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Abstract—Although assist ventilation with FIO2 0.21 is the preferable mode of ventilation in the
intensive care unit, sometimes controlled ventilation with hyperoxia is needed. But the impact of this
setting has not been extensively studied in elderly subjects. We hypothesized that a high fraction of
inspired oxygen (FiO2) and controlled mechanical ventilation (CMV) is associated with greater del-
eterious effects in old compared to adult subjects. Adult and old rats were submitted to CMVwith low
tidal volume (6 ml/kg) and FiO2 1 during 3 or 6 h. Arterial blood gas samples were measured at 0, 60
and 180 min (four groups: old and adult rats, 3 or 6 h of CMV), and additionally at 360 min (two
groups: old and adult rats, 6 h of CMV). Furthermore, total protein content (TPC) and tumor necrosis
factor-alpha (TNF-α) in bronchoalveolar lavage were assessed; lung tissue was used for malondial-
dehyde and histological analyses, and the diaphragm for measurement of contractile function. Arterial
blood gas analysis showed an initial (60 min) greater PaO2 in elderly versus adult animals; after that
time, elderly animals had lowers pH and PaO2, and greater PaCO2. After 3 h of CMV, TPC and TNF-α
levels were higher in the old compared with the adult group (P<0.05). After 6 h of MV, malondial-
dehyde was significantly higher in elderly compared with the adult animals (P<0.05). Histological
analysis showed leukocyte infiltration and edema, greater in old animals. In diaphragm, twitch con-
traction with caffeine significantly declined after 6 h of CMVonly for the elderly group. These data
support the hypothesis that relatively short-term CMV with low tidal volume and hyperoxia has
greatest impact in elderly rats, decreasing diaphragmatic contractile function and increasing lung
inflammation.
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INTRODUCTION

Aging is associated with anatomical and physiological
changes in respiratory system, due to factors as chest wall
and spine deformities, emphysema senile, decreased
strength of respiratory muscles, decreased vital capacity
and increased of residual volume [1]. Moreover, there is

deterioration in immunity (termed "immunosenescence")
with various insults presumably responsible for the greater
susceptibility to infection and decreased capacity of lung
repair [2]. Elderly patients have become an increasingly
prevalent proportion of the intensive care unit (ICU)
population. Historically, the mortality rate for acute
respiratory distress syndrome (ARDS) has been 69 % to
80 % among elderly patients, with impact in the health care
public services [3]. Although outcomes of patients with
ARDS have significantly improved in recent years, the
studies on ARDS rarely include substantial numbers of
elderly patients.

Although assist ventilation with FIO2 21 % is the
preferable mode of ventilation in the ICU [4, 5], sometimes
controlled ventilation with hyperoxia is needed [6].
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Mechanical ventilation (MV) maintain ventilation
when patients cannot sustain a good alveolar ventilation,
e.g., during respiratory failure, neuromuscular diseases,
drug overdoses, and recovery from general anesthetics [7].
However, MV can be associated with deleterious effects.
During controlled MV, the diaphragm is mechanically
inactive and rapidly develops atrophy and oxidative injury
[8, 9]. Ventilation with high tidal volume causes acute lung
injury that leads to changes such as increased
microvascular permeability, the influx of neutrophils, the
production of plasminogen activator inhibitor-1 and the
mRNA expression of plasminogen activator inhibitor-1
[10]. Collectively, the aforementioned studies indicate that
prolonged MV impairs diaphragmatic contractile function
and increases lung inflammation. However, the impact of
MV in elderly human individuals is not well known.

Hyperoxic acute lung injury (HALI) is related to the
degree of inspired oxygen fraction (FiO2), its duration and
perhaps to genetic background, and generates an excess
of oxygen/nitrogen reactive species that could not be
handled by the organism and causes cell death— initially
there is pulmonary edema, followed by fibroproliferation;
HALI mortality is between 25 % and 100 % in primates
studies, where respiratory distress took 2–8 days to
develop [11]. However, some studies contest the lung
toxicity of hyperoxia in humans, after showing no or
reversible microscopic differences [12, 13]. Despite the
presumable deleterious action of hyperoxia, higher FiO2

can be used to cause redistribution of pulmonary blood
flow and to decrease vasoconstriction in atelectatic or
non-ventilated areas [14, 15]. The administration of FiO2

of 1.0 is also a standard practice to maximize the oxygen
reserve during emergence from anesthesia, and higher
FiO2 need to be used in some specific situations as, for
example, elective Caesarean section under general
anesthesia for transfer oxygen to fetus [16, 17]. These
are examples of short use of hyperoxia, but longer uses
can be found in the setting of very severe ARDS [6, 11].

