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ABSTRACT

The sexual maturation in all mammals is the period
in which the quiescent gonads are activated by gona-
dotropins from anterior pituitary, increasing the se-
cretion of sexual hormones. Sexual maturation is also
related with the development of several other body
features such as body mass and maturation of the
circulatory, skeletal and hematopoietic systems. The
aim of the present study was to evaluate the function
of neutrophils submitted to in vivo lower and higher
concentration of testosterone (sexually immature: 60
days and sexually mature: 90 days). Using different
approaches we evaluated cell viability and function
and gene expression in rat neutrophils from 60 and 90
days-old animals. Neutrophils from 90 days-old rats
showed a decrease in phagocytic and fungicidal ca-
pacity, without change in cellular viability. Addition-
ally, we verified that sexual maturation induced in-
crease in production of reactive oxygen and nitrogen
species (RONS) and also in TNF-a, IL-6 and IL-10
cytokines. In conclusion, our data suggest that in-
crease in testosterone levels induced significant alte-
ration in neutrophil function, impairing phagocytic
capacity.
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1. INTRODUCTION

The sexual maturation in all mammals is the period in
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which the quiescent gonads are activated by gonadotro-
pins from the anterior pituitary, increasing the secretion
of sexual hormones [1]. It is an entailed condition to the
hypothalamic-pituitary-gonadal axis and it has interac-
tion with other hormones such as Growth Hormone, In-
sulin Growth Factor-1, Triiodothyronine, Thyroxine, Thy-
roid-Stimulating Hormone, Luteinising Hormone-Re-
leasing Hormone [2,3]. It is also related with the devel-
opment of several systems such as body mass and matu-
ration of skeletal, circulatory and hematopoietic systems
[4,5].

The hormone testosterone is responsible for the de-
velopment and maintenance of the characteristics of the
masculine sex. Moreover, it increases protein build-up in
muscles, bones and skin. In the hematopoietic system,
testosterone augments the concentration of hemoglobin
and the number of red cells [6]. Beyond these effects,
testosterone is also responsible for the modulation of
immune responses [7]. Previous study demonstrated that
in Jurkat cells (human T cell lymphoblasts), this hor-
mone inhibits their proliferation and maximizes the ratio
of cells in phase SG to M of the cellular cycle [8]. Simi-
lar effect was observed in the Raji cell line (human B cell
lymphoma) [8].

In addition to the above effects of testosterone, sex
hormones seem to have a considerable influence on hu-
moral and cellular immunity, which may lead to sex dif-
ferences in immune responses. Regarding cytokine pro-
duction and release, there are still controversial results.
Another group studying the effect of sex hormones in
cytokine production have shown higher levels of inter-
feron (IFN)-y and IL-2 and lower levels of IL-10 and
IL-4 secretion by male lymphocytes when compared to
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lymphocytes from female donors [9]. In contrast, another
group [10] studying differences in type 1 and 2 cytokines
from male and female human lymphocytes, found a de-
crease in the numbers of IL-2-positive lymphocytes from
males compared to females, whereas no differences were
found in the percentage of IL-4-, IL-10- and IFN-y-pro-
ducing lymphocytes. Additionally, these authors also
demonstrated an increase in the percentage of lipopoly-
saccharide-stimulated, IL-12-, IL-18- and TNF-a-posi-
tive monocytes collected from male donors when com-
pared with their female counterparts.

Posma’s group investigating whether testosterone may
be responsible for the differences between sexes related
to the production of IL-2, IFN-y, IL-12, IL-18 and TNF-
a, observed a significant expansion of IL-12- and IL-1/-
producing monocytes after incubation with physiological
concentrations of testosterone [11]. Interestingly, the
percentages of IL-2- and IFN-y-positive lymphocytes and
TNF-a-producing monocytes were not altered by testos-
terone [11]. In contrast, Janele et al. (2006) showed that
joint treatment with cortisol and testosterone inhibited
production of IL-2, IL-4, IL-10 and reduced the secretion
of TNF-a and IFN-y by human leukocytes, although, no
changes were found with treatment with testosterone
only [12]. Some of the differences cited above may be
due to the cell type involved, hormone concentration or
be specie-specific, nevertheless, they strongly indicate
that sex hormones are able to induce immunomodulation.

