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Abstract In the present study, the influence of the long-term
use of air-conditioning in summer on the cortisol rhythm was
examined by measuring the rhythm in subjects who had been
exposed to air-conditioning for a short [S] or long [L] time.,
Investigations were conducted twice in July and September.
Atmospheric temperature and relative humidity near the
subjects were measured for three days in each season. Saliva
samples for cortisol analysis were collected every 2 hours
during the daytime beginning at 8:00h with subsequent
sampling times at 10:00, 12:00, 14:00, 16:00, 18:00, 20:00 and
22:00h. A questionnaire on sleep and duration of air-
conditioning use was also undertaken. Ambient mean
temperature was higher in the S group (mean*SD;
30.8+1.2°C in July, 28.0+0.8°C in September) than in the L
group (28.0x£1.2°C in July, 27.3%1.0°C in September)
(»<<0.01), while mean relative humidity did not differ. There
were no differences in bedtime, waking time and sleeping
hours either between groups or months. Diurnal patterns of
salivary cortisol rhythm in July and September were similar in
the S group, but the L group had a delayed rise of morning
cortisol secretion in September compared with July. These
results suggest that long-term exposure to an air-conditioned
environment might adversely affect the human cortisol rhythm.
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Introduction

Cortisol is the principal hormonal product of the
hypothalamic-pituitary-adrenal (HPA) axis in humans. It
affects glucose production from protein, fat metabolism,
inflammatory responses, vascular responsiveness, the central
nervous system, immune functioning, and so on (Chrousos and
Gold, 1998; Heim et al.; 2000; McEwen, 1998). In most
humans, there is a brisk increase of cortisol following waking,

and the peak level is reached about 30 min later (Kunz-Ebrecht
et al., 2004; Wiist et al., 2000). In the absence of external
stimuli, cortisol levels decrease throughout the day (Ice et al.,
2004). Its high early morning level is considered to help
sustain the energy available for action and stimulate the
appetite for carbohydrate intake (Smyth et al., 1997). It is
thought that cortisol level is a useful marker of HPA axis
activity, and several recent pieces of research have
demonstrated individual variation in diurnal cortiso! patterns
(Ice et al., 2004; Smyth et al., 1997; Stone et al., 2001).

In addition to its circadian rhythm, the increase in cortisol in
response to stressors establishes it as one of the stress-related
hormones (Dahlgren et al., 2004; Miluk-Kolasa et al., 1994;
Uedo et al., 2004). Although increased cortisol secretion is
considered to be an adaptive mechanism against environmental
stressors  (by supporting energy mobilization), chronic
elevation of cortisol can lead to several disorders, such as
depression, immuno-suppression, cardiovascular disease,
diabetes, and osteoporosis (Deuschle et al., 1998; Ice et al,.
2004; Meaney et al., 1991; Yehuda et al., 1991). Cortisol is
also observed to be a sensitive index of heat stress (Folleniius
et al., 1982). Several workers have measured cortisol levels to
study the influences of an extremely hot environment
(Folleniius et al., 1982; Vangelova et al., 2002). However, no
other studies of cortisol rhythms concerning the long-term
thermal stress under regular environment (e.g. heat of summer
and/or conditions under long-term use of air-conditioning)
have appeared in the literature. Therefore, this study was
conducted to investigate the influences on diurnal salivary
cortisol levels of the long-term use of air conditioning in
summer. We investigated individuals” ambient temperature and
relative humidity and their cortisol rhythm in the early summer
and then measured these variables again in the late summer
after subjects had spent either a long or a short time in an
environment which was air-conditioned.

Methods

Subjects
Initially, we interviewed volunteers who were students in
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Fukuoka Women’s University about their exposure to air-
conditioning in the summer, and we selected from those who
had been exposed for a short or long time. As a result, 17
healthy female Japanese students (aged 20 to 23 years)
participated in the present study. The subjects received verbal
and written instructions about this field study and gave
informed consent.

Procedures

The experiments were conducted in the middle of July and
September. Subjects carried thermometers (Thermo-Recorder
RS-11, Espec) for three consecutive days while performing
their normal daily activities, so that ambient temperature and
relative humidity could be measured at two-minute intervals.
For each of the two months of study, saliva samples for cortisol
analysis were collected every two hours from 8:00h to 22:00h
during the course of a single day that excluded the time of
menstruation (because some subjects reported periodic taking
of analgesics during that period).

A questionnaire was also given on the days of sampling the
saliva. The questionnaire items were exposure to air-
conditioning, bedtime, waking time and quality of sleep
(ranging from 1, slept well, to 5, couldn't sleep at all). In
addition, age, body height and weight were asked in the
questionnaire given in July, and the use of air-conditioning
during August was also questioned in September. Subjects
were asked to undertake their usual daily activities during the
experimental days.

