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General anesthesia is frequently associated to transient hypoxemia and lung atelectasis. Although volatile
anesthetics are safe and widely used, their potential role on anesthesia-induced pulmonary impairment
has not been fully explored. In this study, we investigated the effect of volatile anesthetic sevoﬂurane on
pulmonary surfactant composition and structure that could contribute to atelectasis. After 30 min of
sevoﬂurane anesthesia, SpragueeDawley rats showed increased levels of lyso-phosphatidylcholine and
decreased levels of phosphatidylcholine associated with signiﬁcant impairment in lung mechanics and
alveolar collapse, but showed no deterioration of alveolar ﬂuid reabsorption when compared to control
group of rats anesthetized with pentobarbital. Exposure to sevoﬂurane altered the thermotropic proﬁle
of surfactant model membranes, as detected by ﬂuorescence anisotropy. In this sense, sevoﬂuranepromoted ﬂuidiﬁcation of condensed phases could potentially impair the ability of surfactant ﬁlms to
sustain the lowest surface tensions.
In conclusion, the observed changes in surfactant composition and viscosity properties suggest a direct
effect of sevoﬂurane on surfactant function, a factor potentially involved in anesthetic-induced alterations in lung mechanics.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
More than a century ago Meyer [1] and Overton [2] proposed a
strong correlation between the potency of anesthetics and their
solubility in olive oil. Despite its elegance, certain exceptions to the
MeyereOverton correlation apply to volatile anesthetics based on
their interaction with lipid bilayers [3]. Although volatile anesthetics are safe and widely used in general anesthesia, pulmonary
surfactant and the alveolar epithelium are exposed to its highest
concentrations and thus, potentially affecting their biophysical
properties and structure.
General anesthesia is frequently associated with a transient
deterioration of lung mechanics and blood oxygenation [4,5] secondary to atelectasis [6] and ventilation-perfusion mismatch [7]. In
this sense, a direct effect of sevoﬂurane on the alveolar epithelium
* Corresponding author. Area de Investigación Respiratoria, Hospital de Clínicas,
Departamento de Fisiopatología, Av Italia 2870 piso 15, sala 1, Uruguay. Tel./
fax: þ39 598 24819161.
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and pulmonary surfactant has been suggested [8e10] in order to
explain those clinical ﬁndings.
Sevoﬂurane, is a ﬂuorinated halogenated anesthetic considered
a better option than halothane [11,12], which has been associated
with cell damage and lung impairment [13]. Although sevoﬂurane
does not affect the alveolar epithelial structure [14], several reports
suggested a pro-inﬂammatory role leading to different degrees of
lung injury [15e17]. Moreover, sevoﬂurane promoted an early gene
up-regulation [18] of endothelin-1, a potent vasoconstrictor
recently involved in the inhibition of alveolar ﬂuid reabsorption
(AFR) [19].
The aim of our study was to determine whether sevoﬂurane
affects lung surfactant composition and viscosity properties.
Particularly, an experimental animal model of short time exposure
(30 min) to sevoﬂurane anesthesia (one minimum alveolar concentration, 1 MAC) is proposed, in order to discriminate the early
effect of this anesthetic on alveolar epithelial functionality as well
as the biochemical and structural properties of pulmonary
surfactant.
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2. Methods
2.1. Animal preparation
Experimental protocol and animal care were approved by the
Animal Research Committee of the School of Medicine, Montevideo, Uruguay. Seventy-two male Sprague Dawley rats weighing
310  4.6 g were used in our protocol with free access to food/water
and maintained on a 12-h light/12-h dark cycle. Animals were
housed in polycarbonate ventilated cages and were handled according to international standards.
2.2. Experimental design
Animals were randomly assigned to one of four groups:
Group 1: Pentobarbital-anesthetized, mechanically-ventilated
rats (n ¼ 18).
Group 2: Sevoﬂurane-anesthetized, mechanically-ventilated
rats (n ¼ 18).
Group 3: Colchicine-treated, pentobarbital-anesthetized,
mechanically-ventilated rats (n ¼ 18).
Group 4: Pentobarbital-anesthetized, spontaneously breathing
rats (n ¼ 18).
Once rats were anesthetized with either inhaled sevoﬂurane (one
minimum alveolar concentration, 2e3% sevoﬂurane) or intraperitoneal pentobarbital (35 mg/kg), Groups 1e3 animals were then supplemented with oxygen (60%) via a T-tube until muscle paralysis was
achieved with 0.3 ml intravenous administration of 10 mg ml atracurium. Once muscle paralysis was achieved, animals were mechanically ventilated for 30 min, under the following conditions: tidal
volume (VT) of 8 ml/kg, respiratory rate (RR) of 25 breaths/min, and
positive end-expiratory pressure of 0 cm H2O. To evaluate effect of
anesthesia on alveolar ﬂuid reabsorption [20] and surfactant secretion [21], pentobarbital-anesthetized rats (Group 3) were dosed with
intraperitoneal colchicine (0.25 mg/100 g body weight) 15 h before
start of experimental manipulation. Finally, to examine the role of
inhaled sevoﬂurane and mechanical ventilation on lung surfactant
lipid proﬁle, Group 4 animals were anesthetized with intraperitoneal
pentobarbital (25 mg/kg) and allowed to breathe spontaneously
while receiving supplemental oxygen for 30 min via the T-tube.