Testosterone concentration rises 8-fold in the plasma
of Wistar rats aged 90 days when compared to counter-
parts 60 days-old [13]. With this information in mind, the
present study was undertaken to investigate the physi-
ologic influence of testosterone on the function of rat
neutrophils. The following parameters were examined:
cell viability, DNA fragmentation, phagocytic and fungi-
cidal capacity, reactive oxygen and nitrogen species
(RONS) production, cytokine production and NADPH-
oxidase components (p22"", p47°"*, gp91""™ and Rac2)
expression.

2. MATERIAL AND METHODS
2.1. Animals

Male Wistar rats used in this study were obtained from
the Department of Physiology and Biophysics, Institute
of Biomedical Sciences, University of Sdo Paulo. The
rats were maintained at standard conditions, being al-
lowed free access to food and water. The Animal Ethical
Committee of the Institute of Biomedical Sciences ap-
proved all experimental procedures.

2.2. Neutrophil Isolation

Rats were euthanized at 60 and 90 days of age. Neutro-
phils were obtained by intraperitoneal (i.p.) lavage with
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30 mL of phosphate-buffered saline (PBS), 4 hours after
the injection (i.p.) of 10 mL 1% (w/v) glycogen solution
(Oyster glycogen type Il, Sigma Chemical Co., St. Louis,
MO, USA) in PBS. The cell suspension was centrifuged
at 4°C (1000 g for 10 min) [14-18].

2.3. Cell Viability

Neutrophils (1 x 10° cells) were centrifuged at 500 g for
15 min at 4°C and the pellet obtained was resuspended in
500 puL PBS and incubated with propidium iodide (PT)
(50 pug/mL) for 5 minutes. After incubation at RT the
cells were evaluated in a FACScalibur™ flow cytometer
(Becton Dickinson, San Juan, CA, USA) with assistance
of the Cell Quest™ software (Becton Dickinson). The
equipment was set to identify live and dead cells using
the FL2 channel [14,17,19,20].

2.4. DNA Fragmentation Assay

DNA fragmentation was analyzed by flow cytometry
after DNA staining with PI according to the method de-
scribed by Nicoletti et al. (1991) [21]. Neutrophils (1 x
10° cells) were suspended in a solution containing 50 pg/
mL PI, 0.1% sodium citrate, and 0.1% Triton X-100. The
cells were then incubated for 30 min at RT. Fluorescence
was measured and analyzed by flow cytometry [14,19,
20].

2.5. Phagocytosis

Neutrophils (1 x 10° cells) were incubated for 40 min at
37°C in 1 mL RPMI 1640 (Gibco™, Invitrogen Co.,
Carlsbad, CA, USA) with opsonized particles of zymo-
san (Sigma Chemical Co.). The particles (1 x 107) were
opsonized by incubation in the presence of control rat
serum for 30 min at 37°C. Cells were stained with crystal
violet and counted in a Neubauer chamber. The percen-
tage of phagocytosis was expressed by the number of
cells that had ingested three or more particles of opso-
nized zymosan per total number of cells counted [22].

2.6. Fungicidal Capacity

In the fungicidal assay, Candida albicans were firstly
cultured onto Sabouraud agar tubes and incubated at RT
during 12 hours. Afterwards, spores (1 x 107) were op-
sonized by incubation in the presence of serum from
control rats for 30 min at 37°C. Neutrophils (1 x 10°) in 1
mL of RPMI 1640 supplemented with 10% fetal bovine
serum were incubated at 37°C for 60 min with the opso-
nized spores. After incubation, 200 pL of these samples
were processed in a cell spin cytocentrifuge and the
slides containing the attached cells were stained with
May-Grunwald-Giemsa dye. Different scores were given
to the number of neutrophils that had not killed C. albi-
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cans cells (x0); 1 or 2cells (x1); 3 or 4 cells (x2); or >4
cells (x3). The index of fungicidal capacity was calcu-
lated by the sum of the scores obtained per rat [23,24].

