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Altered pituitary-adrenal interaction in

nocturnal asthma

E. Rand Sutherland, MD, MPH,2.® Misoo C. Ellison, PhD,2.¢ Monica Kraft, MD,a.b

and Richard J. Martin, MDa.b Denver, Colo

Background: Increased airway inflammation at night con-
tributes to the nocturnal worsening of asthma, but the mecha-
nisms regulating circadian variations in airway inflammation
are unknown.

Objective: We hypothesized that altered hypothalamic-pitu-
itary-adrenal axis function serves as an endogenous controller
of inflammation in nocturnal asthma.

Methods: Patients with nocturnal asthma (n = 7), patients with
nonnocturnal asthma (n = 13), and healthy control subjects (n
= 11) adhered to a regular sleep-wake cycle for 1 week. Corti-
cotropin and cortisol levels were assayed every 2 hours for 24
hours. Low-dose corticotropin stimulation was performed.
Circadian hormonal flux was analyzed by means of cosinor
modeling and calculation of the area under the 24-hour curve.
Results: Corticotropin peak levels and areas under the 24-
hour curve were significantly increased in patients with noc-
turnal asthma versus values in patients with nonnocturnal
asthma and control subjects. Patients with nonnocturnal asth-
ma demonstrated significantly increased areas under the 24-
hour cortisol curve when compared with control subjects, but
peak cortisol levels did not differ between groups. Cortisol lev-
els after low-dose corticotropin stimulation did not differ
between groups. Corticotropin and cortisol levels were not cor-
related with the degree of physiologic impairment.
Conclusion: Nocturnal asthma is marked by increased corti-
cotropin levels that are not accompanied by commensurate
increases in cortisol levels. This observation might indicate
blunted adrenal responsiveness in the nocturnal asthma phe-
notype. Conversely, adrenal response to corticotropin might be
enhanced in nonnocturnal asthma, attenuating nocturnal
worsening of airway inflammation. (J Allergy Clin Immunol
2003;112:52-7.)

Key words: Corticotropin, cortisol, inflammation, nocturnal asth-
ma

Nocturnal asthma is an asthma phenotype marked by
nighttime increases in airway inflammation,! airway
hyperresponsiveness,? and expiratory airflow limitation.3
These changes are associated with a nocturnal increase in
symptoms, such as cough and dyspnea, and the frequen-
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cy of nocturnal symptoms is an important factor in stag-
ing asthma severity and determining appropriate asthma
pharmacotherapy.# Although alterations in factors such
as alveolar tissue inflammation,>-¢ number and function
of peripheral blood eosinophils,’8 and glucocorticoid
and B-adrenergic receptor affinity or activity®-!! have
been reported in nocturnal asthma, the mechanisms driv-
ing circadian changes in airway inflammation and func-
tion are not well understood. A portion of the circadian
change in lung function might be controlled by the
endogenous circadian pacemaker.!2

A significant body of research has focused on the
pathogenetic role of alterations in endogenous cortisol
levels in patients with nocturnal asthma.!3-17 In 1980,
Barnes et al!3 reported that there was no significant cor-
relation between circadian variability in peak expiratory
flow rates and plasma cortisol levels, and in 1991, Sze-
fler et all5 reported that serum cortisol levels did not vary
between 4 AM and 4 PM in subjects with nocturnal asth-
ma. Conversely, Haen et all4 reported in 1991 that asth-
matic patients had significantly higher cortisol levels
when compared with nonasthmatic control patients, and
Kraft et al!® reported in 1998 that patients with nocturnal
asthma had significantly lower cortisol levels than
patients with nonnocturnal asthma and healthy control
subjects at 8 PM. In 2002, Landstra et all7 reported that
children with nocturnal asthma had significantly reduced
serum cortisol levels when compared with control sub-
jects at 12 AM, 8 AM, and 12 pM and that higher 24-hour
mean serum cortisol levels were associated with higher
airflow, as measured on the basis of FEV.

There is little information available to shed light on the
importance of hypothalamic or pituitary control of corti-
sol secretion in nocturnal asthma. Exogenous administra-
tion of the hypothalamic hormone corticotropin-releasing
hormone has been reported to improve overnight airflow
in subjects with nocturnal asthma,!8 but investigators
have been unable to demonstrate significant differences
between asthmatic and nonasthmatic control subjects in
levels of the pituitary hormone corticotropin.!?

