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Abstract

Rationale: Obesity, especially truncal obesity, is a risk factor

for asthma incidence, prevalence, and severity. Chitinase 3-like-1
(Chi3l1) is an evolutionarily conserved moiety that plays a critical
role in antipathogen and Th2 responses. However, the mechanisms
that underlie the association between asthma and obesity and the
role(s) of Chi3ll in fat accumulation have not been defined.

Objectives: To determine whether Chi3lI1 is regulated by a high-fat
diet (HFD) and simultaneously plays an important role(s) in the
pathogenesis of asthma and obesity.

Methods: We evaluated the regulation of Chi3l1 by an HFD and
Th2 inflammation. We also used genetically modified mice to
define the roles of Chi3l1 in white adipose tissue (WAT)
accumulation and Th2 inflammation and blockers of sirtuin 1
(Sirtl) to define its roles in these responses. Finally, the human
relevance of these findings was assessed with a case—control

The world is currently experiencing
contemporaneous epidemics of obesity and
asthma. In the United States, the prevalence
of obesity (defined as a body mass index
[BMI] = 30 kg-mfz) increased from
approximately 15% in 1975 to 35% in

2010 (1). Epidemiologic studies have
consistently demonstrated that obesity is

a risk factor for asthma incidence (2, 3) and
prevalence (4), as well as increased asthma
severity and poor disease control (1, 5, 6).
In many of these studies, the most impressive

study involving obese and lean control subjects and those with
asthma.

Measurements and Main Results: These studies demonstrate
that an HFD and aeroallergen challenge augment the expression
of WAT and pulmonary Chi3l1. Chi3l1 also played a critical role
in WAT accumulation and lung Th2 inflammation. In addition,
Chi3l1 inhibited Sirt1 expression, and the deficient visceral fat
and Th2 responses in Chi3l1 null mice were reversed by Sirt1
inhibition. Finally, serum and sputum Chi311 were positively
associated with truncal adiposity, and serum Chi311 was
associated with persistent asthma and low lung function in obese
subjects with asthma.

Conclusions: Chi3l1 is induced by an HFD and Th2 inflammation,
and simultaneously contributes to the genesis of obesity and asthma.

Keywords: chitinase 3-like-1; adipose tissue; asthma; allergic
Th2 inflammation; sirtuin 1

associations were between asthma and
measures of abdominal or visceral obesity
(1, 5, 6). Overall, the association between
obesity and asthma is so striking that obese
subjects with asthma are now considered to
represent a “unique” asthma phenotype

(Received in original form May 1, 2014; accepted in final form January 20, 2015)

*F.A. and A.S. contributed equally to this study.

Supported by National Institutes of Health grants U01-HL-108638 and RO1 HL 093017 (J.A.E.), UH2HL123876 (G.L.C. and J.A.E.), RO1 HL115813 (C.G.L.),

and K23 HL094531 (A.S.).

Author Contributions: Conception and design—F.A., A.S., S.T., C.G.L., and J.A.E.; data collection—F.A., A.S., B.M., M.S., and C.Q.; analysis and
interpretation—F.A., A.S., S.T., M.S,, C.Q., C.S.D.C., G.L.C., C.G.L., and J.A.E.; drafting the manuscript for important intellectual content—F.A., A.S., C.G.L.,

and J.AE.

Correspondence and requests for reprints should be addressed to Jack A. Elias, M.D., Division of Medicine and Biological Science, Box G-A1, 97 Waterman

Street, Providence, Rl 02912. E-mail: jack_elias@brown.edu

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org

Am J Respir Crit Care Med Vol 191, Iss 7, pp 746-757, Apr 1, 2015
Copyright © 2015 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201405-07960C on January 25, 2015

Internet address: www.atsjournals.org

746

American Journal of Respiratory and Critical Care Medicine Volume 191 Number 7 | April 1 2015


mailto:jack_elias@brown.edu
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.201405-0796OC
http://www.atsjournals.org

At a Glance Commentary

Scientific Knowledge on the
Subject: Epidemiologic studies have
highlighted a significant association
between obesity and asthma
prevalence, incidence, and severity.
However, the mechanistic link between
these two pandemic diseases is still
enigmatic. Chitinase 3-like-1 (Chi311)/
YKL-40 is an evolutionarily conserved
member of the 18 glycosyl hydrolase
family that plays a major role in
antipathogen responses, inflammation,
and remodeling. However, the
mechanistic connections between
Chi3ll, asthma, and obesity have not
been defined.

What This Study Adds to the
Field: These are the first studies to
demonstrate that Chi3l1 plays a critical
role in both visceral fat accumulation
and adaptive Th2 inflammation, and
highlight the roles of sirtuin 1 in these
responses and the correlations between
circulating and sputum Chi3l1 and
measures of human obesity.

that does not respond well to inhaled
corticosteroids (4, 7, 8). The mechanistic
basis for the obesity-asthma association,
however, has not been adequately defined
(3, 9-11). Specifically, although past studies
have hypothesized that the mechanical and
adipokine-related effects of visceral
adiposity cause or worsen asthma (4, 12),
the alternative possibility, that asthma and
obesity share a common pathogenetic
mechanism(s) that is activated in these
patients, has not been addressed.

