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ORIGINAL ARTICLE
ASSOCIATION OF SEX STEROID HORMONES WITH NEUTROPHIL
FUNCTION IN THE GENERAL POPULATION

Satoshi Sato”, Ippei Takahashi”, Hitomi Komame”, Naoki Akimoto”,
Kaori Sawada”, Rina Tanaka'?, Osamu Munakata”, Hiroshi lizuka",
Nobuyuki Shibata”, and Shigeyuki Nakaji"

Abstract There are certain sex differences in the prevalence and severity of immunity-related diseases. Previous
studies have shown the influence of sex steroid hormones, such as estrogen and testosterone, on the immune system.
The aim of this study was to investigate the association of sex steroid hormones with neutrophil function among
normal healthy subjects in the general population. Subjects included 540 residents (358 males and 182 females), who
participated in the Iwaki Health Promotion Project in 2014. We examined the association of estradiol and testosterone
with neutrophil ROS production and phagocytic activity. As a result, estradiol and testosterone negatively correlated
with basal ROS production in males and luteal phase females (>15" day of menstrual cycle), although such trend
was not observed in follicular phase females (<14™ day of menstrual cycle) and postmenopausal females. In contrast,
the association of testosterone with stimulated ROS production and phagocytic activity was observed only in males.
In conclusion, both estradiol and testosterone were found to have an influence on neutrophil function. Furthermore,
the association of sex steroid hormones with neutrophil function was found to vary according to the phase of the

menstrual cycle in addition to the sex difference.
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Introduction

Sex differences exist in the prevalence and
severity of immunity-related diseases. For
example, males are more prone to infections and
have a higher potential to be severely infected
than females". Furthermore, the response to
vaccines against measles, hepatitis virus, and
yellow fever is less in males compared with that
in females"?. In contrast, autoimmune diseases,
such as rheumatoid arthritis and systemic
lupus erythematosus, are overwhelmingly more
common in females than in males®*. Moreover,
there are sex differences in the prevalence
of malignant tumors depending on its types.

The influence of sex steroid hormones, such
as estrogen and testosterone, on the immune
system has been pointed out as one of the
factors for sex differences®®, and estrogen
replacement therapy has been reported to
prevent the decrease in immune function” .

The immune system can be broadly divided
into innate and adaptive immune responses.
Neutrophils and macrophages are responsible
for innate responses, whereas lymphocytes play
a major role in adaptive responses. The innate
immune system responds against infections at
an early stage, whereas the adaptive immune
system requires several days to become activated
and gives stronger immune strength. Many
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studies have investigated the association of sex
steroid hormones with the adaptive immune
system. For example, estrogen activates the
adaptive immune system by increasing the

8-10) In

antibody production by lymphocytes
contrast, androgen suppresses the adaptive
immune system by decreasing antibody
production and promoting the apoptosis of

11, 12 . .
' ). However, the association

lymphocytes
of sex steroid hormones with innate immune
system has rarely been studied in the past.

Neutrophils play an important role in
the innate immune system. It comprises the
highest proportion of immune cells in blood and
plays an important role as a defense against
foreign substances, including microorganisms.
Neutrophils engulf microorganisms [phagocytic
activity (PA)] and produce reactive oxygen
species (stimulated ROS production)™ . ROS
1s also produced continuously by neutrophils
under non-stimulated conditions (basal ROS
production), which can become one of the causes
of oxidative stress in the body“—’). Therefore,
reduction in the activity of neutrophils to remove
foreign substances reflects susceptibility against
infections'. In contrast, overproduction of basal
ROS causes chronic oxidative stress'®. However,
the association of sex steroid hormones with
basal ROS production has rarely been studied.

Several reports have studied the association
of sex steroid hormones with neutrophil
function and have found that females have a
higher neutrophil function than males because
of the influence of female steroid hormones'.
Furthermore, both estrogen and androgen are
reported to decrease the oxidative stress of
neutrophils'*".

Various studies have reported that sex
steroid hormones increase the activity of
neutrophils to remove foreign substances®,
whereas others have reported the opposite*
% or no change® in the removal activity of

neutrophils. These contradictory results may

be explained by studies concentrating solely of
the role of neutrophils and not measured their
function in the whole blood, overlooking the
influence of various cytokines on neutrophils®
%) Furthermore, most previous studies have
targeted stimulated ROS production, whereas
the basal ROS production in relation to oxidative
stress has rarely been acknowledged. Thus, we
used the neutrophils obtained from whole blood
and measured both basal and stimulated ROS
production simultaneously.

