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ABSTRACT

ARTICLE HISTORY

Background: The lack of association between serum testosterone levels and symptoms suggestive
of hypogonadism is a significant barrier in the determination of late-onset hypogonadism (LOH)
in men. This study explored whether testosterone levels increase after morning awakening,
likewise the cortisol awakening response (CAR) in the hypothalamic-pituitary—adrenal (HPA) axis,
and whether testosterone levels during the post-awakening period are associated with age and
symptoms suggestive of late-onset hypogonadism (LOH) in men.

Methods: Testosterone and cortisol levels were determined in saliva samples collected immediately
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upon awakening and 30 and 60min after awakening, and scores of the Aging Males’ Symptoms testosterone; .
(AMS) questionnaire were obtained from 225 healthy adult men. gz‘;"awakenmg period;

Results: A typical CAR (an increase in cortisol level > 2.5nmol/L above individual baseline) was
observed in 155 participants (the subgroup exhibiting typical CAR). In the subgroup exhibiting
CAR, testosterone levels sharply increased during the post-awakening period, showing a significant
negative correlation with age, total AMS score, and the scores of 11 items on the somatic,
psychological, and sexual AMS subscales. Of these items, three sexual items (AMS items #15-17)
were correlated with age. Meanwhile, there was no notable increase in testosterone levels and no
significant correlation of testosterone levels with age and AMS score in the subgroup exhibiting
no typical CAR (n=70).

Conclusions: The results indicate that the hypothalamus-pituitary-gonad (HPG) axis responds to
morning awakening, and determining testosterone levels during the post-awakening period in
men with typical CAR may be useful for assessing HPG axis function and LOH.

KEY MESSAGES

+  The present study found that the HPG axis in healthy adult men responds to the morning
awakening, characterized by increased salivary testosterone levels after the awakening period.

- The levels of salivary testosterone during the first hour after awakening are negatively associated
with age and the severity of symptoms suggestive of LOH in adult men with typical CAR.

1. Introduction circulating testosterone levels [2], which is related to an
increase in the prevalence of testosterone deficiency
(TD) and symptomatic hypogonadism [3,4]. The con-
comitant presence of age-related low testosterone lev-
els with signs and symptoms suggestive of TD in men
has various names, including male climacterium, andro-

pause, and late-onset hypogonadism (LOH) [5].

Testosterone is the principal hormone of the hypotha-
lamic—pituitary—gonadal (HPG) axis in men and exerts a
pleiotropic effect on reproductive and non-reproductive
organs [1]. A distinctive characteristic of HPG axis
function in men =40years is the gradual decline in
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The association between circulating testosterone
levels and the severity of signs and symptoms sug-
gestive of LOH in adult men has been examined in
previous studies; however, the results were inconsis-
tent. Several studies found no significant association
between total, bioavailable, or calculated-free testos-
terone levels and the severity of signs and symptoms
measured using the Aging Male’s Symptoms (AMS)
scale or Androgen Deficiency in the Aging Male
(ADAM) [6,7]. Moreover, no significant differences in
total or bioavailable testosterone levels have been
observed between ADAM-positive and ADAM-negative
men [8]. In contrast, other studies demonstrated a
negative association between calculated-free and bio-
available testosterone levels and total AMS [9] and
AMS sexual symptom scores [10,11]. Significant differ-
ences have also been detected in calculated-free and
bioavailable testosterone levels between ADAM-positive
and ADAM-negative men [9].

Circulating testosterone levels exhibit a pro-
nounced circadian rhythm in men, with the zenith
in the early morning and the nadir in the late after-
noon [12]. The circadian testosterone rhythm is less
pronounced in older men than in younger men due
to reduced testosterone levels at the circadian acro-
phase that occurs near morning awakening from
nocturnal sleep [13]. However, total testosterone lev-
els measured in a blood sample taken between 0700
and 1100h are used to evaluate the presence of
hypogonadism in men [14]. Therefore, it is conceiv-
able that determining testosterone levels in a single
blood sample taken in the wider time window, with-
out reference to the individual's time of awakening
from nocturnal sleep, could be a potential reason
for the inconsistent findings of previous stud-
ies on LOH.

Meanwhile, cortisol secretion also follows a circadian
rhythm [15]; cortisol levels in serum and saliva robustly
increase and reach a circadian peak within the first
hour after morning awakening from nocturnal sleep in
men and women of all ages [16,17]. This phenomenon
is called the cortisol awakening response (CAR), result-
ing from the suprachiasmatic nucleus (SCN)-mediated
activation of the hypothalamic-pituitary-adrenal (HPA)
axis [18,19]. The levels and patterns of cortisol secretion
in the CAR are confounded by various types of per-
ceived physical, psychological, and upcoming anticipa-
tory stress and are nowadays used as a biomarker for
the function of the HPA axis [18].

As with the CAR in the HPA axis, estradiol-173 and
progesterone levels in saliva also sharply increase within
the first hour after awakening in women with regular
menstrual cycles [20]; however, this phenomenon is

absent in premenarcheal girls [21] and menopausal
women [20]. The findings suggest that a sharp increase
in sex steroid levels after morning awakening is consid-
ered a phenomenon analogous to the CAR in the HPA
axis, yet it is not a generalized occurrence across all
ages because it is only seen in women with regular
menstrual cycles.

