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Abstract—Acute lung injury (ALI) and the more severe acute respiratory distress syndrome (ARDS)
are forms of pulmonary edema that result from robust local and systemic inflammatory states, such
as sepsis. The morbidity and mortality associated with ALI and ARDS are significant and the
treatment of these conditions presents a formidable challenge. Controlling hyperglycemia with
insulin is a core component of patient management in the critically ill. Insulin treatment also
exerts beneficial metabolic effects beyond glucose control, as well as non-metabolic effects,
in insulin-resistant states. For instance, insulin inhibits NF-κB—dependent synthesis of pro-
inflammatory factors and attenuates production of ROS. Indeed, intravenous administration of
insulin ameliorates pulmonary injury and dysfunction in the LPS model of ALI. Most rec-
ently, an inhalable insulin formulation was shown to effectively reduce glucose concen-
trations with minimal impact on long-term pulmonary function. We propose that
administering inhalable insulin to hyperglycemic ALI/ARDS patients could directly reduce
alveolar inflammation while reducing circulating glucose levels.
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ACUTE LUNG INJURY AND ACUTE
RESPIRATORY DISTRESS SYNDROME

Pulmonary edema impairs oxygen diffusion from
alveoli to pulmonary capillaries, resulting in hypoxemia
and respiratory distress. The rapid onset of diffuse lung
injury characterized by generalized pulmonary infiltrates

and severe hypoxemia1 (PaO2:FiO2 ratio of <200 mmHg)
in the absence of overt cardiac failure was first described
as acute respiratory distress syndrome (ARDS) 40 years
ago. Acute Lung Injury (ALI) includes cases with less
severe hypoxemia (PaO2:FIO2 ratio between 200 and
300 mmHg) and was officially introduced as a diagnoses
in the 1990s [1]. ALI and ARDS are clinical syndromes
that are secondary to an underlying inflammatory state.
The initial clinical disorder may affect and harm the
lungs directly—as occurs in diffuse pneumonia, severe
lung contusion, and aspiration of gastric contents, or
may injure the lungs indirectly—such as in sepsis, non-
thoracic trauma, and multiple blood transfusions. In

1 The ratio of the partial pressure of oxygen in arterial blood (PaO2) to
the inspired oxygen fraction (FiO2) PaO2/FIO2 is a clinical measure-
ment of oxygenation status and reflects overall function of the
capillary-alveolar unit and matching of blood flow to ventilation.

1 Institute for Nutrition Research, Felsenstein Medical Research Center,
Rabin Medical Center, Beilinson Campus, Petach Tikva, Israel

2 Department of General Intensive Care, Rabin Medical Center,
Beilinson Campus, Petach Tikva, Israel

3 Institute of Endocrinology, Diabetes Services, Rabin Medical Center,
Beilinson Campus, Petach Tikva, Israel

4 To whom correspondence should be addressed at Institute for
Nutrition Research, Felsenstein Medical Research Center, Rabin
Medical Center, Beilinson Campus, Petach Tikva, Israel. E-mail:
haim_shapiro@yahoo.com

0360-3997/10/0500-0315/0 # 2010 Springer Science+Business Media, LLC

Inflammation, Vol. 33, No. 5, October 2010 (# 2010)
DOI: 10.1007/s10753-010-9187-2

315



either case, an injurious inflammatory response involv-
ing the capillary-alveolar unit ensues. Severe sepsis (due
to pulmonary or extra-pulmonary infection) is the
leading precedent of ALI/ARDS in North America and
Europe [2, 3].