Chitinase 3-like-1 (Chi311; a chitinase-
like protein, also called YKL-40 in humans
and breast regression protein-39 in rodents)
is a member of the 18 glycosyl hydrolase
gene family, which binds to but does not
degrade chitin (13). The retention over
species and evolutionary time has led to the
belief that some of these moieties play
essential roles in biology (14, 15). In
support of this speculation, recent studies
from our laboratory and others have
demonstrated that Chi3ll plays a major
role in antipathogen, antigen-induced, and
oxidant-induced inflammatory, repair, and
remodeling responses by regulating
a variety of essential biologic processes,

including oxidant injury, apoptosis,
pyroptosis, inflammasome activation,
Th1/Th2 inflammatory balance, M2
macrophage differentiation, transforming
growth factor-B1 elaboration, dendritic cell
accumulation, and the activation of
mitogen-activated protein kinase, Akt, and
Wnt/B-catenin signaling (4, 16-21). Studies
from our laboratory and others have also
identified significant correlations between
dysregulated Chi3l1 and the development,
severity, and/or progression of a number
of diseases, including asthma and obesity
(as reviewed in Refs. 13, 22). These studies
strongly suggest that Chi3ll plays an
important role(s) in the biology that
underlies asthma, obesity, and other
disorders. However, the mechanistic
contributions of Chi3ll in obesity and
asthma have not been adequately defined.

Sirtuin 1 (Sirtl) is a histone deacetylase
that regulates a number of transcription
factors that are essential for metabolism,
endocrine signaling, and inflammation,
including peroxisome proliferator-activated
receptor-v, forkhead transcription factor,
p53, and nuclear factor (NF)-kB (23, 24).
Sirtl is believed to be an important
regulator of the energy metabolism
associated with obesity and allergen-
induced airway inflammation and airway
hyperresponsiveness (25-27). However, its
roles in these disorders have not been
adequately defined, and its relationship
to Chi3ll has not been addressed.

We hypothesized that Chi3l1
simultaneously plays a causal role in
asthma-like Th2 inflammation and visceral
fat accumulation. To test this hypothesis, we
characterized the expression and roles of
Chi3ll in animal models of asthma and
obesity using wild-type (WT) and Chi3ll
null mutant mice. These studies
demonstrate that Chi3ll is readily detected
and significantly induced in the lung and
visceral adipose tissue after allergen-
challenge and/or or a high-fat diet (HFD),
respectively. They also demonstrate that,
in the absence of Chi3ll, allergen-induced
Th2 inflammation and visceral fat
accumulation are significantly reduced
compared with WT controls and that these
effects are mediated by Sirtl. Finally, we
confirmed our murine findings in humans
where serum and sputum Chi311/YKL-40
correlated with parameters of truncal
obesity and serum Chi3ll was associated
with persistent asthma and low lung
function in obese subjects with asthma.
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Methods

A detailed description of the methods is
provided in the online supplement.

Mice Used for the Experiments
Chi3l1/breast regression protein-39 null
mutant (Chi3l1~'") mice and transgenic mice
in which Chi311/YKL-40 was targeted to the
lung using the CC10 promoter (YKL-40
transgenic mice [Tg]) were generated and
characterized in our laboratory, as previously
described (19). All murine procedures were
approved by the Institutional Animal Care
and Use Committee at Yale University
(New Haven, CT).

Obesity Studies

Age- and sex-matched Chi3l1 ™/~ male mice
and WT controls were fed regular chow (RC)
or an HFD (TD88137; Harlan Inc. South
Easton, MA) ad libitum for 12-24 weeks.

Adaptive Th2 Inflammation

Age- and sex-matched mice were sensitized
and challenged with ovalbumin (OVA) as
previously described (19). At 1 day after the
last challenge, the mice were killed,
bronchoalveolar lavage was undertaken,
and tissue responses were evaluated.

Administration of Sirtinol

Sirtinol, a Sirtl inhibitor (Enzo Life
Sciences, Farmingdale, NY) or vehicle
control (0.05% dimethyl sulofoxide) were
diluted with phosphate-buffered saline and
administered via an intraperitoneal route.

Histologic Evaluation, Messenger
RNA, and Western Analysis

The reagents and assessment procedures are
described in the online supplement.

Adipocyte Isolation

Epididymal fat pads from Chi3l1 ™'~ and WT
controls were removed and adipocytes were
isolated as previously described (28-30).

Human Studies

A case-control study design was used, in
which 180 subjects were included: 93 control
subjects and 87 subjects with asthma.
Asthma was defined by a “provider
diagnosis” and a “positive” (provocative
concentration of methacholine causing a 20%
drop in FEV; of <16 mg/m) methacholine
challenge test. The methacholine challenge
test was performed as per the American
Thoracic Society guidelines (31, 32).
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Additional details on the subjects are
described in the online supplement.

Statistical Analysis

Spearman correlations and regression
analyses were mainly used in human studies.
Mouse data are expressed as means (£SEM).
A P value of 0.05 or less was considered

to be significant. Statistical methods are
described in the online supplement.

Results

Regulation of Murine Adipose Tissue
and Pulmonary Chi3I1 by an HFD

In these experiments, we compared the
expression of Chi3ll in white adipose tissue
(WAT) and pulmonary tissues in mice on
RC or an HFD. In mice on RC, Chi3I1 gene
expression was readily appreciated in WAT
and lung tissues (Figures 1A and 1B). After
12-24 weeks on an HFD, a significant
increase in the expression of Chi3ll was
seen in WAT and pulmonary tissues
(Figures 1A and 1B). These studies
demonstrate that Chi3l1l is expressed by
WAT and lung tissues, and that this
expression is significantly enhanced by

an HFD in both tissue compartments.

