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Rhabdomyolysls-Induced oxidative stress Is associated with
morphological and functional damage to the kidney and other
organs, but applications of this model In the lung are still
lacking. The aim of the present study was to determine the
relationship between oxidative stress and the morphological
changes occurring in the lungs of rats SUbjected to rhabdo-
myolysls. Rhabdomyolysls was induced by intramuscular
glycerol Injection (50% vlv, 10 mllkg), and the control group
was injected with saline vehicle. Arterial blood samples were
drawn at 0, 2, 4, and 6 hrs for measurement of arterial gases,
creatine kinase activity, and plasma free F2-lsoprostane levels.
Six hours later, the lungs were removed to determine the wet-to-
dry weight ratio, reduced glutathione (GSH)and GSH disulfide
(GSSG) levels, and activity of antioxidant enzymes (catalase
[CAT),superoxide dismutase [SOD],and GSHperoxidase [GSH-
Px]). Protein carbonylation and lipid peroxldatlon were as-
sessed in the lungs by measurement of carbonyl and malon-
dlaldehyde (MDA) productlon, respectively. Bronchoalveolar
lavage, cell counts, and lung ultrastructural studies were also
performed. Six hours after glycerol Injection, arterial P02 and
PC02 were 23% and 38% lower, respectively, and plasma free F2-

Isoprostane levels were 72% higher, compared with control
values. In lungs, protein carbonyl and MDA production were
58% and 12% higher, respectively; the GSH:GSSG ratio and
GSH-Px activity were 43% and 60% lower, respectively; and
activities of CAT and SOD showed no significant differences
compared with controls. Rhabdomyolysls-induced ultrastruc-
tural impairment of the lung showed Type II cell damage,
extracytoplasmlc lamellar bodies and lack of tubular myelin
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reorganization, endothelial cellular edema, and no disruption of
the alveolar-capillary barrier. These results provide evidence
that rhabdomyolysls could Induce tissue InjUry associated with
Increased oxidative stress, suggesting the contribution of
oxidative stress to the pathogenic mechanism of acute lung
Injury. Exp Bioi Med 231:1430-1438, 2006
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Introduction
Acute respiratory distress syndrome (ARDS) may be

caused by pulmonary and nonpulmonary diseases, including
sepsis, severe pneumonia, peritonitis, and multiple trauma
(1, 2); it is characterized by an overwhelming inflammatory
reaction of the pulmonary parenchyma. In ARDS, the lung
shows an increase in neutrophils (3, 4) and proinflammatory
cytokines, including interleukin-I (IL-l) and tumor necrosis
factor-ex (5). Also, products of inflammatory cell activation,
like the neutrophil protease enzymes elastase (6) and
collagenase (7), are found within the alveolar air space. In
addition, elastase and alveolar IL-8 are reported to be
augmented in the circulation of patients with ARDS (8). The
occurrence of oxidative stress is thought to be involved in
the pathogenesis of the lung injury found in different
settings, such as hyperoxia (9, 10), acute and chronic
ethanol intoxication (11), and ozone exposure or certain
drug effects (12). Moreover, elevated plasma F2-isoprostane

levels, recognized as reliable biomarkers of oxidative stress
(13, 14), have been shown to be predictive of mortality in
patients with ARDS (13, IS). Also, increased Fz-isoprostane
levels in exhaled air have been reported (15). Depletion of
reduced glutathione (GSH), the most prevalent intracellular
thiol, in alveolar epithelial lining fluid is a characteristic
finding in patients with ARDS (16). Experimental animal
models of acute lung injury (ALI) include two mechanisms
of insults, indirectly by the blood (e.g., endotoxin) (17) or
directly by the airways (e.g., Hel instillation) (18).
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Rhabdomyolysis, causing acute renal injury (19, 20) by
a mechanism partly mediated by oxidative stress (21), could
damage other organs such as the lung, which has not been
considered in this setting, to our knowledge. It is known that
heme iron-induced oxidative stress plays a role in renal
tubular cytotoxicity (22). Ferritin levels are increased in
patients with multiple traumas, and ferritin iron may worsen
the oxidative damage to the lung in ALI (22). However,
further studies of the mechanism by which rhabdomyolysis
might be involved in alveolar epithelial damage are needed.
The aim of the present study was to assess the association
between rhabdomyolysis-induced oxidative stress and the
resulting biochemical functional and ultrastructural effects
on the lung.

