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Abstract

Background: Asthma and obesity, two growing epidemics worldwide, may share an underlying causal relationship.
Airway hyperresponsiveness (AHR), a defining component of asthma, has been documented in both ‘obese’ animal
models and non-asthmatic obese individuals. However, there is a paucity of evidence that obesity-derived factors
directly affect human airway smooth muscles (ASM).

Methods: Experiments were designed with primary ASM and adipocytes isolated from the same human tissue
explants (n = 6). The modulatory effects of human adipocytes extracted from subcutaneous (extrathoracic) and
visceral (intrathoracic) depots, on ASM biology was examined with respect to proliferation, migration, contractility
and pro-inflammatory cytokine synthesis.

Results: Adipocyte-conditioned media as well as myocyte-adipocyte co-cultures failed to show any significant
changes in the proliferative or migrational properties of the ASM. Adipocyte-conditioned media also had no effect
on the contractility or relaxation of bovine tracheal muscle strips. In contrast, there was a moderate yet significant
increase of IL-6 and eotaxin release by ASM incubated with adipocyte-conditioned media (P = 0.0035 and P = 0.0067,
vs. control, respectively), thereby further consolidating the altered inflammatory state reported for both diseases.

Conclusion: We report, for the first time, that adipocytes from either subcutaneous or visceral depots can trigger an
inflammatory state in the ASM, with negligible modulatory effects on hyperplasia, hypertrophy or contractile properties.
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Background
An increase in incidence trends for two major chronic
diseases, asthma and obesity, and a plausible ‘association’
thereof was premised as early as 1999 [1]. Epidemio-
logical and fundamental research since then has con-
firmed asthma to be a major risk factor in obese
individuals [2–5], and yet an ambiguity remains in defin-
ing a definite ‘causal’ relationship. Rasmussen and Han-
cox [6] in a recent review assessed the available
literature on asthma and obesity, summarizing three
plausible mechanisms that could explain the observed
associations between the two chronic conditions; viz., (i)
altered breathing mechanics in obese that contribute to
the airway hyperresponsiveness (AHR), (ii) an underlying
inflammatory pathway driven by adipose-secreted medi-
ators or ‘adipokines’, and finally (iii) lifestyle changes

contributing to gene-environmental interactions in those
already pre-disposed to asthma. Several experimental
animal (mouse) models of obesity exhibit adipokines to
contribute to the airway inflammation antecedent to de-
velopment of an asthma-like phenotype or trigger a
heightened response post stimuli (reviewed in [7, 8]. On
the contrary, data in humans, investigating the same as-
sociation is less conclusive, [4, 6, 8, 9] and at times, con-
flicting [10–12].
Though airway inflammation or ‘bronchitis’ is consid-

ered responsible for the physiologic consequences of
asthma, it is the AHR that distinguishes it from other
obstructive lung disorders [13, 14]. Increased AHR has
been reported in non-asthmatic obese individuals [15]
and in teenagers with high body mass index (BMI) [16].
Indeed, while discussing their experimental diet-induced
mouse models [17], Shore et al., commented that innate
AHR was a characteristic feature of obese mice inde-
pendent of the modality of obesity induction. A recent
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study by Al-Alwan and co-workers [18], reported that
the inverse relation between adipose mass with lung
function in obese asthmatics is attributed to the dimin-
ished respiratory compliance (compressed lungs in
obese). But as rightly pointed out by Robert H. Brown
[19] the study failed to address the real question: why
obese individuals are at risk to develop asthma?
In the past 15 years, the focal point of asthma-obesity

research has been centred on investigating the inflamma-
tory profile common to both diseases as the ‘causal’ link.
The release of adipokines from adipose stores along with
increase in pro-inflammatory mediators, a phenomenon
termed ‘metabolic inflammation’, till date remains respon-
sible for the obesity-derived systemic complications like
type 2 diabetes, staetohepatitis and metabolic syndrome
(30). Consequent studies have confirmed that obese indi-
viduals have increased levels of adipokines and increased
markers of systemic inflammation (like C-reactive protein)
which positively correlates to asthma development and se-
verity (6, 9). IL-6 and TNF-α govern the chronic low-lying
systemic inflammation characteristic of obesity by para-
crine inhibition of the anti-inflammatory adipokine “adi-
ponectin” (8, 9, 33). Indeed, sputum adiponectin levels are
lower in asthmatics compared to healthy, and high spu-
tum adiponectin was computed with lower odds of
asthma development, implying an altered inflammatory
state in the lungs to be the causal link (34). On the con-
trary, Sidleva et al., reported a 12-month observation
study of obese asthmatic women post-bariatric surgery,
where the extent of reduction in adiposity was directly as-
sociated with reduced AHR, independent of the airway in-
flammation (12).
It is evident from animal models, that obesity can in-