Chi3I1 Plays a Critical Role in Murine
Visceral Fat Accumulation
To define the role(s) of Chi3ll in these

tissues, we first compared the levels of
visceral fat in Chi3ll null mice and WT
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controls. As can be seen in Figure 2,
abdominal visceral fat accumulation was
diminished in Chi3ll null mice compared
with WT controls (Figure 2A). In accord
with these findings, the epididymal fat pads
from Chi3I1 null mice were also smaller
than those from controls (Figure 2A). In
contrast, the transgenic overexpression of
Chi3l1/YKL-40 augmented visceral fat
accumulation (see Figure E1 in the online
supplement). Because reduced visceral fat
mass was seen in Chi3ll null mice, both on
RC and on HFD (Figures 2B and 2C,
respectively), these alterations were not the
result of diet. These alterations were also
not related to differences in the size of the
animals, because the differences remained
significant when total body weight was
accounted for (Figures 2D and 2E).

The alterations were also not limited to
epididymal fat pads, because perirenal fat
mass size (Figures 2F and 2G) was similarly
altered. Interestingly, the reduction in
visceral fat mass in Chi3ll null mice was
due, at least in part, to significantly smaller
adipocyte size in Chi3l1 null mice versus
controls (Figures 2H and 2I), even when
body weight was accounted for (Figures
E2A and E2B). These studies demonstrate
that Chi3ll plays a significant role in the
accumulation of visceral fat in mice.

Chi3I1 Plays a Critical Role in Murine
Visceral Fat Cytokine Elaboration

To determine if Chi311 regulates visceral fat
cytokine expression and elaboration, we
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Figure 1. High-fat diet (HFD) regulation of chitinase 3-like-1 (Chi3I1) gene expression. Wild-type
(WT) mice received HFD or regular chow (RC). (A) The levels of messenger RNA encoding Chi3l1
in epididymal fat pad. (B) The levels of mMRNA encoding Chi3l1 in total lung tissue. The noted
values represent the mean = SEM of a minimum of five animals. *P < 0.05, **P < 0.01. GAPDH =

glyceraldehyde 3-phosphate dehydrogenase.
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compared the cytokine production by
visceral WAT from Chi3l1 null mice and
WT controls. When compared with

equal amounts of WAT from WT mice, the
levels of messenger RNA encoding tumor
necrosis factor-o, IL-10, and IL-6 were
significantly lower in WAT from Chi3I1
null mice (Figures 3A-3C). In accord with
these findings with whole adipose tissue,
adipocytes isolated from Chi3ll null mice
also produced significantly less IL-13
compared with cells from controls (Figures
3D and 3E). These studies demonstrate
that Chi3ll production is associated with
enhanced fat accumulation and adipocyte
cytokine production.

Chi3I1 Plays an Essential Role in
Murine Pulmonary Th2 Inflammation
Because visceral fat mass correlates with
asthma severity (33), studies were
undertaken to define the role of Chi3ll

in the regulation of adaptive Th2
inflammation in the lung. Aeroallergen
sensitization and challenge stimulated the
expression and production of Chi3ll
(Figures 4A and 4B). In keeping with
prior observations (19) with OVA and
house dust mite antigens, pulmonary
aeroallergen-induced Th2 inflammation
was significantly decreased in Chi3l1 null
mice versus WT controls (Figure 4C).
When viewed in combination, these studies
demonstrate that Chi3l1 plays a critical role
in adaptive Th2 pulmonary inflammation.

Chi3I1 Plays a Critical Role in Allergic
Inflammation and Epididymal Fat
Accumulation in Mice on an HFD

To further define the role(s) of Chi3ll as
a molecule that links obesity and asthma, we
evaluated the aeroallergen-induced airway
inflammatory responses and visceral fat
accumulation in WT and Chi311™/~ mice
on a regular diet or an HFD. These studies
demonstrated that HFD-fed mice manifest
a significant increase in OV A-induced
bronchoalveolar lavage total cell and
eosinophil recovery compared with regular
diet-fed mice (Figure 4C). Importantly,
the OVA-induced responses in mice on

a regular diet or an HFD were both
significantly ameliorated in Chi3I1 null
mice (Figure 4C). An HFD and, to a lesser
degree, OVA sensitization and challenge
both also significantly enhanced epididymal
fat accumulation (Figure 4D). Importantly,
these augmented fat responses were also
significantly decreased in mice that lacked
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Figure 2. Chitinase 3-like-1 (Chi3I1) regulation of visceral fat accumulation in mice. (A) A representative photograph showing abdominal fat and
epididymal fat pads from wild-type (WT) and Chi3I1 ~/~ mice after 12 weeks on a regular diet (regular chow [RC]). (B and C) The weight of epididymal fat
pads in WT and Chi3I1 ™/~ mice on RC or a high-fat diet (HFD), respectively. (D and E) The ratio of epididymal fat pad to the total body weight of mice on
RC or an HFD, respectively. (F) The weight of perirenal fat pads from WT and Chi3I1™~ mice on an HFD. (G) The ratio of perirenal fat to the total
body weight of mice on an HFD. (H) Hematoxylin and eosin photomicrograph of epididymal fat pads from WT and Chi3I1 ~/~ mice. () Morphometric
evaluation of adipocyte cell size after 12 weeks on an HFD. The noted values in B, C, D-G, and / represent the mean = SEM of a minimum of five animals
(*P=<0.05, *P<0.01). (A and H) Representative of a minimum of three similar evaluations.