Previous studies have used a small number
of subjects and targeted young males or
females only. Furthermore, in premenopausal
females, the average length of the menstrual
cycle is 28 days and female steroid hormones,
such as estrogen and progesterone levels
change periodically during menstruation.
In particular, female steroid hormone levels
are greatly different before and after the
ovulation day, ie, the 14™ day of menstruation.
In contrast, after menopause, female steroid
hormone levels rapidly decline. For these
reasons, epidemiological studies considering the
menstrual cycle and menopause are considered
necessary.

Immunity also changes during the menstrual
cycle. For example, excessive inflammatory
reaction occurs during the menstrual phase,
whereas the inflammatory reaction is
suppressed after ovulation in the luteal phase®

Although previous studies have reported
that neutrophil counts increase or decrease
during the menstrual cycle®®, the association
of menstrual cycle with neutrophil function has
not been studied.

The secretions of sex steroid hormones are
controlled by gonadotropin. Luteinizing hormone
(LH) and follicle stimulating hormone (FSH)
are the main gonadotropin hormones, and
both LH and FSH are reported to increase the
reactive oxygen of neutrophils™. In other word,
gonadotropin may influence to the association of
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sex steroid hormones with neutrophil function
as confounding factor.

Even in healthy people, individual difference
exists in the immune function under the
influence of age, physique and lifestyle habit.
For the purpose of clarifying the effect of sex
steroid hormones at immune function in various
factors that influence to the immune function,
the epidemiologic study for a greater number of
general inhabitants is useful method to consider
these factors.

In this study, we investigated the association
of estradiol and testosterone with neutrophil
function (basal ROS production, stimulated ROS
production and PA) among healthy subjects
from the general population.

Subjects and Methods

1. Participants

A total of 1167 adults of both sex aged >20
years living in the Iwaki region of Hirosaki City
in Aomori Prefecture, northern Japan participated
in this study. All participants attended the 2014
Iwaki Health Promotion Project. The purpose
of this project is to maintain and promote the
health of local people in the community to
prevent lifestyle-related diseases and prolong
their lifespans. Approval for the study was
obtained from the ethics committee of Hirosaki
University Graduate School of Medicine, and all
subjects gave written informed consent prior to
the research project.

Participants with malignant tumors,
immune disorders, gynecological diseases, or
diabetes mellitus; those taking steroid, anti-
inflammatory drugs (NSAIDs), or sex steroid
hormones; pregnant and lactating females,
or premenopausal females with irregular
menstruation; and participants with a lower
detection limit, which varied for sex steroid
hormones, and missing data were excluded
from the study. A total of 627 participants (85

males, 123 premenopausal females, and 419
postmenopausal females) were excluded. Finally,
a total of 540 participants (358 males, 139
premenopausal females, and 43 postmenopausal
females) were finally enrolled into the study.

2. Lifestyle habits and physical measurements

Self-reported questionnaires were sent to
subjects prior to the investigation day, and
these were collected after reviewing the
answers during personal interviews on the day
of the study. In the questionnaire, subjects were
asked about their age, sex, current illnesses,
past illnesses, medication histories, smoking
habits (daily number of cigarettes and years of
smoking), alcohol use (daily alcohol volume),
and exercise habits (frequencies of weekly
exercise). Pack-years and the quantity of pure
alcohol consumed per day were then calculated.
Subjects who exercised more than once per
week were defined as the exercise habit group.
Furthermore, females were also asked about
menstruation and menopause. Body mass
index [BMI, weight (kg)/height (cm)?] was
calculated as an index of obesity.

3. Blood parameters

Blood samples were collected on the day
of investigation when the subjects were
under fasting conditions. Neutrophil counts
were measured using an automated blood
cell analyzer. Measurements of estradiol,
testosterone, luteinizing hormone (LH), and
follicle stimulating hormone (FSH) levels were
handled by the LSI Medience Corporation
after serum was separated from the whole
blood by centrifugation. Estradiol, testosterone,
luteinizing hormone (LH), and follicle stimulating
hormone (FSH) levels were measured using
chemiluminescent immunoassay.