The core characteristic of ALI/ARDS—refractory
hypoxemia, is caused by transudation of protein-rich
fluid across pulmonary capillaries after damage of the
endothelial and epithelial linings of the capillary-
alveolar unit. Decreased lung compliance, an additional
pathohysiologic feature of this condition that increases
work of respiration, also results from accumulation of
fluid in the interstitial and air spaces and from surfactant
depletion. Specifically, a robust inflammatory response
involving the endothelial and epithelial cells, as well as
of leukocytes in the pulmonary vasculature, disrupts the
structure and function of the capillary-alveoli unit.
Sequestration of circulating neutrophils within the
pulmonary vasculature is secondary to increased expres-
sion of pro-inflammatory cytokines (e.g., TNF-α),
chemokines (e.g., IL-8), neutrophil chemokine receptors,
leukocyte-endothelium adhesion molecules, and enzymes
that produce inflammatory mediators (iNOS, COX-2, etc.)
[1, 3]. The expression of these mediators is up-regulated by
activation of the pivotal pro-inflammatory transcription
factor, nuclear factor-kappa B (NF-κB). Neutrophils can
then transmigrate into the interstitial and alveolar spaces
(During inflammation, leukocyte transudation occurs
across the pulmonary capillary endothelium, as opposed
to the case in the systemic circulation). Adherent and
infiltrating neutrophils are in an activated state; they up-
regulate the inflammatory response and induce injury to
endothelial and epithelial cells by release of reactive
oxygen/nitrogen species (ROS/RNS), inflammatory medi-
ators, and proteases. Circulating monocytes are next to
arrive at the scene. They are transformed to macrophages
after trans-endothelial migration, joining neutrophils and
alveolar macrophages in production of inflammatory
mediators. Of note, ALI and ARDS have a deleterious
effect on distal organs not only due to hypoxemia, but as a
result of spillover of inflammatory agents into the
circulation as well. Given the pathophysiology of ALI/
ARDS, an anti-inflammatory agent that does not impair
immune clearance of microbes should attenuate endothe-
lium-alveolar inflammation, inhibit transudation and
exudation of leukocytes, and improve the mechanic
(ventilation) and diffusion components of respiration.
These effects would increase the delivery of oxygen and
minimize that of inflammatory mediators to vital organs,
ultimately reducing the dependence on mechanical

ventilation and facilitate whole-body recovery from
critical illness [1–4].

INSULIN EXHIBITS ANTI-INFLAMMATORY
PROPERTIES

Transient hyperglycemia is highly prevalent in
Intensive Care Unit (ICU) patients, even among those
without prior diabetes mellitus (DM)—it is sometimes
referred to as the “diabetes of injury.” The neuro-
endocrine and inflammatory responses to critical illness
induce counter-regulatory (i.e., hyperglycemic) path-
ways and antagonize insulin signal transduction (i.e.,
insulin resistance). The majority of studies support a
significant correlation between the severity of disease/
injury at onset, the degree of hyperglycemia, and
morbidity/mortality in the critically ill. A high glucose
concentration per se is injurious to multiple organs and
exacerbates oxidative stress and inflammation. It is
therefore mandatory to treat hyperglycemic ICU patients
with insulin while frequently monitoring their glucose
concentrations in order to minimize both hyperglycemia
and hypoglycemia [4–6].

As is the case in ambulatory patients with DM,
insulin therapy likely benefits hyperglycemic ICU
patients through metabolic and non-metabolic effects
other than increased glucose uptake by insulin-sensitive
organs. Indeed, numerous cell types significantly express
the insulin receptor. For instance, lipid and lipoprotein
metabolism is dysregulated in DM and critical illness
and responds to treatment with insulin [7–9]. In addition,
insulin beneficially influences vasomotor tone and
endothelial function through its divergent effects on the
endothelial and inducible isoforms of nitric oxide (NO)
synthase (eNOS and iNOS), which are augmented and
inhibited by insulin, respectively. This facilitates the
production of basal levels of NO while preventing over-
production and is vasculo-protective in DM [10] and in
sepsis [11, 12]. Another non-metabolic cell-type that
responds to insulin is the myeloid-derived inflammatory
cell, including the monocyte-macrophage, neutrophil,
and resident-macrophage sub-types. Signaling through
Akt (protein kinase B), insulin inhibits NF-κB activation
and the consequent transcription of genes encoding
inflammatory mediators, thereby exerting an anti-
inflammatory effect. In addition, insulin treatment
inhibits phagocyte NADPH oxidase, a major producer
of ROS in inflammatory states [13–15]. Inhibition of
NF-κB and ROS by insulin has also been reported in
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other cell types, such as the endothelium [16]. Insulin’s
effect on NF-κB and ROS is opposed to that of glucose and
free fatty acids (FFA)—increased levels of which induce
inflammation and oxidative stress [17, 18]. The extent to
which insulin plays a physiologic role in countering the
inflammatory response is unclear. Still, pharmacologic
doses of insulin appear to attenuate inflammation and
oxidative stress in healthy individuals and those with
metabolic derangements associated with obesity, by
reducing glucose/FFA levels and by direct inhibition of
NF-κB and NADPH oxidase [15].

Systemic administration of lipopolysaccharide
(LPS, a.k.a. endotoxin, a component of the gram
negative bacteria outer cell wall) to laboratory animals
induces a state that simulates human sepsis and multiple
organ dysfunction. LPS binds to its cognate receptor, the
Toll-like receptor 4 (TLR4), which is expressed widely
by inflammatory cells and signals to NF-κB and
NADPH oxidase pathways. LPS thereby elicits a robust
systemic inflammatory response that injures blood
vessels and numerous organs. This preclinical model is
therefore utilized to elucidate the pathophysiology of the
human disease and to screen for potential therapeutic
interventions. Treatment with insulin reduces oxidative
stress and inflammation and confers protection to vital
organs including the lungs (see below) in animal models
of endotoxemia [19–22]. Insulin’s anti-inflammatory
action is likely operative in critically ill patients as well
[11].