Chi3ll (Figure 4D). These studies
demonstrate that Chi3l1 plays a critical
role in the augmented adaptive Th2
inflammation and the fat accumulation
in mice on RC or an HFD.

Chi3I1 Inhibits Sirt1 in Murine Lung
and Adipose Tissue

Studies using WT and genetically modified
mice revealed an interesting relationship
between Chi3ll and Sirtl. Specifically,

messenger RNA encoding Sirtl was
readily appreciated in lungs from WT
mice (Figures 5A). In contrast, enhanced
levels of pulmonary Sirtl gene expression
were seen in lung tissues from Chi3l1
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Figure 3. Chitinase 3-like-1 (Chi3I1) regulation of murine epididymal fat pad cytokines. (A-C) The levels of messenger RNA encoding the noted cytokines in fat pads
from wild-type (WT) and Chi3i1 ™/~ mice after 12 weeks on a high-fat diet: (4) tumor necrosis factor (TNF)-a; (8) IL-10; and (C) IL-6. (D and E) We assessed
the levels of supermatant IL-1B released by adipocytes and epididymal fat pads (100 mg), respectively, from WT and Chi3I1 ~/~ mice after 24 hours in culture.
The noted values represent the mean + SEM of a minimum of five animals. *P < 0.05, *P < 0.01. GAPDH = glyceraldehyde 3-phosphate dehydrogenase.

null mice (Figure 5A). This difference

was also augmented after aeroallergen-
induced sensitization and challenge
(Figure 5B). Similarly, Sirtl was readily
appreciated in visceral WAT, and the levels
of expression were increased in in the
absence of Chi3ll in tissues from mice on
either RC or an HFD (Figures 5C and 5D).
These studies demonstrate that Chi3l1
inhibits Sirtl in both lung tissues and
visceral fat.

Sirt1 Interacts with Chi3I1 to

Mediate Proinflammatory and
Antiinflammatory Effects on Murine
Adaptive Th2 Inflammation

Studies were next undertaken to determine
if Sirtl played important roles in the Th2
and related responses in lungs from WT and
Chi3l1l null mice. As noted above, Sirtl
gene expression was readily appreciated in
lungs from WT mice and augmented in the
setting of Th2 inflammation. Interestingly,
systemic Sirtl blockade in WT mice
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diminished aeroallergen-induced Th2
inflammation and Th2, IL-17 and IL-6
cytokine production and mucus production
in the lung (Figures 6A-6H and Figure E3).
As also noted previously here, when
compared with WT controls, the levels

of Th2 inflammation were markedly
decreased, whereas Sirtl expression was
enhanced, in Chi3I1 null mice. In these
mice, systemic Sirtl blockade restored
aeroallergen-induced Th2 inflammation
and Th2, IL-17, and IL-6 cytokine
expression, and airway mucus to levels that
approached those in WT mice (Figures
6A-6H and Figure E3). In keeping with
reports in the literature, these studies
demonstrate that Sirt]l has both
proinflammatory and antiinflammatory
effects on pulmonary Th2 inflammation,
and that the effect that is seen is regulated
by Chi3ll1. Specifically, they demonstrate
that Sirtl augments Th2 inflammation in
the presence of Chi3ll and inhibits Th2
inflammation in the absence of Chi3l1.

Sirt1 Regulation of Murine Visceral
Adipose Tissue

The studies noted previously demonstrate
that visceral fat accumulation is markedly
diminished, whereas Sirtl expression is
increased, in mice that lack Chi3lIl.

To define the role(s) of Sirtl in these
phenotypes systemic Sirtl blockade was
employed. As can be seen in Figure 7, Sirtl
blockade did not significantly alter the
levels of visceral fat in WT mice. In
contrast, Sirtl blockade restored the levels
of visceral fat in Chi3ll null mice to levels
that approached those in WT animals
(Figures 7A and 7B). These studies
demonstrate that Sirtl inhibits visceral fat
accumulation in mice that lack Chi3l1.

Serum and Sputum Chi3I1/YKL-40

Are Positively and Independently
Associated with Truncal Adiposity in
Humans

Studies were next undertaken to define the
human relevance of our murine findings.
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Figure 4. Chitinase 3-like-1 (Chi3I1) in murine allergen (ovalbumin [OVA])- and high-fat diet
(HFD)-stimulated puimonary inflammation visceral fat accumulation. Wild-type (WT) mice were treated
with vehicle (phosphate-buffered saline [PBS]) or sensitized and challenged with aeroallergen (OVA). (A)
The levels of Chi3I1 messenger RNA in total lung tissue. (B) Chi3I1 protein detected by Western blot
from total lung tissues. (C) Total cell and eosinophil recovery in bronchoalveolar lavage fluids from WT
and Chi3l1 ™'~ mice that had been sensitized and challenged with OVA (OVA™) or vehicle control
(OVA™). Comparisons are made of mice on an HFD (HFD™) with those on regular chow (RC; HFD™). (D)
The weight of epididymal fat pads from the mice that had been sensitized and challenged with OVA (OVA™)
or vehicle control (OVA™). Comparisons are made of mice on an HFD (HFD™) with those on RC (HFD").
The values in A, C, and D represent the mean + SEM of a minimum of five animals. *P < 0.05, **P < 0.01.
Eos = eosinophils; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; ns = not significant.