2.7. Evaluation of Superoxide Production after
Phagocytosis

Luminol (Santa Cruz Biotechnology) (1 mM) was added
to neutrophils (2.5 x 10° cells/mL) in PBS buffer sup-
plemented with CaCl, (1 mM), MgCl, (1.5 mM), and
glucose (10 mM), at 37°C, in a final volume of 0.3 ml.
The cells were treated with opsonized zymosan (1 x 10’
particles/mL) [25]. The superoxide production was mo-
nitored for 20 min, at 37°C, in a microplate luminometer
(EG & G Berthold LB96V, Pforzheim, Germany).

2.8. Hydrogen Peroxide Production

Hydrogen peroxide (H,O,) production was measured as
previous described [26]. Briefly, the cells were incubated
in the presence of 5 mM glucose and a solution of phenol
red (0.5%) and horseradish peroxidase (5 mg/mL) at
37°C for 1 h. The amount of product formed was meas-
ured by absorbance at 620 nm [22].

2.9. Determination of Nitric Oxide

The content of nitrite was measured in the supernatant of
cultured cells based on the method described previously
[27]. Briefly, cells (5 x 10°) were cultured in 96 well
plates for 24 h. At the end of this period, 50 pL of the
supernatant was removed and incubated with an equal
volume of Griess reagent at RT for 10 min. The absor-
bance was determined at 550 nm. Nitrite concentration
was determined by using sodium nitrite as standard [15,
28].

2.10. Cytokine Measurement

Measurement of the cytokines was performed in the pe-
ritoneal cavity fluid by ELISA using Duo-set kits for
IL-6 (R & D Systems Inc., Minneapolis, MN, USA) and
TNF-a and IL-10 (BD Pharmingen, San Jose, CA, USA),
as described previously [29].

2.11. RNA Extraction

Total RNA was obtained from 1 x 10’ neutrophils lysed
by the guanidine isothiocyanate extraction method [30],
using TRIzol reagent, according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). Briefly,
homogenized samples were incubated 5 min at RT in
order to allow the complete dissociation of nucleoprotein
complexes. Chloroform (0.2 mL) was added and the
tubes centrifuged at 12.000 g for 15 min at 2°C to 8°C.
The aqueous phase was transferred and the RNA preci-
pitate was obtained by centrifugation with 0.5 mL of
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cold isopropyl alcohol [31]. The RNA pellet was washed
with 75% ethanol and centrifuged at 7.500 g for 5 min at
2 to 8°C. At the end, the RNA pellet was air-dried and
stored at —70°C. RNA was quantified by measuring ab-
sorbance at 260 nm and it is purity assessed by the
260/280 nm ratio [15,17,32].

2.12. Reverse Transcription

Total RNA (1.5 pg) was treated with 1U of DNase I (In-
vitrogen), for 15 min at 25°C, followed by enzyme inac-
tivation with 25 mM EDTA for 10 min at 65°C. After-
wards, cDNA was synthesized in a solution containing
10 mM dNTP mix (dATP, dGTP, dCTP and dTTP, 10
mM each), 0.1 M DTT and 200 U Superscript™ I
RNase H™ Reverse Transcriptase (Invitrogen), incubated
at 42°C for 50 min. The reaction was inactivated by
heating at 70°C for 15 min [15].

2.13. Real Time Polymerase Chain Reaction

Transcripts of NADPH-oxidase components were eva-
luated by real-time PCR [33] in a Rotor Gene™ 3000
equipment (Corbett Research, Mortlake, Australia), us-
ing Platinum®SYBR® Green gPCR SuperMix UDG (In-
vitrogen). Gene expression was performed by 2 ¢T
[34,35], using p2-microglobulin (52M) gene as internal
control [36]. The primers information’s are shown in
Table 1.

3. STATISTICAL ANALYSIS

All results are expressed as means + SEM. Student t-test
or ANOVA followed by the Tukey-Kramer test were
used to assess significant differences between groups.
Data were considered as statistically significant for p <
0.05.

4. RESULTS

Neutrophil counts were performed four hours after the
injection of 10 mL 1% (w/v) glycogen solution. Similar
number of cells migrated to the peritoneal cavity of both
groups, 60D ((rats 60 days-old): 14.9 + 1.1 x 10" SEM; n
=7) and 90D ((rats 90 days-old): 15.8 + 1.1 x 10"; n = 9).