The association of hyperoxia and mechanical
ventilation with high tidal volume is related to greater
alterations than that found when they are used,
respectively, with a low tidal volume or a FiO2 of 0.21
[18]. But it has been shown that hyperoxia and
mechanical ventilation can induce different lung
responses to the resultant increased level of chemokines
(protection vs. apoptosis), suggesting that the cumulative
effect of various factors can generate complex settings
[19]. In this way, aging would be another factor that could
interact with hyperoxia and mechanical ventilation in
order to creating a setting different from that encountered

in adults submitted to the same situation. Along with this
hypothesis, it has been shown that aging and mechanical
ventilation can generate additive effects [20].

The present study was designed in an animal model to
determine whether elderly subjects are more susceptible
than adult to the effects— on lung and diaphragm functions
and on the accompanying inflammatory response— of two
different times of mechanical ventilation (3 and/or 6 h) with
low tidal volume and high FiO2.

MATERIALS AND METHODS

Experimental Animals and Study Design

Procedures were approved by the Institutional
Research Committee at the Federal University of São
Paulo and governmental authorities, and followed the
guidelines for animal experiments established by the
American Physiology Society.

Healthy, adult (8 months old, n=10) and elderly
(20 months old, n=10) male Wistar (Rattus norvegicus
albinus) rats were individually housed and fed with rat
chow (calorie-reduced diet) and water ad libitum and were
maintained on a 12:12-h light–dark cycle. The small
number of animals was used with base in other studies
[21–23], our previous experience [24] and the guidelines of
the 3R's (Council Directive 86/609/EEC and New limits
for the use of animals in experiments by the European
Parliament in 2010). The animals were randomly divided
in: adult ventilated for 3 h (AV3; n=5) and ventilated for
6 h (AV6; n=5), elderly ventilated for 3 h (EV3; n=5) and
ventilated for 6 h (EV6; n=5).

Protocol for MV-Treated Animals

All surgical procedures were performed using
aseptic technique. After reaching a surgical plane of
anesthesia (sodium thiopental, 50 mg/kg [Thionembutal,
Abbott, SP, Brazil]; intraperitoneally [ip]), the animals
were tracheotomized and a 14G cannula was inserted into
the trachea, and the sterile PE50 catheter was inserted into
the left internal carotid artery for blood gas sampling.
Animals were ventilated via tracheotomy. Muscle
relaxation was performed with suxamethonium ip
(0.8 mg/kg; União Química Farmacêutica Nacional, Sao
Paolo, Brazil), and the animals were immediately
connected to a rodent volume controlled ventilator
(model 683; Harvard Apparatus, Massachusetts, USA)
and ventilated during 3 or 6 h with 100 % FiO2; tidal
volume (VT) 6 ml/kg, positive end-expiratory pressure
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(PEEP) of 5 cmH2O, respiratory rate (RR) of 60–
70 cycles/min.

Body temperature was maintained at approximately
37 °C by use of a heating blanket and controlled by rectal
thermometer. Animals were constantly monitored by a
technician and exposed to continuing care (expressing the
bladder, removing upper airway mucus, lubricating the
eyes, and passively moving the limbs).

Measurements

Arterial Blood Gas analysis

Blood samples were analyzed for partial pressure of
oxygen (PaO2), partial pressure of carbon dioxide (PaCO2)
and pH by blood gas analyzer (AVL-Compact3, Roche
Diagnostic, Germany) and measured at different times: 0,
60 and 180 min in MV-treated during 3 h. In the groups
ventilated for 6 h the blood gas samples were measured at
0, 60, 180 and 360 min.

The animals were euthanized in the end of respective
time point (3 and 6 h) using a 1 ml/100 g body weight of
the euthanasia solution (T-61; Hoechst & Roussel, SP,
Brazil) after diaphragm removal.