Respiratory mechanics were measured from end-inspiratory occlusions after constant ﬂow inﬂations as previously described [22].
Brieﬂy, after end inspiratory occlusion, there is an initial fast decrease
in tracheal pressure of the respiratory system (DP1RS) from the preocclusion value down to an inﬂection point (PiRS). DP1RS reﬂects the
pressure required to overcome the combination of airway, pulmonary
and chest wall resistances. Slow pressure decrease (DP2RS) ensues
until a plateau is reached. This plateau corresponds to the elastic
recoil pressure of the respiratory system (PelRS). DP2RS reﬂects the
pressure spent on viscoelastic properties of lung and chest wall tissues. Transpulmonary pressure obtained by an esophageal catheter
allowed us to differentiate lung (L) and chest wall (W) components
from the total respiratory system. Measurements were performed 10
times on each animal and then averaged. Equipment ﬂow resistance
(tracheal cannula included) was 0.032 cm H2O ml1 s. The equipment
resistive pressure was subtracted from respiratory system and pulmonary resistive pressures and equals the product of ﬂow resistance
by airﬂow. Equipment dead space was 0.4 ml.
Fig. 1 shows a representative scheme of an end-inspiratory occlusion record.

2.4. Histological analysis
At the end of the MV period, the lungs were extracted and quickly
frozen by immersion in liquid nitrogen to perform morphometric
analysis, as previous described [23,24]. Brieﬂy, tissues were ﬁxed in
Carnoy’s solution (ethanol:chloroform:acetic acid, 70:20:10 v/v)
at 70  C for 24 h and then increasing concentrations of ethanol
at 20  C were successively substituted for Carnoy’s solution until

2.3. Lung mechanics
A tracheal cannula (a polypropylene tube of 50 mm length and
1.5 mm internal diameter) was placed by tracheotomy, inserted
10 mm into the trachea and secured by a lace (2.0 silk suture). Analgesia was achieved by lidocaine hydrochloride (0.3 ml of 2% solution)
in the area of incision. Following surgery, pentobarbital or sevoﬂurane anesthesia was maintained for 30 min. A pneumotachograph
with a differential pressure transducer (PNEU01 World Precision Instruments, Inc., Sarasota, FL, USA) was connected to the tracheal
cannula in order to measure airﬂow and lung volume changes. A
second differential pressure transducer (PNEU05 World Precision
Instruments, Inc., Sarasota, Fl, USA) was used at the side port of the
tracheal cannula in order to measure tracheal pressure (Ptr). For the
esophageal pressures (Pes) measurements, to separate lung and chest
wall compliance, a 30 cm-long water-ﬁlled catheter PE-25 was used,
with side holes at the tip connected to another differential pressure
transducer (Statham P23BC, Hato Rey, Puerto Rico, U.S.A.).
Muscle relaxation was achieved in all ventilated animals with
atracurium (0.3 ml of 10 mg/ml solution, i.v.) and mechanical
ventilation was performed with 60% oxygen by means of a timecycled rodent ventilator (SAMAY VR-15, Uruguay) and all data
were analyzed using ANADAT data analysis software (RHT Infodat,
Montreal, CANADA).

