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Abstract

As the obesity epidemic has worsened, its impact on lung health and
disease has become progressively evident. The interactions between
obesity and the accompanying metabolic syndrome and diseases such as
asthma, pneumonia, and acute respiratory distress syndrome (ARDS)
have proven complex and often counterintuitive in human studies.
Hence, there is a growing need for relevant experimental approaches to

The prevalence of obesity, especially
extreme obesity (body mass index [BMI] =
40 kg/m?), has been increasing rapidly over
the past 2 decades in the United States and
other developed countries (1). More than
one-third of the American population is
obese, and >5% is extremely obese (2). The
public health consequences of this rise in
obesity are considerable because obesity is
associated with significant morbidities and
increased all-cause mortality in both men
and women (1). Although the effects of
obesity and the metabolic syndrome on
cardiovascular and endocrinological disease
are well documented, the impact of these
entities on the incidence, manifestations,
and response to treatment of diseases of the
lung is only beginning to be appreciated.
Clinical studies have indicated that, among
other diseases, obesity may have profound
effects on asthma, acute respiratory distress
syndrome (ARDS), and lung infection (as
recently witnessed in the HIN1 pandemic).
Given the rapid and what appears to be
inexorable rise in obesity in the United
States and beyond, how obesity alters the

understand the interactions between obesity and the lung. To this end,
researchers have increasingly exploited mouse models combining

lung in health and disease is critically
important to researchers and clinicians
alike. However, studies to date suggest that
these effects may be complex and at times
counterintuitive. Hence, there is a growing
need for relevant experimental approaches
to understand the interactions between
obesity and the lung.

The use of mouse modeling to
investigate lung disease dates back to the
studies of pneumococcal virulence by
Wollstein and Meltzer (3) of more than
100 years ago (4). Subsequent murine models
have been developed to dissect a broad
array of lung diseases, including ARDS,
pneumonia, pulmonary fibrosis, lung
cancer, chronic obstructive pulmonary
disease, and asthma, to mention but a
few (5-10). Mouse modeling has evolved
simultaneously to examine obesity and the
consequent metabolic syndrome, as
manifested by glucose intolerance,
dyslipidemia, and a host of other metabolic
and inflammatory abnormalities (11),
and such models have been pivotal in our
understanding of the vascular effects of

both obesity and lung diseases, including ARDS, pneumonia, and
asthma. Such models have both complemented and advanced the
understanding we have gained from clinical studies and have allowed
elegant dissections of obesity’s effects on the pathogenesis of lung
disease. Yet these models come with several critically important caveats
that we must reflect on when interpreting their results.

obesity (12). The most commonly used
obese mouse models are either mutant
strains that are spontaneously hyperphagic,
including ob/ob mice (leptin deficient)
(13), db/db mice (deficient in the long
form of the leptin receptor) (14), and
CPE/*"/* mice (carboxypeptidase-E
deficient) (15), or, increasingly, diet-
induced models of obesity, typically using
high compared with low fat chows
(typically 45-60% fat versus 10% fat) over
a period of weeks to months to induce
obesity (16) (Table 1).

Recently, the intersection of these
two areas of mouse modeling has been
exploited to examine the effects of obesity
and metabolic syndrome on several lung
diseases, most prominently ARDS,
pneumonia, and asthma. The results of
these studies offer significant insight into
initial clinical observations and suggest
novel ways to dissect the complex
interaction between obesity and the
lung but they must be assessed with
caution because of the limitations of such
modeling.
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Table 1. Overview of the Most Popular Murine Models of Obesity and Their Relative Metabolic Parameters

Mouse Model Obesity (Wks until Obese) Dyslipidemia Hyperglycemia Leptin “Resistance” (Mutant)
Diet-induced obesity +++ (20-25) ++ +/— ++
CPE™™! ++ (12-15) 4+ ++ +
Db/db (ObRb™"") +++ (6-8) ++ +++ (++)
Ob/ob (Leptin™") ++ (8-10) + +/- (+++H)1

“Obesity” is categorized by mouse weight at time of separation from age/sex-matched lean control mouse weight by 20 g. Adapted by permission from

Reference 36.
*No long form of leptin receptor expressed.
"No leptin expressed.

