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Effect of Specific Allergen Inhalation on
Serum Adiponectin in Human Asthma*

Akshay Sood, MD, MPH, FCCP; Clifford Qualls, PhD; JeanClare Seagrave, PhD;
Christine Stidley, PhD; Tereassa Archibeque, RRT; Marianne Berwick, PhD;
and Mark Schuyler, MD, FCCP

Background: Adiponectin is associated with asthma. The direction of this association is not known
in humans. In mice, this association is bidirectional: allergen inhalation affects serum adiponec-
tin, and exogenous adiponectin administration affects asthma. We sought to evaluate whether
allergen inhalation affects serum adiponectin in human asthma.
Methods: This study included eight sensitized subjects with mild asthma and six healthy control
subjects. Asthmatic subjects were challenged with inhaled specific allergen (positive allergen skin
test), methacholine, and irrelevant allergen (negative allergen skin test). Control subjects were
challenged with irrelevant allergen. Sequential serum samples were obtained before and nine
times after each challenge. Serum adiponectin- (primary outcome), leptin-, adiponectin-to-leptin
ratio-, eotaxin-, and tumor necrosis factor-�–response curves, area under the curves, and baseline
and peak concentrations were evaluated. Statistical analysis used repeated-measures analysis of
variance and paired t tests.
Results: There were no significant differences in outcome measures among the challenges in
asthmatic subjects or when compared to control subjects. Type II error is an unlikely explanation
for these findings because the study was adequately powered to detect changes in serum
adiponectin, as reported in the literature. Further, pooled data showed that serum adiponectin
diurnal variation curves were lower in asthmatic subjects than in control subjects.
Conclusions: Serum adiponectin concentrations are lower in asthmatic subjects than in control
subjects. Specific allergen inhalation in asthmatic subjects does not acutely affect serum
adiponectin concentrations. The reverse association (ie, effect of adiponectin on asthma) needs
further study. If future studies prove adiponectin to be a protective factor for asthma, modulating
adiponectin may open a new approach toward managing asthma.

(CHEST 2009; 135:287–294)

Key words: adipokine; adiponectin; allergen inhalation challenge; asthma; leptin

Abbreviations: DEXA � dual energy X-ray absorptiometry; RM-ANOVA � repeated-measures analysis of variance;
TNF � tumor necrosis factor

A dipokines, a diverse group of proteins secreted
from adipose tissue, include various hormones,

cytokines, chemokines, and acute-phase proteins.
These may be antiinflammatory, such as adiponectin,
or proinflammatory, such as leptin, eotaxin, and tumor
necrosis factor (TNF)-�. Some investigators1–3 have
hypothesized that adipokines may cause asthma. If this
hypothesis is correct, modulating adipokines may open
a new approach toward managing asthma.

Studies4,5 have confirmed that serum adiponectin
is associated with asthma. Exogenous adiponectin
administration in sensitized mice attenuates allergen-

induced increase in airway hyperresponsiveness.5 In
addition, serum adiponectin concentrations decrease
following allergen challenge in sensitized mice.5 The
adiponectin-asthma relationship is therefore bidirec-
tional in mice, whereby allergen inhalation affects
serum adiponectin and exogenous adiponectin admin-
istration affects asthma.

For editorial comment see page 255

Our recent cross-sectional study4 shows that high
serum adiponectin concentrations are associated
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with decreased risk for asthma in women. However,
cross-sectional studies are unable to determine the
direction of association and hence the need for
longitudinal and interventional studies in this field.
Therefore, we determined whether specific allergen
inhalation affects serum adipokines in humans with
asthma, similar to mice. The primary aim was to
determine whether serum concentrations of adiponec-
tin decrease following specific allergen inhalation in
asthma. The secondary aim was to determine whether
serum concentrations of leptin, eotaxin, and TNF-�
increase, and whether the ratio of serum adiponectin-to-
leptin decreases following specific allergen inhalation.

Materials and Methods

Study Design

This was an interventional study including eight sensitized
subjects with asthma and six healthy control subjects. Asthma was

defined by the presence of all of the following criteria: physician
diagnosis of asthma, confirmed skin test “atopy,” presence of
nonspecific airway hyperreactivity (provocative concentration of
methacholine causing a 20% fall in FEV1 � 16 mg/mL), and
presence of specific airway reactivity (FEV1 decline � 20%) to
either inhaled Juniper-Mountain cedar or Bermuda grass aller-
gen on screening evaluation. Control subjects were defined as
those who met none of the first three criteria. All subjects with
asthma had mild disease (intermittent or mild persistent in
severity). This phenotype was chosen to minimize serious adverse
reactions to allergen inhalation and to minimize the confounding
effect of asthma medications. The study inclusion and exclusion
criteria are outlined in the online supplement. The study protocol
was approved by the local institutional review board. Informed
consent was obtained from all study participants.