ROS generation and PA in peripheral blood
neutrophils
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Basal ROS production is considered to be
a reflection of oxidative stress'®. In contrast,
stimulated ROS production and PA reflects
the activity of neutrophils to remove foreign
substances, such as bacteria".

Neutrophil function (basal ROS production,
stimulated ROS production and PA) were
measured using the flow cytometry (Becton
Dickinson, San Jose, CA, USA) using the two-
color method. ROS production was measured
using the ROS-reacting fluorescent agent
hydroethidine (HE; Polyscience Inc., Warrington,
PA, USA). HE, a redox-sensitive probe, has been
widely used to detect intracellular superoxide
anion®”. Phagocytic capacity was measured
using fluorescein isothiocyanate (FITC)-labeled
opsonized zymosan (0OZ) (Sigma Chemical Co.,
St Louis, MO, USA)™®.

In brief, 44 uL of 8 uM HE (Polyscience) was
added to 200-uL aliquots of heparinized whole
blood and then incubated at 37°C for 5 min.
A 100-uL aliquot of the mixture was added to
25 uL (5 mg/mL) of FITC-OZ and incubated
at 37°C for 35 min to measure neutrophilic
phagocytosis of FITC-OZ. Basal ROS production
was measured in non-stimulated neutrophils
that were not treated with FITC-OZ, and
stimulated ROS production was measured in
FITC-OZ-treated neutrophils.

After incubation, 1 mL of a hemolytic agent
was added to each sample and mixed well. After
confirming hemolysis of the red blood cells, 250
uL of the fixative (Polyscience) was added to
the samples, and they were allowed to stand
for 5 min. The samples were washed twice in
phosphate-buffered saline containing sodium
azide, and 50 puL of 5 % paraformaldehyde
was then added. To measure the phagocytic
activity, 30 uL (0.25 mg/mL) of trypan blue
was added to the samples just before measuring
fluorescence intensity (FI) to exclude FITC-OZ,
which was not incorporated into the neutrophils
or adherent to their surfaces.

In flow cytometry, neutrophils were irradiated
with a 488-nm laser beam generated from a 15-
mW argon laser with forward- and side-scattering
emission, which was simultaneously recorded.
Green fluorescence generated from FITC was
detected through a 530-nm filter, and orange
fluorescence generated from HE was detected
through a 585-nm filter. FI was measured as the
value of neutrophils per 10,000 screened from the
forward- and side-scattering emission for each
sample. Cumulative FI, ie, the sum of the values
of FI multiplied by the percentage of positive
cells, was used as a quantitative index.

In this study, the amount of superoxide
production was used as an index of neutrophilic
ROS production. Superoxide is the upstream
substance of ROS metabolism, and all of the
ROS are metabolites of superoxide. Accordingly,
the amount of superoxide production is
considered to be the reflection of the entire
production of ROS. Therefore, superoxide might
be an indicator of the approximate amount of
ROS production that causes oxidative stress.

4. Statistical analyses

Statistical analyses were performed after
participants were divided into four groups.
First, participants were divided into two groups
on the basis of sex. Second, females were
divided into pre- and postmenopausal groups.
For further analysis, premenopausal females
were divided into two groups around ovulation
day. We defined the menstruation cycle from
1 to 14 days groups as “follicular phase group”
and the menstruation cycle 15 days later groups
as “luteal phase group” for convenience.

One-way analysis of variance with Tukey’s
test and chi-squared tests were used to de-
termine differences in the characteristics of
participants. Bivariate (Spearman) correlation
coefficients were used to analyze the association
of neutrophil function (basal ROS production,
stimulated ROS production, and PA) with age,
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Table 1. Characteristics of the participants
Males Females
Follicular phase Luteal phase Postmenopausal
(n=358) (n=63) (n=76) (n=43)

