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ABSTRACT

Acute lung injury (ALI) is a devastating clinical condition associated with pulmonary and systemic inflammation and characterized 
by incompetence of the pulmonary microvascular barrier culminating in noncardiogenic pulmonary edema. An understanding of 
the mechanisms underlying endothelial barrier dysfunction in ALI has been facilitated by study of the effects of statins in relevant 
cellular and animals models. Many of the pleotropic properties of these drugs, including direct effects on endothelial cell (EC) 
cytoskeletal rearrangement, NADPH oxidase, and nitric oxide activity, as well as effects on differential EC gene expression, are 
relevant to the pathobiology of ALI and suggest a potential therapeutic role for statins in this context. Moreover, results from 
preclinical studies and observations in relevant patient populations support the protective potential of statins in ALI, paving the 
way now for definitive clinical trials.
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In 1971, Dr. Akira Endo and colleagues correctly surmised 
that inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme 
A (HMG-CoA) reductase, the rate-limiting enzyme of the 
cholesterol biosynthetic pathway, were likely present 
in the arsenal of select micro-organisms. There they 
might be useful for inhibiting the growth of competing 
microbes which require sterols or other isoprenoids for 
cytoskeletal and cell wall maintenance.[1] In the following 
decade, the HMG-CoA reductase inhibitors mevastatin 
and lovastatin were successfully isolated from the fungal 
species Penicillium citrinum and Aspergillus terreus, 
respectively.[2,3] Subsequent refinements to the molecular 
structure of these compounds led to the establishment of 
a class of medications known as statins that is now widely 
used to reduce serum cholesterol levels in patients either at 
risk for or with coronary artery disease (CAD).[4] In recent 
years, it has become increasingly apparent that reductions 
in ischemic cardiac events and mortality associated with the 
use of statins in CAD patients is markedly out of proportion 
to their influence on the availability of serum cholesterol 
as a substrate for atheroma formation.[5,6] Research into the 

mechanisms underlying these effects of statins has revealed 
a broad impact of the cholesterol biosynthetic pathway on 
mammalian cell biology ranging from modulation of cell 
signaling, to post-translational modification of proteins, and 
regulation of gene expression.[7] Furthermore, the study of 
statins has contributed to the emerging knowledge of the 
role of inflammation and its associated effects on endothelial 
cell (EC) function in the pathogenesis of vascular disease.[8,9] 
Indeed, Dr. Endo’s original assertion concerning the utility 
of HMG-CoA reductase inhibition for microbial survival can 
now be expanded to include attenuation of various facets 
of host inflammatory defenses.[10]

Statins have been utilized in the study of other inflammatory 
settings associated with vascular diseases including the 
disorders of the pulmonary circulation. Of these, significant 
mechanistic insight and therapeutic promise has come from 
the study of statins as a potential therapy for patients with 
acute lung injury (ALI). ALI develops during critical illnesses 
characterized by pulmonary and/or systemic inflammation, 
and contributes to an estimated 75,000 yearly deaths in the 
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United States.[11] It is defined by noncardiogenic pulmonary 
edema resulting from incompetence of the microvascular 
endothelial barrier.[12,13] Analysis of the complex relationship 
between inflammation and endothelial barrier dysfunction 
during ALI has been facilitated by the introduction of statins 
into cellular and animal models of the disease. The findings 
of these analyses as well as observations stemming from 
human studies will be reviewed here.

Cholesterol biosynthesis, statins, and endothelial 
cell biology
Statins competitively inhibit HMG-CoA reductase which 
mediates the rate-limiting step of mevalonate production. 
In addition to cholesterol, mevalonate serves as a substrate 
for the generation of the isoprenoid intermediates, farnesyl 
pyrophosphate (FPP), and geranylgeranyl pyrophosphate 
(GGPP; Fig. 1). These isoprenoid chains, consisting of 
15- and 20-carbons respectively, serve as the ingredients 
for post-translational protein prenylation, the addition of 
hydrophobic molecules (isoprenoid chains) to cysteine 
residues.[14] Prenylation is thought to facilitate attachment 
to cell membranes but has also been shown to be pertinent 
to protein-protein binding interactions.[15]