Exposures

All subjects underwent one to three inhalational challenges in
random order on separate days (Table 1). All subjects inhaled
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Table 1—List of Inhalational Challenges Performed in
Random Order

Sensitized Subjects With
Asthma

Nonatopic Healthy Control
Subjects

Irrelevant allergen
inhalation (allergen tested
negative on skin-prick test
on screening evaluation)

Irrelevant allergen inhalation
(allergen tested negative
on skin-prick test on
screening evaluation)

Methacholine inhalation
(nonimmunologic
stimulus)

Specific allergen inhalation
(allergen tested positive
on skin-prick test on
screening evaluation and
starting challenge dose
subsequently evaluated on
titration skin allergen
prick test)

Table 2—Baseline Characteristics of Study Subjects*

Characteristics
Asthma
(n � 8)

Control Subjects
(n � 6)

Women† 5 4
Premenopausal† 4/5 4/4

Age, yr† 31.4 � 8.5 39.9 � 9.7
White race† 7 4
Ex-smokers† 2 3
Age of onset of asthma, yr 12.4 � 5.4 N/A
Use of inhaled

corticosteroids
1 0

Confirmed skin test atopy to
common aeroallergens

8 0

Body composition
measurements

Body mass index, kg/m2† 26.4 � 4.9 29.4 � 6.6
Percentage of body

fat (DEXA)†
35.1 � 6.3 38.8 � 12.3

Percentage of truncal
fat (DEXA)†

37.9 � 7.2 42.3 � 11.4

Insulin resistance (HOMA
units)†

2.4 � 1.2 2.5 � 1.7

Baseline FEV1, L/s prior to
irrelevant challenge†

3.1 � 0.5 3.3 � 0.8

Inhalational challenge
results

Provocative concentration
of methacholine
causing a 20% fall in
FEV1

10.5 � 9.9 N/A

Percentage drop in FEV1

following methacholine
challenge

26.8 � 8.9 N/A

Percentage drop in FEV1

following specific
challenge

28.8 � 5.3 N/A

Percentage drop in FEV1

following irrelevant
challenge†

� 3.0 � 5.2 � 2.8 � 5.7

*Data are presented as No. or mean � SD. HOMA � homeostasis
model assessment; N/A � not applicable.

†There was no significant difference between the two groups with
respect to these variables (p � 0.05 for all analyses).
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incremental concentrations of an irrelevant allergen to which
they were not sensitive (ie, associated with a negative skin-prick
test result). Two additional inhalational challenges were similarly
performed on all subjects with asthma, with a nonimmunologic
stimulus (methacholine),6,7 and with specific allergen to which
the subjects were sensitive (associated with a positive skin-prick
test result).8 The specific allergens used were Bermuda grass
(n � 3) and Juniper-Mountain Cedar (n � 5). Additional details
of these procedures are in the online supplement.

Outcome Measures

The primary outcome measure was the postchallenge change
in concentration of serum adiponectin from baseline. Secondary
outcome measures included similar changes in serum concentra-
tions of leptin, adiponectin-to-leptin ratio, eotaxin, and TNF-�.
Multiple venous blood samples were obtained in a fasting state at
15 min and just before the start of the challenge, just after the
completion of the challenge (0 h), and at 1, 2, 3, 4, 5, 6, 9, and
23 h after the challenge. Baseline (or pretest) levels were derived
from the mean of the first two levels obtained. Additional details
are provided in the online data supplement.

Statistical Analysis

All outcome measures other than serum adiponectin-to-leptin
ratio were logarithmically transformed due to their nonnormal
distribution. Statistical analysis used repeated-measures analysis
of variance (RM-ANOVA), with both the three challenges and
time as repeated factors in subjects with asthma (SAS PROC-
MIXED, SAS 9.1.3; SAS Institute; Cary, NC). Outcomes be-
tween subjects with asthma and control subjects were similarly

compared using case status as the grouping factor and time as the
repeated factor. If there were significant differences, post hoc
testing with paired t tests was performed. Challenge response
curves were plotted as geometric means for logarithmically trans-
formed outcome measures, and as arithmetic means for serum
adiponectin-to-leptin ratio. Additionally, area under the curves and
baseline and peak concentrations of outcome measures were com-
pared. The covariates studied included measures of obesity and
insulin resistance that may affect serum adiponectin concentrations
in humans.9,10 These covariates are further described in the online
supplement. Statistical significance was accepted as p � 0.05.

Sample Size and Power Estimates

Based on a previous study11 and assuming a modest correlation
of 0.7 between baseline and follow-up values, the SD of the
difference was estimated at 4.4 �g/mL for serum adiponectin
(Table E4 in online supplement). Therefore, our sample size of
eight subjects with asthma was adequate to detect a difference of
5.1 �g/mL for serum adiponectin with � � 0.05 and � � 0.2.
This study was therefore adequately powered because the pub-
lished absolute difference in serum adiponectin in a human
intervention study was 6.7 �g/mL.11 Further, the power estimate
based on mice allergen challenge studies was also adequate.5 The
actual power of the study was in fact greater than the above
estimation because data were logarithmically transformed.

Results

Fourteen subjects, 8 subjects with asthma and 6
control subjects, were studied, mostly premenopausal,
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Figure 1. Serum adiponectin (geometric) mean response curves to inhalational challenge. Following
any challenge, there was an immediate transient rise in serum adiponectin concentration. Comparison
of the three response curves among the eight subjects with asthma using RM-ANOVA showed no
significant differences. Similar results were noted when specific allergen challenge in asthma and
irrelevant allergen challenge in control subjects were compared. Logarithmically transformed data
shown in Table E2 in the online supplement.
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overweight women (Table 2). Among all challenges, the
decline in FEV1 following specific allergen inhalation
was greatest in magnitude (28.8 � 5.3%) and duration
(Table 2; Table E3 in online supplement).

Following any inhalational challenge (in both
asthma subjects and control subjects), there was an
immediate rise in serum adiponectin concentration
above baseline, lasting about an hour (Fig 1; Table
E2 in online supplement). In addition, there was an
immediate decline in serum leptin concentration
below baseline, lasting several hours, returning to
baseline by the next morning (Fig 2; Table E2 in
online supplement). Despite these changes, there was
no significant change in serum adiponectin-to-leptin
ratio as compared to baseline (Fig 3). This lack of
significant change was attributed to large SDs associ-
ated with this measure (Table E2 in online supple-
ment). While serum eotaxin concentration (Fig 4) was
unaffected by any inhalational challenge, a small tran-
sient decline in serum TNF-� concentration 2 to 3 h
after the specific allergen and methacholine challenges
in subjects with asthma was suggested (Fig 5).

