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David Roberto Chavira-Ramı́rez2 and Martha Legorreta-Herrera1*

1 Laboratorio de Inmunologı́a Molecular, Unidad de Investigación Quı́mica Computacional, Sı́ntesis y Farmacologı́a en
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Malaria is the leading cause of parasitic infection-related death globally. Additionally,
malaria-associated mortality is higher in men than in women, and this sexual dimorphism
reflects differences in innate and adaptive immune responses that are influenced by sex
hormones. Normally, females develop more robust immune responses against parasites
than males. However, most clinical and laboratory studies related to the immune response
to malaria do not consider sex as a variable, and relatively few studies have compared the
sex-dependent role of 17b-estradiol in this process. In this study, we decreased in vivo the
levels of 17b-estradiol by gonadectomy or administered 17b-estradiol to intact or
gonadectomized male and female CBA/Ca mice infected with Plasmodium berghei
ANKA. Subsequently, we assessed the effects of 17b-estradiol on parasite load; the
percentages of different immune cells in the spleen; the plasma levels of antibodies and
pro- and anti-inflammatory cytokines; and the mRNA expression levels of cytokine-
encoding genes in the brain. The results showed that the administration of 17b-
estradiol increased parasitemia and decreased body weight in intact female mice.
Moreover, intact females exhibited higher levels of CD8+ T cells and lower levels of
NK1.1+ cells than their male counterparts under the same condition. Gonadectomy
increased IFN-g and decreased TNF-a concentrations only in intact female mice.
Additionally, IL-10 levels were higher in intact females than in their male counterparts.
Finally, the mRNA expression levels of cytokines coding genes in the brain showed a
dimorphic pattern, i.e., gonadectomy upregulated Tnf, Il1b, and Il10 expression in males
but not in females. Our findings explain the sexual dimorphism in the immune response to
malaria, at least in part, and suggest potential sex-dependent implications for the efficacy
of vaccines or drugs targeting malaria.
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INTRODUCTION

Malaria is the leading cause of parasitic disease-related mortality
worldwide (1). A marked sexual dimorphism is characteristic in
malaria; males develop more severe symptoms and exhibit higher
mortality rates than females (2, 3). However, sex is rarely
recognized as a variable in both human clinical studies and
experimental malaria models; therefore, differences between
male and female responses are rarely reported. Since sex
hormones are responsible for the most critical differences
between sexes, the higher rate of male mortality suggests
female hormones exert a protective effect against Plasmodium,
the malaria parasite (4). Accordingly, 17b-estradiol receptors
(ERa and ERb) are expressed in the immune response cells such
as T cells, B cells (CD19+), dendritic cells, macrophages, and
natural killer (NK1.1+) cells (5). All these cells are involved in
Plasmodium elimination suggesting that 17b-estradiol
modulates immunocompetence.

17b-estradiol participates in the development and
maturation of immune cells and diverse signaling pathways
of the innate and adaptive immune responses (5). ERs are
transcription factors that form complexes at gene-regulatory
elements and promote epigenetic modifications and gene
transcription (6). They can also activate steroid signaling in
the membrane through the G protein-coupled ER, inducing
rapid responses (7). Consequently, 17b-estradiol modulates
different signaling pathways in B cells, T cells, dendritic cells,
NK cells and macrophages (8–11).

The research about the participation of 17b-estradiol in malaria
immune response has driven to controversial conclusions. Benten
et al. documented that 17b-estradiol suppresses the development
of immunity to Plasmodium chabaudi in C57BL/10 mice.
However, the administration of 17b-estradiol to immune mice
does not modify parasitemia (12). In contrast, Libonati et al.
informed that 17b-estradiol decreases parasitemia but increases
cerebral malaria development in CBA/Ca female mice infected
with Plasmodium berghei ANKA (13). On the other hand, Klein
et al. showed that 17b-estradiol increases IL-10 and INF-g levels
and promotes the production of IgG1 in C57Bl/6 femalemice (14).
The results of studies related to the effects of 17b-estradiol in the
immune response to malaria-infected individuals have been
inconsistent, and the sex-dependent effects of 17b-estradiol
remain poorly understood. In this study, we analyzed the role of
17b-estradiol in the sexual dimorphism of the immune response
against Plasmodium. For this, we either decreased the level of this
steroid by gonadectomy or administered it to intact or castrated
male or female CBA/Ca mice. Then, we infected all mice with the
lethal Plasmodium berghei ANKA [this host-parasite combination
constitutes the gold model for cerebral malaria and resembles the
infection with the lethal Plasmodium falciparum in humans (15)].
We analyzed the effects on parasite load; the percentages of
immune response cells in the spleen; the plasma levels of
antibodies; and pro- and anti-inflammatory cytokines. Finally,
because the main malaria complication that drives death is
cerebral malaria, we analyzed the mRNA expression levels of
cytokine-encoding genes in the brain.
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MATERIALS AND METHODS