Cortisol measurements

Saliva samples were used to assess the cortisol levels; they
have been reported to correlate with scrum and plasma cortisol
(Umeda et al., 1981; Kirschbaum and Hellhammer, 1994;
Wedekind et al., 2002), and collection of saliva is relatively
non-invasive and suited to studies under field conditions.

Subjects were instructed in saliva collection using saliva
collection tubes “Salivettes” (Sarstedt, Rommelsdorf,
Germany) prior to the experimental days. Subjects were
instructed to store the saliva samples in domestic freezers until
returning them to the laboratory (up to three days after
collection). The saliva samples were subsequently stored at
—20°C in the laboratory until thawed for assay. The amount of
cortisol secretion was determined with the salivary cortisol
ELISA kit (DRG Instruments GmbH, Germany).

On days of saliva sampling, subjects were asked to avoid the
intake of caffeine, alcohol and medicine both during the
daytime and the previous night. They were also asked not to
eat, drink or brush their teeth for the 90 min before sampling
times, to avoid affecting cortisol levels and/or contaminating
the samples (Federenko et al., 2004; Ice et al., 2004; Kunz-
Ebrecht et al., 2004; Lovallo et al., 1996; Rosmond and
Bjorntorp, 1998; Shirtcliff et al., 2001). All subjects were non-
smokers.

In addition, to verify compliance with the protocol, subjects
filled in a diary to record the time they took each sample as

well as the time and contents of any meals they had eaten on
days of saliva sampling. Subjects also recorded any physical or
mental stresses they had experienced.

Data analysis

Two-way analysis of variance (ANOVA) was used to
examine any differences in ambient temperature, relative
humidity and cortisol between the times of day and groups,
and two-way repeated measures ANOVA was used to
investigate differences between the times of day and months.
Any differences with the main effects were then investigated
using Student's r-test. Statistical significance was accepted at
p<<0.05.

Results

Age, physical characteristics and results of the sleep
questionnaire by group

Based on the results of the questionnaire, subjects were
divided into two groups; those who had used air-conditioning
in July for less than 4 hours a day (n=8, short-time [S] group)
and those who used it for more than 6 hours (n=9, long-time
[L] group). Table 1 summarizes the results from the
questionnaire. Apart from the use of air-conditioning, the
groups did not differ in any variable. Concerning the amount
of exposure to air-conditioning, there were significant
differences between the groups in each month (p<<0.05), i.e.
the L group used it for longer than the S group. The L group
had significantly different exposures between July and
September (paired t-test, p<<0.01), and August and September

Table 1 Age, physical characteristics and results of sleep questionnaire
by group
S group (n=8) L group (n=9)
Age 21.0+0.8 yrs 21.4£1.0 yrs
Height 156.1+£5.7 cm 158944 cm
Weight 47.8x2.1 kg 49.1+3.4kg
BMI 19.7+1.7 19.5+1.1
July

Use of air-conditioning
within a week**

2.1%1.0 hours/day 11.4+4.5 hours/day

Bedtime 1:06 h=90 min 1:11h=63 min
Waking time 7:19h*26 min 7:15h*37 min
Sleeping hours 6.0£1.5 hours 6.3+0.7 hours
Quality of sleep 2.1*+1.2 1.8+1.0
September
Use of air-conditioning 1.7 1.1 hours/day  14.0+5.5 hours/day
in August**

Use of air-conditioning
within a week*

1.3x1.6 hours/day ~ 4.3+3.2 hours/day

Bedtime 0:49 h*=68 min 1:00 h=47 min
Waking time 7:14h=*45 min 7:37h+40 min
Sleeping hours 6.4x0.9 hours 6.6=0.5 hours
Quality of sleep 2.0+0.9 1.7+1.0
mean*SD

** p<<0.01, * p<<0.05, respectively, Student's s~test, comparing values for
each group.
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Fig. 1 Ambient temperature and relative humidity surrounding subjects in July and September in each group.

Values are means*SE.

(paired r-test, p<<0.01). Sleep rhythm and the quality of sleep
were not influenced by the season in spite of the different
amount of use of air-conditioning.

Ambient temperature and relative humidity surrounding
subjects

The average of ambient temperature was higher in the S
group (mean*=SD; 30.8*+1.2°C in July, 28.0=0.8°C in
September) than the L group (28.0=1.2°C in July, 27.3*
1.0 °C in September) in both months (p<<0.01). Figure 1 shows
daytime ambient temperature and relative humidity. ANOVA
of ambient temperature revealed significant differences
between months in the S group (p<<0.01) and between the
groups in July (p<<0.01), and a significant interaction between
the times and groups in July (p<<0.05). The average relative
humidities were 56.9%5.8% in July, 63.5%5.1% in September
for the S group and 52.7%£5.5% in July, 61.7£5.5% in
September for the L group. Two-way ANOVA revealed
significant differences between the months in each group (S
group: p<<0.05; L group: p<<0.01), and a significant interaction
between the times and months in the L group (p<<0.01).