Age (year) 510 £ 150 369 £ 74* 381 + 7.3* 629 = 13.1* ftik
BMI (kg/m?) 236 + 32 205 + 25 215 = 39* 238 = 4ftiE
Exercise habits (%) 327 19.0 184 326 #
Pack-Years 149 + 203 32 = 59* 32 = 70" 25 * 68"
Alcohol use (g/day) 233 = 240 78 = 145 38 + 95 23 £ 7.3*
Estradiol (pg/mL) 220 = 71 1064 + 120.2* 1296 = 768 17.7 £ 192%+4%
Testosterone (ng/mL) 57 = 1.7 03 = 0.1* 03 = 0.1* 03 = 0.1*
LH (mIU/mL) 35 £ 30 66 = 82" 53 = 69 198 = 10.0™ ik
FSH (mIU/mL) 74 £ 74 64 + 31 57 £ 94 534 = 24.8* ik
Leukocyte cell counts (% 10°/uL) 56 £ 15 50 £ 15 51 = 1.3 51 = 1.2
Neutrophils cell counts (% 10°/uL) 31 =11 28 =11 28 £ 10 28 = 10
Basal ROS production, % 10°, CFI 49 £ 74 54 = 6.6 42 = 36 65 = 178
Stimulated ROS production, x 10°, CFI 5325 + 176.8 539.0 = 1514 525.3 = 165.6 5275 + 1858
Phagocytic activity, x 10°, CFI 13700 + 4939 14170 + 4624 13904 + 4625 13289 + 411.2
Menstrual cycle (days) 283 = 3.0 284 + 24

Data are presented as mean * SD or number (%)

BMI: body mass index, CFIL: cumulative fluorescence intensity

*p<0.05 *p<0.01, vs Male

Fp<0.05 T1p<0.01, vs Follicular phase females
+p<<0.05 1p<<0.01, vs Luteal phase females
#p<0.05, among groups

BMI, pack-year, and alcohol use. And the Mann-
Whitney U test was used to compare neutrophil
function (basal ROS production, stimulated ROS
production, and PA as dependent valuables)
between the exercise and non-exercise habit
groups. Multiple regression analysis was used
to analyze the association of gonadotropin (LH
and FSH as independent valuables) and sex
steroid hormones (estradiol and testosterone
as independent valuables) with neutrophil
functions (basal ROS production, stimulated ROS
production and PA as dependent valuables).
Furthermore, after adjusted at LH and FSH,
multiple regression analysis was used to analyze
the association of sex steroid hormones with
neutrophil functions. At all multiple regression
analyses, age, BMI, exercise frequency, and
pack-year served as adjusted parameters.
Although the main variables were in skewed
distribution, multiple regression analysis was

a robust analysis method and was suitable for
multivariate analysis for the objective variable
of neutrophil function.

Data analyses were performed using the
Statistical Package for the Social Sciences
(SPSS) version 12.0 J statistical software (SPSS
Inc., Chicago, IL, USA). The differences were
considered to be statistically significant at p
< 0.05, and the differences were considered to
have a statistical trend at p < 0.1.

Result

1. Physical characteristics and blood biochemical
values of participants and their lifestyle habits

The characteristics of the participants are
listed in Table 1. The average age was higher
in postmenopausal females than in other groups.
BMI was higher in males and postmenopausal
females than in premenopausal females. For
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Table 2. Bivariate correlation of Basal ROS production, CFI with selected variables

Males Females
Follicular phase Luteal phase Postmenopausal
p P p P
Age 0.075 0.062 -0.049 -0.047
BMI 0.046 -0.053 -0.051 -0.300
Pack-years -0.095 -0.105 -0.119 0.162
Alcohol use -0.067 -0.042 -0.027 0.160

p: Spearman’s rank correlation coefficient

Table 3. Bivariate correlation of Stimulated ROS production, CFI with selected variables

Males Females

Follicular phase Luteal phase Postmenopausal
P P P P
Age 0.059 -0.224 -0.134 -0.263
BMI -0.055 -0.134 0.005 -0.263
Pack-years 0.131* 0.006 0.023 0.227
Alcohol use -0.012 -0.049 -0.221 0.177
p: Spearman’s rank correlation coefficient

*p<<0.05

Table 4. Bivariate correlation of Phagocytic activity, CFI with selected variables

Males Females
Follicular phase Luteal phase Postmenopausal
P [ [ P

Age 0.095 0.066 0.106 -0.447*
BMI 0.027 0.050 -0.051 -0.400**
Pack-years -0.081 0.103 -0.089 -0.139
Alcohol use -0.034 -0.148 0.107 0.109

p: Spearman’s rank correlation coefficient

*p<0.01

Table 5. Comparison of Basal ROS production, x 10°, CFI between
exercise and non-exercise habit groups