Among the known prenylated proteins and particularly 
relevant to EC function are the Rho family of small GTPases, 
including Rho and Rac. These small GTPases function as 
“molecular switches” whose downstream effectors impact 
upon fundamental cellular processes such as signal 
transduction and actin cytoskeletal regulation. Their 
“switch” property is characterized by a cycling between 
an active, GTP-bound state, and an inactive, GDP-bound 
state (Fig. 2). This cycling may be further regulated by 
three types of mediators: GTPase activating proteins 
(GAPs), guanine nucleotide exchange factors (GEFs), 
and guanine nucleotide dissociation inhibitors (GDIs). 
GAPs control GTP hydrolysis to GDP thus directing the 
movement between the active and inactive conformations, 
while GEFs direct the opposite movement by accelerating 
the exchange of GDP for GTP.[16] GDIs oppose the action 
of GEFs and also, interestingly, provide a level of spatial 
control by preventing small GTPases from localizing to 
membranes where both GEFs and effector targets of 
Rho GTPases commonly reside. GDI-mediated inhibition 
of membrane localization arises from the insertion of 
the isoprenoid moeity of the prenylated GTPase into a 
hydrophobic pocket of the GDI thus maintaining the Rho 
GTPase as a soluble cytosolic protein. The inhibition of 
prenylation by statins, therefore, would be expected to 
inhibit GTPase access to membrane-associated GEFs or 
downstream effector targets, and lead to an increase in 
inactivated GDP-bound cytosolic proteins. However, the 
effects of statins on GTPase regulation are in fact complex, 
dependent on both spatial and temporal factors, and not 
entirely understood.[17]

Figure 1: Statin mechanism of action. Statins are competitive inhibitors 
of HMG-CoA reductase, an enzyme which mediates the rate-limiting step 
of mevalonate production during cholesterol biosynthesis. In addition to 
cholesterol, this pathway also generates the isoprenoid intermediates, farnesyl 
pyrophosphate (PP) and geranylgeranyl pyrophosphate. Both of these products 
are used in post-translational modification of proteins via prenylation.

Figure 2: Regulation of RhoGTPase Activity. Statin-induced endothelial cell 
signaling and activation is mediated in part by Rho GTPases. These proteins 
operate as molecular switches, toggling between a GTP-bound active state 
(green) and a GDP-bound inactive state (red). In turn, these states may be 
regulated by guanine exchange factors (GEFs) and GTPase activating proteins 
(GAPs). Prenylation regulates GTPase function either by promoting their 
association with membranes where many downstream effector targets and 
GEFs are located, or by increasing their association with guanine dissociation 
inhibitors (GDIs) which favors GDP-binding and inactivation of RhoGTPases 
localized to the cytosol. Statin inhibition of protein prenylation leads to 
decreased RhoGTPase membrane association and thus decreased activation 
by GEFs at the membrane. However, statins also augment cytosolic GTPase-
binding of Rho GTPases, with unclear functional significance, indicative of 
the complex effects of these drugs.

Nonetheless, in cellular and animal models of ALI a plethora of 
vascular-protective changes in EC phenotype can be attributed 
to statin-induced inhibition of mevalonate production and the 
resultant changes in Rho GTPase activity and localization. 
Moreover, there are mechanisms of statin activity described 
in studies examining vascular inflammation in atherosclerosis 
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which are not known to be significant contributors to ALI 
pathogenesis/resolution but may be relevant in this clinical 
context by virtue of their associated anti-inflammatory 
and vascular protective effects. For example, induction 
of the transcription factor, KLF-2, is thought to be an 
important component of the statin-induced endothelial 
atheroprotective phenotype, but includes inhibition of 
proinflammatory and prothrombotic gene responses that 
are relevant to ALI pathogenesis.[18] Additionally, at least one 
mevalonate-independent mechanism of statin-mediated 
endothelial anti-inflammation has been identified, and is 
thought to occur via a direct modification of COX-2.[19,20] Here 
we review three aspects of endothelial protection by statins 
which contribute to their potential benefits in ALI, namely 
endothelial cytoskeletal regulation, eNOS activity, and ROS 
production via NADPH oxidase. This will be followed by a 
short summary of mechanisms arising from differential gene 
expression.