The percentage of viable neutrophils was not found
different between the studied groups (60D: 96.5 + 1.1
and 90D: 93.4 £ 3.0, Figure 1). Furthermore, the per-
centage of neutrophils with fragmented DNA in 90D (6.0%
+ 3.9%) was not significantly different when compared
with 60D group (4.0% + 2.9%) (Figure 1).

Phagocytosis and fungicidal capacity of neutrophils
from 90D rats were decreased by 35% and 34%, respec-
tively, as compared with 60D rats (Figures 2(a) and (b)).
After analyzing the competence for superoxide produc-
tion after stimulus with opsonized zymosan, we verified
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Table 1. Primer sequences, annealing temperatures and fragment lengths of the genes studied.

Primer sequences, annealing temperatures and lengths of the genes studied

Gene
. . . Annealing PCR fragment
Primer Sense Primer Anti-sense temperature (:C) lengths (bp)

gp91Ph GTGTGTGAATGCCAGAGTCGG TTCCTGTGATGCCAGCCAAC 54 164
[T CACCTTCATTCGCCACATCGC ACGCTGCCCATCATACCACCTG 58 247
p22°"x CAGAAGTACCTGACCGCTGTGG  GGTAGATCACACTGGCAATGGC 58 157

Rac2 TCAAGTGTGTGGTGGTGGGTG TGTCTGTGGGTAGGAGAGTGGC 58 215

B2M CTCAGTTCCACCCACCTCAG GCAAGCATATACATCGGTCTCG 56 82

3 Viable cells
@8 Fragmented DNA

1009 e —

504

% of Cells

T T
60 days 90 days

Figure 1. Percentages of neutrophils with intact
plasma membrane and fragmented DNA. The val-
ues are from neutrophils obtained from six rats of
each group and expressed as means + S.E.M.

that neutrophils from 90D group showed an increase
(15.5%) in production of superoxide anion (Figure 2(c)).

Evaluating the effect of sexual maturation in the pro-
duction of RONS we observed that neutrophils from rats
aged 90 days greatly enhanced the production of both
H,0, (130%) and nitrate (40%) as compared with neu-
trophils originated from 60D rats (Figures 3(a) and (b)).

Regarding the capacity of neutrophils to produce cy-
tokines (i.e. TNF-a, I1L-10 and IL-6) under higher physi-
ological concentrations of testosterone (group 90D), we
detected a significant increase in all cytokines evaluated
(TNF-a = 32.8%; IL-10 = 46% and IL-6 = 72%; Figures
4(a)-(c)).

The effect of testosterone on NADPH-oxidase com-
ponents (p22°"*, p47""™ gp91P"™ and Rac2) was ana-
lyzed by Real Time PCR. Neutrophils obtained from
60D and 90D rats did not present statistically significant
differences concerning the expression of the four genes
studied (Figures 5(a)-(d)).

5. DISCUSSION

The major function of neutrophils is to kill microbial
agents after phagocytosis, usually by an increase in the
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production of reactive oxygen and nitrogen species
(RONS). In the present study, we demonstrated that the
phagocytic competence of neutrophils from 90D rats was
diminished. Our results corroborate with a previous
study from Olinescu et al. (1994) who shown the effect
of sexual hormones, testosterone and estrone, on the
phagocytosis of rats neutrophils [37]. In their research,
the authors presented evidence to support that testoste-
rone in low concentrations (less than 10 M, in vitro)
augmented phagocytosis in neutrophils. However, in
higher concentrations, the sexual hormones (testosterone
and estrona) inhibited the phagocytic capacity of these
cells. Moreover, al-Afaleq & Homeida (1998) showed
that testosterone at 0.1 mg/kg ™" can induce significant
reduction in phagocytic activities from chicken macro-
phages, suggesting that testosterone may possess immu-
nosuppressant effects [38]. Recently, was demonstrated
that treatment with 10 nM of testosterone can increase
the phagocytic activities of neutrophils, however, at
concentrations of 0.1 uM and 10 pM, the hormone does
not induce any change on the phagocytic capacities of
these cells [39]. Besides detecting a decline in phagocy-
tic capacity, our study also demonstrated that neutrophils
from 90D rats had impaired fungicidal activity. Our re-
sults confirm the findings of Marin’s paper [39] where
human neutrophils treated in vitro with 10mM of testos-
terone also had weak fungicidal capacity.

