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ABSTRACT

The immune-suppressive role of sex steroids in mammals is well documented, but information on other verte-
brates is limited. The present study was planned to analyze the effect of testosterone and progesterone in the
modulation of immune functions of leucocytes in a reptile, Natrix piscator. Reptiles are unique organisms and this
study is novel in that it provides an insight into immune-reproductive cross-talk in a reptile. Leucocytes were
isolated from peripheral blood, cultured with different concentrations of testosterone and progesterone and
different immune parameters like phagocytosis, superoxide production, and nitrite release were assessed.
Lymphocytes were isolated and cell-mediated immunity was assessed through proliferation responses utilizing
tetrazolium salt. Concentration-dependent suppressive effects of both the steroids on immune responses were
observed. A differential suppressive effect of testosterone was also observed when a lymphocyte proliferation
assay was studied. Using receptor antagonists such as cyproterone acetate and mifepristone restored the immune
responses of cultured cells. It was summarized that gonadal steroids mediate a direct suppressive effect on innate
and cell-mediated immune responses of blood immune cells. It was concluded that when gonadal steroids are

high in reproductive seasons, the immune functions are suppressed to gain optimum reproductive success.

1. Introduction

Sexual differentiation in immune function is well documented in
mammals, where males are generally considered more prone to in-
fections than females (Zuk and McKean, 1996). Sex steroids are deemed
responsible for sexual dimorphism in mammals. However, the role of sex
steroids in reptilian leucocyte immune alterations is yet to be known.
Sex and age-dependent nematode infection in reptiles have been re-
ported (Brown and Symondson, 2014). The endocrine system co-
ordinates with the immune system to gain an optimum response. The
differential pattern of innate and adaptive immunity between males and
females is attributed to sex steroids such as testosterone, estradiol,
progesterone, and glucocorticoids. It is also assumed that the intensity
and longevity of immune responses are affected by the specific type of
immune cells and their number. Therefore, the influence of sex steroids
on the particular immune cell type will determine the overall response of
the animal (Bereshchenko et al., 2018). Steroid hormonal control of
immune responses affects the differentiation of immune cells into a
specialized cell type which decides the kind of immune response
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manifested (Olsen and Kovacs, 1996).

Gonadal steroids are crucial for reproductive success. However,
these steroids are associated with other physiological processes such as
immunity. Sex steroids are considered anti-inflammatory (Straub, 2007;
Gilliver, 2010). Some experiments have revealed that physiological
levels of male sex steroids suppress while female steroids elevate im-
mune responses (Grossman, 1984, 1985). Estradiol exerts its action via
the activation of nuclear receptors that regulate gene expression, which
is involved in the alteration of immune functions (Hewitt et al., 2016).
Estradiol receptors have been identified in various immune cells,
including leucocytes, dendrite cells, and macrophages (Klein and Fla-
nagan, 2016). Similarly, androgens generally inhibit immune cells by
activating nuclear receptors (Ariga et al., 1989; Chang et al., 1988; Olsen
and Kovacs, 1996). Nitric oxide (NO) is an essential toxic defense
molecule produced by many immune cells. Savita and Rai (1998) have
reported that nitric oxide production declines after dihydrotestosterone
administration, but Flynn (1986) found no significant change in cyto-
kine production after in vivo treatment with testosterone. The immune
system, consisting of various cells, responds to invading pathogens and
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eliminates them to maintain homeostasis. There are reports of differ-
ential immune activity in males and females which is attributed to
gonadal steroids (Klein and Flanagan, 2016; Ortona et al., 2016). In
non-mammals, information on this subject is poor. In reptiles, males
exhibit reduced macrophage activity, which is attributed to the presence
of androgens (Mondal and Rai, 1999). The reptilian innate immune re-
sponses are more diverse and robust (Rios and Zimmerman, 2015;
Quesada et al., 2019). Functional characteristics of reptilian leucocytes
have been deciphered in snakes (de Carvalho et al., 2017), where the
authors have reported the involvement of chemokines in leucocyte
migration. Studies on gonadal steroid-mediated alteration of leucocyte
immune responses in reptiles are missing. The understanding of immune
function across the vertebrate taxa and its modulation by sex steroids
will be greatly enhanced by widening the systematic studies among
different groups of animals. Studies on reptiles are essential from the
comparative point of view as reptiles are significant animals from which
evolution occurred and led to birds and mammals. The keelback fresh-
water ophidian Natrix piscator is a seasonal breeder, and in seasonal
breeders, reproductive steroids appear to modulate immune surveil-
lance during a particular time of year (Tripathi and Singh, 2014). Un-
derstanding the cross-talk between immune-endocrine interactions in
non-mammals is vital to reveal the regulation of defense responses.
There is a report that the cytotoxic and phagocytic activities of macro-
phages are altered by sex steroids in the wall lizard Hemidactylus flavi-
viridis (Mondal and Rai, 1999). Looking at the available literature on
mammals (Fargallo et al., 2007; Pap et al., 2010) and some studies in
lacertilians (Mondal and Rai, 1999), we hypothesized that leucocyte
immune responses in N. piscator may be modulated by gonadal steroids.
To evaluate our hypothesis, we performed this study to assess the role of
testosterone and progesterone in the modulation of leucocyte immune
responses in N. piscator.