Mice, Parasites, and Infection
CBA/Ca mice were a generous gift from Dr. William Jarra
(National Institute for Medical Research, London, UK). The
mice were raised, fed, and maintained in a controlled
atmosphere (filtered air, autoclaved drinking water, food, bed
and jails; regulated 12-hour cycles of light and dark; three
physical barriers before access to experimental mice, and
periodically tested against specific pathogens) at the animal
housing facilities of FES Zaragoza, Universidad Nacional
Autónoma de México. All animal procedures were approved
by the Institutional Care and Animal Use Committee of the
University. Mice were euthanized by cervical dislocation after
anesthesia with 5% sevoflurane (Abbot, Mexico City, México).

Plasmodium berghei ANKA parasites were a generous gift
from Dr. William Jarra. The parasites were cryopreserved under
liquid nitrogen. For parasite activation, one vial was thawed and
immediately injected into one four-week-old mouse. When
parasitemia attained 20%, parasitized blood was extracted in
PBS/heparin. Total erythrocyte count was assessed in a Neubauer
chamber and the percentage of parasitized red blood cells was
evaluated microscopically in Giemsa stained blood smears. To
prepare the inoculum, blood was diluted with PBS to obtain
1×104 Plasmodium berghei ANKA-parasitized erythrocytes/mL.
Then, 100 µL of such inoculum were injected in the caudal vein
to each mouse. We used this route to be sure all inoculated
parasites were in blood at the same time.

Orchiectomy and Ovariectomy
Orchidectomy was performed as we previously described (16).
Four- week-old CBA/Ca male mice were anaesthetized by using a
mixture of Ketamine: Xylazine ((80 mg/Kg: 8mg/Kg) (Phoenix
Pharmaceutical Inc., St. Joseph, MO, USA). The scrotal fur was
eliminated, and then scrotal incisions were made under aseptic
conditions. Testes and epididymis were removed by
electrocauterization, and incisions were sutured. For mice
recovery, they were used after 4 weeks after surgery.

Ovariectomy. Four-week-old female mice were anaesthetized,
and incisions were made in the lower abdomens under aseptic
conditions. The ovaries were removed, and the abdominal
muscle-wall incisions were sutured. Male and female mice were
used 4 weeks after surgery.

17b-Estradiol Administration and
Parasitemia
Male or female mice were subcutaneously injected with 545 µg of
17b-estradiol/kg of body weight (approximately 12 µg/mouse) in
50 µL of sesame oil (vehicle) twice a week for three weeks as
previously described by Benten et al. (12). By using this 17b-
estradiol concentration, we have previously showed 17b-
estradiol effects on oxidative stress (17).

Parasitemia was evaluated in methanol-fixed, Giemsa-stained
(Sigma-Aldrich, St. Louis, MO, USA) blood smears. The parasite
load was quantified under a 100× oil immersion objective lens
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using a Carl Zeiss Standard 20 microscope (Carl Zeiss Ltd,
Welwyn Garden City, UK). The number of parasitized red
blood cells was evaluated in 50 fields. The parasitemia in each
group was presented as the mean of parasitized erythrocytes ±
SEM. The experiment was repeated twice per group (n= 10).

Change in Body Mass
Mice were weighed daily from day 0 to day 8 post-infection using
a semi-analytical weighing scale (Ohaus Parsippany, NJ, USA).
The change in body mass was calculated as the percentage
relative to day 0 (0%) in each group; the data are presented as
means ± SEM.

Body Temperature
Body temperature was measured daily at the same hour from day
0 to day 8 post-infection using an infrared thermometer
(Thermofocus, 01500A/H1N1, Vedano Olana-Varese, Italy).
The body temperature on day 0 was considered 0%; the body
% temperature change was calculated as the percentage relative
to day 0.