Endothelial cytoskeletal rearrangement and 
barrier protection by statins
The pulmonary microcirculation is granted access to the 
lung interstitium by the semipermeable monolayer of 
ECs. Under normal conditions, endothelial permeability 
is dictated by two molecular pathways, one paracellular 
and the other transcellular. Although much less is known 
with regards to the nature of the transcellular pathway and 
its interactions with the paracellular route, it is generally 
believed that the paracellular pathway is primarily 
responsible for microvascular barrier incompetence during 
the early pathologic changes characteristic of ALI.[21,22] 
Endothelial regulation of paracellular permeability can 
be understood in terms of the tensegrity model which 
describes paracellular junctional integrity as a balance 
between competing cytoskeletal contractile forces and 
adhesive cell-cell or cell-matrix tethering forces.[23,24]

During the increased permeability phase of ALI, EC 
cytoskeletal contraction results in cell rounding observed 
by electron microscopy and contributes to the formation 
of paracellular gaps.[21,22] Actin microfilaments, made 
up of polymerized globular actin proteins, interact with 
phosphorylated myosin to impart rigidity to cell structural 
elements. Dynamic remodeling of actin filaments in 
peripherally distributed, cortical bands facilitates the 
maintenance of endothelial junctional integrity in the basal 
barrier state, while inhibition of actin polymerization with 
cytochalasin D increases EC permeability.[25] Inflammatory 
stimuli may induce a dramatic rearrangement of actin with a 
disintegration of peripheral filaments and the augmentation 
of organized actin cables which traverse the intracellular 
space and participate in EC contraction.[24]

Actin remodeling and redistribution is regulated by various 
actin-binding proteins. Many actin-binding proteins such 

as nmMLCK, filamin, cofilin, VASP, gelsolin, and cortactin 
are in turn subject to regulation by Rho GTPases, making 
EC cytoskeletal rearrangement and the resultant increase 
in paracellular permeability susceptible to the effects 
of statins administered during ALI.[26] For example, 
pretreatment of confluent ECs with simvastatin significantly 
attenuates thrombin-induced transcellular stress fiber 
formation while increasing peripheral localization of 
actin.[27] These changes are associated with a decrease in 
paracellular gap formation and improvement in EC-barrier 
function as measured both by transendothelial electrical 
resistance (TER) and by FITC-dextran flux across EC 
monolayers.[27,28] Notably, simvastatin-mediated EC barrier 
protection can be reproduced in some measure by Rho 
inhibition via the use of silencing RNA specific for RhoA, 
or Y27632, a pharmacologic inhibitor of Rho kinase.[28] 
Moreover, siRNA-mediated knockdown of Rac1 produces 
similar barrier protection albeit to a lesser extent than 
RhoA inhibition. However, statin-induced inhibition of 
Rho GTPase prenylation has numerous implications for 
EC signaling and barrier regulation beyond direct effects 
on the cytoskeleton.

NADPH oxidase regulation by statins
Abundant oxidative stress is a prominent feature of ALI.[29] 
In patients with ALI this has been observed as increased 
levels of H2O2 in exhaled breath condensates,[30] oxidized 
proteins in bronchoalveolar lavage (BAL) fluid,[31] and a 
relative reduction in various antioxidants measured in 
both blood and BAL fluid.[32,33] At the cellular level, the 
redox balance of the endothelial environment plays a major 
role in vascular function as endotoxin-induced endothelial 
hyperpermeability is prevented by pretreatment with 
antioxidants.[34] The mechanisms by which oxidant stress 
induces barrier dysfunction are diverse and range from 
activation of redox-sensitive transcription factors to direct 
modification of cytoskeletal and junctional proteins.[35] 
Although the predominant source of oxidants in ALI are 
neutrophils and macrophages,[36,37] the major source of 
endothelial reactive oxygen species (ROS) is an endogenous 
form of NADPH oxidase,[38,39] the activity of which is subject 
to regulation by statins.

The EC NADPH oxidase complex consists of two 
membrane-bound components, p22phox and Nox2, as 
well as several cytosolic regulatory subunits including 
p47phox, p67phox, and Rac1.[40,41] Stimulation of EC by 
proinflammatory cytokines, mechanical forces, ischemia/
reperfusion, or hyperoxia, leads to post-translational 
modification and translocation of the cytosolic components 
to form the activated NADPH oxidase complex at the 
membrane.[39] Dissociation of Rac1 from Rho-GDI in the 
cytosol and its subsequent activation by binding GTP 
is essential for NADPH oxidase complex assembly and 
activation (Fig. 3). As predicted via the known inhibition of 
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Rac1 geranylgeranylation by statins, simvastatin attenuates 
LPS-induced EC superoxide generation by preventing the 
translocation of Rac1 and, consequently, p47phox to the 
membrane.[28] These effects are reproduced by transfection 
of silencing RNA for Rac1, and are reversed by the addition 
of GGPP. Notably, the actin cytoskeleton independently 
regulates NADPH oxidase activity as p47phox associates 
actin and actin destabilization via pretreatment of EC with 
cytochalasin D enhances NADPH oxidase mediated ROS 
production.[42] Thus, statins may also attenuate NADPH 
oxidase activity via direct effects on actin cytoskeletal 
reorganization.