Bronchoalveolar Lavage (BAL)

At the end of the experiment, median sternotomy was
performed, the trachea was isolated, and the left main
bronchus was clamped. A 14G catheter was inserted to the
right main bronchus of the animal and 10 ml of cold (4 °C)
normal saline was instilled into the bronchoalveolar space
of the right lung. The instilled fluid was then harvested by
aspiration into the syringe. The procedure was repeated
three times in each animal. BALwas then filtered through a
sterile gauze and centrifuged at 500×g for 15 min at 4 °C to
remove mucus and cells. The supernatant was frozen
immediately on dry ice and stored at −80 °C for further
analysis.

Total Protein Lung Content

Total protein was measured in 1 ml aliquot of BAL
using the method of Lowry and colleagues [25].

Cytokine Assay in BAL

Analyses of tumor necrosis factor (TNF)-alpha
levels were quantified by ELISA (enzyme-linked immune
sorbent assay) kit specifically for the rat (OptEIA Elisa
kits; BD Bioscience Pharmigens, California, USA; limit
detection of the test was 5–800 pg/ml). The absorbance of

each was read at 450 nm with a microplate reader
(Labsystem, Multiskan MCC/340, Finland). Procedures
were described in the manufacturer's instruction.

Measurement of Lipid Derived Oxidation Products,
Malondialdehyde (MDA)

The upper lobe of the right lung was stored at −80 °C
for later analysis of lung tissue MDA level as previous
described by Buege and Aust [26] and analyzed in
spectrophotometer at 530 ηm (E205D, CELM, SP, Brazil).

Measurement of Contractile Function

Entire diaphragm was excised, before euthanasia,
and immediately immersed in carboxygenated (95 % O2–
5 % CO2) Kreb's Ringer solution, at ambient temperature,
with the following composition (in mM/l): 118.1 NaCl,
3.4 KCl, 0.8 MgSO4, 1.2 KH2PO4, 11.1 glucose, 25
NaHCO3, 2.5 CaCl2, and pH 7.4. Diaphragm muscle
strips with a median length of 18 mm (25 % percentile:
16, 75 % percentile: 18) and a median cross-sectional area
(CSA) of 0.03 mm2 (25 % percentile: 0.03, 75 %
percentile: 0.05) were dissected and attached to a
support with two platinum electrode along its length; the
upper side of the muscle was connected to an isometric
force transducer (Myograph F-60; NARCO Bio-Systems,
Texas, USA), and length was adjusted to optimize twitch
force. The isometric contractions of the diaphragm
bundles were recorded in a chamber that was filled with
a temperature-controlled carboxygenated Kreb's Ringer
solution (37 °C). The stimulation pulses were applied via
the platinum electrodes with an electrical stimulator (S88
Dual Channel Square Pulse Stimulator, Grass–Astro-
Med, Massachusetts, USA). The isometric force
transducer was coupled to an IBM computer, using
bridge amplifier/digital-to-analog converter (PCX 0802/
CAD 12/32; Lynx Tecnologia Eletrônica, Sao Paolo,
Brazil) and biological data recording system (AqDados 4;
Lynx Tecnologia Eletrônica). Experiments were carried
out after 20 min of incubation, and initial direct
stimulation at 0.2 Hz using supramaximal voltage, 1-ms
pulses.

Test of Tetanic Stimulation (Tetanic Peak Force — Po)

We measured isometric forces (N) evoked by direct
stimulation at 0.2 (evokes initial twitch contraction [ITC]),
20, 30, 40, 50, 60, 80, and 100 Hz. These different
frequencies were produced at 20-s intervals. Values were
normalized to the CSA and expressed as N/cm2.
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Test with Caffeine

Caffeine (C0750; Sigma, St. Louis, MO, USA) was
added to the chamber in a progressive way as bolus
injection to the final concentrations: 0.5, 1.0, 1.5, 2.0, 3.0,
4.0, and 32 mmol/l. Each dosage of caffeine was given
once the level of maximum contracture was reached, or
other way, after 3 min. Twitch peak force (Pt) at each
caffeine concentration (Pt-c) was measured (N). Values
were normalized to the CSA and expressed as N/cm2.
Caffeine provokes increase of tension on the isolated rat
diaphragm: an increase of force in low frequencies
(20 Hz) and a decrease in high ones (50–100 Hz), and
partly prevents fatigue [27]. At low doses, caffeine
increases twitch from normal depolarization; at higher
doses there is contracture, i.e., tension without electrical
stimulation [28]. Caffeine acts via the sarcoplasmatic
reticulum calcium release channel or ryanodine receptor
(RYR) and it is also used in the diagnosis of susceptibility
to malignant hyperthermia — caused by mutations in the
RYR gene [29].