Hemoglobin (Hb) Concentration
A small cut of the mice tail was made using a surgery cutter, then 2
µLof bloodwere collected using amicropipette. The excess of blood
on the tip was carefully eliminated with tissue paper. Blood was
immediately mixed with 498 µL of Drabkin’s reagent (Sigma-
Aldrich). The optical density in this mixture was recorded at 540
nm by using a microplate reader (Multiskan GO, Termo Fisher
Scientific, Inc, Waltham, MA, USA). The Hb concentration was
calculated by using a commercial Hb standard (Sigma-Aldrich).

Cytokine Quantification
Gonadectomized or intact male and female mice treated with 17b-
estradiol were infected with P. berghei ANKA. On day 8 post-
infection, mice were sacrificed by cervical dislocation. Blood from
the heart was extracted and immediately transferred into
heparinized tubes and centrifuged at 2000×g for 15 min. Plasma
was separated and frozen at -70°C until use. The concentration of
the cytokines IFN-g, TNF-a, IL-2, IL-4, IL-5, IL-6, IL-10 and IL-17a
werequantifiedusinga cytometric beadarray (BDMouseTh1/Th2/
Th17 cytokine CBA Kit Biosciences-Pharmingen, Heidelberg,
Germany) according to the manufacturer’s protocol, except that
the assay was performed inmicrotubes. The standard curve started
at 0.625 pg/mL. The sensitivity attained was 0.9 ± 0.05 pg/mL, and
the inter-assay variation was 5%.

Antibody Quantification
Plasmodium berghei ANKA-specific antibodies were quantified
using a previously described method (18). Briefly, plates were
incubated overnight at 4°C with 10 µg/mL P. berghei antigen in
carbonate buffer. The plates were then blocked using 3%
skimmed milk in PBS for 2 h at 37°C, and incubated with 100
µL of 1:20 diluted plasma in PBS containing 0.02%milk for 1 h at
37°C, and then with a biotin-conjugated anti-mouse IgG or IgM
monoclonal antibody (Zyme, San Francisco, CA, USA) diluted in
PBS containing 0.02% skimmed milk and 0.05% Tween 20.
Subsequently, the plates were incubated with streptavidin-
Frontiers in Endocrinology | www.frontiersin.org 3
horseradish peroxidase, and the stained was developed with 0.4
mg/mL O-phenylenediamine (Sigma-Aldrich) in citrate buffer
(pH 5.0) with 0.03% hydrogen peroxide for 20 min. Absorbance
was measured at 492 nm with a microplate reader (Multiskan
GO, Termo Fisher Scientific, Inc.). Because no standard of
known concentration was available for IgG or IgM, the results
were expressed as OD 450 nm values and compared to an
internal standard of normal CBA mouse plasma obtained from
eight-week-old naive female or male mice. This internal standard
provided a background value of nonspecific responsiveness to
the lysate used.

Quantification of Cell Subpopulations
in the Spleen
The expression of cell surface markers was assessed by multicolor
flow cytometry as previously described (16). Briefly, on day 8
post infection, mice were sacrificed, and their spleens were
removed and pushed through a nylon mesh. Red blood cells
were eliminated using lysis buffer (phosphate-buffered saline
(0.15 M NH4Cl, IM KHCO3, 0.1 mM Na2EDTA, pH 7.2). The
splenic cells were washed with PBS and stained with pre-
calibrated dilutions of the following mouse-specific antibodies
were used: FITC-conjugated anti-CD3, APC-conjugated CD4,
PE-conjugated anti-CD8, APC-conjugated anti-CD19, biotin-
conjugated anti-NK1.1, and PE-anti-Mac3 PE-conjugated
streptavidin was used for biotin detection. All the antibodies
were purchased from BioLegend (San Diego, CA, USA). Stained
cells were quantified using a FACSAria II flow cytometer, and
data were analyzed with FlowJo software.