Exercise Non-exercise
Males 52 + 8.2 48 =70
Follicular phase 46 = 2.8 56 = 7.2
Luteal phase 56 = 44" 39 = 34
Postmenopausal 39 = 23 7.8 £ 21.7
Values are mean+SD
*p<<0.05

lifestyle habits, exercise frequencies per week
were different among groups. Pack-year and
alcohol use were higher in males than in females.
For blood biochemical values, estradiol was
higher in premenopausal females than in males

and postmenopausal females. Furthermore,
estradiol was higher in luteal phase females
than in follicular phase females. Testosterone
was higher in males than in females. LH and
FSH were higher in postmenopausal females
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Table 6. Comparison of Stimulated ROS production, x 10>, CFI between
exercise and non-exercise habit groups

Exercise

Males

Follicular phase
Luteal phase
Postmenopausal

Non-exercise
+ 160.7 543.6 = 1834
+ 1559 5334 + 151.3
+ 160.2 5164 + 166.7
+ 191.2 528.3 = 186.5

Values are mean+SD

Table 7. Comparison of Phagocytic activity, % 10°, CFI between exercise
and non-exercise habit groups

Exercise Non-exercise
Males 1330.8 + 513.6 1389.0 = 484.0
Follicular phase 13564 + 567.7 1431.3 + 4394
Luteal phase 1495.0 = 3774 1366.8 = 479.1
Postmenopausal 1171.1 £ 29211 1405.0 = 442.2
Values are mean+SD
Table 8. Multiple regression analysis with gonadotropin (Males)
Dependent variable Independent variable B ) R*
Basal ROS production, CFI LH -0.061 0.301 0.015
FSH -0.057 0.365 0.014
Stimulated ROS production, CFI LH -0.089 0.135 0.018
FSH -0.105 0.091 0.020
Phagocytic activity, CFI LH -0.084 0.154 0.026
FSH -0.094 0.130 0.026

Values are adjusted for age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,
CFI: cumulative fluorescence intensity,

than other groups. Leukocyte counts was higher
in males than in premenopausal females. In
premenopausal females, the average length of
the menstrual cycle was 28 days.

2. Association of neutrophil function with age, BMI,
and lifestyle habits

Bivariate correlations of neutrophil function
with age, BMI, pack-years, and alcohol use are
listed in Table 2-4. In males, stimulated ROS
production positively correlated with pack-
years. In postmenopausal females, phagocytic
activity negatively correlated with age and BMIL
Comparisons of neutrophil function between
the exercise and non-exercise habit groups are

R% coefficient of determination
ROS: reactive oxygen species

listed in Table 5-7. In premenopausal females
after menstruation, basal ROS production was
higher in the exercise habit group than in the
non-exercise habit group.

3. Association of LH and FSH with neutrophil
function

In males, the FSH level negatively correlated
with stimulated ROS production (table 8).
Although we could not detect any significant
correlations in follicular phase females, both
LH and FSH levels positively correlated with
basal ROS production in luteal phase females
(table 9, 10). In contrast, we could not detect
any significant correlations in postmenopausal
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Table 9. Multiple regression analysis with gonadotropin (Premenopausal females in follicular phase)

Dependent variable Independent variable B o) R?
Basal ROS production, CFI LH 0.112 0.405 0.032
FSH -0.013 0.926 0.020
Stimulated ROS production, CFI LH -0.100 0.440 0.085
FSH 0.052 0.694 0.078
Phagocytic activity, CFI LH -0.147 0.275 0.032
FSH -0.128 0.347 0.026

Values are adjusted for age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,
CFI: cumulative fluorescence intensity,

R% coefficient of determination
ROS: reactive oxygen species

Table 10. Multiple regression analysis with gonadotropin (Premenopausal females in luteal phase)

Dependent variable Independent variable B D R?
Basal ROS production, CFI LH 0.361 0.002 0.173
FSH 0.591 <0.001 0.356
Stimulated ROS production, CFI LH 0.110 0.362 0.045
FSH 0.022 0.863 0.034
Phagocytic activity, CFI LH 0.135 0.259 0.056
FSH 0.199 0.109 0.073

Values are adjusted for age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,
CFI: cumulative fluorescence intensity,

R% coefficient of determination
ROS: reactive oxygen species

Table 11. Multiple regression analysis with gonadotropin (Postmenopausal females)

Dependent variable Independent variable B D R?
Basal ROS production, CFI Estradiol 0.012 0.944 0.046
Testosterone -0.005 0.978 0.045
Stimulated ROS production, CFI Estradiol -0.103 0.535 0.136
Testosterone -0.080 0.670 0.132
Phagocytic activity, CFI Estradiol -0.129 0.364 0.368
Testosterone -0.002 0.992 0.354

Values are adjusted for age, body mass index, exercise habit and pack-year.

fB: standardized partial regression coefficient,
CFI: cumulative fluorescence intensity,

females (table 11).

