Hyperinsulinemia Potentiates Airway Responsiveness
to Parasympathetic Nerve Stimulation in Obese Rats

Zhenying Nie, David B. Jacoby, and Allison D. Fryer

Pulmonary and Critical Care Medicine, Oregon Health and Science University, Portland, Oregon

Abstract

Obesity is a substantial risk factor for developing asthma, but the
molecular mechanisms underlying this relationship are unclear.
We tested the role of insulin in airway responsiveness to nerve
stimulation using rats genetically prone or resistant to diet-induced
obesity. Airway response to vagus nerve stimulation and airway M,
and M; muscarinic receptor function were measured in obese-
prone and -resistant rats with high or low circulating insulin. The
effects of insulin on nerve-mediated human airway smooth muscle
contraction and human M, muscarinic receptor function were
tested in vitro. Our data show that increased vagally mediated
bronchoconstriction in obesity is associated with hyperinsulinemia
and loss of inhibitory M, muscarinic receptor function on
parasympathetic nerves. Obesity did not induce airway
inflammation or increase airway wall thickness. Smooth muscle
contraction to acetylcholine was not increased, indicating that
hyperresponsiveness is mediated at the level of airway nerves.
Reducing serum insulin with streptozotocin protected neuronal M,
receptor function and prevented airway hyperresponsiveness

to vagus nerve stimulation in obese rats. Replacing insulin
restored dysfunction of neuronal M, receptors and airway
hyperresponsiveness to vagus nerve stimulation in streptozotocin-
treated obese rats. Treatment with insulin caused loss of M,
receptor function, resulting in airway hyperresponsiveness to vagus
nerve stimulation in obese-resistant rats, and inhibited human

In the United States, 31% of adults and
15% of children are obese. In obese and
overweight individuals, the prevalence of
asthma (1-3) and the rate of new-onset
asthma have increased (4-6). Obese
patients with asthma also have increased

neuronal M, receptor function in vitro. This study shows that it is
not obesity per se but hyperinsulinemia accompanying obesity that
potentiates vagally induced bronchoconstriction by inhibiting
neuronal M, muscarinic receptors and increasing acetylcholine
release from airway parasympathetic nerves.
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Clinical Relevance

Obesity-induced asthma does not respond well to traditional
anti-inflammatory therapies, suggesting that it is a unique
asthma phenotype. Here we show that hyperinsulinemia causes
airway hyperresponsiveness to vagus nerve stimulation in
obese rats. In human trachea and in rats, we demonstrate
that insulin inhibits M, muscarinic receptors on airway
parasympathetic nerves, resulting in increased acetylcholine
release and increased airway contraction. Because
hyperinsulinemia is greater and more prevalent in obese
individuals, these data may explain why obese individuals
are prone to asthma exacerbations and suggest that
anticholinergic drugs may be effective in this specific
phenotype of asthma.

severity of illness and reduced effectiveness
of steroids compared with nonobese
patients with asthma (1, 6, 7). The
mechanisms by which obesity predisposes
to asthma are unclear, limiting our ability
to prevent and treat obesity-related asthma.

There is a lack of agreement in
epidemiological studies regarding the
relationship between asthma, body mass
index, cytokines (e.g., leptin), and hormones
(e.g., insulin). One study suggests that
insulin resistance may predict asthma in

(Received in original form October 24, 2013; accepted in final form March 6, 2014)

This work was supported by a grant from The Oregon Health and Science University Medical Research Foundation (Z.N.) and by National Institutes of Health
grants HL71795 (D.B.J.), Al92210 (D.B.J.), HL113023 (D.B.J.), AR061567 (D.B.J.), HL55543 (A.D.F.), and ES14601 (A.D.F.).

Correspondence and requests for reprints should be addressed to Zhenying Nie, M.D., Ph.D., Oregon Health and Science University, Mail code L334, 3181 SW

Sam Jackson Park Road, Portland, OR 97239-3098. E-mail: niez@ohsu.edu

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

Am J Respir Cell Mol Biol Vol 51, Iss 2, pp 251-261, Aug 2014
Copyright © 2014 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2013-04520C on March 8, 2014

Internet address: www.atsjournals.org

Nie, Jacoby, and Fryer: Obesity, Insulin, Parasympathetic Nerves, Asthma

251


mailto:niez@ohsu.edu
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2013-0452OC
http://www.atsjournals.org

ORIGINAL RESEARCH

obese individuals dependent upon body
mass index (4). However, insulin resistance
may also predispose to asthma independent
of body mass index (5, 8-12). The
frequency of asthma increases with
increasing insulin resistance (as reflected by
acanthosis nigricans [10] or by homeostatic
model assessment of insulin resistance
[11, 12]) in children independent of body
mass. Thus, insulin resistance and
compensatory hyperinsulinemia may be
one of the mechanisms that increase
asthmatic symptoms in obese individuals.
Three additional studies also suggest
a direct role of insulin in airway
hyperresponsiveness. Inhaled insulin causes
a significant decline in FEV; when used to
treat patients with diabetes during the
initial 15 to 90 days of treatment (13). This
fall in FEV, is significantly greater in
patients with diabetes and asthma
compared with patients with diabetes
without asthma (14, 15).