Statins and ENOS
An important consequence of increased oxidative stress 
during ALI is the production of reactive nitrogen species 
such as the reaction between superoxide anion and nitric 
oxide (NO) producing peroxynitrite (ONOO-). Peroxynitrite 
formation both induces nitrosative damage of proteins 
relevant to endothelial barrier function, and reduces the 
bioavailability of NO.[43] NO is thought to be lung protective 
through a number of mechanisms including free radical 
scavenging, local pulmonary vasodilatation, inhibition 
of leukocyte adhesion, protection of alveolar epithelium 
subjected to mechanical stress, and preservation of normal 
endothelial function.[44-47] In support of this idea, higher 
levels of endogenous NO measured in the urine of ALI 
patients has been correlated with a lower mortality.[48] EC 
NO synthesis is mediated by the endothelial isoform of nitric 
oxide synthase (eNOS). The effects of statins on eNOS have 
been described with respect to regulation of both mRNA 
stability and enzyme activity.[49-51]

Effects of statins on eNOS expression is in fact predicted 
by evidence of a functional link between Rho GTPase 
activity and eNOS mRNA levels.[49,52] This is suggested by 
increased eNOS expression in response to inhibition of 
Rho by either Clostridium botulinum C3 transferase or 
overexpression of a dominant-negative N19RhoA mutant, 
while Rho activation induced by Escherichia coli cytotoxic 
nectrotizing factor-1 is associated with decreased eNOS 
expression.[53] These events appear to primarily involve 
actin cytoskeletal remodeling since disruption of actin 
polymerization by cytochalasin D reproduces the increase 
in eNOS mRNA expression associated with Rho inhibition.[54] 
Separately, while a nuclear pool of β-actin may serve as 
a transcription factor for eNOS expression,[55] enhanced 
stabilization of eNOS mRNA transcripts has been linked 
to effects of statins on EC actin polymerization. Stability 
of eNOS transcripts is mediated by polyadenylation of its 
3’ end via RNA polymerase II (RNAP II). Statin treatment 
of cultured EC induces an increase in the number of stable 
poly(A) eNOS transcripts. This finding has been linked to 
the statin-mediated phosphorylation of RNAP II resulting 
in increased polyadenylating processing activity for eNOS 
mRNA.[54] Interestingly, the increase in poly(A) transcripts 
by statins can be reproduced by cytochalasin D.[54] While 
it is unknown whether cytochalasin D treatment results 
in RNAP II phosphorylation, actin has been shown to be 
independently involved in mRNA transcription, processing, 
and nucleocytoplasmic transport,[56] thus representing 
a potential distinct mechanism underlying augmented 
eNOS mRNA stability by statins. Altogether these effects 
culminate in increased eNOS expression and NO production 
and are thought to be central to the benefits of statins in at 
least one disease model of endothelial injury as, in a murine 
model of ischemic stroke, the protective effects of statins 
were noted to be absent in eNOS-deficient mice.[57]

In addition to stabilizing eNOS mRNA expression, statins 
appear to increase enzyme activity of eNOS by at least two 
possible mechanisms. The first relates to the observation 
that statin treatment of ECs induces early phosphorylation of 
phosphatidylinositol 3-kinase (PI3-K) which in turn activates 
the protein kinase, Akt.[58] Akt activation and translocation 
to the cell membrane is necessary for subsequent eNOS 
activation via phosphorylation.[59] These statin-induced events 
are inhibited by wortmannin, a PI3-K inhibitor, mutation 
of the pleckstrin homology domain of Akt, necessary for 
membrane targeting;[60] overexpression of dominant-negative 
Akt,[51] and extracellular cholesterol supplementation of EC 
media.[58] Cholesterol depletion by statins may be linked to 
a second mechanism of eNOS upregulation as expression 
of caveolin-1, the primary component of EC plasmalemmal 
microdomains, is dependent on cholesterol availability, and 
is an important negative regulator of eNOS. Statin treatment 
decreases caveolin-1 expression which leads to subsequent 
disinhibition of eNOS activity.[50]