This was first undertaken by characterizing
the levels of serum Chi3l1/YKL-40 and
anthropometric and dual-energy X-ray
absorptiometry (DEXA) parameters in

patients who were lean or obese with or
without asthma (as detailed in Table E1I).
These studies demonstrate that serum levels
of Chi3l1/YKL-40 were positively associated

Ahangari, Sood, Ma, et al.: Chi3l1 Regulation of Adipose Tissue and Asthma

with generally all mass measures, both
overall (Table 1) as well as within the

four individual groups (asthma or controls;
lean or obese; Figure E4). Among all
anthropometric measures, waist
circumference was most strongly positively
associated with serum Chi311/YKL-40 in
the overall population, by a stepwise
regression analysis (Table 1). After
adjustment for standard covariates and
asthma status, waist circumference was
still significantly associated with serum
Chi3l1/YKL-40 (Table 1). When all
DEXA mass measures and BMI were
instead included in a stepwise regression,
the resulting statistical model included
truncal lean mass, peripheral lean mass,
and arm fat mass indices as the significant
predictors (P < 0.006; Table 2). After
adjustment for standard covariates, asthma
status, and the other two DEXA mass
indices, truncal lean mass was still positively
associated with serum Chi311/YKL-40 in
the overall population (P < 0.001; Table 2).
These studies highlight associations
between Chi3l1/YKL-40 and truncal
obesity in subjects with and those without
asthma. They are in accord with a prior
study that showed that truncal lean mass
(possibly measuring intravisceral fat) is the
strongest obesity measure predicting
asthma in women (34).

To further understand the relationships
between Chi311/YKL-40 and obesity, we also
measured the levels of sputum Chi311/YKL-
40 and characterized its relationship to
anthropometric and DEXA parameters in
our cohort. These studies demonstrated that
the levels of sputum Chi311/YKL-40 were
positively associated with generally all mass
measures, both overall (Tables E2 and E3) as
well as within the four populations. Among
all anthropometric measures, waist
circumference was most strongly positively
associated with sputum Chi311/YKL-40
in the overall population by a stepwise
regression analysis. Importantly, serum
and sputum levels of Chi311/YKL-40 were
separately correlated with parameters of
truncal obesity, and these associations were
independent of each another. Specifically,
when the sputum levels were accounted for,
serum levels of Chi311/YKL-40 were still
correlated with parameters of obesity and
vice versa (Table 1 and 2 footnotes). Thus,
in keeping with our murine studies, the
present human study demonstrates that the
levels of serum and sputum Chi311/YKL-40
correlate with truncal adiposity.
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Figure 5. Chitinase 3-like-1 (Chi3I1) regulation of sirtuin 1 (Sirt1) gene expression. (A) Sirt1
messenger RNA (MRNA) levels in lungs from wild-type (WT) and Chi3I1 '~ mice. (B) Sirt1 mRNA
levels in the lungs from WT and Chi3l1 ™/~ mice after ovalbumin (OVA) sensitization and challenge.
(C) Sirt1 mRNA levels in epididymal fat pads from mice on regular chow (RC). (D) Sirt1 mRNA
levels in epididymal fat pads from mice on a high-fat diet (HFD). The noted values represent the
mean * SEM of a minimum of five animals. *P < 0.05. GAPDH = glyceraldehyde 3-phosphate

dehydrogenase.

Serum Chi3I1/YKL-40 Is Positively
Associated with Persistent Asthma in
Humans

Studies were next undertaken to define the
relationship between serum Chi311/YKL-40
and asthma. This was done by stratifying the
subjects with asthma into patients with
intermittent and persistent asthma and
comparing to control subjects. This study
revealed that serum Chi311/YKL-40
concentrations were positively associated
with persistent asthma (Table E4), with

P < 0.04 without and with adjustment for
standard covariates. Interestingly, this
association was not explained by sputum
Chi311/YKL-40, as inclusion of this variable
in the statistical model did not change the
results.

752

Serum Chi3I1/YKL-40 Is Inversely
Associated with FEV,, Only in Obese
Subjects with Asthma

We next evaluated the correlation in
humans between serum Chi311/YKL-40 and
prebronchodilator FEV, a measure of
asthma control and severity. When
analyzed as four groups (obese asthma,
normal-weight asthma, obese control
subjects, normal-weight control subjects;
Table 3), we found negative correlations
between serum Chi311/YKL-40
concentrations and FEV; % predicted
values in the obese asthma group only
(p=—0.34; P=0.01; Table 3). Thus,
serum Chi311/YKL-40 concentrations were
inversely associated with FEV; only when
obesity and asthma were both present, but

not in obesity without asthma or in asthma
without obesity (P value for three-way
multiplicative interaction between asthma,
obesity, and serum Chi311/YKL-40 on FEV,
is 0.03 after adjustment for standard
covariates). Finally, the association between
FEV; and serum Chi3l1/YKL-40 in obese
subjects with asthma was not explained
away by sputum Chi311/YKL-40 (Table 3
footnote).

Associations of Sputum Chi3I1/YKL-
40 with Asthma Outcomes Do Not
Mirror Those of Serum Chi3I1/YKL-40
Unlike serum Chi311/YKL-40, sputum
Chi3l1/YKL-40 is neither associated with
asthma status (Table E5) nor with FEV; %
predicted (Table E6). Furthermore, unlike
serum Chi311/YKL-40, sputum Chi311/
YKL-40 is associated with greater systemic
lipid oxidant stress (measured by urinary 8-
isoprostanes) in obese subjects with asthma,
but not in normal-weight subjects with
asthma (interaction between obese status
and sputum Chi311/YKL-40 on urinary
8-isoprostanes among subjects with asthma,
P =0.04). These results are provided in
Table E7, and their potential clinical
relevance is discussed in the online
supplement. Overall, these studies
demonstrate that, although sputum Chi311/
YKL-40 is not associated with asthma or
pulmonary function, it is associated with
systemic oxidant stress in the obese asthma
subgroup.