Considering the difference between younger and
older men in the circadian peak of testosterone levels
in the early morning hours around the time of awak-
ening [13] and the absence of increasing sex steroid
levels during the post-awakening period in meno-
pausal women [20], we hypothesized that testosterone
levels would increase after morning awakening from
nocturnal sleep in healthy adult men. Furthermore, we
hypothesized that testosterone levels during the
post-awakening period would reduce with aging,
which might be associated with signs and symptoms
suggestive of LOH in men. To test these hypotheses,
testosterone levels were determined in the set of saliva
samples collected during the post-awakening period
from healthy adult men, and the associations between
testosterone levels and age and AMS scores were
analyzed.

2. Participants and methods
2.1. Study population

Koreans aged 19 and over are entitled to bi-annual
health examinations, which are financially supported
by the National Health Insurance Service of Korea.
Participants (men aged more than 20years) with the
results from the periodic health examinations were ini-
tially enrolled in a study conducted by the Seoul
National University Bundang Hospital and Yonsei
University Gangnam Severance Hospital between May
2020 and March 2022. The initially enrolled partici-
pants were excluded if they met any of the following
criteria: (1) any acute/chronic illness such as cancer,
heart failure, neoplastic disease, brain injury, cerebro-
vascular accident, severe osteoarthritis, or coronavirus
disease 2019; (2) history of consuming oral or trans-
dermal glucocorticoid-containing drugs, analgesics
other than acetaminophen, or testosterone therapy
within the previous month and treatment with inject-
able testosterone undecanoate within the previous
three months; (3) medical history of sexual disorders;
or (4) current prescription of antihypertensive medica-
tions, antihyperlipidemic drugs, or antidiabetics.
Subsequently, clinical data, including age, height, and
body weight, were obtained from 225 participants
(Figure 1). All participants completed the Korean



version of the AMS questionnaire, which is comprised
of 17 items to evaluate somatic, psychological, and
sexual signs and symptoms suggestive of LOH in aging
men, and each item is answered on a scale of 1 to 5
[22]. This study conformed to the Declaration of
Helsinki. This study was approved by the institutional
review boards of Seoul National University Bundang
Hospital (SNUBH) (B-1911-577-302) and Yonsei
University Gangnam Severance Hospital (3-2020-0533).
Written informed consent was obtained from all indi-
vidual participants included in the study.

2.2. Saliva collection

The levels of unconjugated steroids in saliva reflect
those of free- and total-form steroids in the serum
[23]. Collecting saliva is non-invasive, allowing for
repeated sampling at home without the help of med-
ical staff. In order to determine testosterone levels in
saliva samples collected during the post-awakening

Figure 1. Flow diagram of the study population.
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period, saliva samples were collected by following the
procedures for measuring the CAR. Saliva collection
procedures were adopted from previous studies
[21,24,25]. In brief, participants were instructed to col-
lect their saliva samples immediately upon awakening
(Omin) and then 30 and 60min after awakening, on a
working day, with a minimum volume of 1.5ml of
saliva at each time point and to note each collection
time on the marking area of the collection tube
(Simport Inc.,, QC, Canada). Saliva was collected with-
out external stimulation and only with muscle move-
ment and expectoration into a collection tube [21,24].
In order to reduce the situational factors that influence
the day-to-day stability of the CAR and cortisol levels
during the post-awakening period [25], participants
were asked not to alter their routine sleep-wake cycle
and not to drink alcohol the night before sample col-
lection. Participants were also asked to refrain from
eating, drinking, smoking, or brushing their teeth
during the entire sample collection period. Steroid
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concentrations in saliva are stable after storage at —20
or —80°C for up to 1year, and the freezing and thaw-
ing of samples up to four times before analysis does
not affect the measured concentrations [26]. The col-
lected saliva samples were centrifuged (10,0009,
15min, 4°C) to remove debris, and then supernatants
were collected and stored at —70°C until the assay was
performed. The participants woke up at 05:59h+01:03h
(range 03:35-08:10h). According to Korean astronomy
and space informatics, the average sunrise in Seoul
occurred at 06:18-06:26 h during the saliva sample col-
lection period.

2.3. Steroid assay

Saliva samples were analysed in the Hormone Research
Center of the Chonnam National University. Steroid
levels in the saliva samples were determined by radio-
immunoassay using a liquid phase and double anti-
body methods, as previously described [20,21,24]. The
reference standards for cortisol and testosterone were
obtained from Sigma-Aldrich (MO, USA). lodine-125-
labelled cortisol and testosterone were prepared by
modifying a previously described protocol for steroid
radioiodination [27]. Cortisol and testosterone antise-
rum were purchased from Aviva Systems Biology (San
Diego, CA, USA) and Bio-Rad Laboratories (Hercules,
CA, USA), respectively. As described by the suppliers,
cortisol antiserum cross-reacted with progesterone,
deoxycortisol, estrone, and testosterone with
cross-reaction levels of 9%, <2.0%, < 0.01%, and < 0.1%,
respectively. Testosterone antiserum cross-reacted with
11B-hydroxy  testosterone, 17a-methyltestosterone,
5a-dihydrotestosterone, oestradiol, and progesterone,
with cross-reaction levels of 3.3%, <0.1%, 0.8%, < 0.1%,
and < 0.1% respectively.