In the lungs, M, muscarinic
receptors limit acetylcholine (ACh)
release from parasympathetic nerves
(16-18), thereby limiting vagally induced
bronchoconstriction (19, 20). Dysfunctional
M, muscarinic receptors on airway
parasympathetic nerves result in airway
hyperresponsiveness in humans with
asthma (21-23) and in animal models of
asthma (24-26). Here we used a polygenic
model of diet-induced obesity to test
whether obesity increases insulin that
subsequently decreases neuronal M,
receptor function, resulting in airway
hyperresponsiveness to vagus nerve
stimulation. Furthermore, we used human
tracheas to test whether exogenous insulin
can directly reduce neuronal M, receptor
function and potentiate neurally mediated
airway smooth muscle contraction.

Materials and Methods

Animals

Obese-prone and obese-resistant rats were
purchased from Charles River Labs (Seattle,
WA) (details are provided in the online
supplement) and were fed a high-fat
or a low-fat diet for 5 weeks. To
determine the role of insulin in airway
hyperresponsiveness to vagus nerve
stimulation, some rats were treated with
streptozotocin (STZ) to reduce insulin
secretion (27, 28) (Figure 1), and some

of these STZ-treated rats were given
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Figure 1. Obese-prone rats were originally developed by selectively breeding the rat pairs who
gained the most weight with each other; the offspring became obese when fed a high-fat diet. Obese-
resistant rats, the control for obese-prone rats, were developed by selectively breeding rat pairs
who gained the least weight with each other, and the offspring did not become obese despite being
fed a high-fat diet. Obese-prone and obese-resistant rats (male, 5 wk old) were fed a high-fat diet
(60% of calories come from fat, Test Diet 58126) or a low-fat diet (13% of calories come from fat,
Test Diet 58124) for 5 weeks. Some obese-prone and obese-resistant rats were treated with
streptozotocin (STZ) (65 mg/kg, intraperitonelly, given once in the first week) to reduce insulin
secretion from B cells in the pancreas. Some STZ-treated rats were given supplemental insulin
(Lantus; Sanofi US, Bridgewater, NJ) 3 units/rat subcutaneously) daily starting 7 days after STZ and
continuing until 24 hours before physiological measurements were made (chronic insulin). Other STZ-
treated rats were given supplemental insulin (Lantus, 3 units/rat subcutaneously) once 24 hours before
physiological measurements were made (acute insulin). Experiment groups were listed in the table right
below the graph. HFD, high-fat diet; LFD, low-fat diet; i.p., intraperitoneally; s.c., subcutaneously.

supplemental insulin (27, 28) once (acute
insulin) or daily for 4 weeks (chronic
insulin) (Figure 1). Body fat, plasma insulin,
and glucose were measured. Additional

details are provided in the online supplement.

Measuring Bronchoconstriction and
M, and M3 Muscarinic Receptor
Function In Vivo

To investigate parasympathetic nerve-
mediated airway hyperresponsiveness,
bronchoconstriction in response to
electrical stimulation of the vagus nerves

was measured as previously described (29).

Briefly, rats were anesthetized, paralyzed,
ventilated, chemically sympathectomized,
and vagotomized. Electrical stimulation of
both vagus nerves produced frequency-
dependent bronchoconstriction measured
as the increase of pulmonary inflation
pressure (in mm H,0). Because neuronal
M, muscarinic receptor function and M;
muscarinic receptor function on airway
smooth muscle can affect parasympathetic
nerve-mediated airway hyperresponsiveness,

their functions were measured. Neural
M, muscarinic receptor function was
tested by measuring the ability of
pilocarpine (P6628; Sigma-Aldrich,
St. Louis, MO), an M, receptor
agonist, to inhibit vagally induced
bronchoconstriction. M3 muscarinic
receptor function on airway smooth
muscle was tested by measuring intravenous
ACh-induced bronchoconstriction in
vagotomized rats. Additional details are
provided in the online supplement.

Bronchoalveolar Lavage and
Morphologic Study of Lung
Inflammatory cells recovered from
bronchoalveolar lavage were counted as
previous described (29). To test whether
airway remodeling contributed to the
airway hyperresponsiveness to vagus nerve
stimulation in obese rats, lungs from
animals were fixed in zinc formalin,
sectioned, and stained with hemotoxylin-
eosin. The ratio between airway smooth
muscle area and airway basement
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membrane was calculated as shown in
Figure El in the online supplement.
Additional details are provided in the
online supplement.