duce AHR via immunological mechanisms [7, 8]. Shore et
al., reported that leptin, a pro-inflammatory adipokine dir-
ectly correlated with the increased risk of asthma in obese
[6, 9, 20], when exogenously administered to ovalbumin-
sensitized mice augments induction of AHR [21]. This is
in contrast to their subsequent studies where leptin-
deficient obese mouse models developed innate AHR [7,
22]. Again, diet-induced obese mice developed innate
AHR, which was dependent on the amount of time the
obesity existed rather than its onset or the body mass [17].
The study showed a distinct effect of time on the inflam-
matory profile, where a significant quantity of serum lep-
tin was measured in 30-week-old animals (compared to
22-week-old animals), which coincided with the measured
AHR. Since human ASM cells express the receptor for
leptin [23], a recent study by our research group showed
exogenous addition of leptin to ASM, in vitro, inhibits
smooth muscle migration, proliferation and IL-13-
induced eotaxin. Thus, in contrast to the mouse models, it
is unlikely that leptin-induced inflammation be the causal
factor in the asthma-obesity relationship. In accordance, a

population-based birth cohort study from New Zealand
failed to show any statistical significance between serum
leptin and clinical markers of asthma [10].
Besides leptin and adiponectin, adipokines consist of

an array of mediators produced by adipocytes that in-
clude vinfastin, resistin, adipsin, in addition to eicasa-
noids and cytokines like IL-6, eotaxin and tumour
necrosis factor alpha (TNFα), all of which have the po-
tential to affect the ASM biology, dependent/independ-
ent of leptin [9]. There is no evidence to indicate that
increased secretion of adipokines from adipose mass
from human subjects could modulate ASM biology into
a diseased phenotype distinctive of asthma, characterised
by hyperplasia, hypertrophy and hyperreactivity [24].
Therefore, our current study was designed to identify a
disease-defining role of adipocytes on ASM by engaging
the entire array of mediators released, instead of segre-
gating the effect of only “leptin” or “adiponectin”. Add-
itionally, since visceral adipose tissue has been
previously documented to be the main source of adipo-
nectin [25], along with a variation in leptin gene expres-
sion between the adipose sites [26]; the study design also
attempted to differentiate the effect of adipocytes iso-
lated from different anatomical fat depots i.e. subcutane-
ous (extrathoracic) and visceral (intrathoracic), on ASM
biology. The current study thus aimed to investigate the
direct effect of adipocytes on ASM in an in vitro system,
without the influence of circulating immune cells and
other in vivo factors.

Methods
All human samples used in the study had informed con-
sent from respective patients and approval (#08–3085)
from the Hamilton Integrated Research Ethics Board, St.
Joseph’s Healthcare (HiREB, Hamilton, Ontario, Canada).

Human adipocyte culture
Intrathoracic adipose tissue samples harvested from the
mediastinum while extra-thoracic samples from the
chest wall of the same patient, were collected during
scheduled thoracic surgeries (refer to Table 1 for patient
characteristics), and were processed separately (in paral-
lel), as described [27]. Isolated adipocytes were cultured
with 1% FBS-supplemented media, until 80% confluence
was attained. Thereafter, they were maintained in
serum-free adipocyte media for 3 days. The conditioned
supernatants were used for ASMC stimulation or stored
at -80 °C for future experiments. Regular quality control
checks were performed for assessing purity of the cells
acquired through these established in vitro protocols.

Human adipocyte and ASM co-culture
Smooth muscle tissue isolated from macroscopically
disease-free areas of human bronchi (obtained from lung
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tissues resected for cancer), were grown to confluence as
previously described [28]. Experiments were conducted
between passages 2–4. Human ASM cells (ASMC) were
seeded at 105 cells/mL in the basolateral chamber of the
Transwell® inserts (3.0 μm pore-size, Corning Life Sci-
ences, Tewksbury, MA) and maintained in 10% FBS-
supplemented media for 3 days [28]. Thereafter, isolated
adipocytes from both sites [27], were seeded separately
on the apical chambers; the co-culture hereon was main-
tained in 1% FBS supplemented adipocyte media.

Proliferation assays
The proliferation of ASMCs was assessed by cell-
counting as described elsewhere [29]. Briefly, ASMCs
were seeded at 105 cells/mL in a 24 well-plate main-
tained in 10% FBS RPMI for 24 h, following which a
synchronization of the cell-cycle was allowed in serum-
free conditions for 24 h. Subsequently, the ASMCs were
challenged with either control or adipocyte-conditioned
media for four days before counting using trypan blue
exclusion method.

Migration assays
The effect of adipocyte-released mediators on the migra-
tional property of ASMCs was assessed by Transwell®
based migration protocol as previously described [28].
Briefly, ASMCs serum-starved for 24 h, were seeded on
to the apical chambers of a collagen-coated 8.0 μm pore
Transwell® plate containing adipocyte-conditioned media
in the basolateral chamber. The number of migrated
cells stuck on the lower surface of the insert was
counted and processed. 10 ng/mL PDGF was used as a
positive control as per previous reports [23, 28].

Bovine tracheal muscle bath techniques
Isometric contractility studies were performed with bo-
vine tracheal strips standardized with 60 mM KCl [23].
It was made sure that the tracheal strips did not have
any residual traces of epithelium attached. The tissues
were primed with adipocyte-conditioned media (or

control) diluted (1:2) in Krebs-Ringer’s solution for
20 min and treated subsequently with either increasing
strengths of carbachol (10− 10 – 10− 5 M), or iso-
proterenol (10− 10 – 10− 5 M). Each dose was added when
the previous dose reached a plateau. After the last dose,
the tissues were washed and a final KCl challenge was
performed to verify the continued viability of the tissues.