4. Association of estradiol and testosterone with
neutrophil function

In males, the estradiol level negatively
correlated with basal ROS production, and the
testosterone level positively correlated with

R% coefficient of determination
ROS: reactive oxygen species

stimulated ROS production and PA (table 12).
Although we could not detect any significant
correlations in follicular phase females, both
estradiol and testosterone levels negatively
correlated with basal ROS production in luteal
phase females (table 13, 14). In contrast, we
could not detect any significant correlations in
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Table 12. Multiple regression analysis with sex hormones (Males)

Dependent variable Independent variable B p R?
Basal ROS production, CFI Estradiol -0.126 0.019 0.028
Testosterone -0.056 0.323 0.015
Stimulated ROS production, CFI Estradiol -0.025 0.640 0.012
Testosterone 0.117 0.038 0.024
Phagocytic activity, CFI Estradiol -0.087 0.104 0.027
Testosterone 0.135 0.016 0.036

Values are adjusted for age, body mass index, exercise habit and pack-year.
B: standardized partial regression coefficient, R coefficient of determination
CFI: cumulative fluorescence intensity, = ROS: reactive oxygen species

Table 13. Multiple regression analysis with sex hormones
(Premenopausal females in follicular phase)

Dependent variable Independent variable B ) R®
Basal ROS production, CFI Estradiol 0.054 0.698 0.024
Testosterone 0.046 0.759 0.023
Stimulated ROSproduction, CFI Estradiol -0.121 0.372 0.088
Testosterone 0.073 0.621 0.079
Phagocytic activity, CFI Estradiol -0.059 0.675 0.014
Testosterone 0.138 0.361 0.026

Values are adjusted for age, body mass index, exercise habit and pack-year.
B: standardized partial regression coefficient, R coefficient of determination
CFI: cumulative fluorescence intensity,  ROS: reactive oxygen species

Table 14. Multiple regression analysis with sex hormones (Premenopausal females in luteal phase)

Dependent variable Independent variable B o) R?
Basal ROS production, CFI Estradiol -0.320 0.007 0.145
Testosterone -0.348 0.004 0.155
Stimulated ROS production, CFI Estradiol 0.188 0.120 0.000
Testosterone 0.132 0.293 0.049
Phagocytic activity, CFI Estradiol -0.040 0.744 0.040
Testosterone -0.075 0.551 0.043

Values are adjusted for age, body mass index, exercise habit and pack-year.
B: standardized partial regression coefficient, R coefficient of determination
CFI: cumulative fluorescence intensity, = ROS: reactive oxygen species

postmenopausal females (table 15). testosterone level positively correlated with
stimulated ROS production and PA (table 16).

5. Association of estradiol and testosterone with Although we could not detect any significant
neutrophil function after adjusted at LH and FSH correlations in follicular phase females, both
In males, the estradiol level negatively estradiol and testosterone levels negatively

correlated with basal ROS production, and the correlated with basal ROS production in luteal
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Table 15. Multiple regression analysis with sex hormones (Postmenopausal females)

Dependent variable Independent variable B o) R?
Basal ROS production, CFI Estradiol -0.015 0.934 0.046
Testosterone 0.044 0.802 0.047
Stimulated ROSproduction, CFI Estradiol 0.200 0.234 0.160
Testosterone 0.182 0.275 0.155
Phagocytic activity, CFI Estradiol 0.015 0.918 0.019
Testosterone 0.098 0.497 0.362

Values are adjusted for age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,

R% coefficient of determination

CFI: cumulative fluorescence intensity, = ROS: reactive oxygen species

Table 16. Multiple regression analysis with sex hormones after adjusted at LH and FSH (Males)

Dependent variable Independent variable B p R®
Basal ROS production, CFI Estradiol -0.123 0.023 0.030
Testosterone -0.052 0.365 0.017
Stimulated ROS production, CFI Estradiol -0.021 0.704 0.020
Testosterone 0.123 0.030 0.033
Phagocytic activity, CFI Estradiol -0.084 0.124 0.033
Testosterone 0.142 0.012 0.044

Values are adjusted for LH, FSH, age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,

R% coefficient of determination

CFI: cumulative fluorescence intensity,  ROS: reactive oxygen species

Table 17. Multiple regression analysis with sex hormones after adjusted at LH and FSH

(Premenopausal females in follicular phase)

Dependent variable Independent variable B ) R?