Fig. 1. Lung mechanics. Typical record of end inspiratory occlusion. The ﬁgure shows
(from top to bottom) ﬂow, tracheal pressure and esophageal pressure. Tracheal pressure record shows, after occlusion, a sudden decrease from peak value (PmaxRS) followed by a gradual decrease until plateau pressure was reached (PelRS). *occlusion,
Pmax ¼ Maximal traqueal pressure, PiRS ¼ tracheal pressure at inﬂection point,
Pel ¼ Elastic recoil pressure, DP1 ¼ Viscose pressure decay, DP2 ¼ viscoelastic pressure
decay. Transpulmonary pressure (Lung) is obtained from the difference between
Tracheal and Esophageal pressures.
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100% ethanol was reached. After ﬁxation, three blocks were performed from midsagittal slices at the level of upper lobe, axial
bronchus and lower lobe and they were embedded in parafﬁn and
hematoxylin-eosin stained. One hundred eighty images per study
group were obtained by a Nikon Optiphot microscope with a Plan
40 DIC NA 0.65 objective. Images were processed in Image Pro-Plus
software (Media Cybernetics, Inc. Bethesda, MD, USA) and masked
for any empty areas, blood vessels and large airways by pseudocoloring [23]. The same image analysis software was used to
threshold images for air spaces and alveolar wall thickness; and
expressed in relative units (RU). Areas for air spaces were calculated
as a percentage of white/total image area minus masked areas.
Alveolar wall thickness was randomly evaluated in those images
rejecting measurements associated to full-collapsed alveoli in order
to avoid double-sized septae. The histological analysis was performed by an investigator unaware of the sample origin.
2.5. Isolated perfused rat lung model
A second set of animals was distributed among the same subgroups (G1, G2 and G3) as described above. After MV, lungs and
heart were removed in block and the isolated lung preparation was
performed as previously described [19,23]. Lungs were ﬁlled with
5 ml of Bovine Serum Albumin (BSA) solution containing 0.1 mg/ml
Evans blue dye (EBD; Sigma). Alveolar ﬂuid reabsorption (AFR) was
measured as the differences in concentrations of Evans blue dyealbumin among samples taken from the instilled solution added
to the alveolar space.
Mathematical calculations to determine AFR were fully
described previously [25].

V0 ½EBD0 ¼ Vt ½EBDt
Vt ¼ V0 ½EBD0 =½EBDt



Vt  V0
J ¼
t
where, V0 is the initial known volume instilled into rat air spaces
containing a known concentration of Evans blue dye-albumin
[EBD]0. Vt and [EBD]t are the alveolar ﬂuid volume and EBD concentration in the instillate at time t respectively. J is the volume ﬂux
during a time period (t).
The perfusate solution was adjusted in normocapnia, 40 mmHg
CO2, bubbled in the perfused liquid, with or without 1 MAC sevoﬂurane by adding to the perfusate solution the speciﬁc amount of
sevoﬂurane (0.3 mM, to avoid any unintended gas dissipation
during the perfusate circulation). Fluorescein isothiocyanate (FITC)
labeled-albumin was also added to the perfusate to check the
capillary barrier integrity along the experiment. Evans blue dye
concentration was quantiﬁed by its absorbance at 620 nm (Spectrophotometer UVeVis Shimadzu 160) and FITC concentration by
its emission ﬂuorescence at 521 nm (Picoﬂuor ﬂuorometer. Turner
Biosystems, CA, USA), in samples obtained at 0 and 60 min from the
beginning of the experiment.
Levels of pH, pO2, and pCO2 were monitored in the perfusate by
a Phox Plus blood gas analyzer (Nova Biomedical; Waltham, MA.)
2.6. Lung lavage procedure
In a third set of animals, after mechanical ventilation and lung
mechanics analysis (G1, G2 and G3), the lungs were instilled with
one bolus of 5 ml (saline solution, 150 mM NaCl) at room temperature. The lavage was repeated ﬁve times with the same initial volume
(ﬁnal recovery w 3.5e4.0 ml). The bronchoalveolar lavage ﬂuid
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(BALF) collected was centrifuged for 10 min at 1000 g and 4  C to
remove cell debris. The supernatant was stored at 20  C until total
protein and phospholipids content was performed.
2.6.1. BALF phospholipids proﬁle
2.6.1.1. Phospholipid (PL) content of BALF was determined by high
performance liquid. Chromatography (HPLC e Agilent 1100, HewlettePackard, CO, USA, equipped with diode array detector) as
previously published with minor modiﬁcations [26]. Prior to the
analysis, organic extraction of the phospholipids was performed as
previously described [27]. The separation was achieved on a silicabased column 250 mm  4.6 mm I.D. with 5 mm spherical particles
and 80 
A pore (Phenomenex, CO). The mobile phase was
acetonitrile-methanol-85% phosphoric acid (100:10:1.8, v/v), previously degassed and delivered to the column at a ﬂow-rate of
1.0 ml/min and at 50  C. The detection wavelength was set at
204 nm and a calibration curve was performed with standard
phospholipids samples (SigmaeAldrich). Total PL content was
determined as the algebraic sum of the relative measured components: phosphatidylcholine (PC), lyso-phosphatidylcholine (lysoPC), phosphatidylserine (PS) and phosphatidylethanolamine (PE).
2.6.2. BALF total protein
Total protein content in BALF samples was estimated by the
Bradford method, previously described [28]. BSA solution was used
as standard protein; absorbance at 595 nm was measured in samples incubated with Bradford reagent after 10 min of mixing
(FinstrumentsÒ Multiskan Model 349 96 well Microplate Absorbance Reader.). The protein sample concentration was estimated as
the concentration of BSA.
2.7. Thermotropic proﬁle of membranes by diphenylhexatriene
anisotropy
Vesicles were made with a selected mix of lipids intended to
mimic a pulmonary surfactant sample [29], the mixture were:
dipalmitoylphosphatidylcholine (DPPC) : phosphatidylcholine
(yolk egg) : cholesterol, 1:1 phospholipid molar ratio and 20% molar
of cholesterol with a ﬁnal concentration of 0.6 mM of total phospholipids. Lipids in methanol-chloroform (1:1 v/v) solution were
dried in a CentriVap Concentrator (Labconco. CO), for 1 h at 30  C.
Three independent dispersions of multi lamellar vesicles (MLVs)
were prepared by adding Tris buffer 5 mM, pH 7.01 with 150 mM
NaCl at 45  C. At the end, samples were heated at 50  C and vortexed for 1 h. Finally, the MLVs were extruded through a 1 mm pore
membrane eleven times in order to obtain the desired diameter
vesicles (Avanti Polars Lipids, Inc). The vesicles were loaded with
1,6-diphenyl-1,3,5-hexatriene (SigmaeAldrich) in a 1/500 ratio.
Empty vesicles (without probe), were prepared for background
solution. Anisotropy measurements were determined as the ﬂuorescence emission intensity in parallel (IVV) and perpendicular
(IVH) orientations from the exciting beam (vertical orientation), the
data was collected 10 times each and then averaged [30]. The probe
was excited at 360 nm and the emission was collected at 430 nm.
Anisotropy, r, was calculated as:

r ¼

IVV  G:IVH
IVV þ 2GIVH

and,

G ¼

IHV
IHH

where G is the monochromator grating correction factor (obtained
by setting the excitation polarizer to the horizontal position). The

Please cite this article in press as: Malacrida L, et al., Sevoﬂurane anesthesia deteriorates pulmonary surfactant promoting alveolar collapse in
male SpragueeDawley rats, Pulmonary Pharmacology & Therapeutics (2014), http://dx.doi.org/10.1016/j.pupt.2013.12.005

4

L. Malacrida et al. / Pulmonary Pharmacology & Therapeutics xxx (2014) 1e8

background was subtracted in each component of the polarized
emission (IVV and IVH) before calculation of the anisotropy. The
thermotropic behavior between 10 and 50  C was measured in a
Cary Eclipse Fluorimeter (Varian, CO), equipped with four-position
cell holder, and with a peltier system for temperature control.
2.8. Data analyses
Data are expressed as means  SEM; “n” represents the number
of rats in each group. Data were compared using analysis of variance adjusted for multiple comparisons with the Tukey test. When
comparisons were performed between two groups of values, signiﬁcance was evaluated by the Student’s t-test.
For anisotropy experiments, we performed analysis of variance
(ANOVA) test to compare groups at each temperature level. In
addition, a ﬁtting-curve analysis based on Boltzmann’s equation
(which describes the statistical behavior of a thermodynamic system) was performed to determine if curves are statistically
different. In order to identify if the samples were in a normal distribution a KolmogoroveSmirnov test was performed. A p
value  0.05 was considered signiﬁcant.
3. Results
3.1. Lung mechanics
To evaluate whether sevoﬂurane modiﬁes the energy dissipation in the airways compared to an intravenous anesthetic, we
determined the lung mechanics of rats ventilated and anesthetized
with sevoﬂurane or pentobarbital sodium as a control group.
Compared to control (G1), animals exposed to sevoﬂurane (G2)
showed a decrease in lung compliance with a signiﬁcant increase in
the viscoelastic pressure, static and dynamic elastances in the lung
component (Table 1). The chest wall component was unaffected by
sevoﬂurane anesthesia, suggesting that modiﬁcations of the respiratory system are a direct consequence of lung tissue modiﬁcations. In opposition, lung mechanics of rats pre-treated with
colchicine (G3) showed a decrease in respiratory compliance predominantly by a signiﬁcant impairment of non-tissular components (Table 1).
3.2. Lipid proﬁle and protein content in BALF
Despite other factors, the mechanical properties of lung tissue
are directly affected by pulmonary surfactant modiﬁcations.
Following this reasoning we determined whether the observed
alterations in lung mechanics were related to changes in pulmonary surfactant composition.
Phospholipids distribution in BALF was affected by sevoﬂurane
anesthesia. Total content of PLs showed a 1.5 times decrease in G2
group compared to G1 (p < 0.05, Table 2).
A signiﬁcant decrease in PC levels was observed (1.4 and 1.7
times lower, p < 0.05) associated with an increase in lyso-PC levels
(2.7 and 1.7 times higher, p < 0.01) in the G2 group compared to the
G4 and G1 groups, respectively.
It was conﬁrmed that mechanical ventilation alone did not alter
the total phospholipids content nor the proﬁle of its components
(G4 vs. G1) but the changes in BALF phospholipids distribution
were due to sevoﬂurane exposure.
Total protein content although subtly lower in G2 was not
signiﬁcantly different compared with G1 and G4 groups (Table 2).
Based on these results, a direct effect of sevoﬂurane on pulmonary surfactant metabolism cannot be discarded; therefore, we
evaluated the effect of colchicine on pulmonary surfactant as a
general inhibitor of cell metabolism.