Cytokine analysis
A Bio-Plex Pro Bead Assay (Bio-Rad, Mississauga, ON)
was used to measure IL-6, TNF-α and eotaxin with results
analysed on Bio-Plex Manager 6.0 Software (Bio-Rad La-
boratories Inc., Mississauga, ON). The limits of detection
were 1.54, 1.51 and 4.75 pg/mL for IL-6, eotaxin and
TNF-α respectively.

Statistics
Comparisons of proliferation, migration and cytokine syn-
thesis between the tested conditions were assessed using
repeated measures analyses of variance (ANOVA) on
GraphPad Prism version 7.0 (La Jolla, CA, USA), unless
mentioned otherwise. Dose-response curves were con-
structed using non-linear regression. Results were
expressed as mean ± standard error (SEM) from n = 2
technical repeats from samples collected from 6 individual
donors. A P value < 0.05 was considered as significant.

Results
Airway smooth muscle cell proliferation
The proliferation of human ASMCs was significantly in-
creased in the presence of 10% FBS (P = 0.0008 vs. serum-
free control), while the intra-thoracic and extra-thoracic
‘conditioned’ media had no effect on their growth (Fig. 1a).
Further on, though co-culture with intrathoracic and
extrathoracic adipocytes in 10% FBS supplemented media
showed significant increase in ASMC cell count from
serum-free conditions (P < 0.0001, Fig. 1b), it failed to
show any significant increase in the proliferation rate
when grown in absence of adipocytes (10% FBS media,
Fig. 1b). In addition, there was no statistical significance
between the two depots, extra-thoracic and intra-thoracic,
in either experimental set-up (Fig. 1), indicating that adi-
pocytes or their secreted mediators have limited effect on
ASMC proliferation.

Airway smooth muscle cell chemotaxis
As previously reported by our group [23, 28], 1 ng/mL
PDGF significantly increased ASMC migration (P = 0.02;
Fig. 2a) and hence used as a positive control to demon-
strate chemotaxis of ASMCs in a Transwell® system.
Alongside, adipocyte-conditioned media (both depots)
did not demonstrate any significant effect on the migra-
tional properties of the ASMCs. Thereafter, the direct ef-
fect of the adipocytes on ASMC migration was assessed

Table 1 Subject Characteristics

Total number of patients who donated tissue, n 7

Migration experiments, n 6

Other experiments, n 6

Males/Females 2/4

Height, cm (mean ± SD) 166 ± 7.5

Body mass index (mean ± SD) 32.9 ± 6.1

Age in years (mean ± SD) 69.5 ± 13.3

FEV1, % predicted 75.33 ± 22

N.B. FEV1 – forced expiratory volume in 1 s; SD- standard deviation; all donors
were of Caucasian ethnicity. Tissue from one donor lost to contamination,
demographic data reported for 6
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in a co-culture set-up. Again, 1 ng/mL PDGF stimulated
ASMCs showed significant increase in chemotactic re-
sponse (P = 0.0024, Fig. 2b), thereby validating the co-
culture system for this study. While 1% FBS-
supplemented adipocyte media failed to trigger any
chemotaxis in the ASMCs, there was a significant increase
observed in presence of 1 ng/mL PDGF, for all conditions
(Fig. 2b). There was however, no difference in trend no-
ticed when co-cultured with adipocytes, extra-thoracic or
intra-thoracic (Fig. 2b).

Effects on bovine airway smooth muscle contractility
Adipocyte-conditioned media did not cause any signifi-
cant changes to the contractile or relaxant responses of
bovine tracheal smooth muscle strips (Fig. 3). The half
maximal effective concentration (EC50) for carbachol,
half maximal inhibitory concentration (IC50) for iso-
proterenol and the corresponding maximal responses re-
corded were statistically insignificant between the pre-
treated groups and the control (Table 2). Considering

the variability in data, a trend for increase in EC50 seen
in pre-treated strips cannot be deduced. Again, pre-
treatment with intra-thoracic adipocyte-conditioned
media showed an increased IC50 value. Though insignifi-
cant, there was a higher trend noticed for contractions
for muscle strips pre-treated with extra-thoracic adipo-
cyte media, with high variability (5.7 ± 2.9% vs. 3.07 ±
1.03% intrathoracic media, P = 0.2, Additional file 1:
Figure S1, online repository). The data thus suggests the
possible differential effects of adipose depots (or sites) on
the contractility of airway smooth muscles, but further in-
vestigation should be conducted to confirm the same.