Basal ROS production, CFI Estradiol -0.088 0.645 0.043
Testosterone <0.001 0.999 0.039

Stimulated ROS production, CFI Estradiol -0.015 0.934 0.100
Testosterone 0.136 0.375 0.113

Phagocytic activity, CFI Estradiol -0.016 0.933 0.035
Testosterone 0.169 0.286 0.055

Values are adjusted for LH, FSH, age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,

R% coefficient of determination

CFI: cumulative fluorescence intensity, =~ ROS: reactive oxygen species

phase females (table 17, 18). In contrast, we
could not detect any significant correlations in
postmenopausal females (table 19).

Discussion

To the best of our knowledge, this is the
first study that looked at the influence of
sex, menstrual cycle, and menopause on the
association of sex steroid hormones with
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Table 18. Multiple regression analysis with sex hormones after adjusted at LH and FSH

(Premenopausal females in luteal phase)

Dependent variable Independent variable B ) R?
Basal ROS production, CFI Estradiol -0.185 0.078 0.401
Testosterone -0.289 0.008 0.436
Stimulated ROS production, CFI Estradiol 0.171 0.185 0.080
Testosterone 0.089 0.511 0.061
Phagocytic activity, CFI Estradiol 0.009 0.945 0.074
Testosterone -0.057 0.672 0.076

Values are adjusted for LH, FSH, age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,
CFI: cumulative fluorescence intensity,

R% coefficient of determination
ROS: reactive oxygen species

Table 19. Multiple regression analysis with sex hormones after adjusted at LH and FSH

(Postmenopausal females)

Dependent variable Independent variable B o) R?
Basal ROS production, CFI Estradiol -0.039 0.852 0.047
Testosterone 0.054 0.772 0.049
Stimulated ROS production, CFI Estradiol 0.310 0.108 0.200
Testosterone 0.188 0.286 0.166
Phagocytic activity, CFI Estradiol 0.174 0.280 0.429
Testosterone 0.054 0.712 0.411

Values are adjusted for LH, FSH, age, body mass index, exercise habit and pack-year.

B: standardized partial regression coefficient,
CFI: cumulative fluorescence intensity,

neutrophil function (basal ROS production,
stimulated ROS production and PA) in a
general population. We considered that
gonadotropin influenced to the association of sex
steroid hormones with neutrophil functions as
confounding factors. Although we investigated
the association of estradiol and testosterone with
neutrophil function before and after adjusted
at LH and FSH, the statistically significant or
trend were observed.

Although we could not detect any significant
association of sex steroid hormones with
neutrophil function in follicular phase females
and postmenopausal females in this study, we
were able to detect a significant association
in males and luteal phase females. Our
results suggest that sex differences exist in

R% coefficient of determination
ROS: reactive oxygen species

the association of sex steroid hormones with
neutrophil function and are influenced by
factors relating to the menstrual cycle.

In luteal phase of premenopausal females,
the corpus luteum secretes high level of
progesterone. Progesterone maintains endometrial
receptivity for the implantation of the fertilized
eggs and raises the basal body temperature.
Furthermore, progesterone are considered to
have anti-inflammatory effects by attenuating
TNF-a, nitric oxide and prostaglandin E,*.
Although we did not measure progesterone, the
possibility that the significant association of sex
steroid hormones with neutrophil function was
observed because of progesterone in the luteal
phase females was considered.

In our study, the association of sex steroid
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hormones with neutrophil function was observed
in males. The testosterone level is very higher
in males than females. Testosterone suppresses
pro-inflammatory cytokines such as TNF-a,
Interleukin-1p and interleukin-6 and increases
anti-inflammatory effect such as interleukin-10**
5, Furthermore, testosterone suppresses
the adaptive immune system by decreasing
antibody production and promoting the

11, 12 .
12 We considered

apoptosis of lymphocytes
the possibility that because of anti-inflammatory
effects of testosterone, the significant association
of sex steroid hormones with neutrophil function
was observed in males.