Discussion

Obesity has reached epidemic proportions
in the United States, and obesity-related
illnesses have become a leading preventable
cause of morbidity and even mortality
(35). Asthma is one of the most prominent
contributors to this morbidity and
mortality, because obesity augments
asthma prevalence and severity and
decreases responsiveness to therapy.

We hypothesized that the asthma-obesity
association is due, in part, to shared
regulation by Chi311/YKL-40. To address
this hypothesis, we used murine modeling
systems and a human case-control study to
characterize the regulation and roles of
Chi3ll in the generation and maintenance
of visceral WAT and pulmonary Th2
inflammation in mice and humans. The
murine studies demonstrated that Chi3l1 is
induced in visceral WAT and pulmonary
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B Obesity has recently been identified as

* * a major risk factor in the development of
120 - | | | asthma, and asthma in obese individuals
tends to be more severe and refractory to
1.00 - treatment. However, the mechanism(s)
T 0.80 4 linking obesity and asthma has not been
g = clearly defined (2). The relationship
()] .
= 0.60 - between asthma and obesity has been
5 assessed in a number of human studies.
§ 0.40 7 In many cases, this association was most

0.20 - striking when indices of truncal obesity
were employed (1, 5, 6). In accord with

0.00 - these observations, our murine studies
Chidlt  ++  ++ - —/- demonstrated that Chi3ll plays a critical
DMSO + - + - role in asthma and obesity, and our human
Sirtinol - + _ + studies revealed impressive correlations
between Chi311/YKL-40 and truncal versus
Chi3l17-+DMSO  Chi3I1-- +Sirtinol other obesity parameters. These findings
Figure 7. The effect of sirtuin 1 inhibition on fat accumulation. Wild-type (WT) and chitinase 3-like-1 ~ €an be accounted for via a number of
(Chi3I1) ™"~ mice were treated with sirtinol or its vehicle (dimethyl sulofoxide [DMSQ]), and mechanisms. First, Chi3ll could play
fat accumulation was assessed. Each animal received drug (0.4 mg/kg body weight/d) or vehicle critical, but independent, roles in the

twice per week for 5 weeks. (A) A representative photograph illustrating abdominal fat accumulation.  pathogenesis of asthma and obesity.
(B) The weight of epididymal fat pads from WT and Chi3I1 ~/~ mice. (A) Representative of at least Alternatively, it is possible that the effects
three similar evaluations. The values in B represent the mean + SEM of a minimum of five animals.  4re pot independent of one another, with

P=00s. obesity being a critical intermediary of

Chi3ll in obesity-associated asthma.

tissues by an HFD and Th2 inflammation,  sputum Chi311/YKL-40 both correlated Abdominal obesity is known to be
respectively. Importantly, they also with truncal obesity, serum Chi3l1/YKL-40 a strong predictor of low lung function (36).
demonstrated that Chi3ll plays a critical was associated with persistent asthma, However, our studies demonstrated that the
role in the pathogenesis of WAT and serum Chi3I1/YKL-40 correlated levels of circulating Chi3l1 correlate with
accumulation and Th2 inflammation, and ~ with lower FEV; or worse impairment in abnormal lung function in obese subjects
that the blunted Th2 response and decrease  subjects who had both obesity and asthma.  with asthma, but not obese control subjects
in visceral fat accumulation that are seen When viewed in combination, these without asthma. This suggests that these

in the absence of Chi3ll are mediated, at  findings allow for the exciting hypothesis findings are not simply due to the

least in part, by Sirtl. The human studies  that a high-fat Western diet simultaneously = mechanical effects of abdominal fat, and that
confirmed the relevance of the murine augments visceral adiposity and asthma by  there is, instead, a significant three-way
studies to humans, because serum and stimulating the Chi3ll pathway. interaction between obesity status, asthma

Table 1. Association between Serum Chi3I1/YKL-40 and Anthropometric Measures in Humans

Univariate Analysis (n = 180) Multivariable Analysis (n = 180)*
BMI/Skinfold Thickness Measure Variable Standardized P Value Standardized P Value
Waist circumference’™ 0.37 <0.001 0.37 <0.001
Hip circumference 0.29 <0.001
Waist to hip ratio 0.31 <0.001
Subscapular skinfold thickness 0.22 0.003
Triceps skinfold thickness 0.20 0.006
Chest skinfold thickness 0.30 <0.001
Midaxillary skinfold thickness 0.32 <0.001
Abdominal skinfold thickness 0.27 <0.001
Suprailiac skinfold thickness 0.23 0.002
Thigh skinfold thickness 0.18 0.02
BMI 0.33 <0.001

Definition of abbreviations: BMI = body mass index; Chi3l1 = chitinase 3-like-1.

*In the fully adjusted multivariable model, asthma status and standard covariates were included.