The relationship between circadian rhythms and
variations in lung function in healthy subjects was
reported by Spengler and Sheal!? in 2000. Their
research demonstrated that sleep deprivation did not
affect pulmonary function, and they concluded that
healthy adults demonstrate “small but significant” dif-
ferences in spirometry over the 24-hour period caused,
at least in part, by the endogenous circadian pacemak-
er. The role that the endogenous circadian pacemaker
plays in the nocturnal worsening of airflow limitation
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in asthma remains to be determined, however, and it is
likely that other physiologic and environmental
processes also play an important role in the nocturnal
asthma clinical phenotype.

We hypothesized that hypothalamic-pituitary-adrenal
axis function differs between patients with nocturnal asth-
ma and patients with nonnocturnal asthma and healthy
control subjects and that this difference might have impli-
cations for the pathogenesis of nocturnal asthma.

METHODS

This study was approved by the National Jewish Medical and
Research Center Institutional Review Board. All subjects provided
written informed consent.

Classification of subjects

Nonsmoking healthy control subjects, patients with nocturnal
asthma, and patients with nonnocturnal asthma were evaluated.
Asthma was defined as follows: suggestive clinical history and
either airway hyperresponsiveness indicated by a 20% or greater
decrease in FEV in response to inhalation of methacholine at 8
mg/mL or less or bronchodilator-responsive expiratory airflow lim-
itation (FEV, of 55%-85% of predicted value, improving =200 mL
and 12% in response to 180 ug of albuterol aerosol). Patients with
nocturnal asthma met the above criteria and demonstrated an
overnight decrease in peak flow of 20% or greater on at least 4 of 7
nights at home. Subjects were excluded if they had other lung dis-
eases or other chronic illnesses, had used systemic or inhaled corti-
costeroids within 12 weeks, or had used leukotriene modifiers with-
in 12 weeks. Antihistamine use was permitted.

Sleep-wake routine

Subjects maintained a regular sleep-wake routine for 7 sequen-
tial days before evaluation, sleeping at 10 pm and waking at 6 AM.
No restrictions were placed on ambient light, bed position, or
caloric intake. Sleep-wake cycle adherence was evaluated by using
wrist actigraphy (ActiTrac; Individual Monitoring Systems Inc,
Baltimore, Md).

In-laboratory evaluation

During a 24-hour period in which the sleep-wake cycle was
maintained, an intravenous catheter was placed, and blood (5 mL)
was withdrawn every 2 hours to obtain specimens for hormone
analysis. Spirometry (Cybermedic, Louisville, Colo) was per-
formed at bedtime and awakening.

Low-dose corticotropin stimulation

A subset of subjects in each group underwent low-dose corti-
cotropin stimulation to assess adrenal cortisol production. Sub-
jects returned to the laboratory on a different day at 7 AM without
having repeated the miniconstant routine. An intravenous catheter
was placed, and blood was obtained for baseline serum cortisol
measurement. One microgram of corticotropin (Organon Inc,
West Orange, NJ) was then administered intravenously, and
repeat blood sampling for cortisol was performed at 20 and 30
minutes after infusion.

Hormone analysis

Plasma corticotropin levels were assayed by means of immuno-
chemiluminometric assay (Nichols Institute, San Juan Capistrano,
Calif), and serum cortisol levels were assayed by means of enzyme
immunoassay (Immunopharmacology laboratory, National Jewish
Medical and Research Center, Denver, Colo).
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Statistical analysis

Between-group differences in individual hormone levels were
analyzed in 3 ways: (1) cosinor analysis of 24-hour pattern,20 (2) pair-
wise comparisons of measured values at individual time points, and
(3) comparison of the area under the 24-hour cosinor curve. Patterns
of corticotropin and cortisol were obtained by fitting the following
complex cosinor model by using a nonlinear mixed-effects model:

ACTHy or cortisoly =

W + oy cos(zn x time _ 6”() + 204 cos(zn x time _ 62k)4
12 24

This model was fitted to 3 groups (k = healthy control subjects,
patients with nocturnal asthma, and patients with nonnocturnal asth-
ma) simultaneously. Maximum and minimum corticotropin and cor-
tisol levels and peak and trough times for these hormones were cal-
culated and compared between groups.