Human Tracheal Responsiveness
and M, and M3 Muscarinic

Receptor Function

To test the direct effect of insulin on
parasympathetic nerve-mediated airway
smooth muscle contraction and M;
muscarinic receptor function, human
tracheal smooth muscle strips were

suspended in organ baths in the absence
and presence of insulin. Contractions
were induced by electrical field
stimulation (EFS) or by increasing
concentrations of methacholine (MCh) as
previously described (30). Neuronal M,
muscarinic receptor function was tested
in human tracheal smooth muscle by
measuring the ability of gallamine,

a selective antagonist, to potentiate EFS-
induced contractions (19). Additional
details are provided in the online
supplement.

Statistical Analysis

In vivo bronchoconstriction to electrical
stimulation of the vagus nerves and to
intravenous ACh dose-response curves to
pilocarpine and in vitro airway smooth
muscle contraction to EFS dose-response
curves to gallamine were analyzed using
repeated-measures ANOVA. Appropriate
statistical analyses were performed for
other in vivo and in vitro data, and details
are provided in the online supplement.
A P value < 0.05 was considered
significant.

A B
1501 Hi i " Low Fat Diet
High Fat Diet
ON Ob =6
g T < Obese prone (n=6)
L E 100
."é' £ 100
G £
Q.
3o ke
e
[E] Obese Prone (n=5)
58 o
5 g Obese resistant (n=6) Obese Resistant (n=5)
£
n 0- T T T T T T T
P S R S 2 8 1015 20 B 4 5
Frequency (Hz) Frequency (Hz)
Cc D
354 . . 354 .
5 High Fat Diet Low Fat Diet
N 30 304
g T
a3 g 25 25 Obese Prone (n=7)
"E =] Obese Resistant (n=8)
c = 201 Obese prone (n=6) 20
Sa
O < 157 15
S ° Obese resistant (n=6)
S 0 101 10
o ®
[
o b 54 5+
£
0- o

1 5 10
ACh(ug/kg i.v.)

1 5

ACh(ug/kg i.v.)

10

Figure 2. A high-fat diet increased vagally induced bronchoconstriction in obese-prone rats. In anesthetized rats, bronchoconstriction (measured as an
increase in pulmonary inflation pressure [Ppi]) was induced by stimulating both vagus nerves (2-50 Hz, 10 V, 0.2-ms pulse duration, for 5 s at 45-s
duration) (A and B) or by administering acetylcholine (ACh) intravenously to vagotomized rats (C and D). Vagally induced bronchoconstriction was
significantly greater in obese-prone rats fed a high-fat diet (A) than in any other group (A and B). Intravenous ACh-induced bronchoconstriction was not
significantly different between obese-prone and obese-resistant rats on high-fat (C) or low-fat (D) diets. Each point represents the mean, and vertical bars

show SEM. *P < 0.05.
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Results

Effect of Obesity on

Airway Responsiveness

In anesthetized rats, electrical stimulation
of the vagus nerves produced
frequency-dependent bronchoconstriction
in all animals (Figure 2). The
bronchoconstriction in response to vagus
nerve stimulation was significantly
potentiated only in obese-prone rats fed
a high-fat diet versus all other groups
(Figures 2A and 2B). In contrast,
bronchoconstriction in response to
intravenous ACh, which stimulates smooth
muscle directly in vagotomized animals,
was not different between obese-prone
and obese-resistant rats regardless

of diet (Figures 2C and 2D). The
bronchoconstriction in response to
intravenous ACh was also not statistically
different in rats fed a low- or high-fat
diet regardless of whether they were
genetically obese prone or obese resistant
(Figures 2C and 2D). Thus, M3 muscarinic
receptor-mediated contraction of airway
smooth muscle is unlikely to be responsible
for the increased bronchoconstriction in
response to vagus nerve stimulation. The
cholinergic nature of vagally induced
bronchoconstriction was demonstrated by
blocking contractions with the muscarinic
antagonist atropine at the end of each
experiment (data not shown).

Effect of Diet on Body Weight, Body
Fat, Insulin and Glucose Levels,
Airway Inflammation, and Airway

Wall Thickness

On a high-fat diet, the average food intake
was 21 = 1.9 g/d or 104.7 * 1.2 calories/d
for obese-prone rats and 16 = 0.3 g/d or
80.6 * 1.4 calories/d for obese-resistant
rats. On a low-fat diet, the average food
intake was 27 * 1.9 g/d or 109.5 £ 74
calories/d for obese-prone rats and 22 = 1.2
g/d or 88.1 = 4.9 calories/d for obese-
resistant rats.

After 5 weeks, obese-prone rats
weighed significantly more than obese-
resistant rats regardless of whether they
were fed a high- or low-fat diet (Figure 3A).
Additionally, obese-prone rats fed a high-
fat diet had significantly greater weight gain
compared with obese-prone rats on
a low-fat diet (Figure 3A). Body fat
(measured by nuclear magnetic resonance)
was significantly greater in obese-prone rats
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Figure 3. Obese-prone rats (closed bars) had significantly heavier body weight (A) and body fat (B)
than obese-resistant rats (open bars) regardless of whether they were on a high- or low-fat diet.
STZ (gray bars) significantly attenuated weight gain (C) and increased body fat (D) induced by a HFD.
Insulin administered daily for 5 weeks (chronic insulin [cINS]) did not restore weight (C) but increased
body fat in obese-resistant rats (D, last two bars on right). Each bar represents mean = SEM (n =

6-14). *P < 0.05.

than in obese-resistant rats regardless of
diet and was greatest in obese-prone rats on
a high-fat diet (Figure 3B). After 5 weeks on
a high- or low-fat diet, there were no
differences in baseline pulmonary inflation
pressure, heart rate, or blood pressure in
obese-prone versus obese-resistant rats
regardless of diet (Table 1).