Repeated-Measures Analysis of Outcome Measures
Among Subjects With Asthma

Comparison of the three challenges among sub-
jects with asthma showed no significant differences

with respect to the response curves, area under the
curves, baseline and peak concentrations of serum
adiponectin, leptin, adiponectin-to-leptin ratio, and
TNF-� (Figs 1-3, 5; Table E1 in online supplement).
A difference in the main effect of the eotaxin
response curves between specific allergen and
methacholine and irrelevant allergen challenges was
noted. However, no significant difference at individ-
ual time points in (geometric) mean serum eotaxin
level was seen among the various curves (all
p � 0.30). Furthermore, there were no significant
differences among the three challenges with respect
to area under the curve and baseline and peak
concentrations of serum eotaxin (Fig 4, Table E1 in
online supplement).

Repeated-Measures Analysis of Outcome Measures
Between Subjects With Asthma and Control
Subjects

Comparison of the specific allergen challenge in
subjects with asthma and irrelevant allergen challenge
in control subjects again showed no significant differ-
ences with respect to the above outcome measures,
except for a difference in main effects between the two
eotaxin response curves (Figs 1-5; Table E1 in online
supplement). Again, no significant differences in (geo-
metric) mean serum eotaxin concentrations at individ-
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Figure 2. Serum leptin (geometric) mean response curves to inhalational challenge. Following any
challenge, there was an immediate transient decline in serum leptin concentration. Comparison of the three
response curves among the eight subjects with asthma using RM-ANOVA showed no significant differences.
Similar results were noted when specific allergen challenge in asthma and irrelevant allergen challenge in
controls were compared. Logarithmically transformed data shown in Table E2 in the online supplement.
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ual time points, including the baseline, between the
two curves were noted (all p � 0.18).

Further, when data from the three challenges in
subjects with asthma were pooled, serum adiponectin
curves during the 24-h period were significantly lower
in subjects with asthma, compared to control subjects
(p � 0.02). Adjustment for covariates, ie, obesity (body
mass index, dual energy X-ray absorptiometry [DEXA]-
assessed percentage of body fat, or percentage of
truncal fat separately) and insulin resistance did not
explain this observation, and in fact further strength-
ened the association of adiponectin diurnal variation
curves with asthma status (p � 0.01 for all analyses).
Similar results were seen when serum adiponectin-to-
leptin ratio was used instead of adiponectin.

Discussion

This study of human subjects with mild asthma
does not support the hypothesis established in mice
that specific allergen inhalation affects serum adi-
ponectin concentrations. We postulate the following
explanations for this discrepancy. First, mice are not
the same as humans, and mouse asthma is not the
same as human asthma.12 Quite like the current
study, the effects of adipokines (such as adipsin,
resistin, and interleukin-6) on insulin resistance vary
between humans and mice.13 Second, our results

may be negative because of subject characteristics.
Our subjects were predominantly overweight pre-
menopausal and postmenopausal women and men
with a mild asthma phenotype. The choice of sub-
jects was partly based on safety of challenge testing.
Further, the relevant animal studies were done on
lean (BALB/cJ) mice of both sexes.5,14 Third, the
severity of intervention in this study could not match
that of the mice allergen challenge studies. Fourth, the
results may be negative because of a small sample size
(type II statistical error). Despite the small sample size,
our power analysis was adequate to detect changes in
serum adiponectin, as reported in the referenced hu-
man interventional study as well as in the mice allergen
challenge experiments.5,11 A careful post hoc evaluation
of the power analysis showed that our assumptions for
SDs used to calculate effect size were in fact correct
(Table E4 in online supplement). Furthermore, loga-
rithmic transformation of data resulted in a greater
effect size than was postulated in the prior power
analysis.

Serum concentrations of adiponectin, an anti-
inflammatory adipokine, are reduced among obese
subjects.15,16 High serum adiponectin concentrations
are associated with reduced risk of asthma in women
after adjusting for obesity.4 In sensitized mice, exoge-
nous adiponectin administration attenuates allergen-
induced airway hyperresponsiveness.5 Further, adi-
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Figure 3. Mean response curves of serum adiponectin to leptin ratio to inhalational challenge. Comparison
of the three response curves among eight subjects with asthma using RM-ANOVA showed no significant
differences. Similar results were noted when specific allergen challenge in asthma and irrelevant allergen
challenge in control subjects were compared. Raw data shown in Table E2 in the online supplement.
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ponectin messenger RNA production in mice decreases
following allergen challenge.5 The adiponectin-asthma
relationship in mice is therefore bidirectional. However,
the direction of the adiponectin-asthma association is not
known in humans.

This study demonstrates transient changes in se-
rum adiponectin and leptin concentrations (Fig 1, 2)
following any inhalational challenge in both asthma
and control subjects. There are two possible expla-
nations for these findings. First, multiple spirometry
maneuvers during the challenge test may itself affect
the release of adipokines through a mechanism that
is independent of the nature of the inhalant. Second
and more likely, the change is due to the superim-
posed diurnal variations in serum adiponectin and
leptin concentrations.17,18 The diurnal variation in
serum adiponectin concentration is characterized by
a nocturnal decline with a nadir in the early morning
and a subsequent peak in the late morning. After
peak levels are reached, there is minimum daytime
variation.17 Since all challenges were performed be-
tween 7:00 am and 8:00 am in this study, the subse-
quent increase in adiponectin in Figure 1 may repre-
sent the described diurnal peak. Similarly, leptin shows
diurnal variation with a peak between 10:00 pm and
3:00 am (median, 1:20 am) and a nadir between 8:00

am and 5:40 pm (median, 10:33 am) in one study,18

with an additional delay if subjects were fasting. The
decline in serum leptin in Figure 2 may therefore also
be explained by normal diurnal variation.18

Although we found a difference in main effects
between the eotaxin response curves (Fig 4; Table
E1 in online supplement), no significant differences
at individual time points in (geometric) mean serum
eotaxin concentration were seen among the various
curves on post hoc analysis. We therefore postulate
that the statistical difference between the eotaxin
curves, as detected by the powerful RM-ANOVA
analysis, does not have any clinical significance.