Standards, quality control materials, and samples
were assayed in duplicate. The inter-assay coefficients
of variation (CVs) assessed using quality controls with
mean cortisol concentrations of 3.6 and 10.9nmol/L
were 7.4% and 8.5%, respectively (n=26), and those
with mean testosterone concentrations of 34.7 and
173.3pmol/L were 8.9% and 7.6%, respectively
(n=22). The analytical sensitivity for cortisol and tes-
tosterone was 0.4nmol/L and 0.3 pmol/L, respectively.

2.4. Classification of participants

In healthy individuals, the CAR emerges within the first
hour after the morning awakening from nocturnal
sleep [16]; however, it is not observed after waking in
the night or after a nap in the early evening [28,29].

Typical CAR is defined as an increase in cortisol level
to at least 2.5nmol/L above an individual’s baseline in
healthy individuals, that is, a net increase of cortisol
levels (CARI): cortisol levels at 30 min post-awakening
- cortisol levels immediately upon awakening) =
2.5nmol/L [30]. A delay of the first saliva sample more
than 15min after awakening is known to be a signifi-
cant contributing factor to the absence of the CAR
[31], leading to flattened or negative CAR in healthy
individuals [32]. Meanwhile, studies performed on uti-
lizing electric devices for monitoring waking and sam-
pling times found that among healthy individuals who
followed the recommended saliva collection protocols,
a percent range from 14.7% to 19.7% had either no or
a negligible CAR [33,34]; however, it is still uncertain
whether there are authentic cases of individuals who
do not exhibit typical CAR.

No information is available regarding the minimal
increase in testosterone levels after awakening from
nocturnal sleep in men, and the use of electronic
devices, such as polysomnography and actigraphy, for
the objective recording of waking time was not possi-
ble in the present study. For these reasons, the pres-
ence or absence of typical CAR was employed as an
objective criterion (CARi = 2.5nmol/L) to ensure saliva
samples were collected at the designated time after
the awakening period. Typical CAR was observed in
155 out of the 225 participants in the present study.
The participants were categorized into the subgroup
of participants exhibiting typical CAR. It can be
deduced that a set of salivary samples was collected
during the post-awakening period, adhering to the
provided protocols, in participants exhibiting typical
CAR. Meanwhile, there was no typical CAR in 70 par-
ticipants. The individuals were assigned to the sub-
group of participants exhibiting no typical CAR, and
they were suspected of conducting inaccurate sam-
pling or genuine CAR non-responders (Figure 1).
Participants woke wup at varying times (range:
03:35h-08:10h); however, there was no difference in
wake-up time between participants exhibiting typical
CAR (05:56 h+58.2min) and participants exhibiting no
typical CAR (06:05h+73.2min) (p>0.05 by Mann
Whitney test), indicating the time of wake-up was not
associated with the presence or absence of typical
CAR in the present study.

2.5, Statistical analyses

To evaluate the secretion of testosterone and cortisol
during the post-awakening period, the area under the
curve with respect to ground (Taucg; and CARaucg,



respectively) and the area under the curve increase with
respect to ground (Tauc, and CARauc, respectively) were
calculated using GraphPad Prism (GraphPad Software,
CA, USA). Nonparametric tests were performed if the
data were not normally distributed even after log trans-
formation. Log-transformed data were used in the statis-
tical analyses. Untransformed means are presented in
Figures 2 and 3 for interpretational clarity. The Student’s
t-test or Mann-Whitney’s U-test was applied according
to the data distribution to evaluate the differences
between two groups. Differences between three groups
were determined using a parametric or nonparametric
one-way analysis of variance (ANOVA) test.

Additionally, differences in the levels and patterns
of cortisol and testosterone secretion during the
post-awakening period were analysed using two-way
ANOVA. The chi-squared test was used to analyse dif-
ferences in categorical demographic data. Correlations
between variables were analysed using Spearman’s rho
correlation test. The post hoc power calculation was
performed using the G*Power 3.1.3 statistical program
to determine whether the sample size of the present
study was sufficiently large to attain statistical power
in analysis. NCSS 11 statistical software (NCSS, Kaysville,
UT, USA) was used for data analysis. The results were
expressed as the meanzstandard error of the mean
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(SEM); a p-value < 0.05 was considered statistically
significant.

3. Results
3.1. Demographic characteristics

The 225 participants in the present study were com-
posed of 45 participants aged 20-39, 141 participants
aged 40-59, and 39 participants aged = 60years.
Table 1 shows the difference in demographic charac-
teristics between the two subgroups of participants.
Demographic variables (age and BMI) and AMS scores
were comparable between the two subgroups (p>0.05
by Student’s t-test). The relative frequency distributions
of age and the total AMS score did not differ between
the two subgroups (X? < 1.37, p>0.05 by Chi-squared test).