Acute Lung Injury and ARDS

Although we remain at a relatively early stage
in our understanding of obesity’s effects on
acute lung injury and ARDS, mounting data
suggest that a complex and as of yet
incompletely understood interaction exists.
Clinical studies examining the effects of
diabetes on the risk of ARDS have shown a
protective effect of this disease, yet no
associated change in mortality from ARDS
once established (17, 18). Less is known
about obesity itself and the other facets of the
metabolic syndrome. Studies controlling for
diabetic status suggest that rising BMI is
associated with an increased risk of the
development of ARDS and other organ
failures (19-21), as might be predicted from
the baseline systemic proinflammatory state
that accompanies obesity. Interestingly,
however, substantial evidence also indicates
that subsequent mortality from ARDS, and
from critical illness in general, is, in fact,
lower in obese patients (22-24). Although
some controversy has accompanied these
latter findings, additional studies carefully
adjusting for potentially confounding
diagnostic artifacts and process of care effects
have confirmed this association (25, 26), and
the limited clinical data available suggest that
the witnessed survival advantage may be
driven in part by an obesity-associated
attenuation of the inflammatory milieu in
patients with established ARDS (27).

Efforts using mouse models to examine
obesity’s effects on ARDS pathogenesis have
been similarly contradictory. Several studies
have shown that obese mice develop less
acute lung injury and inflammation after LPS
(28), hyperoxia (29), or ozone exposures (30)
than do lean control animals. Yet the
findings are not uniform, with competing
reports of increased lung inflammation and
injury in obese mice after such exposures,
even from the same investigators (31-34).
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Although disparate in their results, attempts
to reconcile these studies may be instructive,
and two variables in these models are worth
highlighting in this regard: (1) the type and
degree of initiating injury and (2) the timing
of injury and examination. In the most severe
exposure models, such as LPS (28) and
hyperoxia (29), obesity appears to have an
ameliorative effect on injury and
inflammation, whereas in less injurious
models such as acute ozone (30) and
particulate (31) exposure, obesity appears to
augment injury. Furthermore, there appears
to be a reversal of obesity’s effects on lung
injury as the duration (and perhaps severity)
of precipitating exposure increases: for
example, acute (3 h) versus subacute (72 h)
ozone exposures yield diametrically opposite
effects (increased and reduced, respectively)
in the same model of obesity (30, 32). Lastly,
the timing of examination after injury
appears to influence the witnessed effects of
obesity on injury. This is particularly clear in
the setting of LPS injury, in which early times
points (2-6 h) after injury appear to manifest
a proinflammatory effect of obesity, but by
24 hours, the effect is opposite (28).

These findings may begin to reconcile the
seemingly paradoxical findings in human
obesity, in which susceptibility to ARDS
appeared to be higher, yet the subsequent
inflammatory state attenuated and survival
improved. We must consider the possibility
that obesity may alter ARDS pathogenesis by
“priming” the lung for inflammatory insult
and amplifying the early inflammatory
response (thus lowering the threshold to
initiate ARDS), while at the same time
accelerating a subsequent transition to the
recovery phase. How obesity may change the
“inflammatory twitch” of the lung (35) is only
beginning to be understood, but on the basis
of recent mouse modeling, this appears to
include both baseline pulmonary vascular
“priming” (34) and neutrophil functional

impairment (28, 36, 37), as well as other
effects of elements of the metabolic syndrome,
including hyperglycemia (29, 36), dyslipidemia
(28, 36, 37), hypoadiponectinemia (34, 38),
and hyperleptinemia (39). For example, recent
studies by Shah and colleagues (34),
examining several mouse strains that vary in
their susceptibility to diabetes in a diet-
induced obesity (DIO) model, have
highlighted the complex interplay between
glucose intolerance and lung injury. In these
studies, obese diabetes-resistant mice showed
augmented injury after LPS exposure
compared with lean control mice, but this
effect of obesity was reversed in the more
diabetogenic strain. Although they confirm
epidemiologic studies on the interaction
between diabetes and ARDS, these findings
suggest that the elements of the metabolic
syndrome may counterbalance each other to
shape the contour of the inflammatory twitch
(Figure 1). Thus, the effects of obesity on lung
inflammation after injury are likely to reflect
an integration of the metabolic milieu in any
given individual.