Table 1
Lung mechanics in ventilated anesthetized animals.
Ventilatory settings
Animals group (n ¼ 13)

Flow (mL s1)
Volumen (mL)
Respiratory system (RS)
PmaxRS (cmH2O)
PiRS (cmH2O)
PelRS (cmH2O)
DPtotRS (cmH2O)
DP1RS (cmH2O)
DP2RS (cmH2O)
EstRS (cmH2O mL1)
EdynRS (cmH2O mL1)
DERS (cmH2O mL1)
Lung (L)
PmaxL (cmH2O)
PiL (cmH2O)
PelL (cmH2O)
DPtotL (cmH2O)
DP1L (cmH2O)
DP2L (cmH2O)
EstL (cmH2O mL1)
EdynL (cmH2O mL1)
DEL (cmH2O mL1)
Chest wall (W)
PmaxW (cmH2O)
PiW (cmH2O)
PelW (cmH2O)
DPtotW (cmH2O)
DP1W (cmH2O)
DP2W (cmH2O)
EstW (cmH2O mL1)
EdynW (cmH2O mL1)
DEW (cmH2O mL1)

Group 1

Group 2

Group 3

10.10  0.04
2.05  0.03

10.02  0.03
2.04  0.03

10.04  0.01
2.04  0.01

11.39  0.63
9.12  0.64
6.93  0.49
4.60  0.43
2.41  0.43
2.19  0.16
3.40  0.21
4.47  0.32
1.07  0.08

15.13  0.88**
12.73  0.94**
9.48  0.80*
5.98  0.33*
2.73  0.28
3.25  0.23**{{
4.66  0.39*
6.26  0.46*
1.60  0.12**{{

15.05  1.18*
11.52  1.00
10.44  0.87*
4.61  0.35
2.53  0.18
2.31  0.17
5.13  0.45*
5.85  0.53
1.15  0.09
10.98  0.30*
8.90  0.22
7.23  0.50*
3.75  0.40
2.18  0.15
1.87  0.30
3.57  0.30
4.26  0.30
0.96  0.04

8.76
6.67
5.13
3.65
2.11
1.54
2.52
3.27
0.75











0.45
0.46
0.37
0.45
0.47
0.11
0.19
0.23
0.05

12.29  0.89**
10.06  0.93**
7.38  0.70*
5.10  0.40*
2.41  0.29
2.68  0.31*
3.63  0.34*
4.95  0.47*
1.32  0.15*{

2.63
2.45
1.80
0.95
0.30
0.65
0.88
1.20
0.32











0.32
0.30
0.22
0.15
0.07
0.11
0.11
0.15
0.05

2.85
2.67
2.10
0.88
0.31
0.57
1.03
1.31
0.28











0.15
0.14
0.16
0.12
0.04
0.12
0.07
0.06
0.06

3.97
2.71
3.22
0.85
0.11
0.63
1.53
1.98
0.43











0.50*
0.29
0.86
0.30
0.02*x
0.11
0.03**xx
0.05**xx
0.50

Values represent mean  SEM.
*p < 0.05 Group 2 and 3 compared to Group 1.
**p < 0.01 Group 2 and 3 compared to Group 1.
xp < 0.05 Group 3 compared to Group 1 and 2.
xxp < 0.01 Group 3 compared to Group 1 and 2.
{p < 0.05 Group 2 compared to Group 3.
{{p < 0.05 Group 2 compared to Group 3.

Animals pre-treated with colchicine showed a signiﬁcant
decrease in total phospholipids content (p < 0.05), as well as in PS
and PE (p < 0.01) with a signiﬁcant increment in lyso-PC levels
(p < 0.01) compared to the G1 and G2 groups.
Total phospholipids and proteins in BALF were statistically
decreased in G3 compared to G4 groups (p < 0.05, Table 2).
Table 2
Phospholipids and Protein values in BAL.
Animals groupsa
G1
G2
Phospholipids, mg/ml
PLTotal
115.3  9.1
79.0  11.0*
PC
90.1  9.8
51.3  8.8*
Lyso-PC
4.7  1.9
7.8  0.2**
PC/Lyso-PC
21.0  4.0
6.6  0.6**F
PE
13.7  202
10.4  1.9
PS
3.0  0.6
2.4  0.3
Proteins, mg/ml
0.38  0.10
0.22  0.07