In our study, both estradiol and testosterone
levels negatively correlated with basal ROS
production. Therefore, as a mechanism to
decrease the oxidative stress of neutrophils,
sex steroid hormones might have suppressed
the basal ROS production of neutrophils. We
were able to detect a significant association
of both estradiol and testosterone with basal
ROS production in females. In contrast, the
significant association of testosterone with basal
ROS production was not observed in males.

Marin et al. have reported that the decreasing
influence of testosterone on the oxidative stress
of neutrophils attenuate in high testosterone
concentrations®. Furthermore, Posma et al.
have reported that the levels of inflammatory
cytokines, such as IL-12 and IL-1p from
monocytes, increased when testosterone levels
were not in high concentrations™.

These phenomena suggest that the influence
of testosterone on oxidative stress attenuates or
disappears at high testosterone concentrations.
Because testosterone levels are much higher
in males than in females, the association of
testosterone with basal ROS production might
not be observed. Furthermore, neutrophil
function can be influenced by various

25, 26)

cytokines , and the influence of cytokines

on neutrophil function might contribute to our

result as confounding factors.

Stimulated ROS production and PA reflect
the activity to remove foreign substances'.
Although various studies have investigated
the association of sex steroid hormones with
the neutrophils’ activity to remove foreign
substances, consensus has not been obtained”**
5 In our study, no significant association of
sex steroid hormones with stimulated ROS
production and PA was observed in females;
however, we observed a significant association
in males. In this reason, the high testosterone
concentration or cytokines which are modulated
by testosterone might influence the association
of sex steroid hormones with neutrophil’s
activity to remove foreign substances. And,
in females, the small influence of sex steroid
hormones on neutrophil’s activity to remove
foreign substances.

In our study, testosterone level positively
correlated with stimulated ROS production
and PA. There are several differences between
previous studies and our study with regards
to experimental methods. For instance,
previous studies have used isolated neutrophils,
although neutrophils can be influenced by
various cytokines® *®. Therefore, we used the
whole blood to measure neutrophil function.
Furthermore, the number of subjects in
previous studies has ranged from several to
dozens, and they were solely young males or
females. In the current study, we simultaneously
investigated a greater number of subjects (545
adults in total) of both sex and in a wide range
of age groups. Furthermore, confounding factors
such as gonadotropin, age, physique and lifestyle
habits were adjusted in our study. These
differences in experimental methods might have
caused the differences in results.

Although some studies have stated the
decreasing influence of sex steroid hormones
on oxidative stress of neutrophils, they differ
in results showing an association of sex steroid
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hormones with neutrophils’ activity to remove
foreign substances. Therefore, this latter
association between sex steroid hormones and
neutrophils’ foreign substances removal activity
is considered to be weaker than the oxidative
stress of neutrophils.

However, our study has some limitations.
First, we only used interviews to determine
the menstrual cycles of participants. To divide
premenopausal females into two groups around
ovulation day, we interviewed premenopausal
females regarding the number of days after
menstruation and whether that menstruation
was regular, and then divided them into two
groups, l.e., before and after the 14th day of
menstrual cycle. However, there are significant
differences in menstrual cycles even in females
whose menstrual cycles are regular. Second,
although we did not measure progesterone.
Therefore, the measurements of basal body
temperature, progesterone levels are necessary
to evaluate the menstrual cycle more accurately.
Third, this study used multivariate analysis
to investigate the association of sex steroid
hormones with neutrophil function. Although
we adjusted LH, FSH, age, BMI, pack-years, and
exercise habit that the statistically significances
were observed in between neutrophil function
as confounding factors, the association of sex
steroid hormones with neutrophil function can
be influenced by other various factors, such
as various cytokines and steroid hormones. So,
these factors that we did not measure might
tend to influence our results.

Conclusion

In our study, we investigated the association
of estradiol and testosterone with neutrophil
function (basal ROS production, stimulated ROS
production and PA) among normal healthy
adults in the general population. Both estradiol
and testosterone were found to influence

neutrophil function. Furthermore, the association
of sex steroid hormones with neutrophil function
was found to vary according to the menstrual
cycle in addition to sex difference.
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