Figure 3: Protection by Statins in a Murine Model of ALI. Mice were 
administered either vehicle control or LPS (2 µg/g) and lungs were harvested 
for histology after 24 hours Inflammatory cell infiltration (small arrows) 
and interstitial edema (large arrows) were abrogated by intraperitoneal 
administration of simvastatin (20 mg/kg) 24 hours prior to LPS inhalation, and 
again at the time of inhalation. (Reproduced with permission from reference 81).
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Differential gene expression by statins
Beyond the direct vascular-protective effects relevant to ALI 
pathophysiology, statins also modulate the expression of a 
number of EC genes known to mediate ALI pathobiology. 
While the mechanisms by which these effects occur and 
interact are incompletely understood, the cumulative pattern 
of gene expression strengthens the assertion that statins 
induce a multi-faceted vascular-protective EC phenotype in 
response to inflammatory stimuli.[27] For example, statins 
downregulate the G protein-coupled angiotensin II type-1 
(AT-1) receptor gene in EC.[61] Activation of AT-1 by its ligand, 
angiotensin II, leads to protein kinase C and Rac1 activation, 
and is linked to increased superoxide generation by NADPH 
oxidase.[62,63] The mechanism of AT-1 down regulation 
by statins is cholesterol-independent, reproducible by 
specific inhibition of geranylgeranyl-transferase, and 
involves decreased mRNA stability with no change in the 
rate of transcription.[64] The importance of this gene in the 
effect of statins on endothelial function is highlighted by 
the findings of the Endothelial Protection, AT1 Blockade, 
and Cholesterol-Dependent Oxidative Stress (EPAS) 
trial.[65] In this study endothelial function was measured in 
human patients using a calculation termed the endothelial 
expression quotient which is based on the mRNA expression 
of specific genes, including eNOS and NADPH oxidase. The 
expression quotient associated with statin use was found 
to be highly consistent with that achieved via AT1 receptor 
blockade using the drug irbesartan.

Additionally, a number of genes involved in coagulation 
are differentially expressed in EC treated with statins. 
These include thrombomodulin, tissue factor, plasminogen 
activator inhibitor-1 (PAI-1), and the thrombin receptor 
protease-activated receptor-1 (PAR-1).[27,66,67] Increased 
thrombomodulin expression in response to statins has been 
linked to inhibition of Rac1 and Cdc42 geranylgeranylation 
and to NO production, while the attenuation of tissue factor 
and PAI-1 expression is associated with inhibition of RhoA 
geranylgeranylation.[68-70] Altogether, these coagulation 
gene changes culminate in EC resistance to the effects 
of thrombin, an inflammatory agonist which induces EC 
activation, contraction, and increased permeability.[27,28,71-73]

Finally, two other genes worth noting that are profoundly 
regulated by statins in EC are caldesmon and integrin-β4. 
Caldesmon is a cytoskeletal actin binding protein which 
mediates actin rearrangement associated with EC 
barrier incompetence during exposure to inflammatory 
conditions.[74,75] Expression of caldesmon is decreased at 
both the gene and protein level by more than two-fold in 
statin-treated EC.[27] Conversely, the expression of integrin 
β4 is dramatically upregulated, more than seven-fold, in 
statin-treated EC. While several β integrins have been 
implicated as mediators of ALI,[76-78] less is known about 
integrin β4 in this context. However, integrin β4 has been 

implicated in the activation of the Rho GTPases and in MAPK 
signaling,[79] both pathways relevant to the EC response to 
inflammatory conditions, and we have reported that EC 
inflammatory responses are augmented in response to 
integrin β4 silencing.[80] These findings suggest that the 
upregulation of EC integrin β4 is an important mechanism of 
the anti-inflammatory properties of statins and contribute 
to the potential protective effects of statins in ALI.