Morphology

A right middle lung lobe was formalin-inflated and
fixed. The tissue was subsequently paraffin-embedded
and 4-μm sections were stained with hematoxylin and
eosin (H&E). Sections were evaluated by a blinded
examiner, using light microscopy coupled to a video
camera (Axiolab Standart 2.0 and AxionCam; Zeiss, Jena,
Germany).

Statistical Analysis

K-S distance was employed for the normality test.
Comparisons between groups were made using unpaired t-
test. Multiple comparisons were analyzed by a single-
factor analysis of variance (ANOVA), followed by
Bonferroni's test and Tukey's test. Statistical analyses were
performed using a standard computer software package
(GraphPad Prisma, GraphPad Software, San Diego, CA,
USA). P values <0.05 were considered significant. Data
are presented as mean ± SD.

RESULTS

Arterial Blood Gas Analysis

The PaO2 was initially greater in the elderly rats
(groups EV3 and EV6) compared with adult rats (AV3
and AV6) at time 60 min, but decreased in all groups at

time 180 min; this decrease was more evident in the
elderly when compared with adult rats, both at 180 and
360 min (Table 1).

The PaCO2 increased more in the elderly (EV3,
EV6) compared with adult groups (AV3, AV6) at 180 and
360 min (Table 2). The pH was lower in the old (EV3,
EV6) compared with adult animals (AV3, AV6) at 180
and 360 min (Table 3).

Protein Leakage in BAL

Pulmonary protein content was higher in the elderly
(EV3, EV6) compared with their respective adult groups
(AV3, AV6), and in the 3 h groups (AV3, EV3) compared
with their counterparts of 6 h of controlled mechanical
ventilation (CMV) (AV6, EV6) (Fig. 1a).

Table 1. Effects ofMechanical Ventilation on the Arterial Blood PaO2 in
Adult and Elderly Rats (n=5 per Group) Ventilated for 3 and 6 h

PaO2 (mmHg)

0 min 60 min 180 min 360 min

AV3 93±2.6 371±1.9 364±1.3# –
EV3 92±2.9 386±2.9* 349±3.2 –
AV6 95±2.8 373±4.0 351±2.2# 270±20.4§

EV6 95±3.5 385±2.9* 338±1.8 222±11.7

Data are shown as mean±SD
Animals were adult or elderly rats subjected to mechanical ventilation, as
follows: AV3 adults ventilated for 3 h, EV3 elderly ventilated for 3 h, AV6
adults ventilated for 6 h, EV6 elderly ventilated for 6 h
*P<0.05 compared with AV3 and AV6 groups (time 60 min)
# P<0.05 compared with EV3 and EV6 groups (time 180 min)
§ P<0.05 compared with EV6 groups (time 360 min)

Table 2. Effects of Mechanical Ventilation on the Arterial Blood PaCO2
in Adult and Elderly Rats (n=5 per Group) Ventilated by 3 and 6 h

PaCO2 (mmHg)

0 min 60 min 180 min 360 min

AV3 38±3.8 42±2.1 47±2.0* –
EV3 36±3.0 43±1.1 57±2.2 –
AV6 37±1.9 45±2.3 47±2.0* 52±1.7#

EV6 35±2.6 45±2.3 58±2.3 71±1.9

Data are shown as mean ± SD
Animals were adult or elderly rats subjected to mechanical ventilation, as
follows: AV3 adults ventilated for 3 h, EV3 elderly ventilated for 3 h, AV6
adults ventilated for 6 h, EV6 elderly ventilated for 6 h. No statistical
difference was observed between all groups at time 0 and 60 min
*P<0.05 compared with EV3 and EV6 groups (time 180 min)
# P<0.05 compared with EV6 group (time 360 min)
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MDA Measurement in the Lung

The MDA levels were higher in the elderly (EV3,
EV6) compared with their respective adult groups (AV3,
AV6), and in the 3 h groups (AV3, EV3) compared with
their counterparts of 6 h of CMV (AV6, EV6) (Fig. 1b).