2. Materials and methods
2.1. Animals

Six animals were collected from the ponds and ditches situated near
the city of Varanasi, India (28° 18'N; 83° 01/E). Male snakes were
fetched from April to May when they were not active reproductively
(Haldar and Pandey, 1989). Animals were kept in a laboratory experi-
encing natural conditions (temperature 25-35 °C; photoperiod
12-13.50 h; humidity 40-45%). Small fishes were available for feeding
ad libitum and animals were acclimated for 14 days. All the guidelines
recommended by the Committee for Control and Supervision of Exper-
iments on Animals (CPCSEA), Government of India, were strictly
adhered to.

2.2. Isolation of leucocytes

After acclimation, about 2 ml of blood was immediately isolated
from mildly anaesthetized animals through cardiocentesis in heparin-
ized tubes. The leucocytes were separated from whole blood utilizing the
method described elsewhere (Keller et al., 2005). In short, the blood was
centrifuged (42xg) and the leucocytes were segregated from the buffy
by slowly rotating the tube. The cells were again centrifuged (200xg),
the plasma was rejected and 1 ml of culture medium (RPMI 1640) was
mixed into the cell pellet. The culture medium was previously supple-
mented with 10 pl ml™! of 200 mM L-glutamine, 1 pl ml~! of Genta-
mycin, 10 pl m1~! anti-anti (Gibco) and 5% FBS. The purity and viability
of the cells were verified by microscopic examination and the trypan
blue exclusion test, respectively. The experiment was continued when
viability exceeded 95%. To maintain consistency, all the experiments
were carried out by one person.
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2.3. Respiratory burst activity and superoxide anion production

Nitroblue tetrazolium (NBT) reduction test is an assessment of the
activation of oxidative burst, which has a highly reactive microbicidal
effect (Bagasra et al., 1988) in response to antigenic stimulation. In the
absence of antigenic stimulation, the NBT reduction test indirectly
measures the intracellular hexosemonophosphate shunt activity (Park
et al., 1968). Nitroblue tetrazolium salt, purchased from Sigma Chem-
icals, USA, is a yellow-colored dye that is bioreduced to NBT-diformazan
by superoxide. Superoxide anion production was measured by the NBT
assay following the method of Berger and Slapnickova (2003). Isolated
leucocytes were counted and maintained in a culture medium. Cell
suspensions (50 pl) containing 1 x 10° cells were incubated for 4 h in
wells of culture plates with equal volumes of different concentrations of
testosterone and progesterone (10, 100, and 1000 ng ml™}) in a hu-
midified CO, atmosphere at 25° C. The in vitro concentrations of
testosterone and progesterone were chosen based on the literature
available (Vainikka et al., 2005; Aguila et al., 2013; Tripathi and Singh,
2014) and a pilot experiment. The stock solutions of the steroids were
made in dimethyl sulfoxide (DMSO) (1 mg ml~ 1Y) and further dilutions
were made in RPMI. After incubation, 50 pl of culture medium con-
taining NBT (1 mg ml™!) was added to each well. Plates were again
incubated for 2 h, centrifuged, washed and fixed. To dissolve the
NBT-diformazan crystals, 2M KOH (120 pl) and DMSO (140 pl) were
added and the absorbance was read at 620 nm with the help of a
microplate reader.