Airway smooth muscle cell cytokine synthesis
Eotaxin, IL-6 and TNF-α were measured in ASMC su-
pernatants obtained after three days in co-culture and
after 24-h stimulation with adipocyte-conditioned media.
To validate the assays, IL-13 (10 ng/mL,) and Cytomix
(IL-1β: 5 ng/mL, TNF-α: 30 ng/mL and IFN-γ: 100 ng/
mL) were used as positive control for eotaxin, IL-6 and

Fig. 1 Effect of adipokines on the proliferative capacity of ASMCs. a ASMC counts expressed as number of cells in presence of serum-free adipocyte
media (CTRL), 10% FBS supplemented media (10%), intrathoracic (i) and extrathoracic (e) adipocyte conditioned media. Data represented as mean cell
count ± SEM; *P = 0.0008, n = 6 (donors); b ASMCs co-cultured for 3 days with intrathoracic (i) and extrathoracic (e) human adipocytes ±10%
FBS supplemented RPMI. ASMCs grown in cell-free, non-conditioned serum-free adipocyte media used as control (CTRL). Data represented
as mean cell count ± SEM. RM-ANOVA, Bonferroni comparison * P < 0.0001, compared to control, i & e, n = 6 (donors)

Fig. 2 Effect of adipokines on ASMC migration. Cell counts are expressed as ‘migrated’ ASMCs at t = 5 h, are plotted as the absolute number (n)
of cells counted in the field of view (frame) at 15× magnification for each condition, and data are represented as mean ± SEM. a ASMC migration
towards serum-free adipocyte media (CTRL), 1 ng/ml PDGF, intrathoracic (i) and extrathoracic (e) conditioned media, undiluted or diluted (1/10). b
ASMC migration in 1 ng/mL PDGF-supplemented conditioned media. RM-ANOVA, Bonferroni comparison *P < 0.0001, n = 6 (donors)
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TNF-α release by ASMCs as per previous reports [23].
TNF-α was below detectable limits in the ASMC superna-
tants for all conditions tested, though a small amount (6 ±
1 pg/mL), could be measured with addition of Cytomix in
the control media. After 24-h stimulation with control
non-conditioned adipocyte media, the ASMCs secreted 17
± 11 pg/mL of eotaxin which was significantly increased to
74 ± 19 pg/mL in presence of IL-13 (P = 0.0004). Up to 41
± 16 pg/mL and 41 ± 23 pg/mL of eotaxin was detected
when ASMCs were incubated with intra-thoracic and
extra-thoracic supernatants respectively, which were statis-
tically significant when compared to the control (P =
0.0067, Fig. 4a) but not each other. Again, adipocyte-
conditioned media from both depots allowed significant re-
lease of IL-6 compared to control (P = 0.0031, Fig. 4a). The
assay was validated by measuring IL-6 release by ASMCs in
presence of cytomix (31.98 ± 9.2 ng/ml, compared to 3.7 ±
0.8 ng/ml, intra-thoracic, and 4.0 ± 0.7 ng/ml, extra-
thoracic, P = 0.0006, data not plotted). Eotaxin release by
ASMCs in co-culture with both intra-thoracic and extra-
thoracic adipocytes was greater than that detected with the
adipocyte-conditioned media and the serum-free control,
but not between the two sites (Fig. 4b). It is evident from
the data that adipocytes exhibit the potential to maintain
ASMCs at an ‘inflammatory state’, with significant release of
two prime pro-inflammatory cytokines, eotaxin and IL-6.

Discussion
For the first time, we hereby report that human adipocytes
(and secreted mediators) isolated from both subcutaneous

(extra-thoracic) and visceral (intra-thoracic) adipose sites,
do not affect the proliferative or the chemotactic re-
sponses of human ASMCs. In addition, they have negli-
gible effect on the contractility, a property crucial to
consider the hyper-responsiveness component of asthma.
But adipocytes have the capability to stimulate ASMCs to
release eotaxin and IL-6, which are pro-inflammatory in
nature, thereby contributing to the chronic inflammatory
state, archetypal for both asthma and obesity.
While obesity is now recognised as a pro-inflammatory

systemic state, airway inflammation is considered to be
pivotal component in asthma pathophysiology. However,
in a study with 727 adult participants we failed to docu-
ment any association between BMI and airway inflamma-
tion (measured by sputum cell counts) [30]. In a
subsequent study, elevated sputum IL-5 and submucosal
airway eosinophilia (and not sputum) were documented
to be significantly elevated in severe asthmatics with obes-
ity [31]. The detectable increase in IL-5 in the sputum, in
the absence of any association with sputum eosinophils,
could be attributed to an alternative source/pathway. In
the current study, we observed that adipocyte-conditioned
media as well as direct culture with adipocytes, stimulated
ASM cells towards an inflammatory state (Fig. 4a, b).
Adipocyte-conditioned media from both sites accounted
for a significant release of both IL-6 and eotaxin from
ASMCs post 24 h compared to control unconditioned
media. Comparative to the conditioned media, a signifi-
cant increase in eotaxin release was seen in the co-
cultures for all tested conditions (P = 0.0003, Two-way

Fig. 3 Contractility of bovine tracheal strips in the presence of human adipocyte-conditioned media. Bovine ASM strips were hung in baths filled with
Krebs or 1:2 dilutions (in Krebs) of 0% FBS adipocyte media (CTRL), intrathoracic (i) & extrathoracic (e) adipocyte-conditioned media. The data are expressed
as the percent KCl contraction (a) or a reversal of the carbachol tone (b) with increasing strengths of isoproterenol, mean (%) ± SEM, n= 6 (donors)

Table 2 Maximal responses and half maximal effective and inhibitory concentrations

Carbachol Isoproterenol

EC50 (nM) Max response (%KCl) IC50 (nM) Max response (%carbachol)