mRNA Expression of Tnf, IL1b and Il10
in the Brain
The mRNA expression of cytokine-encoding genes was
quantified by qPCR assay as previously described (16). Briefly,
on day 8 post-infection, mRNA was extracted from the brain
using TRIzol (Invitrogen, Carlsbad, CA, USA) followed by
treatment with DNAse I (Invitrogen). To obtain cDNA, 1.5 µg
of RNA was incubated for 1 h at 37°C with 0.5 µg of oligo (dT)
primers (Promega, Madison, WI, USA), 200 U of MMLV-RT
(Invitrogen), 0.5 mM dNTPs (Invitrogen), and 40 U of RNAse
inhibitor. qPCR was performed on an ABI 7500 thermocycler
(Applied Biosystems, Foster City, CA, USA). The following
primers were used: Tnf forward 5’CGG CGT TCT TTG AGA
TCC ATG C[FAM]G-3’, and reverse 5’CGT CGT AGC AAA
CCA CCA AGT G3’; Il10 forward 5’CGG TTC TGG ACA ACA
TAC TGC TAAC [FAM] C3’, reverse 5’TGG ATC ATT TCC
GAT AAG GCT TG3’; Il-1b forward 5’CAA CCA ACA AGT
GAT ATT CTC CAT G3’, reverse 5’GAT CCA CAC TCT CCA
GCT GCA3’; b-actin forward 5’CGG GTC AGG TAG TCT GTC
AGG TCC [JOE] G3’, reverse 5’CTA TGC TCT CCC TCA CGC
CAT C3’. Each reaction contained 1× PCR Master Mix
(Invitrogen), 10 nM of each forward and reverse primers, and
1 µL of cDNA. Standard curves were prepared using serial cDNA
dilutions. The assay was performed in triplicate. mRNA
expression levels were normalized to that of b-actin and
quantified using the 2DDCT method (DDCT analysis, User
Bulletin No.2, ABI Prism 7700 Applied Biosystems).
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Experimental Design
The gonad is the primary sex steroid-synthesizing tissue (19). To
analyze the effect of 17b-estradiol on the sexual dimorphism in
the immune response against P. berghei ANKA, the level of this
steroid was downregulated via gonadectomy in male and female
mice. Additionally, 17b-estradiol was also administered to
groups of both intact or gonadectomized male or female mice.

4-week-old CBA/Ca mice (20 males and 20 females) were used.
Mice were randomly divided into 4 groups for each sex (5 mice in
each group). The first group was administered with vehicle; the
second group was gonadectomized and treated with vehicle; the
third group was treated with 17b-estradiol; and the fourth group
was gonadectomized and treated with 17b-estradiol. Female mice
were organized and treated in the same way. All mice were infected
with Plasmodium berghei ANKA. The day of infection was
considered day zero. Body weight change, temperature, and
hemoglobin concentration were evaluated daily. Parasitemia was
assessed from day 3 to 8 post-infection. On day 8 post-infection, all
mice were sacrificed, and blood, spleen and brain were removed.
Plasma was obtained from the blood and used to quantify cytokine
and antibody levels; the spleen was disaggregated and processed to
quantify cell populations. Finally, RNA was extracted from the
brain analysis of mRNA expression Tnf, Il1b and I110 genes. The
whole study was performed in duplicate in two independent
experiments using 5 mice per group (n = 10).

Statistical Analysis
For data analysis, we evaluated whether data had a normal
distribution by using the Shaphiro-Wilks test (p ≤ 0.05).
Parasitemia, change in body mass, temperature change, and
hemoglobin concentration exhibited a normal distribution.
Therefore, we compared male versus female by using ANOVA
with a 95%confidence interval.However, cell populations, cytokine
concentration, mRNA expression, and antibody levels data did not
exhibit a normal distribution. Therefore, we used Kruskal-Wallis
with a post-hocDunn’s test; with a p ≤ 0.05. Statistical Analysis was
performed in Statgrafics version XVI software (Statgraphics
Technologies, Inc. The Plains, Virginia, USA). All the results are
expressed as means ± SEM of two independent experiments using
five mice in each (n = 10) mice per group.

RESULTS

17b-Estradiol Exerted a Sexually
Dimorphic Effect on Parasitemia, Body
Weight, Temperature, and Hemoglobin
Concentrations in Mice Infected With
P. berghei ANKA
Decreases in body weight, temperature, and hemoglobin
concentrations are the main features of malaria-infected mice. To
assess the role of 17b-estradiol in these variables, wemeasured body
mass, body temperature, and hemoglobin concentrations of the
mice daily. Because P. bergheiANKA is lethal in CBA/Camice and
killsmice fromday 9 to 11 after infection; we halted the experiment
on day 8 post-infection.
Frontiers in Endocrinology | www.frontiersin.org 4
Intact male and female mice exhibited similar parasitemia
during the experiment (Figure 1A). The administration of 17b-
estradiol to intact mice significantly increased parasitemia in
females on day 8 post-infection (Figure 1B). Gonadectomy had a
differential effect, it reduced parasitemia in male mice, while in
females it increased, especially on day 8 post-infection (Figure 1C).
Interestingly, administration of 17b-estradiol to gonadectomized
mice increased parasitemia in males but decreased it in females on
day 6 post-infection (Figure 1D).