Pneumonia

Obesity’s effects on pneumonia risk and
severity have become well recognized only
recently, after the HIN1 influenza pandemic.
Although epidemiological studies of obesity
and community-acquired bacterial pneumonia
have been mixed, recent meta-analyses have
shown a correlation between rising BMI and
pneumonia risk (40), and studies of influenza
A, particularly the HIN1 strain, have shown
a clear correlation between obesity and
influenza risk and severity (41, 42), as recently
recognized by the CDC (43).

Mouse modeling of obese pneumonia
has largely recapitulated the associations and
uncertainties of clinical studies: clear obesity-
associated susceptibility to and increased
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Figure 1. Hypothetical effects of obesity on acute respiratory distress syndrome pathogenesis. Obesity
and the metabolic syndrome may alter the kinetics of the “inflammatory twitch” in the lung after injury
such that the course represents an “equilibrium” between the effects of multiple discrete elements of the
metabolic syndrome. Apparent effects of hypoadiponectinemia, dyslipidemia, hyperglycemia, and
hyperleptinemia are included as examples. Red upward arrow indicates increased inflammatory
response. Green downward arrows indicate decreased inflammatory response.

severity of influenza A infection have been
shown (44-47), whereas obesity’s effects in
bacterial pneumonia models have appeared
variable, as recently reviewed by Mancuso
(48). As might be anticipated from the
above-noted findings in obese mouse models
of sterile lung injury and inflammation, the
pulmonary immune response to infectious
pathogens also appears deranged.
Pulmonary bacterial clearance and
containment appear to be impaired in
several obese mouse models, and studies
have suggested a role for both neutrophil
and macrophage dysfunction in this setting
(36, 48). Despite likely impaired bacterial
containment, the majority of studies have
found little or no obesity-associated increase
in lung viral titer in influenza infection, but
instead demonstrate an overexuberant
inflammatory response and accompanying
lung injury (44-46). Whether this latter
effect may reflect, in part, obesity-driven
“priming” of the lung for inflammatory
insult remains unclear. However, the
adaptive immune response after both
influenza infection and vaccination appears
to be impaired in obese mice (47, 49),
suggesting that a complex immune defect
underlies obesity’s effects on influenza
pathogenesis. In addition, using several
strains of mutant mice, the roles of leptin
signaling and its impairment have been
implicated in obesity-associated alterations
in the response to both bacterial and viral
pneumonia (39, 50-52), as have diabetes and
dyslipidemia (36, 37, 53), although these
associations have yet to be demonstrated
clearly in human pneumonia risk and
severity. Variable expression of the
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metabolic syndrome in the mouse models
studied is likely to contribute to the current
lack of consensus on obesity’s effects, as
demonstrated elsewhere in this issue (36)
in a comparative study of Klebsiella
pneumoniae pneumonia in DIO, db/db,
CPE™ and ob/ob mouse models, in
which the timing and degree of bacterial
containment failure differed significantly
between models. Clearly, much remains to
be understood regarding obesity’s effect on
the pathogenesis of pulmonary infection, but
already it is apparent that such effects can be
recapitulated in mouse models, suggesting
that this approach is likely to be informative
moving forward.

Asthma

As detailed elsewhere in this issue (54, 55),
obesity has been associated with a greater
prevalence and severity of asthma in
human populations, and recent studies
have strongly suggested that these
associations reflect a causal connection,
because weight gain has been shown to
increase the risk of incident asthma and its
severity (56, 57), whereas weight loss may
ameliorate this effect (58, 59). Recent
clinical studies have yielded tantalizing
insights as to the possibility that “obese
asthma” may reflect at least two distinct
allergic and nonallergic phenotypes (60)
and have suggested a differential role for
discrete elements of the metabolic
syndrome in altering both the innate

and the adaptive arms of the immune
response in asthma (61). However, for

now, we remain far from a complete
understanding of obesity’s effects on
asthma pathogenesis and behavior.