All parameter estimations and comparisons were performed by
using the SAS (v8.02; SAS Institute, Cary, NC) procedure
NLMIXED.2! The area under the 24-hour curve was calculated by
using subject-specific predictions of the above cosinor models and
compared between the 3 groups by means of 1-way ANOVA. Results
of corticotropin stimulation were analyzed by using 1-way ANOVA. A
2-tailed P value of less than .05 was considered statistically significant.

RESULTS
Subject characteristics

Seven patients with nocturnal asthma, 13 patients with
nonnocturnal asthma, and 11 control subjects were eval-
uated. Demographic, spirometric, and corticosteroid use
characteristics of subjects are presented in Table 1. Sub-
jects with nocturnal asthma had significantly lower bed-
time percent predicted FEV, significantly lower morn-
ing absolute and percent predicted FEV, and greater
overnight decrease in FEV; when compared with
patients with nonnocturnal asthma and healthy control
subjects. Median time since last use of inhaled or sys-
temic corticosteroids ranged from 8 to 52 months.

Corticotropin

The 24-hour pattern in corticotropin level is shown in
Fig 1. Peak corticotropin levels were highest in patients
with nocturnal asthma (Table II), and pairwise compar-
isons revealed that corticotropin levels were significantly
increased in patients with nocturnal asthma when com-
pared with levels in both patients with nonnocturnal asth-
ma and control subjects at 4 AM, 6 AM, 8§ AM, and 10 AM
(Fig 2). The area under the 24-hour corticotropin curve in
patients with nocturnal asthma was significantly greater
than that for patients with nonnocturnal asthma or con-
trol subjects (Table II). There were no significant
between-group differences in time of peak or trough cor-
ticotropin levels (Table III).

Cortisol

The 24-hour circadian rhythm in cortisol is shown in
Fig 2. Peak cortisol levels were highest in patients with
nonnocturnal asthma, but this difference did not achieve
significance (Table II). However, pairwise comparisons
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FIG 1. Modeled 24-hour corticotropin levels in patients with nocturnal asthma (green), patients with non-
nocturnal asthma (red), and control subjects (blue). *Patients with nocturnal asthma > patients with non-
nocturnal asthma and control subjects: P < .05 for both comparisons at 2 Am, 4 Am, 6 AM, 8 AM, and 10 Am.
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FIG 2. Modeled 24-hour cortisol levels in patients with nocturnal asthma (green), patients with nonnoctur-
nal asthma (red), and control subjects (blue). Connected arrows indicate a phase difference in peak and
trough cortisol times in patients with nocturnal asthma versus patients with nonnocturnal asthma and con-
trol subjects (see text). *Patients with nonnocturnal asthma > patients with nocturnal asthma and control
subjects: P< .05 for both comparisons at 8 Am and 10 Am. tPatients with nonnocturnal asthma > control sub-
jects: P< .05 at 4 Am, 6 AM, and 12 Pm.

revealed that cortisol levels were significantly increased
in patients with nonnocturnal asthma when compared
with levels in patients with nocturnal asthma at 8 AM and
10 aM and with levels in control subjects at 4 AM, 6 AM, 8
AM, 10 aM, and 12 pm. Patients with nocturnal asthma had
higher cortisol levels than control subjects at 2 AM and 4
AM. The area under the 24-hour cortisol curve in patients
with nonnocturnal asthma was significantly greater versus
that in control subjects but not that in patients with noc-
turnal asthma (Table II). The time of peak and trough cor-
tisol levels was advanced approximately 90 minutes in
patients with nocturnal asthma (Table III).

Low-dose corticotropin stimulation

A subset of subjects underwent low-dose corti-
cotropin stimulation (Table IV) at 7 AM. To ensure that
the subsets’ hormonal rhythms reflected those of the
groups as a whole, cosinor analysis was repeated to
ensure that the subsets’ circadian patterns did not differ
from those of the complete groups. There were no sig-
nificant between-group differences in baseline cortisol
levels, 20- and 30-minute levels, or 20- and 30-minute
percentage changes in response to low-dose corti-
cotropin stimulation (Table IV).