TWaist circumference was the strongest predictor in a stepwise regression, and therefore the multivariable analysis was performed only for this measure.
Additional adjustment for sputum Chi3I1/YKL-40 concentrations in the multivariable analysis did not change the results (standardized 3 = 0.46, P < 0.001).
*A graphic illustration of the linear positive relationship between (logarithmically transformed) serum YKL-40 concentrations and waist circumference is
presented in Figure E4. This finding was verified by using a quadratic fit model as well.
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Table 2. Association between Serum Chi3l1/YKL-40 and Dual-Energy X-Ray Absorptiometry Fat and Lean Mass Measures in

Humans

Univariate Analysis (n = 174)

Multivariable Analysis (n = 174)*

BMI/DEXA Mass Measure Variable Standardized P Value Standardized P Value
Total fat mass index 0.27 <0.001
Truncal fat mass index 0.31 <0.001
Peripheral fat mass index 0.21 0.004
Arm fat mass index" 0.29 <0.001 0.27 0.006
Leg fat mass index 0.18 0.02
Total lean mass index 0.26 <0.001
Truncal lean mass index' 0.34 <0.001 0.51 <0.001
Peripheral lean mass index" 0.13 0.09 —-0.41 0.001
Arm lean mass index 0.08 0.27
Leg lean mass index 0.13 0.08
BMI 0.33 <0.001

Definition of abbreviations: BMI =body mass index; Chi3l1 = chitinase 3-like-1; DEXA = dual-energy X-ray absorptiometry.
All indices were obtained by dividing the weight of that measure by the square of height (kg/m?). Six of 180 eligible individuals did not have DEXA

evaluations.

*In the fully adjusted multivariable model, asthma status, standard covariates, and the three DEXA mass indices were included.

"Truncal lean mass, peripheral lean mass, and arm fat mass indices were the strongest predictors in a stepwise regression, and therefore the multivariable
analysis was performed only for these measures. The separate relationships between truncal lean mass, peripheral lean mass, and arm fat mass indices
with serum YKL-40 were generally unchanged after adding sputum Chi3I1/YKL-40 in the multivariable model (standardized g =0.57, —0.29, and 0.22,

respectively with P < 0.001, 0.04, and 0.053, respectively).

status, and serum YKL-40 on FEV,. It is
tempting to speculate that this is due, at least
in part, to the inflammatory, remodeling, and
oxidant injury-regulating effects of Chi3l1.
It should be noted that there are still
controversies in regard to the roles of
eosinophils in the pathogenesis of asthma
and obesity. In asthma, eosinophils are
presumed to be detrimental, and therapies
are aimed at reducing their numbers or state
of activation. In contrast, recent studies
suggest that adipose tissue eosinophils play
a physiologic role, where they control and
improve metabolic homeostasis (37).

Interestingly, in subjects with asthma, only
the number of airway tissue eosinophils,
but not the number of circulating, sputum,
or adipose tissue eosinophils, directly
correlate with BMI (37). In addition, the
number of adipose tissue eosinophils is also
decreased in obese versus lean mice (37,
38). When viewed in combination, these
studies suggest that eosinophils have
different roles in different tissue
compartments (38). They also raise the
possibility that eosinophil redistribution
plays an important role in obesity-
associated asthma (38). The present studies

provide insights into the mechanisms that
may underlie these responses. By
demonstrating that aeroallergen-induced
eosinophilic inflammation and WAT
accumulation in mice on an HFD are
abrogated in the absence of Chi3ll, they
raise the interesting possibility that Chi3l1
is an intermediary molecule that links
pulmonary Th2 eosinophilic inflammation
and visceral fat accumulation. It is tempting
to suggest that the ability of Chi3ll to
regulate eosinophil cell death (19) may be
important, and that Chi3l1 may have
similar effects on adipocytes. Additional

Table 3. Spearman Correlations between Serum Chi3I1/YKL-40 Concentrations with Prebronchodilator FEV; % Predicted Values

Obese Subjects with
Asthma (n =51)

FEV; % predicted, unadjusted
FEV; % predicted, adjusted for
standard covariates

—0.34 (P=0.01)
—0.40 (P=0.005)

Normal-Weight Subjects
with Asthma (n =34)

(P=0.97)

0.01
-0.19 (P=32)

Obese Control
Subjects (n =44)

0.09 (P
0.26

Normal-Weight Control
Subjects (n =48)

0.56)

=0. 0.03 (P
(P=0.12) 0.003

Definition of abbreviation: Chi3l1 = chitinase 3-like-1.
Subjects with asthma included those with intermittent disease as well as persistent disease. The above correlations appeared stronger in obese subjects
with persistent asthma than obese subjects with intermittent asthma (p = —0.35, adjusted P =0.049 versus p = —0.03, adjusted P =0.93), although
the interaction was not significant (P = 0.50). The correlation between serum Chi3I1/YKL-40 concentrations with FEV; % predicted values for obese

subjects with asthma remained unchanged in separate analyses for standard covariates plus body mass index (BMI; p=—0.35; P=0.02; n=51) and
for standard covariates plus waist circumference (p = —0.31; P=0.04; n = 51) when compared to either the unadjusted value or the value after adjustment
for standard covariates only. Correlations in the other three groups remained nonsignificant. Standard covariates included sex, race, ethnicity, and atopic
status. There was a three-way multiplicative interaction between asthma status, obesity status, and serum YKL-40 concentrations on baseline

FEV; % predicted (P = 0.03) after adjustment for standard covariates. When the three-way interaction analysis was additionally adjusted for BMI or waist
circumference (in separate analyses), the P value remained significant. When adjusted for sputum Chi3I1/YKL-40, the correlation between serum Chi3I1/
YKL-40 and FEV; in obese asthmatic group was unchanged from the unadjusted value (p = —0.39; P=0.009; n = 44). Correlations in the other three
groups remained nonsignificant. However, an independent association between sputum Chi3I1/YKL-40 and FEV; % predicted was not seen in
unadjusted or adjusted analyses (as detailed in Table E6).
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investigation, however, will be required to
address this possibility and other ways that
Chi3l1 might contribute to eosinophil
redistribution and adipogenesis.