2.4. Nitrite assay

Nitric oxide is an important effector molecule implicated in the
cytotoxic activity of immune cells. Production of NO facilitates cytotoxic
and bactericidal activities of immune cells (Shreshtha et al., 2018). The
amino acid L-arginine and the enzyme nitric oxide synthase (NOS) are
involved in the formation of NO. Because NO is a very unstable mole-
cule, it decomposes quickly to nitrite (NO2') and nitrate (NO3), which
are known as reactive nitrogen intermediates (RNI) (Jorens et al., 1995).
RNI and NO have beneficial effects in immune functions (Delledonne
et al., 2003). The method employed by Ding et al. (1988) was used to
perform this assay. In the culture plates, leucocytes (1 x 105 cells) were
seeded with different concentrations of testosterone and progesterone
(10, 100, and 1000 ng ml™Y) and incubated at 25 °C for 24 h in an
incubator with a 5% CO supply. Separate wells containing leucocytes
and sex steroids were added with cyproterone acetate (testosterone re-
ceptor antagonist) and mifepristone (progesterone receptor antagonist).
After 24 h, the plates were centrifuged and the supernatant was sepa-
rately mixed with an equal amount of Griess reagent. The Griess reagent
was prepared by dissolving 1% sulfanilamide in 3N HCl and 0.1%
naphthylenediaminedihydrochloride in distilled water. The absorbance
of the pink solution was read at 540 nm with the help of a microplate
reader.

2.5. Lymphocyte proliferation assay

Tetrazolium salt, mitogens such as Concanavalin A (Con A), Phyto-
hemagglutinin (PHA), and Lipopolysaccharide (LPS), and other chem-
icals were procured from Sigma Chemicals, USA. The proliferation of the
lymphocyte is a crucial marker of the cell-mediated immune response.
Lymphocyte proliferation was assayed through the non-radioactive
method developed by Berridge et al. (2005), which involves the use of
tetrazolium salt (MTT). Tetrazolium salts are bio-reduced into a colored
formazan product by the mitochondrial dehydrogenase of metabolically
active cells. The quantity of formazan product as measured by the
amount of absorbance at 570 nm light is directly proportional to the
number of living cells in culture (Cory et al., 1991). The lymphocyte
separation gradient HiSep by the density of 1.077 g ml~! was used to
segregate the blood lymphocytes. The blood was layered over the Hisep
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and centrifuged (400xg) for 30 min. The lymphocyte ring was formed
after centrifugation, cautiously separated, washed, and counted and
viability was verified. Basal proliferation was studied by seeding 1 x 10°
lymphocytes in the wells of the culture plate. Mitogen-activated prolif-
eration was assessed using T-cell mitogens Con A (10 pg ml~1), PHA(10
pg ml™1), and B-cell mitogen LPS (20 pg ml™!). Lymphocytes were
cultured with different concentrations of mitogens for 48 h in an incu-
bator having a 5% CO; supply. The effects of sex steroids was analyzed
by adding different concentrations of testosterone and progesterone (10,
100, and 1000 ng ml~?) into separate wells which had lymphocytes with
and without mitogens. After incubation for 48 h, 20 pl of MTT reagent
(5mg ml ™) was added to each well and incubation was further followed
for 4 h. Culture plates were then centrifuged and the supernatant was
discarded. To dissolve the formazan crystals present inside the cell, 100
pl of DMSO was added and the absorbance of the violet color solution
was read at 570 nm with the help of a microplate plate reader.

2.6. Phagocytic assay

Phagocytosis is a conserved innate immune response found in ver-
tebrates. Neutrophil phagocytosis was done utilizing the yeast cells
Saccharomyces cerevisae. The suspension of the heat-killed yeast cells
was prepared, and the suspension was mixed with an equal amount of
whole blood. Phagocytosis was allowed for 60 min and a thin smear was
drawn on a clean glass slide. The slides were stained with Giemsa stain
after drying and examined under a microscope. A total of 100 neutro-
phils were counted and the percentage of phagocytosis and the phago-
cytic index were calculated. The phagocytic index was determined by
calculating the average number of yeast cells engulfed by a single cell.
The percent phagocytosis was calculated by dividing the number of cells
showing phagocytosis by 100.

2.7. Statistical analysis

Each experiment was performed three times with six animals to
ensure reproducibility. The data is given as mean + SEM. The data was
tested for normality and equality of variance. Data were analyzed by
generalized linear model procedure and Analysis of Variance (ANOVA)
using SPSS 16.0. Post hoc differences were determined by the Tukey-
HSD test. Differences were considered significant when p < 0.05. Post
hoc comparisons were also made using the Bonferroni corrections to
adjust the P values.
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Fig. 1. Effect of different concentrations of testosterone on superoxide pro-
duction by leucocytes in Natrix piscator. The error bars having different letters
differ significantly (Newman-Keul’s multiple-range test, F329 7.117, P
< 0.01).
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3. Results