Control 62 ± 38 184 ± 16 24 ± 12 2 ± 5

Intrathoracic 225 ± 110 206 ± 16 62 ± 33 0 ± 6

Extrathoracic 260 ± 62 187 ± 8 19 ± 8 −4 ± 5

EC50 and IC50 for carbachol and isoproterenol ± pre-treatment with adipocyte-conditioned media. Data presented as mean ± SEM. n = 6 (donors)
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ANOVA), whereas IL-6 release was highly variable. The
increase of eotaxin release in the co-culture could be at-
tributed to the presence of 10% FBS in the media, which
was absolutely required for sustenance of the co-culture.
Nevertheless, the result provides initial evidence that adi-
pocytes directly affect and maintain the inflammatory
state of the ASMs. Increased eotaxin release from the adi-
pocytes, classically known to recruit eosinophils into the
tissue, could explain the increased sputum eosinophils
into the submucosa and the associated IL-5 seen by Desai.,
et al. [31]. In addition, a recent study demonstrated that
the newly described tissue resident group 2 innate lymph-
oid cells (ILC2s) were activated upon calorie-intake, with
secretion of IL-5 in situ [32]. In particular, ILC2s resident
in the visceral adipose tissue (VAT) sustained eosinophilia
[33]. Further, we recently documented increased abun-
dance of IL5+ ILC2s in the sputum of severe asthmatics
compared to mild and healthy. Therefore, the role of these
cells in substantiating the inflammatory state initiated by
the adipocytes, and further contributing to asthma severity
requires investigation.
The relationship between the documented increase in

AHR with a higher adiposity index can be adequately ex-
plained by the changes in breathing mechanics, rather
than ‘inflammation’ [6, 34]. Shallow breathing (increased

frequency, lower tidal volumes) and reduced deep inspi-
rations in obese individuals lead to reduced lung vol-
umes which has a profound effect on the ASM
unloading, and thereby the AHR to methacholine [35].
This can explain the innate AHR observed in non-
asthmatic obese population [15] but not the animal
models [7, 17], since the mice are ventilated at fixed tidal
volume and ASM unloading does not occur during AHR
measurements. If it is to be assumed that the mouse
models closely mimic the disease progression in humans,
then it is highly likely that changes in the ASM have a dif-
ferent etiology independent of the altered breathing me-
chanics. Consequently, the likelihood of increased adipose
depots and their secreted products modulating the ASM
biology was the main scope of this study.
Countering this study question, the data fails to show

any significant modulatory effects of adipocytes and its
secreted products on the ASM proliferation (Fig. 1), mi-
gration (Fig. 2) or contractility of bovine muscle strips
(Fig. 3). These observations could therefore explain the
results of Sutherland et al., where no apparent associ-
ation between leptin and adiponectin levels with asthma
was documented [10]. Furthermore, the first randomised
trial of a weight-loss regimen on improvement of asthma
symptoms, showed a weak association of serum leptin

Fig. 4 Cytokine synthesis by ASMCs in presence of adipocytes. a Eotaxin and IL-6 production by ASMCs when stimulated with serum-free, non-
conditioned media (CTRL), intrathoracic (i) and extrathoracic (e) adipocyte conditioned media for 24 h. b represents Eotaxin and IL-6 released by
ASMCs when cultured in cell-free 10% FBS supplemented RPMI media (CTRL), intrathoracic (i) and extrathoracic (e) adipocytes for 3 days. Data represented
as mean ± SEM (n= 6 donors), repeated measures one-way ANOVA. *indicates significant difference from CTRL, P< 0.05. IL-13 and cytomix were used as
positive controls for assay validation that allowed significant release of IL-6 (31.98 ± 9.2 ng/ml) and eotaxin (74 ± 19 pg/mL) in by ASMCs respectively (data
not plotted)
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with the measured total lung capacity and hyperreactiv-
ity pre- and post-intervention [36].
Only low levels of leptin could be detected in the

adipocyte-conditioned supernatants (data not shown) by
ELISA, when compared to previously reported studies
[37, 38]. This is possibly due to differences in culture
methods or likely due to lower concentrations of isolated
adipocytes. Previously, eotaxin production by ASM stim-
ulated by 100 ng/mL leptin (48 ± 46 pg/mL, n = 5) was
reported to be lesser that that produced by unstimulated
cells (67 ± 74 pg/mL, n = 5) [23]. This is contrary to the
significant amount of eotaxin production by ASM cul-
tured with adipocyte-conditioned media containing a
cocktail of adipokines (41 ± 16 pg/ml vs. control 17 ±
11 pg/ml, P = 0.0067, n = 6). It is therefore evident, that
any plausible inflammatory mechanism that might affect
the ASM in obese is factored in by one or more of the
mediator(s) released and not just by leptin alone. In fact,
it is increasingly being recognised that the stromal vas-
cular fraction and the tissue matrix constituting the
‘non-fat cells’ of the adipose tissue contribute signifi-
cantly to the inflammatory profile [6, 8, 39]. There is an
increase in macrophages present in the adipose tissue of
the obese asthmatic individuals that have been demon-
strated to release the major proportion of TNF-α and
IL-6, in comparison to the adipocytes [6, 8]. This is fur-
ther confirmed since TNF-α was undetectable in our co-
cultures with ‘isolated’ adipocytes. This warrants a need
to further investigate the effect of the ‘non-fat’ cells,
comprising the macrophages and tissue matrix compo-
nents, in addition to the adipocytes, in modulating ASM
towards a diseased phenotype. A study design with su-
pernatants conditioned by the adipose tissue explants in-
stead of isolated adipocytes might be more appropriate
to investigate the defined objectives in the future. In
addition, we acknowledge that measuring only leptin
was a drawback of the current study, when an adipokine
array is commercially available (adipokine microarrays
should therefore be used in future experiments).
Considering the potential difference in mediators se-