Fasting glucose was also similar across
all groups of animals regardless of their
predisposition to obesity or their diet
(Figure 4C). However, fasting insulin in
obese-prone rats on a high-fat diet was
higher than in other groups (Figure 4A).
Treatment with STZ, which destroys

pancreatic B cells, decreased circulating
fasting insulin levels in obese-prone and
obese-resistant rats on a high-fat diet
(Figure 4A) and increased fasting glucose
levels (Figure 4C). Insulin replacement
restored the nonfasting insulin levels within
a physiological range in STZ-treated rats
(Figure 4B). The nonfasting insulin levels
were significantly greater after chronic
insulin treatment in obese-resistant rats
than in obese-prone rats (Figure 4B).
However, nonfasting glucose was not
different between obese-prone and obese-
resistant rats after chronic or acute
supplemental insulin (Figure 4D).

American Journal of Respiratory Cell and Molecular Biology Volume 51 Number 2 | August 2014



ORIGINAL RESEARCH

Table 1. Pulmonary Inflation Pressure and Cardiovascular Parameters Are Not Changed by Obesity, Diet, or Treatment with

Streptozotocin or Insulin

Treatment Group Ppi (mm H;0)

Heart Rate (beats/min)

Systolic BP (mm Hg)

Diastolic BP (mm Hg)

Animal Number

OP/HFD 108 £ 9 328 = 24 85 + 3 53 +3 11
OR/HFD 110 £ 6 363 * 22 70+ 6 47 = 7 12
OP/LFD 101 £ 5 337 = 28 74 = 11 46 = 7 11
OR/LFD 106 = 3 355 * 17 73+ 5 51+ 6 9
OP/HFD/STZ 108 = 2 418 = 20 755 +7 46 + 1 5
OR/HFD/STZ 118 £ 7 313 = 20 89 + 3 49 + 5 6
OP/LFD/STZ 108 = 8 318 £ 23 77 £ 5 50 + 6 6
OR/LFD/STZ 124 = 10 344 + 44 71+8 41 +5 5
OP/HFD/STZ/INS 104 = 4 452 + 22 88 = 17 62 + 6 6
OR/HFD/STZ/INS 108 = 7 410 = 34 77+ 6 51 +5 6
Definition of abbreviations: BP, blood pressure; HFD, high-fat diet; INS, insulin; LFD, low-fat diet; OP, obese prone; OR, obese resistant; Ppi, pulmonary

inflation pressure; STZ, streptozotocin.

Most of the cells recovered by
bronchoalveolar lavage were macrophages,
and there were no significant differences
between the total number of macrophages
recovered (for obese-prone rats, 2.4 * 0.7
million on a high-fat diet and 1.0 = 0.1
million on a low-fat diet; for obese-resistant
rats, 1.0 = 0.2 million on a high-fat diet
and 1.4 = 0.2 million on a low-fat diet).
Airway smooth muscle area was not
different among groups (Figure E1). These
data show that neither inflammation nor
smooth muscle hypertrophy likely
contribute to airway hyperresponsiveness
in obese animals on a high-fat diet.

Role of Insulin in

Airway Hyperresponsiveness

STZ reduced insulin in obese-prone and
obese-resistant rats (Figure 4A). STZ-
treated animals, whether obese prone or
obese resistant, gained much less weight
(Figure 3C) and had a lower % body

fat (Figure 3D) than animals that did not
receive STZ. Restoring insulin to STZ-
treated animals did not prevent weight loss
(Figure 3D).

Suppressing insulin (Figure 1)
significantly reduced vagally induced
bronchoconstriction in obese-prone rats on
a high-fat diet (Figure 5A, open circles with
solid line), so that bronchoconstriction
was no longer potentiated compared with
obese-resistant rats (Figure 5B, closed
triangles with solid line). In contrast,

STZ did not affect vagally induced
bronchoconstriction in obese-resistant rats
(Figure 5B, open triangles with solid line).

Restoring insulin to STZ-treated rats,
either chronically over 27 days or acutely
24 hours before physiological responses

were measured (Figure 1), restored
the potentiation of vagally induced
bronchoconstriction in obese rats
on a high-fat diet to preSTZ levels
(Figure 5A, open circles with dashed
lines). In obese-resistant rats, insulin
significantly potentiated vagally induced
bronchoconstriction to the same level as
obese-prone rats on a high-fat diet
(Figure 5B, dashed lines).
Bronchoconstriction to intravenous
ACh was not affected by STZ (Figures 5C
and 5D, open circles and triangles with solid
line) or supplemental insulin (Figures 5C
and 5D, open circles and triangles with
dashed lines).