Cytokine Concentrations in BAL

The TNF-alpha increased more in the elderly (EV3,
EV6) compared with their respective adult groups (AV3,
AV6), and in the 3 h groups (AV3, EV3) compared with
their counterparts of 6 h of CMV (AV6, EV6) (Fig. 2).

Measurement of Isometric Contractile Property

There was no significant difference among diaphragm
muscle strips length and CSA of the four groups submitted
to the tests of tetanic stimulation and caffeine.

Contractile function (N) was evaluated by means of
initial twitch (0.2 Hz), tetanic forces after different
frequencies stimulation and contraction at each caffeine
concentration (Pt-c) for caffeine (Tables 4 and 5). Table 4
shows the ITC at 0.2 Hz and tetanic forces at 20–100 Hz
for all four groups. There was no difference in the ITC and
in the tetanic forces among all groups (Table 4).

There was no difference in the contraction at each
caffeine concentration (Pt-c) between the groups (AV3 vs.
AV6, AV3 vs. EV3, and AV6 vs. EV6), but there was a
significant decrease of contractility in the EV6 group
compared with EV3 group evaluated by means of caffeine
concentrations 0.5 to 4 mmol/l (Table 5). After 3 h of
mechanical ventilation, the elderly group showed a
tendency to a greater diaphragmatic contractility than
the adult group, albeit non significant; however, it was
lost with the continuation of the experiment.

Morphology

Histological analysis (HE, ×400; Fig. 3) in adult and
elderly animals ventilated for 3 h (AV3 and EV3) showed
moderate changes in lung, inflammatory cells infiltrate, and
neutrophil influx, but these changes were more evident in
the elderly animals. The elderly animals ventilated for 6 h

Table 3. Effects of Mechanical Ventilation on the Arterial Blood pH in
the Adult and Elderly rats (n=5 per Group) Ventilated by 3 and 6 h

pH

0 min 60 min 180 min 360 min

AV3 7.43±0.02 7.36±0.01 7.32±0.02 –
EV3 7.41±0.01 7.33±0.02 7.23±0.03* –
AV6 7.43±0.03 7.36±0.02 7.33±0.02 7.20±0.01
EV6 7.42±0.01 7.33±0.02 7.27±0.01# 7.16±0.02¶

Data are shown as mean ± SD
Animals were adult or elderly rats subjected to mechanical ventilation, as
follows:AV3 adults ventilated for 3 h, EV3 elderly ventilated for 3 h, AV6
adults ventilated for 6 h, EV6 elderly ventilated for 6 h. No statistical
difference was observed between all groups at time 0 and 60 min
*P<0.05 compared with AV3 group (time point 180 min)
# P<0.05 compared with AV6 group (time point 180 min)
P<0.05 compared with AV6 group (time point 360 min)

Fig. 1. a Effects of mechanical ventilation on total protein content in bronchoalveolar lavage (n=5 per group). P values of <0.05 were considered
statistically significant. AV3 adults ventilated for 3 h, AV6 adults ventilated for 6 h, EV3 elderly ventilated for 3 h, EV6 elderly ventilated for 6 h. b Effects
of mechanical ventilation on malondialdehyde (MDA) levels in lung tissue (n=5 per group). P values of <0.05 were considered statistically significant.
AV3 adults ventilated for 3 h, AV6 adults ventilated for 6 h, EV3 elderly ventilated for 3 h, EV6 elderly ventilated for 6 h.
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(EV6) showed severe changes in lung tissue compared
with adult (AV6), and demonstrated massive neutrophil
leukocyte infiltration and edema (alveolar, perivascular and
interstitial) that resulted in alveolar–capillary wall
thickening.

DISCUSSION

The aging process was studied in our model by
means of analysis of three different fields: the lung, the
local immune reaction and the muscular activity. Each
one has its particular changes in aging, already well
studied. But there is not much information about the
different ways they react together to mechanical
ventilation with hyperoxia.