On day 0 (infection day), the mean body mass for males was
25.08 g ± 0.36, and for female mice was 21.5 g ± 0.18. Intact male
and female mice exhibited similarities in body mass during the
experiment, except by day 8 post-infection: females significantly
decreased body mass while males increased it (Figure 2A). The
administration of 17b-estradiol to intact mice significantly
increased the body mass in males; while in females, the
opposite was observed, generating a dimorphic pattern during
the experiment (Figure 2B). Gonadectomy decreased the body
mass in males but increased it in females also generating a
dimorphic pattern (Figure 2C). The administration of 17b-
estradiol to gonadectomized mice reduced the differences
between sexes and eliminated the dimorphic pattern (Figure
2D). The above effects are all indicative of sexual dimorphism.

Intact females exhibited a better control in body temperature
than intact males whose temperature showed a high variation
(Figure 3A). The administration of 17b-estradiol to intact mice
increased body temperature in males, eliminating the dimorphic
pattern (Figure 3B). Gonadectomy decreased temperature in
male mice; while in female mice gonadectomy increased it,
particularly during the first 3 days post-infection (Figure 3C).
Finally, the administration of 17b-estradiol to gonadectomized
mice resulted in a significant increase in body temperature only
in males, eliminating the dimorphic pattern (Figure 3D).

Intact female andmale mice exhibited similar Hb concentration
during the experiment (Figure 4A). The administration of 17b-
estradiol to intact mice decreased the Hb concentration in males,
particularly on day 5 post-infection (Figure 4B). Gonadectomy
increased Hb concentrations only in female mice (Figure 4C).
However, gonadectomized female mice treated with 17b-estradiol
exhibited higher Hb levels than males in the same condition
(Figure 4D). These results indicated that the effects of 17b-
estradiol treatment on Hb concentrations were sex-dependent.

The Reduction in 17b-Estradiol Levels in
Gonadectomized Animals Affected the
Percentages of Immune Response-
Related Cells in the Spleen of Mice
Infected With P. berghei ANKA
Because the spleen is the main organ where immune cells
eliminate the Plasmodium parasite (20), we analyzed the effects
of 17b-estradiol treatment on different subpopulations of
immune cells in this organ. Gonadectomy decreased in trend
both CD3+ and CD3+/CD4+ cells in male and female mice.
However, 17b-estradiol treatment restored these populations
only in males. Meanwhile, in intact mice, these subpopulations
were not affected by 17b-estradiol treatment (Figures 5A, B).
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FIGURE 1 | The dimorphic effect of 17b-estradiol on parasitaemia. Intact or gonadectomized male and female mice were treated with 17b-estradiol for three weeks
and then infected with P. berghei ANKA. Parasitemia was evaluated daily from day 3 to 8 post-infection in thin blood smears stained with Giemsa. Intact male and
female mice treated with vehicle (A); intact male and female mice treated with 17b-estradiol (B), Gonadectomized male and female mice treated with vehicle (C), and
Gonadectomized male and gonadectomized female mice treated with17b-estradiol (D). Each point represents the mean ± SEM in each group. Data are
representative of two independent experiments, each using five mice (n = 10). Asterisk indicate significant differences using ANOVA with a significance of <0.05.
A B