Effect of Insulin on Inhibitory M,
Muscarinic Receptors on Vagus
Nerves in Obese Rats

The M, agonist pilocarpine inhibited
vagally induced bronchoconstriction in

a dose-dependent manner in obese-prone
and obese-resistant rats on a high-fat diet
(Figure 6A), demonstrating the inhibitory
effect of neuronal M, muscarinic receptors.
The inhibitory effect of pilocarpine was
significantly attenuated in obese-prone rats
(Figure 6A, closed circles) versus obese-
resistant rats (Figure 6A, closed triangles),
demonstrating dysfunction of neuronal M,
muscarinic receptors in obese-prone rats on
a high-fat diet. In these rats, STZ markedly
enhanced the ability of pilocarpine to
inhibit vagally induced bronchoconstriction
(Figure 6B, closed circles with solid line), so
that it was no longer different from the
effect of pilocarpine in obese-resistant rats
on a high-fat diet, indicating restored M,
receptor function (Figures 6A and 6C,
closed triangle with solid line). However,

Nie, Jacoby, and Fryer: Obesity, Insulin, Parasympathetic Nerves, Asthma

replacing insulin in these STZ-treated
animals reversed the effect of STZ,
so that M, receptors were again
dysfunctional (Figure 6B, open circles
with dashed line).

In contrast to the obese-prone rats on
a high-fat diet, STZ had no additional
effect on the already robust response
to pilocarpine in obese-resistant rats
(Figure 6C, open triangles with solid line).
However, insulin administration to obese-
resistant rats significantly reduced the
ability of pilocarpine to inhibit vagally
induced bronchoconstriction (Figure 6C,
open triangles with dashed line), so that it
was similar to obese-prone rats on a high-
fat diet (compare open triangles/dashed
line in Figure 6C with closed circles/solid
line in Figures 6A or 6B).

Effect of Insulin on Contraction of
Human Trachea

EFS of isolated human tracheal smooth
muscle caused frequency-dependent
contraction, which was significantly
potentiated by 10~¢ M insulin (Figure 7A).
EFS-induced contractions in the absence
or presence of insulin were blocked by

1 uM tetrodotoxin or by 1 wM atropine
(data not shown), confirming that
contraction was mediated via ACh release
from nerves onto muscarinic receptors in
the absence and presence of insulin.

In the absence of insulin, contraction
induced by the muscarinic receptor agonist
MCh (3 uM) (Figure 7A, open bar) was
approximately equal to the maximum
contractions induced by EFS of isolated
human tracheal smooth muscle (Figure 7A,
open circles). Although insulin significantly
potentiated contractions induced by EFS
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Figure 4. Changes of insulin and glucose in response to diet, STZ treatment, and supplemental
insulin. (A) Obese-prone rats on a high-fat diet demonstrate the highest fasting insulin levels among all
animal groups. STZ clearly reduces fasting insulin levels in obese-prone and obese-resistant rats
on a high-fat diet. (B) Supplemental insulin causes a significant increase (when administered
chronically) or a trend of increase (when administered acutely) in nonfasting insulin levels in obese-
resistant rats as compared with those in obese-prone rats. (C) Fasting glucose levels are
increased after STZ in obese-prone and obese-resistant rats on a high-fat diet. Fasting (C) and
nonfasting (D) glucose levels are not different between obese-prone and obese-resistant rats
regardless of diet, STZ treatment, or supplemental insulin. Each symbol represents an individual rat;
horizontal bar = mean * SEM. *P < 0.05. OP, obese prone; OR, obese resistant.

(Figure 7A, closed circles), it had no
significant effect on MCh-induced
contraction (Figure 7A, closed bar).

Thus, M; muscarinic receptor-mediated
contraction of airway smooth muscle

was not responsible for the increased
contraction induced by EFS; nor did insulin
change the resting baseline tension of
human trachea in the absence of MCh or
EFS (in the absence of insulin, 0.64 *+
0.07 g; in the presence of insulin, 0.63 =
0.08 g [n = 5]). Insulin did not change
the contraction induced by histamine
(1077-10"* M) or serotonin (10~ 3-107% M)
(data not shown).
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Effect of Insulin on Inhibitory M,
Muscarinic Receptors on Nerves in
Human Trachea

In the absence of insulin, the M, antagonist
gallamine potentiated EFS-induced
contractions of human trachea in a
concentration-dependent manner

(Figure 7B, open triangles) by blocking
inhibitory M, muscarinic receptors on the
parasympathetic nerves. Insulin blocked the
ability of gallamine to potentiate EFS-
induced contractions (Figure 7B, closed
triangles). Thus, insulin inhibited neuronal
M, muscarinic receptor function in human
trachea.