3.2. Differences in post-awakening period
testosterone and cortisol levels between the two
subgroups

Figure 2 shows the differences in cortisol and testos-
terone levels during the post-awakening period
between the two subgroups. Two-way ANOVA revealed
that testosterone levels were significantly higher in

Figure 2. Salivary testosterone and cortisol levels during the post-awakening period in each subgroup. Salivary testosterone and
cortisol levels during the post-awakening period in each subgroup are presented in Figure 2A and 2B, respectively. The levels of Taug,
and Tauc are presented in Figure 2C, and the levels of CARauc, and CARauc are presented in Figure 2D. Each data point represents
the mean +standard error of the mean. Different lowercase letters on the bar indicate a significant difference at p<0.05..
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Figure 3. Differences in the salivary testosterone and cortisol levels during the post-awakening period between subgroups clas-
sified by age or AMS scores. The differences in salivary testosterone and cortisol levels after the awakening period and the levels
of Tauc, Tauc;, CARauc, and CARauc; between the three subgroups, classified by age, are presented in Figure 3A, 3B, 3C, and 3D,
respectively, and those classified by total AMS scores are presented in Figure 3E, 3F, 3G, and 3H, respectively. Each data point
represents the mean + standard error of the mean. The asterisks *, **, and *** in Figure 3A, 3B, 3C, and 3D represent a significant
difference at p<0.05, p<0.01, and p<0.001, respectively, between subgroups aged < 39years and > 60years. The asterisks * and
** in Figure 3E and 3G represent a significant difference at p<0.05 and p <0.01, respectively, between subgroups with total AMS
scores between < 26 and = 37.

participants exhibiting typical CAR than in those  Testosterone levels at 30 and 60 min after awakening
exhibiting no typical CAR (group effect: F, ;5 = 6.89.26, (AT-30 and AT-60 levels, respectively) were significantly
p>0.05); however, the patterns of testosterone secre- higher than those immediately upon awakening (AT-0)
tion were similar between the two groups (grouped-by- (t>2.24, df=154, p<0.01 by paired t-test) in partici-
time interaction: F,¢5 = 0.55, p>0.05) (Figure 2(A)). pants exhibiting typical CAR; however, AT-0, AT-30,



Table 1. Demographic characteristics of the participants.
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Participants exhibiting typical CAR

Participants exhibiting no typical CAR

(n=155) (n=70) p-values

Age (years) 49.7+12.6 (22-80)* 49.1+13.2 (24-80) 0.75

20-30s (18.7%) 20-30s (22.9%) 0.51

40-50s (63.9%) 40-50s (60.0%)

> 60s (17.4%) > 60s (17.1%)
BMI (kg/m?) 25.2+2.8 (18.1-32.1) 25.2+2.7 (20.3-31.4) 0.95
Somatic AMS score™ 14.1+5.6 (7-32) 153+5.1 (7-27) 0.31
Psychological AMS score™ 9.4+4.4 (5-25) 10.0+4.0 (5-25) 0.24
Sexual AMS score™ 10.5+4.3 (5-24) 10.1£3.7 (5-18) 0.58
Total AMS score™ 33.9+12.4 (17-81) 35.4+11.2 (17-66) 0.41
Total AMS scores 17-26 31.6% 27.1% 0.50
Total AMS scores 27-36 31.6% 28.6%
Total AMS scores > 37 36.8% 44.3%

“Irepresents mean +standard deviation (range), "somatic AMS score represents the sum of the seven individual AMS item (item numbers 1-5, 9, and 10)
scores, “psychological AMS score represents the sum of the five individual AMS item (item numbers 6-8, 12, and 13), "sexual AMS score represents the
sum of the five individual AMS item (item numbers 12 and 14-17), and “total AMS score represents the sum of all AMS item (item numbers 1-17) scores.

and AT-60 levels were not different from one another
in participants exhibiting no typical CAR (F, ;3 = 0.33,
p>0.05 by repeated measures one-way ANOVA)
(Figure 2(A)). The within-group CVs for three testoster-
one measures were 28.60+20.68% and 32.30+19.49%
in participants exhibiting typical CAR and those no
typical CAR, respectively.

The levels and patterns of cortisol secretion during
the post-awakening period were significantly different
between the two subgroups (group effect: F,q o =
9.76, p<0.01; grouped-by-time interaction: F,., =
65.79, p<0.0001) (Figure 2(B)). Cortisol levels at 30 and
60min after awakening (AC-30 and AC-60 levels,
respectively) were significantly higher than those
immediately upon awakening (AC-0) in participants
exhibiting typical CAR (all p<0.0001 by paired t-test),
but AC-0 levels were higher than AC-30 and AC-60 lev-
els in participants exhibiting no typical CAR (all
p <0.005 by paired t-test) (Figure 2(B)). The within-group
CVs for three cortisol measures were 39.73+19.42%
and 32.72+18.95% in participants exhibiting typical
CAR and those no typical CAR, respectively.

Meanwhile, the levels of Tauc, and Tauc, were sig-
nificantly higher in participants exhibiting typical CAR
than in those exhibiting no typical CAR (t>2.0, df=223,
p <0.05) (Figure 2(C)). The CARauc, and CARaucg levels
in participants exhibiting typical CAR were higher than
in those exhibiting no typical CAR (t>3.7, df=223,
p<0.001) (Figure 2(D)).