DC

FIGURE 2 | The dimorphic effect of 17b-estradiol on body mass change. Intact or gonadectomized male and female mice were treated with 17b-estradiol for three
weeks and then infected with P. berghei ANKA. Mice were weighed daily. The weight on day 0 post-infection was recorded as 0% and the weight in each day was
calculated related to day 0. Intact male and female mice treated with vehicle (A); intact male and female mice treated with 17b-estradiol (B), Gonadectomized male
and female mice treated with vehicle (C), and Gonadectomized male and female mice treated with17b-estradiol (D). Each point represents the mean ± SEM. Each
point represents the mean ± SEM in each group. Data are representative of two independent experiments, each using five mice (n = 10). Asterisk indicate significant
differences using ANOVA with a significance of <0.05.
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FIGURE 3 | The dimorphic effect of 17b-estradiol on temperature change. Intact or gonadectomized male and female mice were treated with 17b-estradiol for three
weeks and then infected with P. berghei ANKA. Body temperature was recorded daily. The temperature on day 0 post-infection was recorded as 0% and the
temperature change in each day was calculated related to day 0. Intact male and female mice treated with vehicle (A); intact male and female mice treated with 17b-
estradiol (B), Gonadectomized male and female mice treated with vehicle (C), and Gonadectomized male and female mice treated with17b-estradiol (D). Each point
represents the mean ± SEM in each group. Data are representative of two independent experiments, each using five mice (n = 10). Asterisk indicate significant
differences using ANOVA with a significance of <0.05. # denotes significant differences between gonadectomized male mice treated with vehicle and
gonadectomized male mice treated with 17b-estradiol.
A B

DC

FIGURE 4 | The dimorphic effect of 17b-estradiol on hemoglobin concentration. Intact or gonadectomized male and female mice were treated with 17b-estradiol for
three weeks and then infected with P. berghei ANKA. Hemoglobin concentration was measured daily. Intact male and female mice treated with vehicle (A); intact
male and female mice treated with 17b-estradiol (B), Gonadectomized male and female mice treated with vehicle (C), and Gonadectomized male and female mice
treated with17b-estradiol (D). Each point represents the mean ± SEM in each group. Data are representative of two independent experiments, each using five mice
(n = 10). Asterisk indicate significant differences using ANOVA with a significance of <0.05. # denotes significant differences between intact female mice treated with
vehicle and gonadectomized female mice treated with vehicle.
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mice. Flow cytometry analysis of indicated immune cell populations in the spleen of intact or
ative dot plots of cytometric analysis, second panel represent the histogram and the graphic
ages (Mac-3+) (E), and natural killer (NK1.1+) cells (F). Each bar represents the mean ± SEM
significant differences between selected groups (p≤ 0.05) calculated using Kruskal-Wallis test
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FIGURE 5 | The effect of 17b-estradiol on immune subpopulations in the spleen of Plasmodium berghei ANKA-infected
gonadectomized male or female mice treated with 17b-estradiol and infected with P. berghei ANKA. First panel represent
represent the percentage of the following cells: CD3+ (A), CD3+/CD4+ (B), CD3+/CD8+ (C), B cells (CD19+) (D), macroph
in each group. Data are representative of two independent experiments, each using five mice (n = 10). Asterisks indicate
with a post -hoc Dunn’s test.
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Both intact females and gonadectomized females exhibited
significantly higher percentages of CD3+/CD8+ cells compared
with intact males and gonadectomized males showing a dimorphic
pattern. The administration of 17b-estradiol to intact male or female
mice did not modify the levels of CD3+/CD8+ cells (Figure 5C).

Gonadectomy reduced the percentage of CD19+ cells in both
sexes; however, 17b-estradiol administration did not restore this
subpopulation in gonadectomized mice. No changes in the
CD19+ cell percentages were observed in 17b-estradiol-treated
intact mice (Figure 5D).

Neither 17b-estradiol administration nor gonadectomy
affected the macrophage (Mac3+) population (Figure 5E).
Finally, intact male mice exhibited higher percentages of
population NK1.1+ cells than intact females, which represented
a sexually dimorphic pattern. Gonadectomy reduced the
percentage of this cell population in both sexes, while 17b-
estradiol treatment reversed this effect only in females (Figure 5F).

17b-Estradiol Differentially Modified
Plasma Cytokine Concentrations
Intact male mice displayed significantly higher levels of IFN-g
than intact females. Gonadectomy significantly increased
IFN-g concentrations in female mice but did not affect IFN-g
concentrations in their male counterparts. Intact male mice
treated with 17b-estradiol displayed higher IFN-g concentrations
than intact female mice in the same condition (Figure 6A). These
data indicated that 17b-estradiol had a sexually dimorphic effect
on IFN-g concentrations.

The TNF-a concentration was in trend higher in intact female
mice than in intact males, gonadectomy significantly decreased
TNF-a levels in in both sexes. 17b-estradiol treatment did not
modify the levels of TNF-a in gonadectomized or intact mice of
either sex (Figure 6B).