J ALLERGY CLIN IMMUNOL
VOLUME 112, NUMBER 1

TABLE I. Subject characteristics
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Patients with nocturnal

Patients with nonnocturnal

Control subjects

asthma (n =7) asthma (n = 13) (n=11) P value
Age (y) 357+33 332+25 323 +2.7 12%
Sex (F/M) 3/4 8/5 7/4 2%
Bedtime FEV, (L, mean = SEM) 2.84 £0.32 3.51+£0.24 3.84 £0.26 071%*
Bedtime FEV | (% predicted) 69.7+5.3 92.1 +£3.5 97.8 +2.7 .0001*
Morning FEV| (L, mean = SEM) 2.40 +=0.34 3.32+0.25 3.89 +0.27 .008*
Morning FEV, (% predicted) 53.1%6.1 87.3x3.7 989 %28 <.0001*
Overnight % change in FEV, (mean = SEM) -18.8+23 =S5.1+2.1 1.5+23 <.0001*
Prior inhaled steroid use (n) 3 5 0 1.0
Last inhaled steroid use (mo, median) 8 13 NA .67%
Prior use of systemic corticosteroids (n) 4 4 1 .09
Most recent systemic steroid use (mo, median) 27.5 10.5 52 443

*One-way ANOVA.
fFisher exact test.
FKruskal-Wallis test.

TABLE Il. Peak observed hormone levels and areas under the

24-hour cosinor curve (mean + SEM) in patients with

nocturnal asthma, patients with nonnocturnal asthma, and healthy control subjects

Patients with nocturnal

Patients with nonnocturnal Control subjects

asthma (n=7) asthma (n = 13) (n=11)
Peak corticotropin level (pg/mL) 29.1 £ 2.6* 19.0£1.9 173 +£2.1
Corticotropin AUC (pg-h~!-mL-1) 420.3 = 46.4% 283.5+41.3 276.0 =24.0
Peak cortisol level (ug/dL) 141+15 163+ 1.1 10.7+1.2
Cortisol AUC (ug-h-!-dL-1) 201.9 +25.0 225.4 + 25.5% 1527« 11.6

AUC, Area under the 24-hour curve.

*#P =.001 for patients with nocturnal asthma versus control subjects, P = .004 for patients with nocturnal asthma versus patients with nonnocturnal asthma.
TP = .02 for patients with nocturnal asthma versus control subjects and patients with nocturnal asthma versus patients with nonnocturnal asthma.
£P = .019 for comparison of patients with nonnocturnal asthma versus control subjects, P > .05 for comparison of patients with nonnocturnal asthma versus

patients with nocturnal asthma.

Correlation of spirometry and peak hormone
levels

Simple linear regression was performed to evaluate the
relationship between peak measured corticotropin and
cortisol levels and FEV| percent predicted at both bed-
time and awakening to determine whether differences in
hormone levels were correlated with asthma severity
rather than asthma phenotype. Bedtime FEV| was not
significantly correlated with peak corticotropin (Pearson
r=0.18, P =.32) or cortisol (Pearson r = 0.12, P = .54)
levels. A similar lack of correlation was seen between
morning FEV and peak corticotropin (Pearson r = 0.12,
P = .51) or cortisol (Pearson » = -0.06, P = .76) levels.

DISCUSSION

Our results suggest that the nocturnal asthma pheno-
type is marked by increased levels of corticotropin but
that this increase in corticotropin is not accompanied by
a commensurate increase in cortisol. Despite the increase
of corticotropin in patients with nocturnal asthma, the
area under the 24-hour cortisol curve was greatest in
patients with nonnocturnal asthma. These differences
appear to be specific to the nocturnal asthma phenotype
because peak hormone levels are not correlated with the
degree of physiologic impairment. Low-dose corti-

cotropin stimulation at 7 AM was unable to detect differ-
ences between the 3 groups of subjects.

Enhanced nighttime airway inflammation in nocturnal
asthma might provide a stimulus for increased endoge-
nous anti-inflammatory activity in the form of increased
serum cortisol levels. To achieve this, the anterior pitu-
itary gland would be expected to provide appropriate
hormonal signaling through the release of corticotropin.
Our observation of increased corticotropin peak levels
and areas under the 24-hour curve in nocturnal asthma
suggests an appropriate pituitary response. However,
despite the increase in corticotropin, the adrenal gland
does not respond with increases in serum cortisol levels
in subjects with nocturnal asthma. A number of scenarios
could explain this. First, there might be inhibition of cor-
tisol secretion or release in response to corticotropin in
nocturnal asthma, or alternatively, there might be an
enhanced and therefore protective response to corti-
cotropin in nonnocturnal asthma, such that dispropor-
tionate increases in corticotropin levels are not required.
Additionally, there might be defects at the intra-adrenal
level, with inhibition of the adrenal cortex or decreased
direct stimulation of adrenocortical steroidogenesis by
the adrenal medulla.22