Regarding lung parenchyma, in particular, with age
there is hyperinflation, associated with degeneration of
elastic fibers of alveolar duct [30]; however, the lung does
not become more compliant, but the chest wall
compliance is lower [31]. Other animal studies on the
effects of hyperoxia for a long time were associated with
lung injury/death after 2–3 days [32]; our results have
shown that it is possible that the elderly lung in rat is even
more susceptible to hyperoxia. Although humans seem
more resistant to the deleterious effects of hyperoxia than
rats, high FiO2 induces pulmonary fibrosis with long-term
use and atelectasis even with brief use, particularly in the
elderly patients [11, 33]. Usually, patients requiring high
FiO2, even without lung dysfunction, also receive
concurrent MV, with its own positive–negative effects.
For avoiding the additional ominous effects of high tidal
volume (VT), we have used a low (i.e., 6 ml/kg) rather

Fig. 2. Effects of mechanical ventilation on tumor necrosis factor-alpha (TNF-α) levels in bronchoalveolar lavage (n=5 per group). P values of <0.05 were
considered statistically significant. AV3 adults ventilated for 3 h, AV6 adults ventilated for 6 h, EV3 elderly ventilated for 3 h, EV6 elderly ventilated for 6 h.

Table 4. Effects of Mechanical Ventilation on Initial Twitch Contraction (ITC) and Tetanic Forces (TF) in Newton (N)

ITC/CSA TF/CSA TF/CSA TF/CSA TF/CSA TF/CSA TF/CSA TF/CSA
0.2 Hz 20 Hz 30 Hz 40 Hz 50 Hz 60 Hz 80 Hz 100 Hz

AV3 0.4±0.1 1.9±1.2 2.6±1.2 3.4±1.3 3.8±1.5 4±1.7 4±1.6 3.8±1.7
EV3 0.4±0.3 2±0.8 2.7±1.1 3.1±1.2 3.7±1.7 3.9±1.7 4.1±1.9 4±1.9
AV6 0.6±0.5 2±1.5 3±1.9 3.5±2.1 3.9±2.3 4±2.5 4.2±2.7 4±2.5
EV6 0.3±0.1 1.3±0.5 1.5±0.4 1.8±0.5 2±0.6 2.1±0.6 2.2±0.7 2.2±0.8

Values were normalized to the cross-sectional area (CSA) and expressed as N/cm2 . Data are shown as mean ± SD (ANOVA, Bonferroni's post-test)
Animals were adult or senescent (elderly) rats subjected to mechanical ventilation, as follows: AV3 adults ventilated for 3 h, EV3 elderly ventilated for 3 h,
AV6 adults ventilated for 6 h, EV6 elderly ventilated for 6 h. Analysis has considered the following comparisons: AV3 vs. AV6, EV3 vs. EV6, AV3 vs.
EV3, AV6 vs. EV6
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than a high (12 ml/kg) VT, an approach that has had effects
on decreasing mortality in patients with ARDS or ALI
(acute lung injury) [4]. In clinical practice, even though
the deleterious effects of hypoxia are suspected, moreover
with the addictive effect of MV, the effort to avoid
hypoxia may predispose clinicians to use a higher FiO2

[34]; it is possible that this approach could be more
dangerous to the elderly, which should be studied in the
clinical setting of elderly patients with ARDS.

In our study, there was a greater inflammatory
response in older rats; it is possible that this reflects both
a greater lung lesion and a increase in proinflammatory
state in the elderly rat. Models with old rats have also

shown a greater ventilation-induced increase in the serum
concentrations of aspartate aminotransferase, a nonspecific
marker of cell injury, and IL-6, a proinflammatorymediator
[35]. The successful aging process is indirectly regulated
by cellular and molecular defense mechanisms, such as the
degree of DNA repair, apoptosis, immune and
neuroendocrine response; these mechanisms lead to a
progressive increase in proinflammatory state together with
a reduced ability to cope with physiological, chemical and
biological stress [36]. In immunosenescence, there is also a
decline in the immune response that leads to an increased
susceptibility to cancer, infectious diseases and
autoimmune diseases [37].

Table 5. Effects of Mechanical Ventilation on Twitch Contraction with Caffeine (Pt-c) in Newton (N)

0.5 mmol 1 mmol 1.5 mmol 2 mmol 3 mmol 4 mmol 32 mmol

AV3 0.5±0.4 0.5±0.4 0.5±0.4 0.5±0.4 0.5±0.4 0.4±0.4 1.6±1
EV3 0.9±0.5 1±0.5 1±0.5 1±0.5 1±0.5 1±0.4 2.2±1.3
AV6 0.4±0.2 0.4±0.2 0.4±0.2 0.4±0.2 0.3±0.2 0.3±0.1 1.7±0.7
EV6 0.3±0.3* 0.4±0.3* 0.4±0.3* 0.4±0.3* 0.3±0.2* 0.3±0.2* 1.4±0.8