Materials and Methods
Animals and Experimental Procedures. Adult

male Wistar albino rats (Rattus norvegicus) weighing 200 g
to 250 g (Institute of Biomedical Sciences, Faculty of
Medicine, University of Chile) were given free access to
pellet chow (Champion, Santiago, Chile) and water before
the experiments. Management of rats was carried out
according to internationally accepted ethical rules. The rats
were deprived of water for 12 hrs. Then, under light ether
anesthesia, both hind limbs of the rat were injected with
50% glycerol in saline (total dose, 10 ml/kg, im), and the
animals (n = 68) were allowed free access to water (23). The
control rats were injected with an equal volume of normal
saline (n = 68) and finally were anesthetized with sodium
pentobarbital (40 rng/kg, ip).

Functional Studies. Wet-to-Dry Weight Ratio
Analysis. Six hours after glycerol or saline injection, the
lungs of 24 rats from each group were harvested. The left
lung was dried to a constant mass in an oven kept at 50°C.
The wet-to-dry weight ratio was then determined (24), and
the right lung was used for ultrastructural studies.

Bronchoalveolar Lavage (BAL) Cell Count. To
harvest the pulmonary cells for morphological and func-
tional analysis, 12 rats from each group were killed at 6 hrs
after glycerol injection with an overdose of sodium
pentobarbital and exsanguination. BAL was performed with
calcium-free and magnesium-free phosphate-buffered saline
(pH 7.4). The first BAL volume was administered as 2 ml
per 100 g of body wt. This volume was placed into the lungs
via a tracheal cannula for 30 sees with light massage,
withdrawn, and again instilled into the lungs for 30 sees
more. The recovered fluid was then centrifuged at 300 g for
10 mins (25).

After pooling the BAL samples, the total numbers of
cells were counted in a hemocytometer. To obtain
neutrophil and macrophage counts, the samples were
centrifuged. BAL samples were stained with Wright and
Giemsa solutions. Differential counts were performed on
200 cells using standard morphological criteria. Protein
concentration was determined in the supernatant of the

lavaged fluid for 10 mins at 4°C by the method of Lowry et
al. (26).

Blood Gases. Blood samples of eight rats from each
group were drawn at 0, 2, 4, and 6 hrs after glycerol
injection. Additional pentobarbital sodium (25 mg/kg) was
administered every hour. A blood sample was drawn from
the carotid artery after cannulation with a Silastic catheter
(Silastic medical-grade tubing, 0.305-mm i.d., 0.635-mm
o.d.). Body temperature was continuously monitored via a
rectal probe and was maintained at 37°C with thermostati-
cally controlled plates. The P02 and PC02 were determined
using an ABL 5 (Radiometer, Copenhagen, Denmark) blood
gas analyzer.

Biochemical Assays. For biochemical studies, at 6
hrs after glycerol injection eight rats from each group were
subjected to an infusion via jugular vein with Earle's
mineral essential medium (Sigma-Aldrich, St. Louis MO)
containing sodium bicarbonate (2.2 gil, pH 7.40). Perfusate
was passed through the vascular bed to remove residual
blood at a rate of 40 ml/kg of body wt per minute (23). The
lungs were excised and immediately placed in ice-cold 0.25
M sucrose, blotted on filter paper, weighed, and homogen-
ized as indicated for each assay. Homogenates were
prepared either in 0.25 M sucrose to determine superoxide
dismutase (SOD, EC 1.15.1.1.) activity (27) or in 1.15%
KCI-O.OIO M Tris (pH 7.40) to determine the activities of
both catalase (CAT, EC 1.11.1.6) (28) and GSH peroxidase
(GSH-Px, EC 1.11.1.9) (29). Reduced GSH and GSH
disulfide (GSSG) were assayed by fluorometry, according to
the method of Hissin and Hilf (30). Furthermore, the
GSH:GSSG ratio was calculated. Plasma antioxidant
capacity was measured according to the method of Benzie
and Strain (31) by determination of the ferric-reducing
ability of plasma (FRAP), which was expressed as micro-
moles per liter. Plasma levels of uric acid, a major
contributor to the antioxidant capacity of plasma, were also
measured. The assay for lipid peroxide products was
performed in plasma and lung tissue. Lung lipid perox-
idation was assessed spectrophotometrically at 532 nm by
the thiobarbituric acid reaction at pH 3.5, followed by
separation of MDA by solvent extraction with a mixture of
n-butanol/pyridine (15:1, v/v) (32). Free F2-isoprostanes,