Rhythms and levels of salivary cortisol secretion

As indicated by inspection of the diary, all subjects
complied with the protocol; with regard to cortisol sampling,
all samples were taken within 10 min of the times required by
the protocol. Although three subjects reported physical or
mental stresses in the afternoon (two in July and one in
September), there was no effect upon cortisol levels at this
time or thereafter. Figure 2 shows the results of salivary
cortisol analysis. The maximum values of cortisol secretion
were not significantly different between the two groups or
months (Table 2). The S group had typical rhythms in both
July and September. In July, there were no significant

differences between the two groups. In September, however,
whereas cortisol levels were highest at 08:00h and decreased
thereafter in the S group, the L group had peak levels at
10:00h. Two-way ANOVA of cortisol levels revealed a
significant interaction between the times and groups in
September (p<<0.05); cortisol levels of the L group were
significantly lower at 08:00h (»p<<0.05) and higher at 10:00 h
(p<<0.05) than corresponding values from the S group.

Discussion

The S and L groups were different in their exposure to air-
conditioning, mean ambient temperature and in their cortisol
patterns. There were no differences in age, physical
characteristics, mean relative humidity, bedtime, waking time,
sleeping hours and quality of sleep between groups.

Previous studies have showed higher cortisol levels in
workers under extreme hot environments such as in a glass
manufacturing unit (Folleniius et al., 1982; Vangelova et al.,
2002). Although the S group was exposed to a hotter
environment than the L group, basal levels of salivary cortisol
rhythm during the daytime did not change or become unstable
in either July or September in the S group. Therefore, it can be
considered that seasonal variations of ambient temperature and
relative humidity in these months did not increase cortisol
secretion during the daytime.

In several recent studies, the cortisol
awakening, i.e. the change in cortisol levels that typically occur
20-40 min after waking up in the morning, has been measured
(Wiist et al., 2000a; Wiist et al., 2000b; Kunz-Ebrecht et al.,
2004; Williams et al., 2005). These studies found that the
magnitude of the morning cortisol level was related to
psychosocial stress; increases of cortisol levels in the morning
were greater on work days than weekend days (Kunz-Ebrecht

response  on
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Fig. 2 Cortisol rhythms from S and L groups in July and September.
Values are means*SE. * p<<0.03, Student's #-test, comparing values for between S and L groups.

Table 2 The maximum values of cortisol measurement in each scason

and group
S group (n=28) L group (n=9)
July 12.97+4.10, 8:00h 9.76+3.53,8:00h
September 11.30+3.67, 8:00h 10.32%3.20, 10:00 h

mean+SD (ng/mL), time of day

et al., 2004), and were enhanced under conditions of chronic
psychosocial stress (Wist et al., 2000b). By contrast, Bailey
and Heitkemper (2001) reported that the time of peak morning
cortisol rhythms occurred later in evening chronotypes than in
morning chronotypes, and Aeschbach et al. (2003) reported
that the cortisol maximum was related to habitual wake-up
time, which occurred later in long-sleepers than in short-
sleepers. In the present study, subjects were asked to continue
their normal daily life during the experimental days, and sleep
parameters (bedtime, waking time, sleeping hours and quality
of sleep) were not significantly different between the S and L
groups. Nevertheless, there were no significant differences
between the two groups in July and September with regard to
the morning peak levels of cortisol secretion, while cortisol
levels of the L group were significantly lower at 08:00h
(p<<0.05) and higher at 10:00h (p<<0.05) in September. These
data suggested that the L group had a relatively delayed peak
time of morning cortisol secretion in September rather than an
increase in amplitude. Although the current study did not
measure the habitual sleep-wake rhythms in August (during the
summer vacation taken by subjects), Jelinkova-Vondrasova et
al. (1999) indicated that circadian phase shifts of cortisol
occurred within 6 days of a shifting of the sleep period under
dim light.

In conclusion, awakening imposes a burst of secretory
activity from the HPA axis (Edwards et al., 2001). High early

morning levels of cortisol secretion are considered to help
sustain energy for activity and to stimulate the appetite for
carbohydrate intake (Smyth et al., 1997), so ascribing an
essential role to this morning increase. In the present study,
however, the L group had a later increase in cortisol in the
morning in September. These data suggest that long-term
exposure to an air-conditioned environment may weaken or
delay HPA axis activity, especially in the morning. The HPA
axis is of major importance with regard to an organism’s
response to physical or psychosocial stimulation, and morning
awakening should be associated with bursts of cortisol
secretion (Federenko et al., 2004). The use of air-conditioning
in summer seems to provide comfort and to reduce
physiological stress from the summer heat, but it is also seems
that large variations of ambient temperature and relative
humidity between indoors and outdoors might act as
environmental stressors, and might adversely affect cortisol
rhythms.
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