Statins in animal models of ALI
Abundant evidence that the vascular-protective effects of 
statins include many facets of endothelial function relevant 
to ALI has led investigators to examine their impact in 
integrated, animal models of inflammatory lung injury. As 
statins are thought to work at the level of a final common 
pathologic pathway during lung injury, a variety of inciting 
conditions which produce lung injury have been used 
to investigate the therapeutic potential of statins. These 
include endotoxin inhalation, bacteremia, bleomycin 
treatment, ischemia-reperfusion, high tidal volume 
ventilation, and burn injury with smoke inhalation.[10,81-86]

Our lab has employed a lipopolyascharide (LPS)-induced 
ALI model and studied mice pretreated with simvastatin 
(20 mg/kg) or placebo prior to the intratracheal 
administration of LPS.[81] Markers of lung injury 
including Evans blue albumin dye extravasation, BAL 
fluid neutrophil and albumin content, and lung tissue 
histology demonstrated protection from vascular leak and 
inflammation in mice pretreated with simvastatin (Fig. 4). 
Further, statin-mediated protection was associated with 
differential whole lung gene expression in a number of 
relevant ontologies (inflammation and immune response) 
as well as with respect to individual genes implicated in ALI 
pathogenesis and severity (IL-6, TLR 4). In support of our 
findings, Fessler and colleagues reported similar findings 
of reduced LPS-induced lung inflammation and vascular 
leak by statins despite the fact that statin-treated mice 
demonstrated reduced pulmonary and systemic clearance 

Figure 4: Inhibition of NADPH Oxidase by Statins. The EC NADPH complex 
comprises two membrane-bound components, p22phox and Nox2, and three 
cytosolic regulatory subunits, p47phox, p67phox, and Rac1. Statins inhibit 
complex formation primarily via the inhibition of Rac1 geranylgeranylation, 
thereby preventing its translocation and subsequent activation at the cell 
membrane, essential for NADPH oxidase complex assembly and activation.
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of bacteria following inhalation.[10] Notably, both the 
attenuation of lung inflammation and impairment of host 
defense by statins were noted to be fully reversed by the 
co-administration of mevalonic acid. Separately, in a murine 
model of bleomycin-induced inflammatory lung injury, 
pravastatin (30 mg/kg) administered intraperitoneally on 
a daily basis following intratracheal bleomycin exposure 
resulted in reduced lung histologic edema, hyaline 
membrane formation, and inflammatory cell infiltration up 
to one week following exposure.[85] BAL fluid inflammatory 
cell counts were similarly diminished in a dose-dependent 
manner by statins.

Oxidative stress following ischemia-reperfusion during lung 
transplantation is an important cause of lung injury, and is 
a significant factor in primary graft failure and mortality 
after the procedure. The mechanisms of ROS production 
in these circumstances include NADPH oxidase activity and 
NO bioavailability both subject to modulation by statins. 
Naidu et al. examined the effect of statins in a rat model of 
ischemia-reperfusion lung injury in which lung ischemia 
was induced for 90 minutes followed by reperfusion 
for four hours.[82] Pretreatment with oral simvastatin 
(0.5 mg/kg) for five days prior to these maneuvers was 
associated with reduced lung vascular permeability as 
measured by extravasation of radio-iodinated bovine serum 
albumin. Markers of inflammation such as lung tissue 
myeloperoxidase content and BAL inflammatory cell counts 
were also reduced in the statin-treated animals. Notably, 
observations in human lung transplant patients support 
the potential utility of statins in this setting as patients 
taking statins for hyperlipidemia have been observed to 
have significantly better lung function and six-year survival 
following lung transplant compared to patients not on a 
statin.[87]

The effects of statins on mechanical stress-induced lung 
injury have been examined in at least two animal studies. 
Muller et al. subjected mice to high tidal volume mechanical 
ventilation (VT =12 ml/kg) with half of these animals 
pretreated with simvastatin (20 mg/kg).[83] Oxygenation, as 
assessed by PaO2/FiO2 at constant PEEP, was significantly 
higher in statin-treated animals after six hours of mechanical 
ventilation. Endothelial permeability was measured by BAL 
fluid content of human serum albumin (HSA) administered 
in advance intravascularly. HSA BAL/plasma ratios were 
reduced by statin treatment in both spontaneously 
breathing and mechanically ventilated mice. Finally, 
histology demonstrated a normal distribution of caveolae 
in the endothelium of statin-treated mice indicating intact 
transcellular-mediated barrier permeability compared 
to a reduction in untreated mice. In a separate study by 
Siempos and colleagues, isolated lung preparations from 
rabbits were subjected to either high pressure (23 cm H2O) 
or low pressure (11 cm H2O) ventilation. The influence 