Testosterone and progesterone significantly inhibited the superoxide
production by blood leucocyte (Figs. 1 and 2). In vitro testosterone
inhibited nitrite release by blood leucocytes, but there was no
concentration-dependent suppressive effect. Furthermore, the use of a
testosterone receptor antagonist (cyproterone acetate) alleviated the
suppressive impact and resulted in nitric oxide production comparable
to the control (Fig. 3). We did not find the inhibition of nitrite release by
leucocytes when 10 and 100 ng ml~! progesterone were used. The
suppressive effect on nitrite release was visible at 1000 ng ml~! pro-
gesterone, and the use of mifepristone (progesterone receptor antago-
nist) resulted in the mitigation of the suppressive effect (Fig. 4).
Differential suppressive-effects of steroids were observed on lymphocyte
proliferation. Basal and mitogen-activated proliferation was suppressed
by testosterone at 100 and 1000 ng ml~! concentrations (Fig. 5). Similar
results were obtained when progesterone was mixed in cultures. Basal,
as well as mitogen-stimulated proliferation were effectively suppressed
at 100 and 1000 ng ml1~! concentration (Fig. 6). Testosterone suppressed
the neutrophil percentage phagocytosis in a dose-dependent manner
where 100 and 1000 ng ml™! concentrations were more effective. The
phagocytic index showed phase-wise suppression, where 100 ng ml~!
concentration was moderately suppressed while 1000 ng ml~! concen-
tration maximally suppressed the phagocytic index (Fig. 7). Progester-
one also suppressed the percentage phagocytic of neutrophils at 100 and
1000 ng ml~! concentrations, but the phagocytic index was suppressed
only at 1000 ng ml~! concentration (Fig. 8).

4. Discussion

Many studies have demonstrated the presence of the steroid re-
ceptors on immune cells (Nilsson et al., 2001; Kushner et al., 2000;
Biswas et al., 2005), which indicates that the immune cell responses are
modulated by these hormones. The cells of innate immunity like neu-
trophils, macrophages, and dendrite cells are modulated by sex steroids
(Lai et al., 2012; Klein and Flanagan, 2016). Sex-related disparities in
immune status in non-mammals are limited. As far as reptiles are con-
cerned, a few studies demonstrate the modulation of immune functions
after in vivo treatment of testosterone (Saad et al., 1990). Reduction in
the number of lymphocytes in the thymus and spleen has also been re-
ported in Mauremys caspica following sex steroid administration (Varas
et al.,, 1991, 1992). In our earlier study, testosterone differentially sup-
presses the immune functions of splenic macrophages in N. piscator
(Tripathi and Singh, 2014). In the present study, testosterone signifi-
cantly suppressed the production of superoxide anion by peripheral
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Fig. 2. Effect of different concentrations of progesterone on superoxide pro-
duction by leucocytes in Natrix piscator. The error bars having different letters
differ significantly (Newman-Keul’s multiple-range test, F35y = 68.396, P
< 0.001).
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Fig. 3. Nitrite release by leucocytes was suppressed when testosterone was
administered in the cultures. Treatment with testosterone receptor antagonist
cyproterone acetate (CPA, 100 ng ml~?) resulted in the mitigation of suppres-

sive effect. The error bars having similar letters do not differ significantly
(Newman-Keul’s multiple-range test, F5 49 = 3.827, P < 0.01).
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Fig. 4. Progesterone suppresses the nitrite release by leucocytes, however,
when progesterone receptor antagonist mifepristone (MF, 100 ng ml™') was
used, the nitrite release was comparable to control cultures. The error bars
having similar letters do not differ significantly (Newman-Keul’s multiple-range
test, F7 40 = 3.729, P < 0.01).
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Fig. 5. Effect of different concentrations of testosterone (T 10 to 1000 -
Testosterone 10-1000 ng ml™ 1) on basal and mitogen (ConA: Concanavalin A;
PHA: Phytohemagglutinin; and LPS: Lypopolysaccharaide) induced lymphocyte
proliferation in Natrix piscator. The error bars having different letters differ
significantly (Newman-Keul’s multiple-range test, F;5 g = 8.262, P < 0.001).