If specific allergen inhalation does not affect se-
rum adiponectin concentrations in human asthma,
how can we explain our previous cross-sectional
observation4 that high concentrations of serum adi-
ponectin are associated with decreased risk for
asthma? One explanation is that this association is
determined by the long-term effects of asthma on
adipose tissue. If correct, the short-term experimen-
tal study conditions may not reflect the long-term
effects of asthma on adipose tissue. However, we
believe that the more plausible explanation is that
serum adiponectin affects asthma status in humans
(ie, a reverse direction of the adiponectin-asthma
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Figure 4. Serum eotaxin (geometric) mean response curves to inhalational challenge. A main effect
difference in eotaxin response curves was seen in the eight subjects with asthma using RM-ANOVA,
between specific allergen challenge and methacholine and irrelevant allergen challenges. However, no
significant differences at individual time points were seen between the various curves. Similar results
were noted when specific allergen challenge in asthma and irrelevant allergen challenge in control
subjects were compared. Logarithmically transformed data are shown in Table E2 in the online
supplement.
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association than was hypothesized in this study).
Thus, high serum concentration of adiponectin may
be a protective factor for human asthma.4,19 How-
ever, this still remains to further investigated.

Additionally, we found that the diurnal variation
curves of serum adiponectin concentrations in asthma
subjects were lower than control subjects. This finding
is consistent with the result of our previous large
cross-sectional study4 in which serum adiponectin mea-
sure at a single time point was studied. Adiponectin
inhibits mitogen-induced proliferation and migration of
cultured murine vascular smooth-muscle cells,16,20 and
may have similar effects on airway smooth muscle.5
Given that adiponectin receptors are expressed in human
airway smooth cells,21 it is possible that continually de-
creased serum adiponectin may contribute toward in-
creased airway smooth-muscle mass in asthma.1

The strengths of this study include careful charac-
terization of subjects, multiple (within-group and
between-group) comparison of specific allergen
challenge, randomized and blinded administration of
challenges, and extensive time-sensitive sampling of
outcome measures in a fasting state. Further, this is
the first human study translated from the novel
theory formulated on mice experiments.5,14,22

Potential limitations include possibly lower level of
severity of allergen intervention and truncated tim-

ing of the last serum sample drawn after challenge in
this human study, as compared to the relevant mice
study. Our abbreviated time strategy (23 h compared
to 48 h in the mice study5) was influenced by the
limits we could safely impose on fasting human
volunteers to be interned in controlled conditions. It
is also possible that airway adipokines may have been
more relevant than serum adipokines in this study.
However, the study objective was to replicate the
mouse experiment that measured serum adipokines.5
Further, measurement of airway adipokines is
technically difficult, and multiple measurements
would not have been possible. Another potential
weakness may be the inclusion of men and post-
menopausal women in this study. However, post
hoc analysis of the four premenopausal women in
each group revealed similar results. It should be
noted that this study was not designed to evaluate
the interaction of sex, menopausal status, or obe-
sity on adiponectin response to allergen challenge.
The relevant animal study (that this human study
was translated from) was done on lean mice of
both sexes.5

To summarize, this study is the first to report
lower diurnal variation curves of serum adiponec-
tin in subjects with asthma as compared to healthy
control subjects. Further, unlike mice, specific
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Figure 5. Serum TNF-� (geometric) mean response curves to inhalational challenge. Comparison of
the three response curves among eight subjects with asthma using RM-ANOVA showed no significant
differences. Similar results were noted when specific allergen challenge in asthma and irrelevant
allergen challenge in control subjects were compared. Logarithmically transformed data are shown in
Table E2 in the online supplement.
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allergen inhalation in humans with mild asthma
does not acutely affect serum adiponectin concen-
trations. We instead hypothesize the reverse associa-
tion (ie, serum adiponectin may affect asthma status in
humans).4 If future studies prove that serum adiponec-
tin is a protective factor for human asthma, modulating
adiponectin may open a unique and innovative ap-
proach toward managing asthma.
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METHODS 

 

Inclusion and exclusion criteria: The inclusion criteria were English speaking adult subjects 

who met the study definitions. The exclusion criteria were history of diabetes, abnormal fasting 

glucose, or use of anti-diabetes medications; history of atherosclerotic cardiovascular disease or 

abnormal electrocardiogram suggestive of the same or use of statins; history of chronic 

infectious, active inflammatory, or active neoplastic conditions; use of systemic corticosteroids, 

leukotriene receptor antagonists, or cromolyn in the previous three months or allergen 

immunotherapy within the previous 5 years; presence of HIV risk factors; history of abnormal 

chest radiograph; elevated serum creatinine on screening visit (> 1.8 mg/dL in men and > 1.5 

mg/dL in women [1]); current history of smoking confirmed by urinary cotinine measurement ; 

and use of supplemental reproductive hormones. In addition, the challenge tests were delayed in 

the event of an acute infection or surgery within prior 4 weeks and respiratory tract infections 

within prior 8 weeks.  