of oral atorvastatin (20 mg/ kg/ day) for three days prior 
to sacrifice was then examined with respect to vascular 
permeability via determination of an ultrafiltration 
coefficient (Kfc).[84] At baseline, there was no difference in 
Kfc between any of the lung preparations. Although high 
pressure ventilation for one hour was associated with 
increased Kfc compared to lungs subjected to low pressure, 
there was no difference in Kfc between lungs subjected to 
high and low pressure amongst the statin-treated animals. 
These findings were corroborated by measurement of lung 
weight gain. Interestingly, mean pulmonary artery pressure 
during high pressure ventilation was 10-fold higher in lungs 
from untreated animals compared to those pretreated 
with a statin. Lungs were also twice as compliant in the 
statin-treated groups resulting in a greater increase in tidal 
volume (normalized to initial lung weight) during pressure 
control ventilation.

Finally, burn injury and smoke inhalation are important 
precipitants of lung injury in trauma patients. Belli et al. 
investigated the effect of statins in a rat model of burn injury 
and cotton smoke inhalation.[86] The degree of lung injury 
was measured in this study solely on the basis of histologic 
scoring for inflammation and leukocyte tissue infiltration 
which both measured significantly lower when animals 
were treated with orogastrically administered simvastatin 
(25 mg/kg/day) for 48 hours prior to burn injury and 
smoke inhalation events.

Clinical studies of statins in ALI
The effects of statins on endothelial barrier function and 
lung inflammation in relevant animal models serves as the 
basis for their potential use as therapeutic agents in patients 
with ALI. However, the HMG-CoA-dependent prenylation 
pathway is essential to numerous processes in a variety 
of cell types, many of which may be significant players in 
the pathogenesis of both ALI and the comorbidities that 
influence its outcome. Thus, as animal models of ALI are 
known to lack the ability to reproduce all of these key 
pathologic components of the human condition,[88] the 
effects of statins in clinical studies of ALI patients, either 
positive or negative, must be interpreted independently. 
Additionally, both the choice of statin and the timing of 
intervention, which are subject to less restriction in animal 
studies, are limited when studying the human condition. 
The available forms of statins differ pharmacodynamically 
based on the degree of their individual hydrophilic or 
lipophilic properties (Fig. 5). The lipophilic statins are 
more widely distributed after administration and are 
therefore associated with a greater number of side effects, 
favoring the use of the more hydrophilic forms for study 
in critically ill populations with lung injury. However, 
the wider distribution of lipophilic statins is also more 
likely to allow them to directly modualte lung endothelial 
function. There is data to support this notion as simvastatin 
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has been observed to be more effective at improving 
endothelium-dependent vasodilation in diabetic patients 
than its hydrophilic counterpart, rosuvastatin.[89]

Another potential problem associated with clinical studies 
of statins in ALI is the fact that intervention with statins in 
human studies is necessarily delayed by the time required 
for clinical diagnostic criteria to be met following an event 
precipitating lung injury. The luxury of knowing precisely 
when this inciting event has occurred is largely confined 
to the animal model, where statin administration often 
coincides with or occurs prior to the initiation of injury. This 
favors the ability of statins to modify the endothelial barrier 
dysfunction and increased lung vascular permeability which 
occurs early in the disease process. In contrast, the degree of 
ongoing endothelial barrier dysfunction versus progression 
to cellular infiltration and formation of airspace granulation 
tissue at the time of identification and enrollment of 
human ALI patients into clinical trials is not known. What 
little data exists regarding this question suggests that the 
proliferative stages of lung injury have already begun at 
a time normally considered early in the clinical course of 
illness.[90] Therefore, the benefits of statins in human ALI 
trials may ultimately be dependent in part on the specific 
statin studied or on strategies aimed at identifying patients 
early in their clinical course or even, ideally, prior to the 
onset of ALI.