blood leucocytes of N. piscator. Direct suppressive effects of testosterone
may be possible because immune cells like natural killer cells, dendrite
cells, and lymphocytes express gonadal steroid receptors, which lead to
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Fig. 6. Effect of different concentrations of progesterone (P 10 to 1000 - Pro-
gesterone 10-1000 ng ml~') on basal and mitogen (ConA: Concanavalin A;
PHA: Phytohemagglutinin; and LPS: Lypopolysaccharaide) induced lymphocyte
proliferation in Natrix piscator. The error bars having different letters differ
significantly (Newman-Keul’s multiple-range test, F;5gp = 8.262, P < 0.001).
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Fig. 7. Effect of different concentrations of testosterone on leucocyte percent-
age phagocytosis (F3 3 = 30.161, P < 0.001) and phagocytic index (F3 3 =
14.046, P < 0.001) in the fresh water snake, Natrix piscator. The error bars
having the same superscript do not differ significantly (Newman-Keul's
multiple-range test, p < 0.05).
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Fig. 8. Effect of different concentrations of progesterone on leucocyte per-
centage phagocytosis (F3 290 = 25.081, P < 0.001) and phagocytic index (Fs 20 =
11.706, P < 0.001) in the fresh water snake, Natrix piscator. The error bars
having the same superscript do not differ significantly (Newman-Keul’s
multiple-range test, p < 0.05).

alteration in the immune responses (Teilmann et al., 2006).
Progesterone-mediated immune alterations can be explained based on
results available in mammals as the immune cells treated with proges-
terone, secrete a lower amount of cytokines when compared to
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untreated cells (Butts et al., 2007; Jones et al., 2010). Interestingly, the
biphasic suppressive role of gonadal steroid in lizard splenic macro-
phage superoxide production has previously been reported (Mondal and
Rai, 1999).

The production of nitric oxide was reduced in the cultures treated
with either steroid. However, the production of nitric oxide by leuco-
cytes was comparable to control cultures when steroid receptor antag-
onists such as cyproterone acetate and mifepristone were used along
with testosterone and progesterone, respectively. The use of receptor
antagonists and the notion that sex steroids alter immune functions via
binding and activating the intracellular receptors in immune cells go
parallel with the observation of Messingham et al. (2001). The results of
the present study were also found in the lizard, Hemidactylus flaviviridis
where authors found a dose and time-dependent reduction in nitrite
release by splenic macrophages (Mondal and Rai, 2002). Research from
the same laboratory also demonstrated that in vitro treatment of sex
steroids noticeably reduced the nitrite release from LPS-activated mac-
rophages in a dose and time-dependent manner in mice (Savita and Rai,
1998). Our study has revealed diminished lymphocyte proliferation
after in vitro treatment of lymphocytes with testosterone and proges-
terone. Contradicting results were found in mammals as thymic cells
were elevated after testosterone treatment (Fitzpatrick et al., 1991;
Olsen et al., 2001). In N. piscator, T-cell mitogen-activated splenocyte
proliferation was suppressed after testosterone treatment (Tripathi and
Singh, 2014). In parallel to our previous study, both T and B cell
mitogen-stimulated lymphocyte proliferation were suppressed in the
present study after treatment of lymphocytes with both the steroids. The
postulated mechanism of steroid action in the present study may be
understood in light of observations in mammals where increased pro-
liferation and/or decreased apoptosis are the reasons for thymic
enlargement in rats (Lai et al., 2012). It has been suggested that sex
steroids alter immune functions in two ways. First, the gonadal steroids
suppress lymphocyte proliferation; second, lymphocyte responses are
altered (Lai et al., 2012). Neutrophil phagocytosis is an important
mechanism for combating foreign invaders. A literature survey has
revealed that phagocytosis by neutrophils and macrophages is often
higher in females than in males (Spitzer, 1999). Sex-specific phagocyte
functions of astrocytes have recently been investigated (Castrillo et al.,
2020). We have found that testosterone and progesterone suppress the
neutrophil phagocyte function in a concentration-dependent manner,
where 1000 ng ml~! concentration of both the steroids was effective
maximally in phagocytosis inhibition. Literature available suggests that
in lizards and snakes, testosterone effectively suppresses the phagocytic
functions of macrophages (Mondal and Rai, 1999, 2002; Tripathi and
Singh, 2014). The investigation related to immune regulation by
gonadal steroids is always fascinating, especially in non-mammals. The
energy trade-off is a crucial physiological adaptation in reptiles where
the energy is partitioned among different physiological processes (Smith
and French, 2017). To cope with the infection in annual breeders,
mounting immune responses need considerable energy that could be
otherwise allocated to other important processes such as growth,
reproduction, etc. Gonadal steroids present a physiological mechanism
by reducing the immune responses and thus diverting the energy re-
sources towards reproduction for the successful perpetuation of the
species, provided the seasonal immune stressors are low.
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