 

Definition of atopy: Absence of atopy was defined as a lack of immediate type skin test 

reactivity (< 3 mm. wheal diameter) to all of the aeroallergens common in the Albuquerque 

region of southwestern United States. The allergens tested in duplicate by a skin prick test 

included Cottonwood, Juniper-Mountain cedar, Bermuda grass, Kentucky bluegrass, Meadow 

fescue grass, Russian thistle, Kochia, Western ragweed, cat hair, and dust mites 

Dermatophagoides farinae and Dermatophagoides pteronyssinus (Greer Labs, Lenoir, NC). On 

the other hand, presence of atopy was defined as immediate type skin test reactivity (≥ 3 mm. 

wheal diameter) to Juniper-Mountain cedar and/or Bermuda grass. We focused on these two 
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allergens since they were approved for inhalational testing by the United States Federal Drug 

Administration in this study (Investigational new drug application number BP-IND-13063) . 

 

Exposures: All subjects were studied with one to three inhalational challenge/s in random order 

(as outlined in Table 1). A titration skin allergen prick test was additionally performed on 

subjects with asthma, a week prior to the challenges. All tests were performed at the Clinical 

Translational Science Center at the University of New Mexico, Albuquerque, NM. 

 

Titration skin allergen prick test –This test was performed with half-logarithmic dilutions of 

Juniper-Mountain cedar or Bermuda grass allergen. The concentration of the most dilute allergen 

solution that produced a positive skin test (as defined by a ≥ 3 mm wheal) was used to determine 

the starting dose of the specific allergen inhalational challenge [2].  

 

Inhalational Challenge Tests (Table 1) - These tests were performed at 0700 hours and lasted 

approximately an hour. Medications were held prior to the test, as outlined in the ATS guidelines 

[3]. Post-challenge, 2.5 mg. of nebulized albuterol was given for either clinical distress or ≥ 40% 

decrease in FEV1.  

 

All subjects inhaled incremental concentrations of an irrelevant allergen (to which they were not 

sensitive i.e. associated with a negative skin prick test). In the event of an irrelevant allergen not 

being available (as some atopic subjects had multiple positive skin tests), saline inhalation was 

performed with an equal number of steps. Non-immunological stimulus (methacholine) 

inhalational challenge was performed on subjects with asthma using the recent Cockcroft 
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modification of the methods of Chai et al. [4, 5].  Briefly, subjects serially inhaled the following 

increasing concentrations (0.15, 0.31, 0.62, 1.25, 2.5, 5.0, 10.0, 16 and 25 mg/ml) of 

methacholine by tidal breathing via a nebulizer through a Rosenthal-French dose-metering 

device until the FEV1 decreased by ≥ 20% from baseline values. Additionally, all subjects with 

asthma inhaled a specific allergen to which they were sensitive i.e. associated with a positive 

skin prick test. Using the protocol by Gerblich et al [6], allergen was inhaled in incremental 

concentrations via a similar nebulizer and dose-metering device until the FEV1 decreased by ≥ 

20% from baseline, starting at three-to-four half-logarithmic concentrations below that caused 

skin test positivity in the titration prick test [2]. The specific allergen used was Bermuda grass (n 

= 3) and Juniper-Mountain Cedar (n = 5) since these aeroallergens are common in our region and 

were approved for inhalational testing by the United States Federal Drug Administration in this 

study.  

 

The inhalational challenges for the subjects with asthma were in random order, each on a 

separate visit, with a window of at least 72 hour duration following irrelevant allergen and 

methacholine challenges and of at least 7-day duration following specific allergen challenge, in 

order to minimize the ‘carry-over’ effect on subsequent test results. For actively menstruating 

women, the testing was done within 3-14 days following the cessation of menstrual flow to 

minimize the effect of luteal menstrual phase on serum leptin concentrations [7]. The subjects 

were kept fasting overnight prior to the challenge test. Wherever possible, the subjects, 

phlebotomists, technicians, and nurses were blinded to the exposure status of the subjects with 

asthma. 
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Outcome Measures:  The primary outcome measure was the post-challenge change in 

concentration of serum adiponectin from baseline. Secondary outcome measures included similar 

changes in serum concentrations of leptin, adiponectin-to-leptin ratio, eotaxin, and TNF-α. 

Multiple venous blood samples were obtained in a fasting state at 15 minutes and just before the 

start of the challenge, just after the completion of the challenge (0 hours), and at 1, 2, 3, 4, 5, 6, 

9, and 23 hours after the challenge. Baseline or ‘pre-test’ levels were derived from the mean of 

the first two levels obtained. The described in vivo half-lives of adiponectin, leptin, and TNF-α 

are approximately 2.5 hours [8], 25 minutes [9], and < 10 minutes respectively [10]. The 

described in vitro half life of eotaxin is about 2 hours [11]. Therefore, the timing of the sampling 

of outcome measures was appropriate for the study design. 

 

Venous blood samples were centrifuged and frozen at -70° C within 90 minutes of collection. 

Serum adiponectin and leptin concentrations were measured using ELISA and 

radioimmunoassay techniques respectively (Linco Research, Inc., St. Charles, MO). Serum 

eotaxin concentrations were measured by Luminex technology using singleplex reagents 

(Invitrogen/BioSource, Camarillo, CA). Serum TNF-α concentrations were measured using a 

solid-phase chemiluminescent immunometric assay (Siemens, Los Angeles, CA). The sensitivity 

for the various assays was 0.78 ng/mL for adiponectin; 0.5 ng/mL for leptin; 9.7 pg/mL for 

eotaxin; and 1.7 pg/mL for TNF-α. The intra-assay and inter-assay test coefficients of variation 

were < 8.4% for adiponectin; < 5% for leptin; ≤ 9% for eotaxin; and < 3% for TNF-α.   