Discussion

We have used a polygenic model of diet-
induced obesity to investigate the role

of insulin in obesity-related airway
hyperresponsiveness to vagus nerve
stimulation. We demonstrated in vivo

that bronchoconstriction in response to
electrical stimulation of both vagus nerves
was dramatically increased in obese-prone
animals fed a high-fat but not in obese-
prone rats on a low-fat diet or obese-
resistant rats (Figure 2). Obese-prone rats
fed a low-fat diet gained significant weight,
approaching that of the obese-prone rats
on a high-fat diet (Figure 3), but did not
become hyperresponsive, showing that
airway hyperresponsiveness to vagus nerve
stimulation was independent of weight. The
obese-prone rats on a low-fat diet also
had increased body fat but did not have
increased airway responsiveness to vagus
nerve stimulation, showing that airway
hyperresponsiveness to vagus nerve
stimulation was independent of body fat.
Obese-resistant rats on a high-fat diet did
not have increased airway response to
vagus nerve stimulation, showing that
airway hyperresponsiveness to vagus nerve
stimulation was independent of diet. The
only factor that was unique to the obese-
prone rats on a high-fat diet was increased
insulin (Figure 4).

In sharp contrast to the dramatic
increase in vagally induced bronchoconstriction
in obese-prone rats on a high-fat diet
(Figure 2A), bronchoconstriction in
response to intravenous ACh was not
significantly different among any of
the groups (Figures 2C and 2D).
Bronchoconstriction induced by
intravenous ACh was mediated only via
activation of M3 muscarinic receptors on
airway smooth muscle since both vagus
nerves were cut to remove the vagal
reflex (31, 32). It is unclear whether the
function of M; receptors on airway smooth
muscle is different between obese-prone
and obese-resistant rats because we were
unable to use a full concentration of ACh.
The maximum dose of ACh used in vivo
was 10 pg/kg (intravenously); higher doses
caused lethal polymorphic ventricular
tachycardia in the obese rats on a high-fat
diet. Thus, although our data clearly
show loss of function of inhibitory M,
muscarinic receptors, which increases
ACh release, we cannot conclusively
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Figure 5. Insulin mediated increased vagally induced bronchoconstriction in obese-prone and obese-resistant rats on a high-fat diet. Bronchoconstriction
in obese-prone rats was potentiated (A, closed circles) compared with obese-resistant rats (B, closed triangles). These data were from Figure 2A and were
regraphed here. Reducing insulin with STZ significantly reduced bronchoconstriction in response to parasympathetic nerve stimulation in obese-
prone rats on a high-fat diet (A, empty circles with solid line) but had no effect on bronchoconstriction in obese-resistant rats (B, empty triangles with solid
line). Restoring insulin, either acutely (acute insulin [alNS], once 24 h before physiological measurements) or chronically (chronic insulin [cINS], daily for
4 wk) blocked the effect of STZ in obese-prone rats (A, dashed lines). However, in obese-resistant rats, acute and chronic supplemental insulin
significantly potentiated bronchoconstriction above STZ alone (B, dashed lines). ACh-induced bronchoconstriction in vagotomized rats was not
significantly changed by STZ (open circles and open triangles) or by insulin (dashed lines) in obese-prone (C) or obese-resistant (D) rats on a high-fat diet.
Each point represents the mean, and vertical bars show SEM. *P < 0.05.

exclude an additional effect of altered
M3 receptors on the smooth muscle in
obese rats in vivo. In this context it is
worth noting that in human airways
treatment with insulin caused M, receptor
dysfunction and an increased response to
nerve stimulation without changing M3
receptor function on the smooth muscle
(Figure 7A).

Release of ACh from parasympathetic
nerves is normally locally controlled by
inhibitory neuronal M, muscarinic

receptors (16-20), which were initially
described on nerves supplying lungs in
guinea pigs (19) and have subsequently
been described in the parasympathetic
nerves supplying the lungs of all species
studied thus far (22, 33-38), including
humans. Loss of M, receptor function
has been described in asthma (21, 23)
and is a common feature of many
different animal models of airway
hyperresponsiveness, including acute
infection with parainfluenza virus (24),
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sensitization and challenge with antigen
(26, 33), acute exposure to ozone (25),
and acute exposure to organophosphate
pesticides (39). M, muscarinic receptor
function is measured in vivo in this study
using the selective agonist pilocarpine. It
has been shown that in the presence of
functional M, receptors, pilocarpine
inhibits parasympathetic nerve-mediated
bronchoconstriction in a dose-related
manner (19). Our data show that
pilocarpine inhibits vagally induced
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bronchoconstriction in obese-resistant

rats fed a high-fat diet (Figure 6),
demonstrating that they have functional
M, muscarinic receptors. In contrast,
pilocarpine did not inhibit vagally induced
bronchoconstriction in obese-prone rats fed
a high-fat diet (Figure 6), demonstrating
that neuronal M, receptors can no longer
be stimulated with exogenous agonists. The
airways of obese-prone rats fed a high-fat
diet also had increased response to vagus
nerve stimulation (Figure 2), suggesting
that, similar to antigen challenge and other
models of airway hyperresponsiveness,
increased bronchoconstriction in obese-
prone rats on a high-fat diet is
accompanied by loss of neuronal M,
receptor function.