products of nonenzymatic peroxidation of arachidonic acid,
were measured in plasma by enzyme immunoassay using 8-
isoprostane kits (Cayman, Ann Arbor,' MI) and a Sunrise
microplate reader (Tekan, Salzburg, Austria). The results
were expressed as picograms per microliter, with a detection
limit of 5 pg/ml. The interassay and intraassay coefficients
of variation were 9.5% and 10.7%, respectively (33).
Plasma creatine kinase (CK) activity was determined by
an enzymatic method (34). Protein oxidation was assessed
by a spectrophotometric method for carbonyl assay (35).

Ultrastructural Studies. Electron microscopy stud-
ies of lung were carried out on 2-mm vertical slices. For
transmission electron microscopy, the samples were fixed in
2.5% glutaraldehyde and 1% tanic acid in 0.1 M sodium
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Figure 1. Effect of rhabdomyolysis on blood oxygenation (A) and blood carbon dioxide (B). Each point represents the mean ± SEM of six
animals. Open circles represent animals with rhabdomyolysis, and the closed symbols represent the matching control animals. *P < 0.05
compared with the control group, by ANOVA, followed by Bonferroni post hoc test.

cacodylate buffer (pH 7.3) at 4°C for 3 hrs and were post-
fixed for 1 hr in 2% osmium tetroxide. The fixed samples
were dehydrated in ascending grades of ethanol, cleared in
propylene oxide, and embedded in EM Bed 812 epoxy resin
(Electron Microscopy Sciences, Fort Washington, PA). For
orientation purposes, semithin sections were stained with
1% toluidine blue in 1% sodium tetraborate and examined
by light microscopy. Thin sections were prepared using a
Sorvall-Porter Blum MTI-B USA ultramicrotome (Newton,
CT), contrasted with uranyl acetate and lead citrate, and
examined and photographed in a Zeiss EM 109 electron
microscope (Zeiss, Oberkochen, Germany) (36).

Statistical Analysis. Results are expressed as the
mean ± SEM for the number of animals indicated. All
statistical analyses of data were computed using Statistical
Analysis System software (version 6.0; SAS Institute Inc,
Cary, NC). The sources of variation for multiple compar-
isons were assessed by one-way analysis of variance
(ANOVA), followed by Bonferroni test. The unpaired
Student's t test was used for comparison of protein
carbonylation and lipid peroxidation between the control
and rhabdomyolysis groups. The differences were consid-
ered statistically significant at P < 0.05.

Wet-to-D/}' Weight Ratios. Changes in lung wet-to-
dry weight ratio in response to rhabdomyolysis of the
control and experimental groups are given in Table 1. At 4
hrs and at 6 hrs after glycerol injection, the ratios were
significantly higher than those of the control group (P <
0.001).

Bronchoalveolar Lavage. Total alveolar protein in
the lavage fluid (in micrograms per milliliter X grams of dry
lung.") of rats under rhabdomyolysis was significantly
elevated compared with that of BAL of the control (38.5 ±
2.8 versus 26.3 ± 2.4 for rhabdomyolysis versus control, P
< 0.05). In tum, BAL cell counts (cell numbers X 106

) (Fig.
2) revealed that the number of alveolar macrophages
harvested after rhabdomyolysis was unchanged at 2 hrs,
but it was increased at 4 hrs and at 6 hrs (Fig. 2A). In tum,
the neutrophil count was progressively increased from 2 hrs
following glycerol injection compared with the control
group (Fig. 2B).