  

Covariates – Serum adiponectin levels may be affected by obesity and insulin resistance. 

Therefore, data were obtained regarding measures of total body fat (body mass index or BMI and 
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percent body fat by Dual energy X-ray absoptiometry or DEXA), and central fat (percent truncal 

fat by DEXA). DEXA was assessed using a well-calibrated GE Lunar DPX-NT pencil beam 

densitometer (General Electric Medical Systems, USA). Insulin resistance was calculated using 

the homeostasis model assessment from fasting glucose and insulin levels [12, 13].  
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Table E1: Response of outcome measures to various inhalational challenges among subjects with asthma and controls 1 
  2 

Outcome measure Specific Allergen, 
Asthma (S-A) 

Methacholine, 
Asthma (M-A) 

Irrelevant 
Allergen, 

Asthma (I-A) 

Irrelevant 
Allergen, 

Controls (I-C) 

p value - 
comparison of 

S-A, M-A & I-A 

p value – 
comparison of 

S-A & I-C 
Challenge response curve (log concentration)  0.45 0.06 

AUC 3.43 ± 4.48 2.29 ± 3.04 6.77 ± 8.05 0.66 ± 1.83 0.28 0.15 
Log Baseline 0.83 ± 0.14 0.81 ± 0.17 0.83 ± 0.13 0.90 ± 0.17 0.97 0.44 

 
Serum 

Adiponectin 
Log Peak 0.05 ± 0.03 0.04 ± 0.02 0.07 ± 0.05 0.04 ± 0.02 0.21 0.41 

Challenge response curves (log concentration) 0.64 0.53 
AUC -30.94 ± 10.32 -29.65 ± 25.36 -30.83 ± 

25.07 
-67.59 ± 63.94 0.99 0.22 

Log Baseline 1.18 ± 0.25 1.15 ± 0.28 1.21 ± 0.21 1.23 ± 0.50 0.86 0.82 

 
Serum 
Leptin 

Log Peak 0.02 ± 0.02 0.07 ± 0.07 0.05 ± 0.06 0.04 ± 0.06 0.14 0.49 
Challenge response curves 0.59 0.37 

AUC 3.66 ± 6.73 2.23 ± 3.11 2.63 ± 3.06 3.05 ± 3.77 0.82 0.83 
Baseline 0.53 ± 0.35 0.54 ± 0.35 0.46 ± 0.24 0.74 ± 0.76 0.87 0.54 

Serum 
adiponectin-

to-leptin 
ratio Peak 0.57 ± 1.05 0.34 ± 0.38 0.39 ± 0.42 0.49 ± 0.68 0.80 0.87 

Challenge response curves (log concentration) 0.02  0.02 
AUC -28.43 ± 127.52 129.41 ± 394.68 -21.06 ± 

184.39 
-39.81 ± 79.38 0.42 0.85 

Log Baseline 1.36 ± 0.54 1.49 ± 0.34 1.59 ± 0.32 1.62 ± 0.36 0.55 0.30 

 
Serum 
Eotaxin 

Log Peak 0.25 ± 0.26 0.28 ± 0.32 0.16 ± 0.12 0.14 ± 0.05 0.63 0.32 
Challenge response curves (log concentration) 0.93 0.11 

AUC -1.41 ± 7.13 -3.57 ± 8.43 -3.21 ± 15.26 3.07 ±9.27 0.92 0.36 
Log Baseline 0.83 ± 0.12 0.95 ± 0.14 0.94 ± 0.14 0.87 ± 0.17 0.98 0.44 

 
Serum TNF-

α 
Log Peak 0.07 ± 0.06 0.06 ± 0.04 0.08 ± 0.07  0.08 ± 0.08 0.65 0.67 

Note 1: For challenge response curves, main effects due to test are reported from a RM-ANOVA analysis with time and challenge as the repeat factors. 3 
Note 2: AUC or Area under the curve for serum leptin, adiponectin, adiponectin-to-leptin ratio, and eotaxin was obtained from nine observations at -1 to +9 hours after challenge; 4 
Negative AUC suggests that the curve is overall below the baseline value.  5 
Note 3: Mean ± S.D. of logarithmic values to the base 10 are reported for all outcome measures except for AUC and for serum adiponectin-to-leptin ratio. 6 
Note 4: Basic unit for measurement of serum adiponectin is µg/mL, serum leptin is µg/L, serum eotaxin and TNF-α is pg/mL.  7 

8 
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Table E2: Mean adipokine concentrations at various time points of inhalational challenges among subjects with asthma (n = 8) and controls (n = 8 
6). 9 
 10 
Adipokine Inhalational 

Challenge Test 
Pre-test 0 hour 1 hour 2 hour 3 hour 4 hour 5 hour 6 hour 9 hour 23 hour 