Regarding the production of reactive oxygen species
in neutrophils from 90D rats we measured the amount of
superoxide after phagocytosis of opsonized zymosan and
H,O, production. As showed in Figures 2 and 3, neu-
trophils from 90D rats exhibited elevated levels of supe-
roxide and peroxide, which suggest that the impaired
fungicidal capacity detected was derived from a failure
in the phagocytosis stage. Our data are in contrast to Ma-
rin et al. (2010) and Bekesi et al. (2001) who observed
that testosterone at 10 nM and 0.1 uM concentrations,
were able to inhibit superoxide production [40]. This dis-
crepancy may be due to methodological differences. In
our study, superoxide production was evaluated after pha-
gocytosis of opsonized zymosan and peroxide production
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by neutrophils without additional treatment with testos-
terone. On the other hand, Marin et al. (2010) used hu-
man neutrophils with additional in vitro treatment with
testosterone for 24 h. Bekesi et al. (2001), used mixed
human neutrophils (male and females), with a high dis-
crepancy of age (22 - 72 years), without testing the effect
of physiological low levels of sex hormones [40]. We
also believe that our findings in 90D rats could be com-
pared to the control group found in each of the men-
tioned papers, although, we are unable to compare our
results from rats aged 60D since the neutrophils from
control groups in both articles [39,40], were derived
from humans at mature age, where testosterone levels are
found already at high concentrations. Despite the differ-
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ences in superoxide production, our data concerning ni-
tric oxide production are in agreement to Marin’s paper,
where they showed additional effect of testosterone in
nitric oxide production by neutrophils from young men.
Neutrophils from 90D rats produce significantly more
TNF-a, IL-6 and IL-10 than neutrophils from 60D rats.
Data available in the scientific literature, related to the
effect of testosterone in cytokine production from im-
mune cells are very limited and controversial. Giron-
Gonzalez et al. (2000) studying the effect of sex hor-
mones in cytokine production from male lymphocytes,
observed low levels of 1L-10 when compared to female
counterparts [9]. In contrast, Bouman et al. (2004) found
no differences in the percentages of IL-10-positive lym-
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phocytes between sexes. Measurements of monocytes
stimulated with LPS [10] revealed an increase in the
percentage of TNF-a positive cells in males when com-
pared with females. In a recent study, Posma et al. (2004)
investigating whether testosterone may be responsible
for the differences in the production of cytokines, did not
observe influence of this hormone on the production of
TNF-a by monocytes [11]. Similar observation was
made by Janele et al. (2006), showing no differences in
IL-10 and TNF-o production by human leukocytes
treated with testosterone [12]. Above all, we have not
been able to track studies analyzing specifically the ef-
fect of physiological concentrations of the testosterone
on the production of cytokines by neutrophils.

In the attempt to understand why neutrophils from
90D rats present a decrease in fungicidal capacity, we
examined the expression of NADPH-oxidase compo-
nents (gp91°"™, p47°"™ p22°"* and Rac2) by Real-Time
PCR. We did not detect any significant difference after
sexual maturation of the animals. Our results are also in
accordance with Sumi et al. (2003), when working with
human monocytic cells, demonstrated a lack of inhibition
of NADPH oxidase activity by testosterone, suggesting
again that the impairment seen in fungicidal capacity
may be due to the inability of these cells to phagocyte
properly [41].

In conclusion, results presented herein establish an
immunomodulation effect for the hormone testosterone
in neutrophils. Furthermore, it also suggests that the im-
munosuppressant induced by testosterone is, in part, due
to a dysfunction in the phagocytic capacity of neutrophils,
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which may lead to an impairment of the destruction
process of fungi (i.e. fungicidal capacity). Further studies
may be needed to better understand the effects of physi-
ological concentrations of testosterone in the phagocyto-
sis by neutrophils, in particular, focusing on the molecu-
lar mechanisms controlling phagocytosis.
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