Mouse models of obesity have perhaps
contributed more to our growing
understanding of obesity’s effects on asthma
than to any other lung disease, with more
than 100 publications currently indexed in
PubMed on the subject. As reviewed
previously by Shore (62), mouse models of
obese asthma have suggested that obesity
in the absence of allergic disease is
associated with significant airways hyper-
responsiveness (AHR), primarily on the
basis of increased airways (not tissue)
resistance, and is largely unaffected by the
chest wall and abdominal obesity-driven
mechanical factors that may contribute in
human obese asthma. Furthermore, this
effect appears to be dependent on the
duration and/or degree of obesity, and, after
ozone exposure, to be associated with an
exaggerated airway inflammatory response
(as discussed in the context of lung injury,
above), as well as augmented airways
resistance both at baseline and with
methacholine challenge. Inflammatory
mediators including tumor necrosis factor-
o and IL-6 have been shown to contribute
to this process, and although variable,
elements of the metabolic syndrome,
including hypercholesterolemia and altered
leptin and adiponectin signaling, have been
implicated in mouse models, with their
primary effects appearing to be on innate
and not adaptive immune responses (62,
63). The impact of obesity on allergic
sensitization and challenge mouse models
of asthma remains somewhat unclear, with
divergent findings in the literature (62, 64).

More recent mouse models have
advanced our understanding of the immune
alterations underlying obese asthma and
have suggested other physiological
consequences of obesity and the metabolic
syndrome that may affect asthma
pathogenesis. In recent work from Kim and
colleagues (65) using multiple gene-deleted
mouse strains, diet-induced, NLRP3
inflammasome-mediated IL-13 release
from tissue macrophages was shown to
drive IL-17 production by innate lymphoid
cells, leading to subsequent AHR. This
demonstration of a “macrophage-innate
lymphoid cell axis,” independent of
adaptive immune response and possibly
activated by the dyslipidemic environment
of obesity, may explain, in part, the
apparent presence of one or more
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“nonallergic” phenotypes of obese asthma.
Similarly, the potential role of cerebral
hyperinsulinemia has been shown,
through elegant mouse models of
intracerebroventricular insulin injection, to
contribute to AHR via activation of
cholinergic nerves in the dorsal motor
nucleus of the vagus and subsequent
parasympathetic outflow to the airways
(66). Both these studies demonstrate the
power of well-designed mouse models to
dissect what often appears to be an
impenetrable morass of metabolic and
inflammatory signals in obesity.

Caveats and Pitfalls

One of the most important aspects of mouse
modeling is knowing the limitations of the
model. This is particularly true in mouse
modeling of obese lung disease, in which not
only the well-known issues of species
differences (mouse versus man) and
inaccurate disease recapitulation (e.g.,
murine ARDS [7]) limit our extrapolation
to the human condition, but the complexity
and variable expression of the obese
phenotype and even its interaction with the
mouse model itself lead to numerous
pitfalls and the need to keep in mind several
caveats to the approach.

Prime among these pitfalls is the
assumption of “simplicity” in a model.
This occurs when studies purporting to
examine discrete elements of the metabolic
syndrome (e.g., diabetes) do not examine
these in isolation of obesity and the other
facets of the syndrome (and perhaps
changes in the microbiome [67]) or, at the
very least, take them into account (e.g.,
Table 1). For instance, the db/db mouse
model has been used variously to
“specifically” examine leptin resistance,
diabetes, or obesity in reported studies.
Yet this model represents a milieu of all of
these and is also noted to be dyslipidemic.
Hence, it remains unclear which elements
of obesity and the metabolic syndrome may
be operative in the majority of reported
findings in the db/db model. Furthermore,
as has been noted by Lu and colleagues
(32), the db/db mouse, although lacking
the long form of the leptin receptor
(ObRD), which mediates leptin-driven
signal transducer and activator of
transcription signaling, is otherwise replete
with the short forms of this receptor, which
may have signaling effects on both
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leukocytes and the lung epithelium (50, 68).
Thus, whether the db/db mouse represents an
appropriate model of leptin resistance
remains an open question. This caveat

does not diminish the db/db mouse as an
important model of obesity, but rather,
highlights its relevance in examining florid
metabolic syndrome in its entirety and its
potential role in determining the effects of the
short forms of the leptin receptor, particularly
though comparison with other models such
as the aleptinemic ob/ob mouse (32).