3.3. Correlation of steroid levels with AMS scores
and demographic variables

Table 2 shows the correlations of steroid levels with
AMS scores and demographic variables (age and BMI)
in the participants exhibiting typical CAR and those
exhibiting no typical CAR. Age showed a significant

positive correlation with sexual AMS subscores (p <0.05)
but not with somatic, psychological, or total AMS
scores (p>0.05) in both two subgroups (Table 2(A,B)).
Age showed a significant negative correlation with the
levels of the indices of testosterone secretion (AT-30,
AT-60, and Tauc;) and those of cortisol secretion
(AC-30, CARi, CARauc, and CARaucg) in participants
exhibiting typical CAR (p<0.05) but not in those exhib-
iting no typical CAR (p>0.05) (Table 2(B,C)). Meanwhile,
BMI did not have an association with age or indices of
testosterone or cortisol secretion in both two sub-
groups (p>0.05) (Table 2(A,B)).

The levels of AT-30, AT-60, Tauc, and Taucg had sig-
nificant negative correlations with AMS sexual subscores
in participants exhibiting typical CAR (p<0.01) but not
in those exhibiting no typical CAR (p>0.05) (Table
2(A,B)). The levels of AT-30 also had significant negative
correlations with AMS somatic and psychological sub-
scores and AMS total scores, and the levels of Taucg
also had significant negative correlations with AMS
somatic subscores and AMS total scores in participants
exhibiting typical CAR (Table 2(A)). However, the indices
of testosterone secretion showed no correlation with
AMS subscores and total scores in participants exhibit-
ing no typical CAR (Table 2(B)). No correlation between
the indices of cortisol secretion and AMS scores was
observed in both two subgroups (p>0.05) (Table 2(A,B)).
Moreover, there were no significant correlations between
the indices of cortisol and those of testosterone secre-
tions in both two subgroups (p>0.05) (Table 2(A,B)).

3.4. Age- and AMS score-related differences in
testosterone and cortisol levels in participants
exhibiting typical CAR

In order to examine age-related differences in testos-
terone and cortisol levels, the 155 individuals who
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Table 2. Correlation of steroid levels with AMS scores and demographic variables in the examined subgroups.

AMS subscore

Age BMI AT-30 Somatic Psycho. Sexual Total AMS score
A. Subgroup exhibiting typical CAR (n=155)
Age -0.06 -0.06 0.42¢ 0.10
BMI -0.13 0.04 -0.04 0.04 0.01
AT-0 -0.15 0.01 -0.11 -0.09 -0.11 -0.13
AT-30 -0.21° -0.03 -0.20* -0.172 -0.31¢ -0.27°
AT-60 -0.16° 0.02 -0.10 -0.09 -0.21° -0.15
Taug -0.08 -0.04 0.49¢ -0.06 -0.08 -0.23° -0.15
Taucg -0.20° -0.04 0.93¢ -0.17° -0.14 -0.26¢ -0.23%
AC-30 -0.30¢ 0.02 0.02 0.14 0.10 -0.12 0.06
CARi -0.24" 0.07 -0.04 0.16 0.00 -0.12 0.04
CARauc, -0.20° 0.08 -0.06 0.18° 0.01 -0.0 0.07
CARaucg -0.23" -0.01 -0.02 0.10 0.10 -0.09 0.05
B. Subgroup exhibiting no typical CAR (n=70)
Age 0.05 0.03 0.38° 0.15
BMI -0.06 0.06° 0.02 0.06 0.05
AT-0 0.09 -0.05 -0.14 -0.11 -0.02 -0.10
AT-30 -0.07 -0.01 -0.17 -0.11 -0.11 -0.16
AT-60 -0.15 0.10 -0.27° -0.19 -0.11 -0.19
Taug -0.28* 0.07 0.35° -0.16 -0.16 -0.26 -0.23
Taucg -0.05 0.02 0.94¢ -0.23 -0.19 -0.11 -0.19
AC-30 -0.02 0.00 0.04 -0.01 -0.01 -0.08 -0.01
CARi 0.04 0.09 0.14 0.00 -0.07 -0.03 -0.05
CARauc 0.11 0.00 0.00 -0.11 -0.05 -0.00 -0.08
CARaucg -0.01 -0.03 0.00 -0.01 -0.01 -0.07 -0.01

Note: The bolded text indicates significant correlations by Spearman’s correlation analysis.

a,b,c, and d represent p<0.05, p<0.01, p<0.001, and p<0.0001, respectively.