Dysregulated Chi3l1 is well
documented in a variety of inflammatory
and remodeling disorders (13, 22). In the
majority of these studies, only serum Chi3l1
was evaluated, and the source(s) of
circulating Chi3l1 was not assessed. Our
studies evaluated the relationships between
serum and sputum Chi3ll and obesity.
Interestingly, although both correlated with
truncal obesity, these associations were
independent of one another. In contrast,
only serum Chi311/YKL-40 concentrations
inversely associated with FEV, and only
sputum Chi3l1 correlated with systemic
lipid peroxidation in obese subjects with
asthma. This is the first demonstration of
the compartmentalization of Chi3l1 effects
in humans. It raises the possibility that
Chi3ll is regulated differently, and may
have different effector responses in different
bodily compartments. Additional
experimentation is needed to fully
understand the contributions of Chi3l1
in the lung versus the serum.

Sirtl is a nicotinamide adenine
dinucleotide *-dependent histone
deacetylase that influences a diverse
assortment of cellular processes through
interactions with targets, such as NF-kB,
p53, Forkhead transcription factors, and
histones, as well as epigenetic programming
(39). It is a nutrient-sensing protein
that induces hepatic gluconeogenesis,
fatty acid oxidation, and adiponectin
production, while repressing lipogenesis
and inflammation (39). However, the
contribution of Sirtl in lung inflammation
is still ambiguous. Some studies suggest that
it has an antiinflammatory role by
inhibiting proinflammatory transcription
factors, such as NF-kB (23). Other studies
show the opposite, with pharmacological
inhibition of Sirtl dampening lung Th2

inflammation by repressing peroxisome
proliferator—activated receptor-y (25) or
modulating vascular endothelial growth
factor expression (26). Our murine studies
highlight novel relationships between
Chi3ll and Sirtl and, in so doing, provide
at least a partial explanation for the
paradox in the literature. Specifically,
they demonstrate that the effect of Sirtl
blockade that is seen depends on the
levels of Chi3ll, with Sirtl exerting
proinflammatory effects in the presence of
Chi3ll and antiinflammatory effects in the
absence of Chi3ll. They also demonstrate
that, in the absence of Chi3ll, Sirtl inhibits
WAT accumulation. One can readily see
how interventions that alter Chi3ll, its
receptor(s), and or Sirtl can be useful in
efforts to control asthma, obesity, and,
specifically, obesity-associated asthma.
Because Chi3ll has been retained over
species and evolutionary time, it is assumed to
play important roles in biology. To survive
over evolutionary time, early cave dwellers
needed to be able to mount effective
antipathogen responses. In addition,
regardless of the time since their last
successful hunting foray, they also needed to
be able to store enough fuel to be able to
initiate “energetically expensive acts,” such as
immune activation (39). In accord with these
concepts, studies from our laboratory have
demonstrated that Chi3l1 plays a critical role
in antipathogen responses, where it
augments pathogen clearance and heightens
disease tolerance (4, 21). Our present studies
add to this evolutionary conceptualization
of Chi3ll by demonstrating that, in accord
with these evolutionary principles, Chi3l11
also augments fat accumulation. However,
unlike the early hunter-gatherers who lived
in a world where food was scarce, modern
Western humans live in a world of fat-rich
food abundance. Thus, one can see how
the ability of Chi3ll to augment fat/energy
storage helped early humans, and how it can
contribute to the generation of diseases like

obesity-associated asthma in a modern
Western society.

Many of the large epidemiologic studies
examining the association of obesity with
asthma have noted that the effect sizes for
obesity are larger in women than in men (40).
One explanation may be that, despite its
lower amount, the visceral fat in women is
more metabolically active than fat from men,
resulting in disproportionate inflammatory
effects on the lungs of women. It is also
possible that female reproductive hormones
regulate the Chi3l1/Sirtl pathways. Previous
studies from our laboratory have
demonstrated that many of the effects of
Chi3ll are mediated by a ligand-receptor
interaction with IL-13 receptor a 2 (IL-
13Ra2) (41). Interestingly, IL-13Ra2 is
encoded by a gene on chromosome X.
Although our small human study was not
powered to detect sex interactions, it is
possible that Chi3l1 contributes to the sex
differences in the obesity—asthma association
by interacting with IL-13Ra:2.

In summary, our studies demonstrate
that visceral adiposity and asthma share
important Chi3l1-dependent pathways. Our
findings allow for the exciting hypothesis
that a high-fat Western diet simultaneously
augments visceral adiposity and asthma,
at least in part, via Chi3ll stimulation.
Based on our data, we can also hypothesize
that novel preventive and/or therapeutic
strategies for obesity-related asthma may
include avoidance of fatty foods, inhibitors
of Chi3l1/YKL-40 and or its receptor(s),
and/or regulators of Sirtl. Additional
investigation of the biology of Chi3ll and
other 18 glycosyl hydrolase family members
in inflammation and metabolism, and the
roles of antagonists and agonists of these
pathways in the treatment of asthma,
obesity, asthma in obese individuals, and
related disorders, is warranted.

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