Rhabdomyolysis, Plasma Antioxidant Ca-
pacity, Lipid Peroxidation, and Protein Oxidation.
As expected, glycerol injection induced rhabdomyolysis, as
demonstrated by the significantly increased activity of CK
in plasma at 6 hrs (0.27 ± 0.01 [n =8] and 37.0 ± 1.5 [n =

B Values are mean ± SEM for 8 subjects.
* P < 0.01 compared with control group, by Student's t test.

Table 1. Time Course of Changes in Lung Wet-to-
Dry Weight Ratio in Response to Rhabdomyolysis8

Results
Pulmonary Function Studies. BloodGases. The

time courses of P02 and PC02 changes after rhabdomyol-
ysis induction are shown in Figure 1. Both P02 (Fig. lA)
and PC02 (Fig. IB) were found to be significantly
decreased versus controls at 4 hrs and 6 hrs following
glycerol injection. Six hours after glycerol injection, arterial
P02 and PC02 were 23% and 38% lower than control
values (P <0.005). During this period, increased heart rate
and breathing frequency were noted in all animals.

Time (hrs)

2
4
6

Control

5.9:!: 0.2
6.1 ::!: 0.3
5.8:!: 0.3

Rhabdomyolysis

6.4 ::!: 0.3
7.5 ::!: 0.2*
8.6 ::!: 0.3*
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Figure 2. Effect of rhabdomyolysis on the differential cell numbers of macrophage (A) and alveolar neutrophil (B) of BAL. Each point represents
the rnean z SEM of 12 animals. Numbers are shown x 106 cells per lung. Open circles represent animals with rhabdomyolysis, and the closed
symbols represent the matching control animals.•P < 0.05 compared with the control group, by ANOVA, followed by Bonferroni post hoc test.
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Figure 4. Effects of rhabdomyolysis on lipid peroxidation and protein
carbonylation in the lung of the rat. Bars are mean :!: SEM of eight
animals."P < 0.05 compared with the control group, by Student's t
test.
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Figure 3. Effects of rhabdomyolysis on plasma lipid peroxidation
products (free plasma F2-isoprostane levels) of the rat. Bars are
mean :!: SEM of eight animals. •P < 0.05 compared with the control
group, by Student's t test.

8] D/ml for control and rhabdomyolysis rats, respectively [P
< 0.05]). Plasma antioxidant capacity, expressed as FRAP
values, was significantly decreased by rhabdomyolysis
(275.2 ± 4.8 [n = 8] and 206.4 ± 2.5 [n = 8] pM/1 for
control and rhabdomyolysis rats, respectively [P < 0.05]).
At this time, plasma levels of uric acid showed no
significant difference between the groups (data not shown).
The concomitant occurrence of oxidative stress was
evidenced by plasma free Frisoprostane levels, which were
72% higher than those of controls (Fig. 3). In addition, the
effect of rhabdomyolysis on lipid peroxidation and protein
oxidation in the lung, assessed by MDA and carbonyl
production, respectively, are shown in Figure 4. After
glycerol injection, MDA production and protein carbon-
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Figure 5. Electron micrographs of the lungsof ratsfromthecontrol andglycerol-induced rhabdomyolysis groups. (PartA)Theair-blood barrier
of rats undergoing rhabdomyolysis shows cytoplasmic edema in Type I cells (1) separated by the basal membrane (arrow) fromthe adjacent
endothelium with mildedema (E). In the alveolar lumen (*), thereare numerous lamellar bodies (stars) without tubularmyelin form, except the
oneindicated bythe curved arrow. A capillary vesselis observed witha redbloodcell (AC). Magnification XSO,OOO. (PartB)Alveolar epithelium
constituting the air-blood barrierof a control rat lung.OneType II cell (2) is between twoType I cells (1).Onered bloodcell (AC) is seenwithin
thecapillary lumen (CL). Thealveolar lumen (*) is seenwithsurfactant (star). Magnification x40,OOO. (PartC)Thealveolar epithelium in the lung
of ratsundergoing rhabdomyolysis shows injuryin TypeII cells (2),whichare attached to the air-blood barrier by intercellular junctions, suchas
gapjunctions andtightjunctions (arrow headandarrow, respectively). Aesidues of lamellar bodies (star) areobserved withinthe alveolar lumen
(*), and residues of intracytoplasmic location (star) areobserved in the damaged Type II cells.Edematous endothelium (E)and a redblood cell
(RC)are seenin thecapillary vessels (CL). Magnification XSO,OOO. (Part0) Alveolar epithelium of a control rat lungshows two Type II cells (2),
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Table 2. Effects of Rhabdomyolysis on the Content of
GSH and GSSG and on the GSH:GSSG Ratio of