The post hoc power calculations indicated that the statistical power (1-B) of a sample size of CAR responders (n=155) varied ranging from 0.64 to 0.85
for the correlation between indices of testosterone secretion (AT-30, AT-60, and Tauc) and age and ranging from 0.69 to 0.99 for the correlation between

indices of testosterone secretion (AT-30, AT-60, and Taucg) and AMS subscores.

showed typical CAR were divided into three groups
based on their age (aged < 39years, n=29; aged
40-59years, n=99, or aged > 60years, n=27) consider-
ing the age-related decline of testosterone and preva-
lence of symptoms suggestive of LOH [35,36]. Figure
3(A,B,C), and 3D show the differences in cortisol and
testosterone secretion levels and patterns between
classified three subgroups classified by age (aged < 39,
40-59, and = 60years). Two-way ANOVA revealed a
significant effect of group on testosterone (F,,s =
3.39, p<0.05) and cortisol levels (F,,s = 16.81,
p<0.001) (Figure 3(AB)). The patterns of testosterone
secretion were similar (F4 456 = 0.50, p>0.05), but those
of cortisol secretion were significantly different among
the subgroups (F,,ss = 3.20, p<0.05) (Figure 3(A,B)).
The Subgroup aged = 60years had significantly
reduced levels of AT-0, AT-30, AT-60, Tauc, Taucg, AC-30,
CARauc, and CARauc; compared with the Subgroup
aged < 39years (p<0.01, one-way ANOVA followed by
post-hoc test) (Figure 3(A-D)).

In order to examine AMS score-related differences
in testosterone and cortisol levels, the 155 individu-
als who showed typical CAR were divided into three
groups based on their total AMS score: no/little (total
AMS score < 26, n=49), mild (total AMS score 27-36,
n=49), or moderate to severe (AMS total score = 37,
n=57) [22]. Figure 3(E-H) shows the differences in
cortisol and testosterone secretion levels and

patterns between subgroups classified by total AMS
scores (scores < 26, 27-36, and = 37). Two-way
ANOVA revealed a significant effect of total AMS
scores on testosterone levels (F,,s, = 4.47, p<0.05)
but not on cortisol levels (F,, = 2.17, p>0.05)
(Figure 3(E,F)). The subgroup with a total AMS score
of 27-36 and = 37 had significantly reduced levels of
AT-30, AT-60, and Taucg; compared to the subgroup
with a total AMS score < 26 (p<0.05, one-way
ANOVA followed by post hoc test) (Figure 3(EG)).
Meanwhile, the patterns of testosterone and cortisol
secretions were not different among the subgroups
classified by the total AMS score (Fy 456 < 0.35,
p>0.05 by two-way ANOVA) (Figure 3(E,F)), and the
levels of CARauc, and CARauc; were comparable
among the subgroups (F, ;5 < 1.55, p>0.05 by
one-way ANOVA) (Figure 3(H)).

3.5. Correlation of the individual AMS item score
with testosterone levels and age in participants
exhibiting typical CAR

Table 3 shows the correlations of each AMS item’s
score with age or testosterone levels in participants
exhibiting typical CAR. Age positively correlated with
three sexual items (AMS items #15-17; p<0.05). Both
AT-30 and Tauc; levels showed significant negative
correlations with all five sexual items (AMS items #12



Table 3. Correlation between the score of individual AMS
items and age and testosterone levels in CAR responders.

AMS Item # Age AT-30 Taucg Taug
1 -0.05 -0.16° -0.14 -0.03
2 -0.08 -0.11 -0.11 -0.06
3 -0.15 -0.04 -0.01 0.04
4 0.08 0.02 0.01 -0.06
5 -0.09 -0.15 -0.15 0.02
6 -0.06 -0.17° -0.16 -0.06
7 -0.04 -0.10 -0.10 -0.05
8 -0.13 -0.21° -0.16 -0.13
9 -0.16 -0.23° -0.20° -0.06
10 0.08 -0.36¢ -0.31°¢ -0.13
1 -0.07 -0.18° -0.16° -0.08
12 0.13 -0.16° -0.23° -0.12
13 -0.01 -0.09 -0.07 -0.04
14 0.08 -0.20° -0.16° -0.14
15 0.51¢ -0.28¢ -0.23° -0.20°
16 0.49¢ -0.30¢ -0.25° -0.22°
17 0.36¢ -0.26¢ -0.21° -0.23°

Note: The bolded text indicates significant correlations by Spearman’s cor-
relation analysis.

ab,c, and d represent p<0.05, p<0.01, p<0.001, and p<0.0001, respectively.
AMS question #1: Decline in your feeling of general well-being, #2: Joint
pain and muscular ache, #3: Excessive sweating, #4: Sleep problems, #5:
Increased need for sleep, often feeling tired, #6: Irritability, #7: Nervousness,
#8: Anxiety, #9: Physical exhaustion/lacking vitality, #10: Decrease in mus-
cular strength, #11: Depressive mood, #12: Feeling that you have passed
your peak, #13: Feeling burnt out, having hit rock-bottom, #14: Decrease
in beard growth, #15: Decrease in ability/frequency to perform sexually,
#16: Decrease in the number of morning erections, #17: Decrease in sex-
ual desire/libido.

and #14-17) (p<0.05), and Tauc, levels showed signifi-
cant negative correlations with three sexual items
(AMS items #15-17; p<0.05). Additionally, AT-30 and
Taucg levels had a significant negative correlation with
somatic (AMS items #1, 9, and 10) and psychological
(AMS items #6, 8, and 11) items (p<0.05) (Table 3).