Gonadectomy significantly decreased the concentration of IL-
17a only in female mice; however, 17b-estradiol administration
did not alter the levels of IL-17a in gonadectomized mice of
either sex (Figure 6C). On the other hand, a dimorphic pattern
was observed for IL-10, whereby intact male mice exhibited
lower concentrations of this cytokine than intact females, while
gonadectomy significantly decreased IL-10 concentrations only
in female mice. 17b-estradiol treatment did not modify IL-10
levels, either in intact or in gonadectomized mice (Figure 6D).

The concentration of IL-4 was not affected by the
administration of 17b-estradiol to either sex; however 17b-
estradiol administration elicited a sexually dimorphic pattern
for IL-4, in which gonadectomized male mice showed higher
levels of this cytokine than gonadectomized females (Figure 6E).
Finally, IL-6 levels did not respond to 17b-estradiol treatment
either in intact or in gonadectomized mice (Figure 6F).

In P. berghei ANKA-Infected Mice,
Gonadectomy Upregulated Cytokine-
Related mRNA Expression Levels Only in
the Brains of Males
As the infection of CBA/Ca mice with P. berghei ANKA is the
gold standard model for the investigation of cerebral malaria
Frontiers in Endocrinology | www.frontiersin.org 8
(21), we also analyzed mRNA expression levels of Tnf, Il1b, and
Il10 in the brains of male and female mice treated with
17b-estradiol.

Females exhibited lower Tnf mRNA expression than males.
Gonadectomized males exhibited higher Tnf mRNA expression
than gonadectomized females generating a dimorphic pattern;
however, neither gonadectomy nor 17b-estradiol administration
altered the Tnf mRNA expression levels in females (Figure 7A).

Gonadectomy and 17b-estradiol treatment both led to a no
significant increase in the mRNA expression levels of Il1b only in
male mice generating a dimorphic pattern. Moreover, 17b-
estradiol administration to gonadectomized mice significantly
decreased the mRNA expression of this cytokine, but again only
in males (Figure 7B). Finally, for Il10, gonadectomy increased
the mRNA expression of this gene only in male mice generating
once again a dimorphic pattern. However, 17b-estradiol
treatment to gonadectomized male mice restored the original
Il10 mRNA expression levels (Figure 7C).
In Mice Infected With P. berghei ANKA,
Only the Males Showed Reduced Antibody
Levels Following Gonadectomy
17b-estradiol is known to promote antibody production in mice
(22). Therefore, we assessed the effect of 17b-estradiol on IgM
and IgG antibody levels. Neither gonadectomy nor 17b-estradiol
administration modified the IgM concentration. (Figure 8A).
Interestingly, intact males developed higher levels of IgG
antibodies than intact females generating a dimorphic pattern.
Gonadectomy significantly decreased the levels of IgG only in
males, whereas 17b-estradiol administration did not alter the
concentrations of IgG in intact mice (Figure 8B).
DISCUSSION

The results of this study showed that 17b-estradiol triggered a
sexually dimorphic pattern in parasitemia, body mass change,
temperature, and hemoglobin concentrations. Additionally, a
dimorphic pattern was also generated for both CD8+ T and
NK1.1+ cells in the spleen. Finally, 17b-estradiol differentially
modified plasma cytokine levels and the mRNA expression of
Tnf, and Il1b in the brain of mice infected with P. berghei ANKA.

The administration of 17b-estradiol increased parasitemia in
intact female mice. These results corroborate those of Benten
et al. (23) for female mice infected with P. chabaudi, but are in
contrast to those of Klein et al., where no changes in parasitemia
were observed in C57Bl/6 female mice treated with 17b-estradiol
(14). This contradictory result may be explained by the different
doses used. The dose used by Klein et al. was five-fold lower than
that used by Benten et al. and by us in this study, and the effects
of 17b-estradiol are known to be dose-dependent; low levels of
17b-estradiol promote a Th1 response, whereas high levels
enhance IL-10 production (24). A possible explanation for the
higher parasitemia recorded in intact female mice treated with
17b-estradiol is that this group exhibited decreased plasma IFN-g
March 2021 | Volume 12 | Article 643851
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levels compared with their male counterparts. This result
corresponds to the increased anti-inflammatory IL-10 levels
detected in this group; these findings are critical because IFN-g is
necessary to eliminate the malaria parasite (25). Moreover, the
higher parasitemia may probably have resulted from the
17b-estradiol-mediated down-regulation of the levels of pro-
inflammatory cytokines through the inhibition of NF-kB-
associated transcription factor (26); this particular mechanism,
however, should be experimentally demonstrated in our model.
Additionally, another possibility is that 17b-estradiol could induce
the expansion of regulatory T cells and increase their suppressive
effects in the immune response, as described by Polanczyk et al. (27).