Rat LungS

Table 3. Effects of Rhabdomyolysis on the Activity of
the Antioxidant Enzymes CAT. SOD. and GSH-Px of

Rat LungS

Variable

GSH (Ilmol/g)
GSSG (Ilmol/g)
GSH:GSSG ratio

Control

0.97 ± 0.03
0.33 :t 0.02
2.94 ± 0.16

Rhabdomyolysis

0.61 ± 0.02*
0.36 ± 0.03
1.69 ± 0.02*

Variable

CAT (Wmg of protein)"
SOD (U/mg of protein)
GSH-Px (U/mg of protein)

Control

0.065 ± 0.004
6.02 ± 0.31

0.246 ± 0.006

Rhabdomyolysis

0.066 ± 0.06
6.22 ± 0.22

0.097 ± 0.010*

a Values are mean :t SEM for 8 subjects.
* p < 0.01 compared with control group, by Student's t test.

ylation were 12% and 58%, respectively, over the control
values (P < 0.05).

Reduced GSH and GSSG. The effect of rhabdo-
myolysis on the content of GSH and GSSG and on the
GSH:GSSG ratio in the lung is given in Table 2. At 6 hrs
foJlowing glycerol administration, GSH and the GSH:GSSG
ratio had decreased by 37% and 43%, respectively.

Activity of Antioxidant Enzymes. The effect of
rhabdomyolysis on the activity of the antioxidant enzymes
of lung from adult rats at 6 hrs after glycerol injection is
given in Table 3. The activity of GSH-Px decreased by 60%
(P < 0.05), whereas neither SOD nor CAT showed
significant changes.

Ultrastructural Characteristics. The electron mi-
crographs of the rat lung from control and glycerol-induced
rhabdomyolysis groups are shown in Figure 5. The main
ultrastructural findings in the experimental group were Type
n cell lysis with liberation of residues of lamellar bodies to
the alveolar lumen without tubular myelin form, although
these cells remained attached to the lateral cell surface by
intercellular junctions. Type I cells and endothelial cells
showed edema without disruption of the alveolar-capillary
barrier. In the interstitium, there were increased fibroblasts
with collagen fibers.

Discussion
The results presented herein provide evidence for the

first time, to our knowledge, that glycerol-induced rhabdo-
myolysis causes ALI. Oxidative stress could be involved in
mediating functional, biochemical, and ultrastructural lung
changes, as increased lipid peroxidation and protein
carbonylation were found at 6 hrs after intramuscular
glycerol injection, whereas antioxidant capacity of plasma
was significantly decreased by factors other than plasma

a Valuesare mean :t SEM for 8 SUbjects.
b The k represents the CAT first-order kinetic constant for the
breakdown of hydrogen peroxide (f.r1 sec:").
* p < 0.05 compared with control group,by Student's t test.