Nonetheless, an early clinical study of the effects of 
statins in ALI investigated patients who had previously 
been prescribed statins for cardiovascular disease. This 
retrospective cohort study of 178 consecutive patients 
admitted to an ICU who met the consensus definition of 
ALI identified 45 patients who were receiving a statin at 
the time of hospitalization.[91] Statin-treated patients were 
found to have had a lower baseline level of organ dysfunction 
and sepsis upon admission to the ICU compared to those 

who had never received a statin. However, statin use did 
not appear to affect the subsequent clinical course when 
considered by multivariate analysis. In a separate study, 
a cross-sectional analysis of a prospective cohort of 575 
critically ill patients, prehospital statin use was associated 
with a reduced rate of sepsis at the time of enrollment.[92] 
In addition, the subsequent development of ALI in the 
next four days was also found to be reduced in the group 
of patients receiving statins (19.4 vs. 28.9%, P = 0.03). 
Multivariate logistic regression analysis confirmed both the 
lower rate of severe sepsis associated with statin use, and 
the reduced risk for development of ALI in these patients.

The effects of statins in a human model of inflammatory lung 
injury were reported in a double-blinded, placebo-controlled 
study of 30 healthy subjects exposed to 50 µg of inhaled 
bacterial endotoxin and divided into three groups: 
(1) 10 subjects had been given 40 mg of simvastatin for 
four days prior to endotoxin administration; (2) another 
10 subjects were treated with 80 mg of simvastatin; and 
(3) the third group of 10 subjects received a placebo.[93] 
BAL fluid was taken six hours after endotoxin exposure and 
examined for markers of pulmonary inflammation. Patients 
treated with simvastatin were found to have significant 
reductions in BAL fluid neutrophil counts, myeloperoxidase 
concentrations, and TNF-α concentration. There were no 
differences between subjects given 40 versus 80 mg of 
simvastatin.

Finally, a Phase 2 clinical trial examining the effects 
of statins in ALI patients was completed by the Irish 
Critical Care Trials Group in 2010.[94] This double-blinded, 
placebo-controlled, single-center, randomized controlled 
trial studied mechanically ventilated patients admitted to 
an ICU who met the consensus definition of ALI, excluding 
those who exhibited high creatine kinase levels, elevated 
liver function tests, severe renal disease without renal 
replacement therapy, severe liver disease, or a history of 
prior treatment with a statin. Patients receiving 80 mg 
of simvastatin for up to 14 days while on mechanical 
ventilation were compared with those receiving placebo 
under the same conditions. The study was underpowered to 
detect any differences in clinical outcomes associated with 
statin use. However, there were no differences in adverse 
events between groups and there were no unexpected 
serious events associated with statin use in this population.

Collectively, these studies have paved the way for the SAILS 
study (Statins for Acutely Injured Lungs from Sepsis), a 
multicentered study sponsored by the NHLBI-ARDS network 
and expected to complete enrollment by the end of 2012 
(http://clinicaltrials.gov/ct2/show/NCT00979121). In this 
multicentered, double-blinded, placebo-controlled study, 
patients with ALI will be randomized to receive either 
rosuvastatin (20 mg daily) or placebo for up to 28 days or until 

Figure 5: Variability of Statin Lipophilicity. The solubilities of various 
statins are represented along a spectrum from the most lipophilic to the most 
hydrophilic. While the more lipophilic statins are associated with a higher 
propensity for adverse effects (e.g., myositis and myopathy) by virtue of their 
increased extrahepatic tissue penetration relative to the more hydrophilic 
statins, they may also be more likely to confer endothelial-protective effects 
relevant to ALI for this same reason.
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discharge from the hospital. Although the results of this study 
are eagerly awaited, there are some potential limitations of the 
study design that should be noted in advance including the use 
of rosuvastatin, the most hydrophilic statin available and thus 
likely to have less vascular-protective effects, submaximal 
dosing, and a study population that already meets ALI criteria 
at the time of enrollment, as opposed to a population at risk 
whose outcomes could potentially be more favorably affected 
by statin treatment.

CONCLuSION

Since their discovery as antimicrobial agents in the 
1970s, inhibitors of HMG-CoA reductase have had a 
widespread impact on the understanding and treatment of 
cardiovascular disease. The evolving literature demonstrates 
that their impact continues to grow, expanding into the 
realm of disorders characterized by increased lung vascular 
permeability and inflammation, including ALI. While it 
remains to be seen whether statins will ultimately prove 
useful as therapeutic agents in the clinical management 
of ALI, or perhaps in a subgroup of ALI patients, they have 
already provided invaluable insights into many relevant 
endothelial signaling events and lung inflammatory 
responses which underlie this devastating condition.
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