Specific Allergen, 
Asthma 

0.83 ± 
0.14 

0.88 ± 
0.15 

0.85 ± 
0.14 

0.85 ± 
0.14 

0.85 ± 
0.14 

0.85 ± 
0.13 

0.84 ± 
0.14 

0.85 ± 
0.15 

0.85 ± 
0.13 

0.84 ± 
0.14 

Methacholine, 
Asthma 

0.81 ± 
0.17 

0.85 ± 
0.18 

0.84 ± 
0.17 

0.83 ± 
0.18 

0.84 ± 
0.16 

0.83 ± 
0.17 

0.83 ± 
0.17 

0.82 ± 
0.16 

0.83 ± 
0.15 

0.82 ± 
0.17 

Irrelevant Allergen, 
Asthma 

0.83  ± 
0.13 

0.88 ± 
0.16 

0.88 ± 
0.15 

0.86 ± 
0.16 

0.86  ± 
0.14 

0.85 ± 
0.15 

0.86 ± 
0.15 

0.85 ± 
0.14 

0.87 ± 
0.15 

0.86 ± 
0.15 

Serum 
Adiponectin 

Irrelevant Allergen, 
Control 

0.90 ± 
0.17 

0.93 ± 
0.18 

0.92 ± 
0.16 

0.89 ± 
0.18 

0.91 ± 
0.17 

0.90 ± 
0.17 

0.89 ± 
0.18 

0.89 ± 
0.18 

0.89 ± 
0.17 

0.90 ± 
0.18 

Specific Allergen, 
Asthma 

1.18 ± 
0.25 

1.09 ± 
0.26 

1.09 ± 
0.29 

1.11 ± 
0.29 

1.10 ± 
0.32 

1.08 ± 
0.32 

1.06 ± 
0.29 

1.03 ± 
0.36 

0.93 ± 
0.38 

1.17 ± 
0.28 

Methacholine, 
Asthma 

1.15 ± 
0.28 

1.10 ± 
0.30 

1.07 ± 
0.29 

1.07 ± 
0.31 

1.08 ± 
0.32 

1.02 ± 
0.34 

1.06 ± 
0.33 

1.03 ± 
0.29 

0.96 ± 
0.33 

1.18 ± 
0.26 

Irrelevant Allergen, 
Asthma 

1.21  ± 
0.21 

1.09 ±  
0.27  

1.10 ± 
0.28 

1.17 ± 
0.28 

1.09 ± 
0.28 

1.10 ± 
0.30 

1.07 ± 
0.31 

1.09 ± 
0.30 

1.02 ± 
0.26 

1.19 ± 
0.29 

Serum Leptin 

Irrelevant Allergen, 
Control 

1.23 ± 
0.50 

1.14 ± 
0.46 

1.15 ± 
0.43 

1.12 ± 
0.50 

1.12  ± 
0.44 

1.14 ± 
0.52 

1.09 ± 
0.50 

1.05 ± 
0.54 

1.02 ± 
0.54 

1.20 ± 
0.38 

Specific Allergen, 
Asthma 

0.53 ± 
0.35 

0.78 ± 
0.71 

0.76 ± 
0.78 

0.71 ± 
0.69 

0.77 ± 
0.85 

0.80 ± 
0.81 

0.76 ± 
0.64 

1.05 ± 
1.40 

1.32 ± 
1.78 

0.57 ± 
0.41 

Methacholine, 
Asthma 

0.54 ± 
0.35 

0.71 ± 
0.63 

0.70 ± 
0.54 

0.70 ± 
0.56 

0.72 ± 
0.61 

0.83 ± 
0.71 

0.75 ± 
0.64 

0.79 ± 
0.71 

0.93 ± 
0.77 

0.50 ± 
0.30 

Irrelevant Allergen, 
Asthma 

0.46  ± 
0.24 

0.75 ± 
0.57 

0.75 ± 
0.58 

0.61 ± 
0.48 

0.73 ± 
0.54 

0.71 ± 
0.61 

0.81 ± 
0.67 

0.72 ± 
0.51 

0.82 ± 
0.51 

0.60 ± 
0.47 

Serum 
Adiponectin- 
to-Leptin 
Ratio 

Irrelevant Allergen, 
Control 

0.74 ± 
0.76 

0.96 ± 
0.95 

0.82 ± 
0.74  

0.97 ± 
1.07 

0.90 ± 
0.81 

0.99 ± 
1.11 

1.01 ± 
1.05 

1.22 ± 
1.44 

1.33  ± 
1.58 

0.66  ± 
0.50 

Specific Allergen, 
Asthma 

1.36 ± 
0.54 

1.36 ± 
0.48 

1.34 ± 
0.46 

1.39 ± 
0.44 

1.37 ± 
0.42 

1.36 ± 
0.47 

1.31 ± 
0.51 

1.42 ± 
0.42 

1.42 ± 
0.54 

1.42 ± 
0.59 

Methacholine, 
Asthma 

1.49 ± 
0.34 

1.50 ± 
0.36 

1.54 ± 
0.32 

1.58 ± 
0.49 

1.54 ± 
0.40 

1.48 ± 
0.42 

1.54 ± 
0.41 

1.61 ± 
0.42 

1.58 ± 
0.40 

1.64 ± 
0.32 

Irrelevant Allergen, 
Asthma 

1.59 ± 
0.31 

1.60 ± 
0.36 

1.62 ± 
0.30 

1.56 ± 
0.31 

1.57 ± 
0.35 

1.54 ± 
0.34 

1.47 ± 
0.36 

1.54 ± 
0.42 

1.41 ± 
0.35 

1.60 ± 
0.42 

Serum 
Eotaxin 

Irrelevant Allergen, 
Control 

1.62 ± 
0.36 

1.67 ± 
0.34 

1.62 ± 
0.33 

1.59 ± 
0.37 

1.59 ± 
0.40 

1.52 ± 
0.37 

1.52 ± 
0.35 

1.63 ± 
0.28 

1.59 ± 
0.38 

1.63 ± 
0.44 

Serum TNF-α Specific Allergen, 
Asthma 

0.93 ± 
0.12 

0.93 ± 
0.09 

0.88 ± 
0.12 

0.91 ± 
0.15 

0.91 ± 
0.15 

0.92  ± 
0.14 

0.94 ± 
0.13 

0.93 ± 
0.13 

0.96 ± 
0.12 

0.96 ± 
0.10 
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Methacholine, 
Asthma 