levels of uric acid. It has been reported that rhabdomyolysis
creates a situation with adverse effects parallel to those
caused by consequences of muscle cell necrosis, contraction
of intravascular volume, and heme pigment-induced acute
renal failure (19, 37). The involvement of oxidative stress in
the mechanism of acute renal failure by muscle necrosis has
been well documented (38, 39); the oxidant renal damage is
partly attributed to intrarenal iron accumulation, which is
thought to be responsible for the hydroxyl radical formation
(21, 40). Hence, it is possible that this mechanism could
operate by increasing formation of reactive oxygen species
(ROS) in different cell types, including cells other than renal
cells (40). Consequently, the lung could also suffer
oxidative damage. Numerous clinical observations of
human diseases, as well as various experimental animal
models, have demonstrated a major role of oxidative stress
in the mechanism of inflammatory lung damage (41), which
is in agreement with the present findings that show an early
increased count of neutrophils and macrophages in BAL of
rats under rhabdomyolysis (Fig. 2). These findings are very
similar to those reported in an endotoxin ALI rat model (17).
Despite the fact that this effect has not been considered
previously (to our knowledge), the data reported herein are
consistent with lung injury caused by rhabdomyolysis. Both
lipid peroxidation and,protein carbonylation in the lung, as
well as plasma free Frisoprostane levels, were all found to
be increased in rats subjected to rhabdomyolysis. These
findings account for the occurrence of oxidative stress in the
lung and in plasma, with the latter evidenced by increased
plasma F2-isoprostane levels.

An inappropriate response to the oxidative challenge
caused by glycerol injection could account for an increased

---------------------------------------
one of them with intracellular lamellarbodies (star) and the other with intracytoplasmic lipid droplets (l). Tubular myelin (TM) in the alveolar
lumen (*) is seen near the apical microvilli (arrow) of the Type II cell. Intercellular junctions (tight junctions) can be observedin the alveolar
epithelium (arrowhead). Magnification x90,000. (Part E) Alveolar epithelium of a rat undergoing rhabdomyolysis demonstrates considerable
iYpe II cell lysis (2) protruding into the alveolar lumen (*) but without showingdetachment. The tight junctionsare preserved (arrow), while
lamellarbodieson the alveolarsurfaceof the Type II cells and intracytoplasmic ones are destroyed (stars). Two fibroblasts (F) and transversal
collagen(curved arrows) areseenin the interstitium. Magnification xt 00,000. (PartF)Alveolarlumen(*) of a controlrat lungshowsa Type \I cell
(2). The morphology of the celi is preserved. Intracytoplasmic lamellarbodies and lamellarbody residues (star) are seen within the alveolar
lumen. Magnification X100,000.
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vulnerability of the lung to the oxidative injury. One would
expect augmented enzyme activities to defend the organism
against an increase in oxidative stress. Nevertheless, we
found no increased antioxidant enzyme activities in the lung
of animals undergoing rhabdomyolysis, but we found
decreased GSH-Px activity and a lack of increased SOD
and CAT. Rhabdomyolysis causes increased ROS produc-
tion via Fenton/Haber-Weiss reactions, and these species,
acting as nucleophiles, are expected to exert structural
damage on antioxidant proteins such as the antioxidant
enzymes. Consequently, a decline in the activities of these
enzymes might be due to their inactivation caused by an
excess in ROS production (42). On the other hand, the
molecular mechanism accounting for an antioxidant re-
sponse is given by the nuclear erythroid 2 p45-related factor
2 (Nrf2), a redox-sensitive transcription factor that activates
the transcription of genes encoding antioxidant enzymes
(43, 44). Nfr2 binds to the promoter sequence antioxidant
response element (ARE), leading to upregulation of the
Nrf2-ARE pathway. It was reported that the response to
ROS is profoundly impaired in Nrf2-deficient cells (44).
Recently, it was demonstrated that the GSH-Px gene is a
novel target for Nrf2 (45), and the responsiveness of Nrf2-
directed antioxidant pathways may act as a major
determinant of lung susceptibility to allergen-mediated
asthma (46). Moreover, the alteration of GSH homeostasis
is also apparent by the diminution of GSH and the
GSH:GSSG ratio (Table 3), an effect consistent with an
impairment of the Nrf2-ARE pathway that has recently been
reported to playa role in the regulation of glutamylcysteine
ligase, the rate-limiting enzyme in GSH synthesis (47), also
in agreement with the impaired response of this antioxidant
defense pathway in the regulation of antioxidant enzymes.
However, further studies are needed to test the hypothesis of
a role for Nrf2 in the antioxidant response of the lung in the
model of rhabdomyolysis-induced oxidative stress. It should
be noted that the GSH decrease was not accompanied by a
GSSG increase, which could be due to effects of GSH and
GSSG efflux out of the cell, reduced GSH lung uptake or
synthesis, and/or GSH depletion by both ROS and GSH-
Px-eatalyzed reaction.

