nisms and mediator production.

We measured IL-1β because it is an early-phase cyto-
kine, and its level increase during injurious ventilatory
strategies [12]. Moreover, most of the proinflammatory
activity from patients with acute respiratory distress syn-
drome is attributable to biologically active IL-1β [13].
We also measured PC III since its level increases during
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higher IL-1β mRNA expression in LV and HV than in
NV (p<0.05) while there was no statistically significant
difference between LV and HV in either region (Fig. 1).
In the nondependent lung region PC III mRNA expres-
sion in LV was higher than in NV (p=0.01); HV showed
a trend toward higher expression than NV (p=0.08). In
the dependent lung region PC III mRNA expression in
LV was higher (p=0.05) and HV similar to that in NV
(p=0.77; Fig. 2).

LV and HV showed higher levels of IL-1β mRNA in
the nondependent than the dependent lung region, while
in NV there was no difference between regions (Fig. 1).
PC III mRNA expression showed no difference between
nondependent and dependent lung regions in the NV,
while in LV there was a significantly higher level in the
nondependent than in the dependent region, and in HV
there was a trend toward a higher expression in the non-
dependent region (Fig. 2).

Discussion

In our study the use of low (respiratory rate and tidal
volume within physiological range) or high tidal volume
caused an increase in polymorphonuclear infiltration and
in inflammatory and profibrogenic mediators. A possible
explanation for the increased mediator expression with
low tidal volume could be the lung heterogeneity, since

Fig. 2 Comparison of procollagen III (PC III) mRNA expression
between nondependent and dependent regions in each group. Low
tidal volume: 6 ml/kg and ZEEP; high tidal volume; 24 ml/kg and
ZEEP. PC III mRNA expression is expressed as PC III
mRNA/GAPDH arbitrary units. Graphics are clustered boxplot
summarizing the median and quartiles. The low volume group had
significantly higher PC III mRNA expression in the nondependent
region. *p=0.39, **p=0.04, ***p=0.07, dependent vs. nondepen-
dent regions
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injurious ventilatory strategies in normal animals [14].
We decided to determine mRNA values rather than pro-
tein values because our MV duration might be not suffi-
cient for the production of an expressive amount of col-
lagen; however, short periods of MV are enough for in-
creasing procollagen mRNA expression [15].

In conclusion, we demonstrated that a proinflammato-
ry and profibrogenic response is induced in previously

normal rats even at low tidal volumes, with a predomi-
nance of IL-1β and PC III mRNA expression in the non-
dependent lung region. MV is essential in severe respira-
tory failure and alters mortality [3]. Since many aspects
of injury induced by MV are currently unknown, this
knowledge is essential to design less aggressive ventila-
tory strategies.
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