The levels of AT-30, Tauc, and Taug, in participants
exhibiting no CAR were not correlated with sexual
items; however, the levels of Tauc; showed a signifi-
cant negative correlation with two somatic items (AMS
items #1 and 9) and one psychological item (AMS item
#11) (p<0.05) in participants exhibiting no CAR (data
not shown).

4, Discussion

This study hypothesized that testosterone secretion
responds to morning awakening in men, similar to
increased cortisol levels after awakening. Consistent
with this hypothesis, we observed a concomitant
increase in cortisol and testosterone levels during the
post-awakening period in the subgroup of participants
exhibiting typical CAR. This result is in line with a pre-
vious study that showed sharp increases in 173-estradiol
and progesterone levels within the first hour after
awakening in women with regular menstrual cycles
and typical CAR [20]. Some studies have reported sim-
ilar observations, showing a simultaneous increase in
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testosterone and cortisol levels after awakening [37]
and a similarity in acrophase values and patterns of
testosterone and cortisol circadian rhythms [38]. We
additionally observed that there was no discernible
increase in testosterone levels after the awakening
period in the subgroup of participants exhibiting no
typical CAR, which was similar to the findings of a
previous study that showed that after the awakening
period, 81.7% of cases had a decrease in testosterone
levels and the other cases had a rise in testosterone
levels in a study group consisting of 108 men with a
group mean CARi of 1.7nmol/L (range from —-5.6 to
11.6nmol/L and negative CARi in 37.5% of cases)
[39]. The results of the present and previous studies
suggest that morning awakening from nocturnal
sleep may act as a stimulant for the HPA and HPG
axes, and the timely collection of a set of saliva sam-
ples after the post-awakening period is needed to
assess the HPG axis response to morning awakening
in adult men.

Animal studies showed that the SCN transmits infor-
mation about the time of the day to neuroendocrine
neurons via neurotransmitters, such as arginine vaso-
pressin (AVP) and vasoactive intestinal polypeptide (VIP)
[40]. The rhythmic release of AVP from SCN terminals
controls the rhythmic secretion of corticotropin-releasing
hormone and adrenocorticotropic hormone (ACTH) [40-
42]. The circadian signal generated in the SCN is trans-
mitted to the adrenal gland via sympathetic outflow,
which increases adrenal responsivity to ACTH [43].
Based on the similar organization of SCN-related neural
pathways between rodents and humans [40], it has
been suggested that the SCN-mediated activation of
the neuroendocrine pathway, which stimulates ACTH
secretion and the sympathetic nervous system that
modulates adrenal sensitivity for ACTH, is involved in
the initiation of the CAR [18,44]. Meanwhile, the major-
ity of gonadotropin-releasing hormone neurons con-
tacted by SCN efferent neurons are located in the
preoptic area in rodents [45-47], and the SCN coordi-
nates the timing of the gonadotropin-releasing and
luteinizing hormone secretion via a rhythmic release of
VIP and AVP [48]. Although a direct neuronal connec-
tion between the SCN neurons and testis has not been
reported, the existence of a multisynaptic neural path-
way between the hypothalamic paraventricular nucleus
and testis indicates that the autonomic nervous system
is involved in the circadian activity of the HPG axis [49].
Based on these similarities between SCN-related neural
and neuroendocrine pathways in the HPA and HPG
axes, it is conceivable that the increase in testosterone
levels after awakening is likely to be a phenomenon
analogous to the CAR in the HPA axis.
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Elevated hormone levels produced in the HPA axis
are known to have suppressive effects on the HPG axis
function [50]. However, the present study observed a
concomitant increase in cortisol and testosterone lev-
els and no significant association between cortisol and
testosterone levels during the post-awakening period.
Previous studies have shown that the HPG axis exhib-
its a differential response to short-term and long-term
increased cortisol levels. For example, oral administra-
tion of dexamethasone (1 mg prior to sleep) abolishes
the circadian rhythmicity of cortisol but not that of
testosterone and gonadotropin in healthy young men
[51]. Testosterone and gonadotrophin levels during the
daytime and the levels of nocturnal testosterone rise
are not affected by the short-term oral treatment of
cortisol (60mg initial dose, then 30mg every two
hours for six hours). However, the levels of nocturnal
but not daytime testosterone are increased, and
gonadotropin levels are reduced by long-term oral
treatment of cortisol (60mg initial dose, then 30mg
every two hours for 24h) in normal adult men [52]. It
has been reported that, due to severe temporal stress,
baseline testosterone but not gonadotropin levels in
adult male patients after major surgery were signifi-
cantly reduced and recovered to baseline testosterone
levels in healthy controls one week after surgery [53].
Therefore, it is conceivable that testosterone levels
might be reduced by chronically elevated cortisol lev-
els and severe temporal stress but not by a short-term
increase in cortisol levels. Meanwhile, the relationship
between the concentrations of steroids provides
insight into their origin and interdependence [54].
Because testosterone is not a direct or indirect precur-
sor of cortisol synthesis and vice versa, the lack of cor-
relation between cortisol and testosterone indices in
the subgroup of participants exhibiting typical CAR
indicated that cortisol and testosterone were not syn-
thesized by the same origin and did not share the
same precursor.