INSULIN DELIVERY THROUGH INHALATION

The unpleasantness of multiple daily injections
motivated researchers to develop alternative strategies
of delivering insulin to DM patients. Inhalation of
pharmaceutical drugs efficiently targets pulmonary tis-
sues, e.g., bronchodilators; particles of a small enough
size may reach the alveoli and also enter the pulmonary
vasculature. Indeed, inhaled insulin rapidly reaches the
systemic circulation to exert its pharmacodynamic effect
[23]. Unfortunately, the long-term use of several inhaled
insulin systems resulted in a mild but significant
impairment of pulmonary function, as evident by a
decrease in FEV1 and carbon monoxide diffusion
capacity. Of even greater concern, an increased inci-
dence in lung cancer among previous smokers was noted
following inhaled insulin use. These detrimental con-
sequences of insulin inhalation may be secondary to
activation of the pro-proliferative insulin-like growth

factor (IGF-1) pathway. These findings dampened
enthusiasm regarding the clinical utility of long-term
treatment with inhaled insulin [24, 25]. Most recently, an
inhaled insulin formulation (AFRESA, Mannkind Corp.)
that efficiently controls hyperglycemia [26, 27] was
reported to preserve airway function and pulmonary
diffusion capacity [28, 29]. The product’s attractive
safety profile may be in virtue of the insulin monomers
(rather than oligomers) and the novel method of
preparation employed in its preparation, both of which
serve to augment delivery of insulin to the alveoli and its
entrance to the capillaries [30].

INSULIN IS PROTECTIVE IN EXPERIMENTAL
ARDS

In rodents, intra-tracheal or intravenous injection of
lipopolysaccharide (LPS, a.k.a. endotoxin), a component
of the gram negative bacteria outer cell wall, induces a
pulmonary inflammatory state that recapitulates human
ALI/ARDS. LPS elicits an inflammatory response that
injures the lung in a manner that recapitulates human
ALI/ARDS. This preclinical model is therefore utilized
to elucidate the pathophysiology of the human disease
and to screen for potential therapeutic interventions [31].
Intravenous or subcutaneous administration of insulin
reproducibly ameliorates pulmonary inflammation, oxida-
tive/nitrosative stress, tissue injury, and organ dysfunction
in the LPS model of ALI [31–35]. Insulin also attenuated
trauma-induced ALI [36] and inhibited NF-κB-dependent
transcription of iNOS and COX-2 in LPS-stimulated
alveolar macrophages [37].

INHALABLE INSULIN: CAN IT TREAT BOTH
HYPERGLYCEMIA AND ALI/ARDS?

It appears that circulating insulin targets pulmonary-
marginating leukocytes, as well as alveolar macrophage,
epithelial, and endothelial cells, to down-regulate activa-
tion of NF-κB and NADPH oxidase by LPS and cytokines
[38]. However, the reduced alveolar-capillary diffusion
capacity likely limits the concentration of insulin that can
be attained in the alveolar and peri-alveolar fluid. Inhaled
insulin capable of reaching the alveoli may exert a local
anti-inflammatory effect on exudated neutrophils and
macrophages, alveolar macrophages and epithelial cells,
as well as on the local endothelium. We hypothesize that
early, short-term treatment of hyperglycemic ALI/ARDS
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patients with the novel inhaled insulin preparation may
very well attenuate pulmonary inflammation without
harming long-term lung function, while facilitating glyce-
mic control.

Cleary, the above hypothesis requires verification
by preclinical and clinical studies. Animal studies may
be employed to ascertain that insulin indeed reaches its
site of action despite mechanical ventilation (as opposed
to voluntary inhalation) and that it is indeed effective
and safe. Researchers may assess the impact of
administering inhalable insulin to ventilated, large
mammals with ARDS. Outcomes could include lung
weight, histopathology, oxidative and nitrosative stress,
expression of inflammatory mediators, oxygenation and
glucose levels, and variability. Since some survivors of
ARDS develop a fibrotic lung disease fibroproliferative
acute respiratory distress syndrome [39], long-term
follow-up of animals will be necessary to rule out a
potential IGF-1-like effect of insulin that may contribute to
such a condition. Assuming positive findings in preclinical
studies, a placebo-controlled study in patients could assess
the effect of inhalable insulin on molecular and cellular
inflammatory markers in broncho-alveolar fluid, oxygen-
ation, lung compliance, length of ventilation, glucose
control and variability, and long-term outcomes.
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