The functional effects of rhabdomyolysis on the lung in
this model have not been previously reported, to our
knowledge. Our data showing gas exchange impairment
and pulmonary edema (endothelial and Type I cells) suggest
the initiation of an inflammatory process likely mediated by
oxidative stress. In addition, the presence of increased
protein concentration and neutrophil count and increased
macrophage count in BAL at 4 hrs after glycerol injection
could contribute to the development of the effects on lung
function. Thus, despite the increased breathing frequency
shown by the animals following glycerol injection,
decreased PC02 was accompanied by decreased P02 (Fig.
1), likely due to a differential effect of the production of
pulmonary edema on the diffusion of both gases, with that of
O2 being particularly affected by the impairment of the air-

blood barrier (Fig. 5). In contrast, the increased ventilation
causes hypocapnia due to the easier diffusion of CO2,

Together with the occurrence of edema in endothelial and
Type I cells, the induction of pulmonary edema is further
supported by data demonstrating an increased lung wet-to-
dry weight ratio in response to rhabdomyolysis (Table 1), an
effect especially relevant at 6 hrs following glycerol
injection. However, further studies, including permeability
assessment, and a longer period of observation would be
valuable to corroborate this hypothesis.

The ultrastructural findings showing physical distortion
of Type II cells, likely due to the effect of lipid peroxidation
on membrane phospholipids, are consistent with an impair-
ment of surfactant secretion and turnover. This assumption
is further supported by the presence of lamellar body
residues within the alveolar lumen (Fig. 5C), which could
contribute to the functional effect on O2 diffusion (Fig. 1),
in agreement with data reported in other experimental
models of ALI (17, 48).

Epidemiological investigations have shown that pa-
tients with trauma had a 25.5% overall incidence of ARDS
(49). Nevertheless, ARDS is frequently associated with
other clinical risk factors, such as sepsis, gastric aspiration,
and multiple transfusions, known to increase the develop-
ment of ARDS, with a high mortality (20, 38). No attempts
to analyze the association between rhabdomyolysis and
ARDS have been made previously, to our knowledge.
However, the occurrence of oxidative stress in ARDS is
well documented (15, 16). Frisoprostanes have been
reported to be as high as 10-fold in the exhalation breath
condensate of patients with ARDS (13, 15). The present
data showing biochemical features of plasma and lung
oxidative stress associated with morphological lung alter-
ations provide some proof that the lung is an organ that
undergoes oxidative damage during rhabdomyolysis. There-
fore, it may be suggested that an element of the metabolic
derangement of the lung operates in the mechanism of
ARDS in patients with the direct or indirect muscle necrosis
associated with ARDS. In our descriptive ultrastructural
studies (Fig. 5), the air-blood barrier is altered due to
endothelial and Type I cell edema as well as lysis in
numerous Type II cells, thereby obstructing their stem
function and thus their mitotic progeny (36). This alteration .
is very similar in hyperoxia or acute ethanol exposure in the
lung (10, 11), but in these models the cell adhesion tight and
gap junctions are not disrupted. Oxidation damage of DNA
can probably include apoptosis in lung cells (50), thus
explaining the functional changes. For example, in the
model used in the present study, surfactant is present on the
alveolar surface but not as tubular myelin (36), indicating
that the mechanism for its secretion may have been
modified. Further studies involving pulmonary function
related to oxidative stress and other morphological param-
eters, as well as assessment of surfactant turnover, should be
carried out to better understand these findings.

In summary, these data support the view that
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rhabdomyolysis induced by glycerol may cause biochem-
ical, functional, and ultrastructural lung damage associated
with and likely mediated by increased oxidative stress, as
occurs in other organs, thereby providing some insights for
the pathogenic mechanism of ARDS in patients with muscle
injury.

We thank Diego Soto for technical assistance.
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