creted at different sites [26, 40, 41], the study for the first
time addressed how intrathoracic and extrathoracic adipo-
cytes could affect ASM biology. Intrathoracic adipose tis-
sue was chosen as the visceral depot nearest the lung and
extrathoracic samples were extracted from subcutaneous
sites in the chest wall. In particular to the released adipo-
kines, the intrathoracic samples showed a trend towards
increased synthesis of eotaxin and IL-6 levels. Similar ob-
servations by Fain, et al., were reported where the adipo-
kine synthesis by visceral fat was higher in comparison to
subcutaneous fat, even though the former was mostly ab-
dominal in origin [38]. In our current study however, for
all the experimental outcomes, there was no significant
difference encountered in between the two depots which

is in accordance with the recent observations by Fenger
and co-workers, that higher risk of asthma with increasing
obesity is independent of the distribution of adiposity [42].
Again, a recent study reported similar trends for leptin
and adiponectin expression by visceral and subcutaneous
adipose tissue [12]. In the light of the current discussion,
it is important to indicate that the current study design
did not distinguish between the BMI of the donors (out of
the six donors, four had BMI > 32, one was overweight
with BMI of 28.6 and another normal at 23). The authors
remain aware that there are major differences in the adi-
pocytes of lean and obese individuals with respect to
morphology and adipokine synthesis. Again, sex of the
donor was not considered in the study design either, even
though sexual dimorphisms in the underlying mechanisms
of obesity-asthma have been observed [6, 40, 43]. The ini-
tial lay-out of the study was to assess the immediate effect
of adipocytes from visceral and subcutaneous sources
(from the vicinity of the airways) on ASM, without any
further co-variables. Till date there are few mechanistic
studies that investigate the direct influence of adipose tis-
sue on the human ASM. Therefore, the data reported here
is unique and provides direction to future studies.

Conclusion
In summary, the current study provides the first evi-
dence of the modulatory effects of human adipocytes on
human airway smooth muscle biology. We demonstrate
that adipocytes per se do not have a plausible role to-
wards modulating the ASM towards hyperplasia, hyper-
trophy or hyperreactivity, but exhibits a potential to
induce and maintain a low-grade inflammatory profile. It
remains to be seen if this is likely to contribute to the
tissue eosinophilic inflammation reported in obese pa-
tients with asthma.

Additional file

Additional file 1: Figure S1. Contractility of bovine tracheal strips in
the presence of human adipocyte conditioned media. Contractions are
expressed as the percent KCl contraction. Bovine ASM strips were hung
in baths filled with Krebs or 1:2 dilutions (in Krebs) of 0% FBS adipocyte
media (CTRL), intrathoracic (i) & extrathoracic (e) adipocyte-conditioned
media. Data presented as means ± SEM. P > 0.05, n = 6. (DOCX 22 kb)

Abbreviations
AHR: Airway hyper-responsiveness; ASM: Airway smooth muscle; BMI: Body
mass index; EC50 : Half maximal effective concentration; FBS: Fetal bovine
serum; IC50: half maximal inhibitory concentration; IL: Interleukin;
PDGF: Platelet-derived growth factor; TNF-α: Tumour necrosis factor alpha

Acknowledgements
We acknowledge the assistance of the Division of Thoracic Surgery and the
Department of Pathology in obtaining human airways, lung and adipose
tissues.

Funding
No additional funding was obtained.

Giesler et al. Respiratory Research  (2018) 19:33 Page 7 of 9

https://doi.org/10.1186/s12931-018-0741-z


Availability of data and materials
Please contact author for data requests.

Authors’ contributions
PN conceived the concept, AM and KR performed the experiments and
prepared the first draft of the manuscript that was revised by MM. LJ
supervised and interpreted the contractility experiments. PN provides
guarantee for the data presented in this manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
The study protocol was approved by the Hamilton Integrated Research
Ethics Board, St. Joseph’s Healthcare (Hamilton, Ontario, Canada). We have
written consent from all patients from whom tissue samples were procured
with respect to the protocols that were performed in the laboratory
research, and dissemination of the results in the form of a journal article.

Consent for publication
Copies of signed consent form can be made available if requested/required.