Values were normalized to the cross-sectional area (CSA) and expressed as N/cm2 . Data are shown as mean ± SD (ANOVA, Bonferroni's post-test)
Animals were adult or senescent (elderly) rats subjected to mechanical ventilation, as follows: AV3 adults ventilated for 3 h, EV3 elderly ventilated for 3 h,
AV6 adults ventilated for 6 h, EV6 elderly ventilated for 6 h. Analysis has considered the following comparisons: AV3 vs. AV6, EV3 vs. EV6, AV3 vs.
EV3, AV6 vs. EV6
*P<0.05 compared with EV3

Fig. 3. Histopathologic sections of lung. AV3, EV3, AV6, EV6: variable degrees of alveolar, perivascular and interstitial edema, and neutrophils
leukocyte infiltration. Hematoxylin and eosin staining. Scale bar: 20 μm.
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Focusing in muscular activity, aging is independently
associated, in skeletal muscle, with loss of mass and
strength, greatest susceptibility to injury, atrophy and with
less efficient repair; but in normoxia conditions, aging has
not exacerbated MV-induced impairment in rat
diaphragmatic tension, despite an additive effect [20].
The age of human patients subjected to MV is an
independent predictor of ventilator-weaning difficulties
[38]. But the effects of MVon aging can be dependent of
other factors, such as the length of MV and FiO2.
Zergeroglu et al. [39] showed that 3 h of MV did not
result in oxidative injury in the diaphragm, which occurred
only after 6 h of MV, as indicated by increases in both
reactive protein carbonyl derivates and lipid
hydroperoxides; moreover, in a model of sepsis, it has
been shown that 4 h of MV increases force-generating
capacity of the diaphragm, an effect that was evident only
in our old group [39, 40]. The decrease of mean maximal
force-frequency responses have been described as similar
in young and old diaphragms, but with a lower FiO2 (0.21)
than that used in our experiment and after a greater time of
MV (12 h) [20]. Then, for a shorter time of MV (6 h) and a
higher FiO2, our data showed that old diaphragms were
more susceptible to impairment than adult ones [7].

The mechanisms accounting for the reduced
diaphragm force-generating capacity after controlled
mechanical ventilation are multifactorial, but more
strongly related to the time of diaphragm inactivity, and
include problems in excitation–contraction coupling,
myofibril atrophy, decreased myofibril protein
concentration, and myofibril injury [41]. Contractility
decrease is detected after 12 h in in vitro studies of
isometric tension in isolated diaphragmatic strips and
seems to be progressive [5]. Eighteen hours of MV is
enough to result in reduced diaphragmatic maximal
specific tension, but in other way it increases
diaphragmatic fatigue resistance [7, 42]. There are even
short-term animal models of MV that have shown
positive aspects regarding respiratory muscles, such as
reversal of respiratory muscle fatigue, prevention of
muscle fiber injury, and restoration of perfusion to vital
organs in shock [40]. Aging group could be another
situation where short term MV with high FiO2 could be
beneficial for diaphragm. Moreover, the idea that reactive
oxygen species (ROS) are harmful to all cells has been
challenged by studies showing that ROS are necessary for
contractile function, and levels below or above baseline
levels prevent the production of muscle strength [42]. The
optimal level of ROS could be reached by use of
antioxidants. Li et al. [10], in a study with mice ventilated

with high and low tidal volume, showed that treatment
with low-dose unfractionated heparin or enoxaparin
attenuated the deleterious effects in the lungs of mice
ventilated with high tidal volume.

In conclusion, our data indicate that as few as 6 h of
MV with high fraction of inspired oxygen can result in
decreased diaphragmatic force production, greater lung
lesion and increase of inflammatory mediators in aged
animals and that the magnitude of these events was time
and age-dependent; a greater susceptibility to the adverse
effects of mechanical ventilation/hyperoxia in old animals
may be relevant to the higher ARDS mortality that has
been observed in elderly patients and could prompt
researchers to concentrate on specific measures for this
particular group. Our observations of the effects of MV/
hyperoxia in healthy aged rats should be reproduced in a
model that could add a previous lung lesion, for better
simulation of the clinical situation of aged patients with
ARDS submitted to MV/hyperoxia.
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