0.95 ± 
0.14 

0.98 ± 
0.15 

0.93 ± 
0.12 

0.92 ± 
0.15 

0.91 ± 
0.13 

0.92 ± 
0.12 

0.90 ± 
0.14 

0.93 ± 
0.14 

0.94 ± 
0.18 

0.97 ± 
0.10 

Irrelevant Allergen, 
Asthma 

0.94  ±  
0.14 

0.97 ± 
0.10 

0.92  ± 
0.09 

0.92 ± 
0.14 

0.94 ± 
0.12 

0.95 ± 
0.14 

0.89 ± 
0.11 

0.94 ± 
0.13 

0.91 ± 
0.12 

0.95 ± 
0.12 

 

Irrelevant Allergen, 
Control 

0.87 ± 
0.17 

0.91 ± 
0.12 

0.90 ± 
0.12 

0.89 ± 
0.12 

0.88 ± 
0.10 

0.89 ± 
0.15 

0.84 ± 
0.12 

0.93 ± 
0.09 

0.90 ± 
0.10 

0.92 ± 
0.11 

Note 1: This data, after antilogarithmic transformation, were the bases for Graphs 1-5 in the text. 11 
Note 2: Basic unit for measurement of serum adiponectin is µg/mL, serum leptin is µg/L, serum eotaxin and TNF-α is pg/mL.  12 
Note 3: Mean ± S.D. of logarithmic values to the base 10 are reported for all outcome measures except for serum adiponectin-to-leptin ratio. 13 
 14 

15 
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Table E3: Mean pulmonary function test values at various time points of inhalational challenges among subjects with asthma (n = 8) and controls 15 
(n = 6). 16 
 17 
Pulmonary 
Function 
Measure 

Inhalational 
Challenge Test 

Pre-test 0 hour 1 hour 2 hour 3 hour 4 hour 5 hour 6 hour 9 hour 23 hour 

Specific Allergen, 
Asthma 

3.44 ± 
0.67  

2.22 ± 
0.53 

2.71 ± 
0.51 

3.01 ± 
0.43 

3.17 ± 
0.52 

3.16 ± 
0.49 

3.17 ± 
0.51 

3.10 ± 
0.39 

2.98 ± 
0.36 

3.12 ± 
0.55  

Methacholine, 
Asthma 

3.35  ± 
0.65 

2.52 ± 
0.57 

3.15 ± 
0.55 

3.29 ± 
0.57 

3.33 ± 
0.56 

3.24 ± 
0.52 

3.26 ± 
0.58 

3.34 ± 
0.65 

3.32 ± 
0.59 

3.24 ± 
0.54 

Irrelevant Allergen, 
Asthma 

3.10 ± 
0.47 

3.18 ±  
0.56 

3.18 ± 
0.60 

3.14 ± 
0.61 

3.20 ± 
0.62 

3.15 ± 
0.60 

3.15 ± 
0.64 

3.23 ± 
0.59 

3.16 ± 
0.61 

3.14 ± 
0.53 

FEV1 (liters) 

Irrelevant Allergen, 
Control 

3.30  ± 
0.79 

3.41 ± 
0.81 

3.30 ± 
0.86 

3.29 ± 
0.83 

3.31 ± 
0.82 

3.33 ± 
0.85 

3.33 ± 
0.84 

3.27 ± 
0.79 

3.34 ± 
0.85 

3.32 ± 
0.84 

Specific Allergen, 
Asthma 

93.09 ± 
12.50 

60.82 ± 
14.22 

73.41 ± 
8.92 

81.91 ± 
9.92 

86.16  ± 
11.55  

86.06  ± 
12.68 

85.91 ± 
9.94 

84.53  ± 
11.29 

81.89 ± 
14.39 

85.17  ± 
17.19 

Methacholine, 
Asthma 

90.82 ± 
13.58 

68.75 ± 
14.98 

85.39 ± 
12.79 

89.23 ± 
12.46 

90.09 ± 
10.36 

87.81 ± 
10.44 

88.38 ± 
11.79 

90.20 ± 
12.99 

89.93 ± 
12.24 

87.93 ± 
11.89 

Irrelevant Allergen, 
Asthma 

84.35 ± 
11.56 

86.58 ± 
15.79 

86.40 ± 
15.35 

85.29 ± 
14.92 

86.95 ± 
15.20 

85.56 ± 
14.41  

85.49 ± 
16.25 

87.93 ± 
15.09  

85.90 ± 
15.05 

85.72 ± 
14.87 

Percent 
predicted 
FEV1 

Irrelevant Allergen, 
Control 

97.56 ± 
19.03 

100.83 ± 
18.53 

97.18 ± 
19.18 

97.31 ± 
19.02 

97.61 ± 
17.15 

98.44 ± 
19.51 

98.21 ± 
17.20 

96.47 ± 
16.22 

98.71 ± 
19.55 

98.06 ± 
19.94 

Note 1: Mean ± S.D. of values are reported 18 
19 
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 19 
Table E4: Minimum absolute detectable differences in serum adiponectin concentration (primary outcome measure) in this study - using two-sided 20 
paired t-test with significance level α of 0.05, power of 80%, sample size of 8 subjects with asthma, and correlation between time points ρ of 0.7.  21 
 22 
Outcome measure S.D. at one 

time point 
S.D. of 
difference 

Minimum absolute 
detectable difference 

Absolute difference published 
in the literature 

Population description 

Serum adiponectin 5.7 [14] 4.4 5.1 µg/mL 6.7 µg/mL [14] Men and women 
Serum adiponectin  2.8 [15] 2.2 2.5 µg/mL 5.0 µg/mL BALB\cJ male and female mice 
Note 1: Estimates of standard deviations (S.D.) at one time point were obtained from the referenced human and mice interventional studies. 23 