G3

G4

83.9  3.9{
66.0  3.8
15.3  1.0F
4.3  0.1**F
2.5  0.3**F
1.6  0.1**F

90.6  14.8
72.8  12.4
2.9  0.8
25.6  1.7
7.7  1.5
1.8  0.2

0.14  0.03Ø

0.36  0.02

Values represent mean  SEM
*p < 0.05 compared to G1 and G4.
**p < 0.01 compared to G1.
Fp < 0.01 compared to G2.
{p < 0.05 compared to G4.
Øp < 0.01 compared to G4.
a
n ¼ 8 per group.
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Gas distribution was achieved through a histological pattern
analysis of alveolar collapse and septum thickness. Animals anesthetized with sevoﬂurane showed an increase in alveolar collapse
(gas/tissue ratio) compared to G1 (Fig. 2a and b). Septum thickness
was also signiﬁcantly higher in animals exposed to sevoﬂurane
compared to G1 (Fig. 2a and b).
Animals pre-treated with colchicine showed signiﬁcant alveolar
collapse expressed by gas/tissue ratio and more septum enlargement than the G1 group (Fig. 2a and b). Compared to G2, the G3
group showed less alveolar collapse and similar degrees of septum
enlargement (Fig. 2a and b).

lipid vesicles were made with a lipid mixture imitating pulmonary surfactant, exposed to sevoﬂurane and analyzed by DPH
anisotropy in a thermotropic study. The vesicles in control condition (no sevoﬂurane exposure) showed a broad ordered-todisordered transition with an estimated melting point around
33  C (Fig. 4) (estimated by calculating the second derivative).
Sevoﬂurane (1 and 3 MAC, 0.3 and 0.9 mM) promoted a signiﬁcant decrease in anisotropy at temperatures below 33  C, with a
signiﬁcant increase in anisotropy above 40  C (Fig. 4). As expected, anisotropy changes during the estimated melting transition (Tm) were not identiﬁed, however, clear changes in the
lateral order phases below (Liquid order, Lo) and above (Liquid
disorder, Ld) the Tm were observed.

3.4. Alveolar ﬂuid reabsorption (AFR)

4. Discussion

To evaluate whether sevoﬂurane could promote alveolar
collapse by inhibiting the ability of lungs to clear pulmonary
edema, we evaluated the AFR in different groups of rats. AFR was
not statistically different in lungs exposed to sevoﬂurane compared
to control rats (Fig. 3a). Alveolar capillary permeability, evaluated
by FITC-BSA ﬂux, was not signiﬁcantly affected by sevoﬂurane
compared to control (Fig. 3b). A signiﬁcant reduction in AFR was
observed in rats pre-treated with colchicine, compared to G1 and
G2, without signiﬁcant differences in FITC ﬂuxes comparing the
same groups (Fig. 3a and b).

Clinical and experimental data have previously demonstrated
that sevoﬂurane anesthesia promotes alveolar collapse and transient hypoxemia [5,10], but the mechanisms underneath are not
clearly identiﬁed. Based on its biochemical properties, sevoﬂurane
has poor solubility in water [31] and high lipid afﬁnity which
promotes its interaction with surfactant and cellular membranes
in the alveolar space. In the other hand, pulmonary surfactant and
the alveolar epithelium are exposed to the highest anesthetic
concentration during general anesthesia. Thus, we exposed rodent
lungs to sevoﬂurane to elucidate whether its effects on lung
mechanics are associated to lung edema formation or biochemical/biophysical changes of pulmonary surfactant. Our results
show, that changes in pulmonary surfactant composition and
structure promote the alveolar collapse observed in ventilated
animals anesthetized with sevoﬂurane while maintaining lung
ﬂuid reabsorption.

3.3. Lung histology

3.5. Thermotropic proﬁle of membranes by diphenylhexatriene
(DPH) anisotropy
To evaluate whether the in vivo effects of sevoﬂurane could be
explained by changes in pulmonary surfactant membrane ﬂuidity,

Fig. 2. Histological pattern. (a) Mechanical ventilation with sevoﬂurane and colchicine administration, both generates lung edema and alveolar distortion compared to control
group (representative images). (b) Collapse and septum thickness values were signiﬁcantly different for sevoﬂurane and colchicine groups compared to control rats. Bars represent
mean  SEM. G1 ¼ control-pentobarbital-mechanical ventilation group. G2 ¼ sevoﬂurane-mechanical ventilation group. G3 ¼ colchicine-pentobarbital mechanical ventilation
group. ***p < 0.001 compared to G1. q ¼ p < 0.001 compared to G2 (n ¼ 5).