Another important pitfall of obese
mouse modeling is highlighted by the
above-cited study by Shah (34), in which
the effects of obesity on LPS-induced
acute lung injury were shown to vary by
mouse strain, apparently because of
strain-dependent susceptibility to glucose
intolerance with weight gain. A growing
literature has been examining these
interactions (69, 70) and has yielded
important insights for those working in
lung disease models. Among them, it
appears that BALB/c mice, the most
commonly used strain in allergic airways
disease modeling, are extremely resistant to
the metabolic syndrome altogether (70),
making these animals suboptimal for the
examination of obesity’s effects on allergic
asthma. In contrast, the C57Bl/6 mouse
strain, the most common background
for transgenic and genetically deleted
mice, appears to be susceptible to the
development of metabolic syndrome but
delayed in its onset compared with other
obesity-prone strains (70), making the
duration of high-fat diet important in this
strain, as suggested in studies of AHR by
Shore (62), and bringing age into the
equation, as well. Thus, the interaction
between obesity and mouse background
genetics is critically important and must be
evaluated for each model.

Lastly, the definition of obesity itself
presents perhaps the greatest pitfall of all
in mouse modeling. What defines obesity
in mice? Although obesity in humans is
typically (and somewhat inadequately)
defined by BMI, there is no useful equivalent
for mice. Furthermore, much of what is
sought in a mouse model of obesity is instead
the metabolic syndrome, as defined in
humans by central obesity and two of
the following: elevated triglyceride levels,
reduced high-density lipoproteins, increased
blood pressure, or increased fasting glucose.
Glucose intolerance is a common (if variable)
occurrence in mouse models of obesity, and,

although in contrast to humans, mice usually
demonstrate elevated high-density
lipoprotein levels, the other manifestations of
dyslipidemia (elevated triglycerides and low-
density lipoproteins) are typically replicated
(11, 71). Because the role of systemic
hypertension is not often a consideration in
modeling lung diseases, its presence or
absence may be less relevant for many
researchers. Yet for those examining
pulmonary vascular disease (and possibly
ARDS), the effects of cardiac remodeling
and even systemic vascular injury may be
critical to the model.

As stated above, in any given obese
mouse model, the manifestations of obesity
are likely to be unique on the basis of not
only the model chosen (e.g., DIO, db/db,
etc.) but also the genetic background of the
mice, the composition and duration of the
diet, and the age of the mice. Thus,
particularly in diet-induced models, an
arbitrary definition of “obesity” on the basis
of a duration of diet or even percent weight
gain compared with lean control subjects is
ultimately uninformative in understanding
which facets of obesity and the metabolic
syndrome are being examined or in
comparing one report’s findings to
another’s. In the end, “obesity” should be
defined clearly by the investigator for the
model used, and, where possible, the
manifestations of obesity and the metabolic
syndrome should be characterized, unless
this information has been published
previously and the current model is
identical. A parallel approach using models
that only manifest individual elements of
obesity and the metabolic syndrome, such
as diabetes or hypercholesterolemia, has
also been exploited to isolate and dissect the
roles these conditions may play in the
pathogenesis of lung disease (e.g.,
pneumonia and ARDS [37]), and many
more such models have been reported but
have yet to be examined in the context of
lung disease (71). Moving forward, such
models represent a powerful approach to
understanding the complex underpinning
of obesity’s effects on the lung.

Taken together, these pitfalls and
caveats highlight the need for not only a
comprehensive understanding of the varying
metabolic aspects of each model and the
limitations of the approach, but also the use
of more standardized approaches among
investigators and the development of models
isolating individual aspects of obesity and the
metabolic syndrome.
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Conclusions

Mouse models combining obesity and
pulmonary diseases have already
contributed significantly to our

understanding of the interactions between
the obese state and diseases of the lung, and
moving forward, such models are likely to
provide even greater insight. As this field
expands, it will be critically important for

researchers to recognize and address the
pitfalls that accompany such work. ll

Author disclosures are available with the text
of this article at www.atsjournals.org.
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