Competing interests
PN is supported by the Canada Research Chair program. He has received
consultancy fees from AstraZeneca, Boehringer Ingelheim, Sanofi, Teva, and
Roche; research support from GlaxoSmithKline, AstraZeneca, and Novartis;
and lecture fees from Roche, AstraZeneca, and Novartis. AG is supported by
NSERC Masters studentship. Rest of the contributing authors do not have
any conflict of interest to declare.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Received: 17 November 2017 Accepted: 19 February 2018

References
1. Camargo CA Jr, Weiss ST, Zhang S, Willett WC, Speizer FE. Prospective study

of body mass index, weight change, and risk of adult-onset asthma in
women. Arch Intern Med. 1999;159:2582–8.

2. Shaheen SO, Sterne JAC, Montgomery SM, Azima H. Birth weight, body
mass index and asthma in young adults. Thorax. 1999;54:396–402.

3. Beuther DA, Sutherland ER. Overweight, obesity, and incident asthma. Am J
Respir Crit Care Med. 2007;175:661–6.

4. Dixon AE, Holguin F, Sood A, Salome CM, Pratley RE, Beuther DA, Celedón
JC, Shore SA. An official American Thoracic Society workshop report: obesity
and asthma. Proc Am Thorac Soc. 2010;7:325–35.

5. Rönmark E, Andersson C, Nyström L, Forsberg B, Järvholm B, Lundbäck B.
Obesity increases the risk of incident asthma among adults. Eur Respir J.
2005;25:282–8.

6. Rasmussen F, Hancox RJ. Mechanisms of obesity in asthma. Curr Opin
Allergy Clin Immunol. 2014;14:35–43.

7. Shore SA. Obesity and asthma: lessons from animal models. J Appl Physiol
(1985). 2007;102:516–28.

8. Kim S-H, Sutherland ER, Gelfand EW: Is there a link between obesity and
asthma? Allergy Asthma Immunol Research 2014, May;6:189–195.

9. Fantuzzi G. Adipose tissue, adipokines, and inflammation. J Allergy Clin
Immunol. 2005;115:911–9.

10. Sutherland TJ, Sears MR, McLachlan CR, Poulton R, Hancox RJ. Leptin,
adiponectin, and asthma: findings from a population-based cohort study.
Ann Allergy Asthma Immunol. 2009;103:101–7.

11. Sood A, Qualls C, Schuyler M. Leptin, adiponectin, and asthma: findings
from a population-based cohort study. Ann Allergy Asthma Immunol. 2010;
104:355.

12. Sideleva O, Suratt BT, Black KE, Tharp WG, Pratley RE, Forgione P, Dienz O,
Irvin CG, Dixon AE. Obesity and asthma. Am J Respir Crit Care Med. 2012;
186:598–605.

13. Hargreave FE, Nair P. The definition and diagnosis of asthma. Clin Exp
Allergy. 2009;39:1652–8.

14. Nair P, Dasgupta A, Brightling CE, Chung KF. How to diagnose and
phenotype asthma. Clin Chest Med. 2012;33:445–57.

15. Badier M, Guillot C, Delpierre S. Increased asymptomatic airway hyper-
responsiveness in obese individuals. J Asthma. 2013;50:573–8.

16. Rasmussen F, Hancox R, Nair P, Hansen H, Siersted H, Nybo M. Associations
between airway hyperresponsiveness, obesity and lipoproteins in a
longitudinal cohort. Clinical Respiratory Journal. 2013;7:268–75.

17. Johnston RA, Theman TA, Lu FL, Terry RD, Williams ES, Shore SA. Diet-
induced obesity causes innate airway hyperresponsiveness to methacholine
and enhances ozone-induced pulmonary inflammation. J Appl Physiol
(1985). 2008;104(6):1727–35.

18. Al-Alwan A, Bates JHT, Chapman DG, Kaminsky DA, DeSarno MJ, Irvin CG,
Dixon AE. The nonallergic asthma of obesity. A matter of distal lung compliance.
Am J Respir Crit Care Med. 2014;189:1494–502.

19. Brown RH. Obesity and asthma: “what We've got here is failure to communicate”.
Am J Respir Crit Care Med. 2014;189:i–ii.

20. Sood A, Ford ES, Camargo CA. Association between leptin and asthma in
adults. Thorax. 2006;61:300–5.

21. Shore SA, Schwartzman IN, Mellema MS, Flynt L, Imrich A, Johnston RA.
Effect of leptin on allergic airway responses in mice. J Allergy Clin Immunol.
2005;115:103–9.

22. Johnston RA, Zhu M, Rivera-Sanchez YM, Lu FL, Theman TA, Flynt L, Shore
SA. Allergic airway responses in obese mice. Am J Respir Crit Care Med.
2007;176:650–8.

23. Nair P, Radford K, Fanat A, Janssen LJ, Peters-Golden M, Cox PG. The effects
of leptin on airway smooth muscle responses. Am J Respir Cell Mol Biol.
2008;39:475–81.

24. Macedo P, Hew M, Torrego A, Jouneau S, Oates T, Durham A, Chung KF.
Inflammatory biomarkers in airways of patients with severe asthma
compared with non-severe asthma. Clin Exp Allergy. 2009;39:1668–76.

25. Steffes MW, Gross MD, Schreiner PJ, Yu X, Hilner JE, Gingerich R, Jacobs Jr
DR: Serum adiponectin in young adults—interactions with central adiposity,
circulating levels of glucose, and insulin resistance: the CARDIA study. Ann
Epidemiol 2004, 14:492–498.