Please cite this article in press as: Malacrida L, et al., Sevoﬂurane anesthesia deteriorates pulmonary surfactant promoting alveolar collapse in
male SpragueeDawley rats, Pulmonary Pharmacology & Therapeutics (2014), http://dx.doi.org/10.1016/j.pupt.2013.12.005

6

L. Malacrida et al. / Pulmonary Pharmacology & Therapeutics xxx (2014) 1e8

Fig. 3. Alveolar ﬂuid reabsorption (AFR) in isolated lungs. (a) Alveolar ﬂuid reabsorption is not affected by sevoﬂurane and (b) do not impairs alveolar capillary
permeability (right) compared to control group. Colchicine reduces signiﬁcantly AFR
compared to control and sevoﬂurane. Bars represent mean  SEM. G1 ¼ controlpentobarbital-mechanical ventilation group. G2 ¼ sevoﬂurane-mechanical ventilation
group. G3 ¼ colchicine-pentobarbital mechanical ventilation group, *p < 0.05 (n ¼ 5).

Sevoﬂurane appears as a better volatile anesthetic [14] than
halothane and isoﬂurane, which have been associated with an
in vitro reduction in surfactant phospholipids synthesis [13,32] and
alveolar ﬂuid reabsorption [33]. However, a recent report indicates
that sevoﬂurane increases atelectatic regions and lung inﬂammation [17], reﬂecting a potentially induced alveolar instability.

Fig. 4. Thermotropic behavior of vesicles by diphenylhexatriene (DPH) anisotropy.
Anisotropy decay of DPH in vesicles during the thermotropic transition study was
observed. A signiﬁcant decrease in the anisotropy is observed by the addition of sevoﬂurane (1 and 3 MAC, 0.3 and 0.9 mM) at temperatures below 33  C; and for temperatures above to 40  C the anisotropy show an increase. However, there are not
changes in the anisotropy over the estimated melting transition (Tm) of the membrane. *p < 0.01 (n ¼ 3).

Based on our results, the animals anesthetized with sevoﬂurane
showed a signiﬁcant increase on viscoelasticity and lung inhomogeneity expressed by changes in viscoelastic pressure, static
and dynamic elastances compared to control and colchicine pretreated rats (Table 1). Since sevoﬂurane did not modify the pulmonary resistive pressure dissipation, our data reﬂects changes
induced at the peripheral lung tissue and not on airway resistance,
as was previously published [10]. Moreover, the observed lung
tissue stiffening and the alteration of energy dissipation against the
viscoelastic components could be explained by changes in the
alveolar environment, as was suggested in a previous report with
halothane [8].
Interestingly, after only 30 min of exposure to sevoﬂurane in a
clinical dose, we observed increased levels of lyso-PC associated to
a decrease in PC levels (Table 2). This ﬁnding is remarkable because
increased levels of lyso-PC have been associated with lung injury
and abnormal surfactant tensoactive properties secondary to DPPC
degradation [34,35].
Indeed, the speciﬁc proﬁle of surfactant lipids is fundamental in
order to deﬁne its ability to lower surface tension [36]. As previously reported, even a modest increase on lyso-PC levels can
modify the whole leaﬂet curvature and inhibit the pulmonary
surfactant adsorption capacity by itself [37,38], impairing lung
mechanical properties [39].
Considering PC as the most abundant surfactant phospholipid,
the accumulation of lyso-PC could reﬂect an imbalance of surfactant
turnover as was suggested also for isoﬂurane anesthesia [40]. Thus,
we decided to evaluate the effect of colchicine, a well-known inhibitor of surfactant phospholipids release by microtubule disruption [41] on a separate group of animals. Colchicine inhibits both the
slow surfactant turnover and its rapid release by lung distention
[42] and this effect is clearly observed in BALF samples (Table 2).
Animals treated with colchicine showed a typical pattern of cell
arrest characterized by low protein secretion and degradation of
surfactant lipids, different from that of animals exposed to sevoﬂurane. However, colchicine promoted alterations of the pulmonary
resistive pressure dissipation and less collapse than sevoﬂurane
(Fig. 2a and b) with the highest levels of Lyso-PC in BALF and the
lowest PC/Lyso-PC (Table 2) ratio, suggesting that sevoﬂurane is
compromising alveolar stability besides its effect on lipid proﬁle.
In the other hand, halothane promotes the inhibition of active
sodium transport across the alveolar epithelium [43] and sevoﬂurane induces endotelin-1 up-regulation [18] suggesting a potential mechanism of AFR impairment [19]. Thus, alveolar
instability induced by lung edema formation secondary to sevoﬂurane anesthesia could not be excluded.
Interestingly, sevoﬂurane do not affect AFR or the epithelial
integrity in the isolated lung model (Fig. 3), in opposition to the
effect of halothane [43]. This is an extremely relevant result because
it indicates that the architectural changes observed at the lung
tissue by sevoﬂurane are not related to alveolar edema. Even
though colchicine combines the inhibition of surfactant turnover
and lung edema reabsorption, G3 rats had less alveolar collapse
compared to animals exposed to sevoﬂurane (Fig. 2b) suggesting a
second mechanism besides the increment of lyso-PC.
Volatile anesthetics are lipophilic compounds [44] that can
interact with surfactant lipids [45] and promote its dysfunction by a
biophysical impairment in a short period of time.
In the selected lipid mixture, sevoﬂurane promoted a dual change
of micro-viscosity: decreased it up to the mean transition point (from
10 to 33  C) and increased it above the Tm (Fig. 4). In this sense,
anisotropy changes should be interpreted as a differential behavior in
the pulmonary surfactant structure as a membrane below and above
the melting transition point. From 10 to 33  C the low melting
component is disorganized by weakening Van der Waals forces in the
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Fig. 5. Proposed scheme of the surfactant dysfunction induced by sevoﬂurane in the alveolar space (not to scale). (a) Speciﬁc shapes of phospholipids (modiﬁed from Ref. [53])
determine the development of complex re-arrangements in 2 or 3D of membranes such as bi or monolayers, micelles or inverted hexagonal phases (HII), among others. (b) Normal
Surfactant. Schematic view of the pulmonary surfactant at the alveolar air/water interphase. By their lipideproteins interactions the pulmonary surfactant promotes the ﬁnal
curvature (monolayer at the interphase and multilayers at the hipophase), adsorption (promoting curvature and hexagonal phases) and tensoactive capacity (forming a tight
condensed phase). These are related in part to the average shape of the phospholipids mixture (in order to simplify the picture we decided exclude the cholesterol). (c and d)
Proposed effect of Sevoﬂurane and Mechanical Ventilation to the pulmonary surfactant. By the addition of sevoﬂurane, the lateral order of mono (Liquid condensed phase) and
bilayers (Liquid order phases) membranes are altered most likely by weakening lipidelipid and lipideprotein interactions (associated to changes in the microviscosity), promoting
alveolar collapse. Mechanical ventilation aggravates the surfactant dysfunction by an accumulation of lyso-PC, which promotes the appearance of micelles instead of functional
structures. Lyso-PC accumulation could inhibit 3D structures affecting the hexagonal phases organization. (e) Summary of properties of native pulmonary surfactant and the effects
of 30 min mechanical ventilator with sevoﬂurane anesthesia. P ¼ speciﬁc shape equation, a ¼ area, v ¼ volume and l ¼ length. SP-B ¼ Surfactant Protein B, SP-C ¼ Surfactant Protein
C, ELF ¼ Epithelial Lining Fluid, yellow circles ¼ sevoﬂurane, Lc ¼ Liquid Condensed Phase, Lo ¼ Liquid Order Phase, HII ¼ hexagonal phase. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