Low-dose corticotropin stimulation testing has been
promoted as a sensitive method for detecting adrenal
suppression in patients receiving corticosteroid thera-
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TABLE lll. Calculated time of peak and trough hormone levels (24-hour clock time) in patients with nocturnal asthma,
patients with nonnocturnal asthma, and healthy control subjects

Patients with nocturnal

Patients with nonnocturnal Control subjects

asthma (n=7) asthma (n = 13) (n=1)
Corticotropin peak time 06:14 06:09 06:23
Corticotropin trough time 22:14 22:09 22:23
Cortisol peak time 06:03* 07:26 07:21
Cortisol trough time 22:037 23:26 23:21

*P =.019 for comparison with control subjects.
P = .002 for comparison with patients with nonnocturnal asthma.

TABLE IV. Results of low-dose corticotropin stimulation in a subset of patients with nocturnal asthma, patients with

nonnocturnal asthma, and healthy control subjects

Patients with nocturnal

Patients with nonnocturnal Control subjects

asthma (n = 3) asthma (n = 8) (n=7)
Baseline cortisol (ug/dL) 156 £2.2 150+ 1.4 140+19
20-min cortisol value (ug/dL) 213 +2.8 220+ 1.7 205+24
20-min change (%) 40.6 + 174 50.5 +10.7 51.5+15.1
30-min cortisol value (ug/dL) 22.7+3.1 228 +1.9 21427
30-min change (%) 51.1 =184 55.6+11.2 57.1 159

P > .05 for all comparisons.

py,23 and formal dose-response testing might also
enhance detection of adrenal suppression.24 Despite our
use of the single low-dose test, we were unable to detect
differences in adrenal response to corticotropin at 7 AM.
Although the reasons for this are unclear, the 90-minute
phase advance in cortisol peak and trough seen in
patients with nocturnal asthma might affect the response
to corticotropin stimulation in the early morning hours.
Alternatively, the increase in endogenous corticotropin
seen in patients with nocturnal asthma at 7 AM might
already be fully stimulating the adrenal gland, preventing
detection of any between-group differences. Additional-
ly, even though the 1-ug dose of corticotropin used in
these experiments is a fraction of that used in routine cor-
ticotropin stimulation, it likely results in serum corti-
cotropin concentrations greater than the in vivo range of
5 to 30 pg/mL that we observed in these experiments.
This might serve to further diminish the ability to detect
differences between the groups.

A number of methodological features distinguish
these experiments from prior research in this area. First,
attempts were made to control subjects’ sleep-wake
cycles in an attempt to standardize any environmental
cues that might affect nocturnal worsening of asthma.
Although a formal “constant routine” protocol?S would
have more rigorously controlled these cues, such a pro-
tocol differs so dramatically from typical human experi-
ence that the clinical relevance of our results would be
difficult to interpret. Second, we sampled hormone levels
at 2-hour intervals, a frequency twice that of many other
previous investigations. Despite this increased sampling
frame, cortisol secretion has been reported to occur in
episodic bursts,20 and it is possible that even 2-hour inter-
vals were inadequate for description of the details of
pituitary-adrenal interaction. Finally, the cosinor analysis

used in this study allows comparisons at individual time
points but also facilitates modeling of the 24-hour pattern
of hormone flux, allowing comparison of peak and
trough times and calculation of the area under the curve.
This analytic technique more accurately reflects events
over the entire 24-hour period and allows inferences to be
made not from changes between individual time points or
from 24-hour mean levels!7 but from modeled changes
over the course of time.

Our results have implications for both the clinical man-
agement of nocturnal asthma and the direction of future
research. The phase advance of cortisol peak and trough
time in nocturnal asthma demonstrated by our research
might partly explain why chronotherapeutic dosing of
corticosteroids improves lung function and reduces air-
way inflammation2728 in these patients. The observation
of higher nighttime levels of cortisol in nonnocturnal
asthma raises the possibility that exogenous cortico-
steroids might be a less effective therapeutic intervention
in nonnocturnal asthma versus nocturnal asthma. Addi-
tional research will be required to determine whether
adrenal or extra-adrenal factors explain the disproportion-
ate increase of corticotropin in nocturnal asthma.

We acknowledge the contributions of our research subjects to
this work and thank John Derbort, Terri Metze, Juno Pak, and
Michael Rex for technical assistance in the conduct of these exper-
iments.
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