We also hypothesized that the levels of testosterone
secretion during the post-awakening period would
decrease with aging in men. In agreement with this
hypothesis, age showed a significant negative correla-
tion with AT-0, AT-30, AT-60, and Taucg levels in the
subgroup of participants exhibiting typical CAR. These
results corroborate an earlier study that showed a cir-
cadian testosterone acrophase closer to the wake-up
time (around 07:30-08:00h) and a less pronounced cir-
cadian testosterone rhythm in older men (55-64years)
than in younger men (23-33years) due to the reduced
testosterone levels around the circadian acrophase [13].
We additionally observed a significant negative correla-
tion between age and cortisol levels after awakening in

the present study. These results are similar to a previ-
ous study that demonstrated a significant negative cor-
relation between age and CARi and CARauc levels [55].
However, our results are inconsistent with the findings
of two other studies that showed no significant effect
of age on CAR [16,30]. The age-related concomitant
decrease in testosterone and cortisol levels during the
post-awakening period suggests the potential effect
of age-related functional changes in the SCN because
of the decline in the number of VIP-producing neu-
rons after 40years of age [56]. VIP neurons are among
the photic recipient neurons of the SCN [57], which
coordinate the daily neuronal activity rhythm of
gonadotropin-releasing hormone-producing neurons
[58], corticotropin-releasing hormone-producing neu-
rons [59], and pre-autonomic neurons in the hypothal-
amus [60].

Because of the pleiotropic actions of testosterone
[1], it is reasonable to postulate that a cluster of signs
and symptoms might accompany low testosterone lev-
els. The European Male Aging Study reported that nine
out of 32 suggested candidate symptoms significantly
correlated with either serum total or free testosterone
in men aged 40-79 [61]. Morning salivary testosterone
levels were reported to be correlated with five ADAM
and six AMS items in men aged 20-89years [62].
However, many previous studies have reported no sig-
nificant correlation between serum testosterone levels
and the ADAM and AMS questionnaire scores in aging
men, even though they showed an age-related decline
in testosterone levels [63-65]. We observed in the
present study that AT-30 and Taucg levels had a signif-
icant negative correlation with sexual subscores and
total AMS scores in the subgroup of participants exhib-
iting typical CAR but not in the subgroup of partici-
pants exhibiting no typical CAR. Additionally, the levels
of AT-30 were correlated with three somatic, three psy-
chological, and all five sexual items in the subgroup of
participants exhibiting typical CAR. The findings of the
present study suggest that determining testosterone
levels in the set of saliva samples with typical CAR
would likely be another method to evaluate the HPG
axis function in men suspected of LOH.

Among the 17 AMS items, the scores of three sex-
ual items (ability/frequency to perform sexually, num-
ber of morning erections, and sexual desire/libido)
were concomitantly correlated with age and testoster-
one levels (AT-30 and Taucg) in the subgroup of partic-
ipants exhibiting typical CAR. Our results agree with
previous findings, which showed that three sexual
symptoms (poor morning erection, low sexual desire,
and erectile dysfunction) have a syndromic relation-
ship with decreased testosterone levels in men aged



40-79years [61]. Moreover, this study found that each of
the three sexual symptoms had a higher absolute cor-
relation coefficient with age than the AT-30 or Tauc lev-
els. The results indicated that besides testosterone levels,
other age-related factors might also be involved in the
decline in sexual function with advancing age in men.

Our study has some limitations that should be
addressed. First, serum testosterone levels during the
post-awakening period were not simultaneously
assessed. Second, the present study did not objectively
confirm the awakening and sampling times with elec-
tric devices. Therefore, the present findings should be
considered preliminary and need to be confirmed in
the sleep laboratory setting. Third, besides age, circulat-
ing total and free testosterone levels in men are known
to be reduced by health-related factors, such as diabe-
tes, hypertension, and chronic medication use, and psy-
chosocial factors, such as unemployment and the loss
of a spouse [66]. However, using the study’s data set,
this study could not evaluate the confounding roles of
the health-related and psychosocial factors in testoster-
one levels during the post-awakening period. Fourth,
there is a general belief that testosterone measure-
ments based on gas chromatography-mass spectrome-
try or liquid chromatography-tandem mass spectrometry
are more accurate and precise than immunoassay.

This study’s findings are considered a reference for
future mass spectrometry-based analyses.

5. Conclusion

The CAR is thought to be a consequence of SCN-mediated
activation of the HPA axis [18,19,46]. Our research found
that the HPG axis, like the HPA axis, may respond to
morning awakening from nocturnal sleep, manifesting in
testosterone levels during the post-awakening period. The
levels of testosterone secretion during the post-awakening
period were negatively correlated with age, total AMS
scores, sexual subscores, and 11 AMS item scores. Of
these 11 items, three sexual items (ability to perform sex-
ually, number of morning erections, and sexual desire/
libido) were also correlated with age. Despite the afore-
mentioned limitations, our findings suggest that deter-
mining testosterone levels from the set of saliva samples
in individuals with a typical CAR may provide a new
approach to determining the HPG axis function in men.
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