liquid order phase (Lo), which is relevant for surface tension reduction. However, the increased anisotropy from 43 to 50  C reﬂects the
stabilization of the liquid disorder membrane (Ld) relevant for the
inclusion/exclusion cycle of tensoactive material.
The coexistence of Lo/Ld structures in vitro are in accordance
with our in vivo studies and fairly related with pulmonary surfactant tensoactive properties [46]. Even though a straightforward
association between surfactant micro-viscosity and surface tension
is not fully established, there is strong evidence supporting that
alterations in the lateral structure of the pulmonary surfactant
mono/bilayer lead to its dysfunction [47].
Following this reasoning, it is plausible to propose that sevoﬂurane induces alveolar collapse secondary to a signiﬁcant surfactant dysfunction by direct biophysical impairment. This effect is
magniﬁed by the subsequent mechanical ventilation period that
further extends the alveolar collapse by increasing lyso-PC levels
[48] (Fig. 5). However, mechanical ventilation and the lack of PEEP
in our experimental design is a confounding factor in our study. Is
generally accepted that low tidal volume ventilation and zero PEEP
promotes alveolar collapse [49], the same evidence suggests that
the addition of PEEP did not modify the compliance decay in a
rodent model and only periodical lung inﬂation maneuvers could
avoid the unintended alveolar collapse. Since mechanical ventilation itself could affect surfactant turnover, we selected a ventilatory
pattern of low tidal ventilation with zero PEEP in order to reduce its
secretion [50]. Moreover, the same ventilatory pattern was also
protective for AFR [51] and alveolar instability [52] which are
present at the onset of lung injury.
In summary, this is the ﬁrst time where the effects of sevoﬂurane anesthesia are evaluated in terms of modiﬁcations in surfactant lipid proﬁle, lipidelipid interactions, lung mechanics and
histology. Further research should be promoted to fully understand
the speciﬁc mechanisms of sevoﬂuraneelipids interactions.
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