26. Schoof E, Stuppy A, Harig F, Carbon R, Horbach T, Stohr W, Rascher W,
Dotsch J. Comparison of leptin gene expression in different adipose tissues
in children and adults. Eur J Endocrinol. 2004;150:579–84.

27. Fernyhough ME, Vierck JL, Hausman GJ, Mir PS, Okine EK, Dodson MV.
Primary adipocyte culture: adipocyte purification methods may lead to a
new understanding of adipose tissue growth & development.
Cytotechnology. 2004;46:163–72.

28. Parameswaran K, Cox G, Radford K, Janssen LJ, Sehmi R, O'Byrne PM.
Cysteinyl leukotrienes promote human airway smooth muscle migration.
Am J Respir Crit Care Med. 2002;166:738–42.

29. Zhang ZD, Cox G. MTT assay overestimates human airway smooth muscle
cell number in culture. Biochem Mol Biol Int. 1996;38:431–6.

30. Todd DC, Armstrong S, D'Silva L, Allen CJ, Hargreave FE, Parameswaran K.
Effect of obesity on airway inflammation: a cross-sectional analysis of body
mass index and sputum cell counts. Clin Exp Allergy. 2007;37:1049–54.

31. Desai D, Newby C, Symon FA, Haldar P, Shah S, Gupta S, Bafadhel M,
Singapuri A, Siddiqui S, Woods J, et al. Elevated sputum Interleukin-5 and
submucosal eosinophilia in obese individuals with severe asthma. Am J
Respir Crit Care Med. 2013;188:657–63.

32. Nussbaum JC, Van Dyken SJ, von Moltke J, Cheng LE, Mohapatra A, Molofsky
AB, Thornton EE, Krummel MF, Chawla A, Liang H-E, Locksley RM. Type 2
innate lymphoid cells control eosinophil homeostasis. Nature. 2013;502:245–8.

33. Molofsky AB, Nussbaum JC, Liang H-E, Van Dyken SJ, Cheng LE, Mohapatra
A, Chawla A, Locksley RM. Innate lymphoid type 2 cells sustain visceral
adipose tissue eosinophils and alternatively activated macrophages. J Exp
Med. 2013;210:535–49.

34. Dixon AE, Poynter ME. Mechanisms of asthma in obesity. Pleiotropic aspects
of obesity produce distinct asthma phenotypes. Am J Respir Cell Mol Biol.
2016;54:601–8.

35. Parameswaran K, Todd D, Soth M. Altered respiratory physiology in obesity.
Can Respir J. 2006;13:203–10.

36. Scott HA, Gibson PG, Garg ML, Pretto JJ, Morgan PJ, Callister R, Wood LG.
Dietary restriction and exercise improve airway inflammation and clinical
outcomes in overweight and obese asthma: a randomized trial. Clin Exp
Allergy. 2013;43:36–49.

37. Fain JN, Kanu A, Bahouth SW, Cowan Jr GSM, Hiler ML, Leffler CW.
Comparison of PGE2, prostacyclin and leptin release by human adipocytes
versus explants of adipose tissue in primary culture. Prostaglandins Leukot
Essent Fat Acids. 2002;67:467–73.

Giesler et al. Respiratory Research  (2018) 19:33 Page 8 of 9



38. Fain JN, Madan AK, Hiler ML, Cheema P, Bahouth SW. Comparison of the
release of adipokines by adipose tissue, adipose tissue matrix, and
adipocytes from visceral and subcutaneous abdominal adipose tissues of
obese humans. Endocrinology. 2004;145:2273–82.

39. Fain JN. Release of inflammatory mediators by human adipose tissue is
enhanced in obesity and primarily by the nonfat cells: a review. Mediat
Inflamm. 2010;

40. Montague CT, Prins JB, Sanders L, Digby JE, O'Rahilly S. Depot- and sex-
specific differences in human leptin mRNA expression: implications for the
control of regional fat distribution. Diabetes. 1997;46:342–7.

41. Swarbrick MM, Havel PJ. Physiological, pharmacological, and nutritional
regulation of circulating adiponectin concentrations in humans. Metab
Syndr Relat Disord. 2008;6:87–102.

42. Fenger RV, Gonzalez-Quintela A, Vidal C, Gude F, Husemoen LL, Aadahl M,
Berg ND, Linneberg A. Exploring the obesity-asthma link: do all types of
adiposity increase the risk of asthma? Clin Exp Allergy. 2012;42:1237–45.

43. Scott HA, Gibson PG, Garg ML, Wood LG. Airway inflammation is augmented
by obesity and fatty acids in asthma. Eur Respir J. 2011;38:594–602.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Giesler et al. Respiratory Research  (2018) 19:33 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Human adipocyte culture
	Human adipocyte and ASM co-culture
	Proliferation assays
	Migration assays
	Bovine tracheal muscle bath techniques
	Cytokine analysis
	Statistics

	Results
	Airway smooth muscle cell proliferation
	Airway smooth muscle cell chemotaxis
	Effects on bovine airway smooth muscle contractility
	Airway smooth muscle cell cytokine synthesis

	Discussion
	Conclusion
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