The ability of endogenous ACh to
stimulate neuronal M, muscarinic receptors
and inhibit subsequent transmitter release
can be measured in vitro using the selective
M, antagonist gallamine (19). In the
presence of functional M, receptors,
gallamine blocks the ability of neuronal M,
muscarinic receptors to inhibit ACh (19),
thus potentiating airway smooth muscle
contraction induced by nerve stimulation
(Figure 7B). However, in the presence of
insulin, gallamine lost its ability to
potentiate neurally induced muscle
contraction (Figure 7B). These data
demonstrate that insulin caused
dysfunction of neuronal M, muscarinic
receptors, thus removing local inhibitory
control of endogenous ACh release and
resulting in increased smooth muscle
contraction. Therefore, EFS-induced
contraction of human tracheal smooth
muscle appears to be potentiated by the
presence of insulin, in comparison to when
insulin is absent (Figure 7A). These data
indicate that, in the presence of insulin,
endogenous ACh does not effectively
stimulate inhibitory neuronal M,
muscarinic receptors, resulting in
potentiation of nerve-induced contraction
of human tracheal smooth muscle.

In vivo, insulin was significantly
increased in obese-prone rats on a high-fat
diet (Figure 4). Our data show that
suppressing insulin with STZ completely
reversed airway hyperresponsiveness to
vagus nerve stimulation (Figure 5) and
prevented the loss of neuronal M,
muscarinic receptor function (Figure 6)
in obese-prone rats on a high-fat diet.
Replacing insulin to physiological
levels (Figure 4B), either chronically or
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Figure 6. Insulin decreased neuronal M2 muscarinic receptor function in obese-prone and obese-
resistant rats on a high-fat diet. Neuronal M, muscarinic receptor function was measured as the ability
of pilocarpine, a selective muscarinic agonist, to inhibit vagally induced bronchoconstriction.
Pilocarpine inhibited vagally induced bronchoconstriction in a dose-related manner, but the effect
was significantly less in obese-prone (A, closed circles) than in obese-resistant (A, closed triangles)
rats on a high-fat diet, demonstrating decreased function of inhibitory neuronal Mo muscarinic
receptor in obese-prone rats on a high-fat diet. Reducing insulin with STZ in obese-prone rats (B,
open circles with solid line) significantly enhanced the ability of pilocarpine to inhibit vagally induced
bronchoconstriction. Acute administration of insulin to STZ-treated rats (B, dashed line) reversed the effect
of STZ. In obese-resistant rats, reducing insulin with STZ (C, open triangles with solid line) did not change the
ability of pilocarpine to inhibit vagally induced bronchoconstriction. However, in these rats, supplemental
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Figure 7. In human airway smooth muscle, insulin potentiated contraction induced by electrical field stimulation (EFS) but not by methacholine (MCh) (A).
Human tracheal smooth muscle strips were incubated in organ baths in the absence and presence of insulin (10~° M). Contraction was measured

in response to EFS (100 V, 0.2 ms, for 5 s duration, 1-50 Hz at 1-min intervals). Insulin significantly potentiated EFS-induced contractions (closed circles).
The maximum EFS-induced contraction at 50 Hz in the absent of insulin (open circle) was matched by 3 uM MCh (open bar). Insulin did not
potentiate MCh-induced contraction (closed bar). Data are expressed as the EFS- or MCh-induced contraction normalized to KCl-induced contraction.
Insulin inhibited human airway neuronal M, muscarinic receptor function in vitro (B). Neuronal M, muscarinic receptor function was measured as the
ability of the selective M, receptor antagonist gallamine to potentiate contraction induced by EFS. Human tracheal smooth muscle strips were
incubated in organ baths in the absence and presence of insulin (10~° M). Contraction was measured in response to EFS (30 Hz, 100 V, 0.2-ms pulse
duration, for 5 s) at 1-minute intervals. Once reproducible contractions were obtained (2.0 = 1.2 g in the absence of insulin and 1.4 = 0.5 g in the
presence of insulin), the M, muscarinic antagonist gallamine was added to the baths. In the absence of insulin, gallamine potentiated EFS-induce
contractions in a dose-related manner, demonstrating functional M, muscarinic receptors on nerves in human trachea (open triangles). Insulin
completely blocked the ability of gallamine to potentiate EFS-induced contractions (closed triangles), demonstrating that neuronal M, muscarinic receptor
function in human trachea was blocked by insulin. Data were expressed as the ratio of contraction after gallamine divided by contraction before gallamine.
Each point represents the mean, and vertical bars show SEM (n = 5 donors). *P < 0.05.

acutely, not only restored airway
hyperresponsiveness to vagus nerve
stimulation in obese rats but also induced
hyperresponsiveness to vagus nerve
stimulation de novo in lean rats (Figure 5).
Supplementing insulin reduced neuronal
M, muscarinic receptor function, measured
using pilocarpine, in STZ-treated obese
and lean rats (Figure 6). Thus, increased
insulin induced neuronal M, receptor
dysfunction and airway hyperresponsiveness
to vagus nerve stimulation even in the
absence of obesity.

Our data that insulin can inhibit M,
receptors and that STZ reverses this effect
are consistent with our previous studies
showing that insulin depletion increases
M, muscarinic receptor function and
expression (30, 40). In these previous
studies, done in nonselected Sprague
Dawley rats on a noncontrolled diet,
increased function of M, receptor

on airway nerves decreased the
bronchoconstriction response to vagal
stimulation, an effect we did not see in
obese-resistant rats on a controlled diet.
Likewise, radioligand binding studies show
increased M, receptors in the vas deferens
of rats after depleting insulin with STZ (28),
and again this effect was reversed by
exogenous insulin. M, receptors are the
dominant muscarinic receptor in the heart
and expression of M, receptors in cultured
rat atrial myocytes was also reduced by
insulin (41). Our data show that insulin
reduced M, receptor function rapidly;
we were able to decrease M, receptor function
after only 2 hours incubation with insulin.
Circulating insulin is doubled in obese-
prone versus obese-resistant rats on a high-
fat diet (Figure 4). Insulin might interact
directly with M, muscarinic receptors or
via insulin receptor pathways. However, for
the latter, the nerves must remain insulin

sensitive, whereas other tissues are insulin
resistant. This is possible because insulin
resistance is tissue specific (42). This

was demonstrated in obese mice, which
developed insulin resistance in liver before
white adipose tissue, whereas skeletal
muscle cells of these mice retained insulin
sensitivity (43). Thus, it is possible that
parasympathetic nerves, like skeletal
muscle, remain responsive to high insulin
levels, whereas liver cells and adipocytes
develop insulin resistance in obese
individuals.

Although asthma is usually associated
with inflammation of the lungs, human
studies have shown that obesity-related
asthma is independent of airway
inflammation (44-46). For example, Dixon
and colleagues reported that weight loss
by bariatric surgery reduces airway
hyperresponsiveness in obese patients
with asthma but does not decrease the

Figure 6. (Continued). insulin significantly reduced the ability of pilocarpine to inhibit vagally induced bronchoconstriction (C, dashed line), similar to obese-prone rats on
a high-fat diet (A, closed circle). Each point represents the mean, and vertical bars show SEM. *P < 0.05.

Nie, Jacoby, and Fryer: Obesity, Insulin, Parasympathetic Nerves, Asthma

259



ORIGINAL RESEARCH

proportion of lymphocytes in
bronchoalveolar lavage fluid or T-cell
production of inflammatory cytokines (46).
Furthermore, sputum eosinophils are not
higher in obese patients with asthma than
in nonobese patients with asthma (7, 45).
Leptin, a proinflammatory adipokine, is
also reported to be caused by obesity-
related airway hyperresponsiveness
because airway hyperresponsiveness is
potentiated in obese mice depleted of
leptin (ob/ob mice) or leptin receptors
(db/db mice) (47). This may be explained
by the finding that leptin deficiency in
the central neural system increases
parasympathetic nerve activity (48)
regardless of whether the bronchi are
inflamed. This is consistent with our data
that vagally induced bronchoconstriction
was increased in obese rats without

a concomitant increase in inflammatory
cells compared with nonobese rats.

Thus, obesity-induced airway
hyperresponsiveness is independent of
inflammation, which may explain why

patients with this specific phenotype of
asthma respond poorly to anti-
inflammatory treatments (1).

The incidence and severity of asthma
are increased in obese patients. Previous
studies show that dysfunctional M,
receptor is the mechanism of airway
hyperresponsiveness in animals that are
antigen challenged (26, 33), exposed to
ozone (25), infected with virus (24), or
exposed to organophosphate pesticides (39)
and in humans with asthma (21-23). Here
we show that insulin also inhibits neuronal
M, receptor function, resulting in airway
hyperresponsiveness to nerve stimulation.
Because the parasympathetic nerves
provide the dominant autonomic control
of airway smooth muscle (49), any decrease
in neuronal M, receptor function may
predispose individuals to increased reflex-
mediated bronchoconstriction, contributing
to asthma in obesity.

Asthma is a heterogeneous disease with
complex phenotypes (50). Obese adult-
onset asthma is characterized by less allergy

and less inflammation and has been
identified as a “Th2-low” asthma
phenotype (50). Our data demonstrate
that, in the absence of inflammation,
hyperinsulinemia potentiates vagally
induced bronchoconstriction by decreasing
the function of inhibitory M, muscarinic
receptors on parasympathetic nerves,
resulting in increased ACh release and
airway hyperresponsiveness. If this
mechanism is functional in obese
individuals, our data suggest that
anticholinergic drugs may be more
effective than anti-inflammatory drugs in
the treatment of this unique asthma
phenotype. H
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