The administration of 17b-estradiol to intact males prevented
the body mass loss, while it induced mass loss in intact females.
Interestingly, the decrease of this steroid due to gonadectomy
Frontiers in Endocrinology | www.frontiersin.org 9
increased body mass in females but decreased it in males. These
findings suggest that the effect of 17b-estradiol on body mass
depends on both estradiol concentration and sex. It has been
shown that 17b-estradiol upregulates TNF-a synthesis (28), and
this cytokine inhibits adipocyte differentiation and promotes
lipolysis (29). In this study, gonadectomy reduced TNF-a
concentration, which would explain the increment in body
mass in gonadectomized female mice. Additionally, the
administration of 17b-estradiol to gonadectomized female mice
decrease their body mass. Accordingly, Bhardwaj et al. showed
that 17b-estradiol administration to gonadectomized female
mice induced weight loss (30).

In contrast to human malaria, murine malaria induces
hypothermia. In this study, intact females regulated their
temperature better than males. Unexpectedly, the administration
A B

D

E F

C

FIGURE 6 | The effect of 17b-estradiol on the concentrations of IFN-g, TNF-a, IL-4, and IL-10 in the plasma of mice infected with Plasmodium berghei ANKA. The
concentrations of IFN-g (A), TNF-a (B), IL-4 (C), IL-10 (D), IL-4 (E) and IL-6 (F) in the plasma of intact or gonadectomized male and female mice treated with 17b-estradiol
and infected with P. berghei ANKA were evaluated by flow cytometry. Each bar represents the mean ± SEM. Data are representative of two independent experiments, each
using five mice (n = 10). Asterisks indicate significant differences between selected groups (p≤ 0.05) calculated using Kruskal-Wallis test with a post-hoc Dunn’s test.
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A B

FIGURE 8 | The effect of 17b-estradiol on IgM and IgG levels in mice infected with Plasmodium berghei ANKA. Intact or gonadectomized male or female mice were
treated with 17b-estradiol and infected with P. berghei ANKA. On day 8 post-infection, plasma was obtained and used to quantify IgM (A) and IgG (B) levels by
ELISA. The histograms represent mean values ± SEM. Data are representative of two independent experiments, each using five mice (n = 10). Asterisks indicate
significative differences between groups (P ≤ 0.05) were calculated using Kruskal-Wallis test with a post-hoc Dunn’s test.
A

B

C

FIGURE 7 | Dimorphic effects of 17b-estradiol on mRNA expression levels of Tnf, Il1b, and Il10 in the brains of mice infected with Plasmodium berghei ANKA. Intact
or gonadectomized male or female mice were treated with 17b-estradiol and infected with P. berghei ANKA. On day 8 post-infection, RNA was isolated from brain
samples, reverse-transcribed, and subjected to qPCR to quantify the mRNA expression relative to b-actin of Tnf (A), Il1b (B), and Il10 (C). Representative acrylamide
gel image showing the 50 bp molecular marker and the corresponding gene amplicon size; histograms represent the mean values ± SEM. Data are representative of
two independent experiments, each using five mice (n = 10) of the relative mRNA expression for the cytokine related to that of b-actin. Asterisks indicate significant
differences between selected groups (P≤ 0.05) calculated using Kruskal-Wallis test with a post -hoc Dunn’s test.
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of 17b-estradiol to intact mice increased temperature in males, but
in females, it decreased. Additionally, gonadectomy decreased
body temperature in males but increased it in females. These
findings suggest that 17b-estradiol helps to regulate the
temperature in both sexes.

The decreased Hb concentration (anemia) is another malaria
hallmark. The administration of 17b-estradiol decreased the Hb
concentration in males but increased it in females. A probable
explanation for this finding is that hematopoietic stem cells
express ERa (whose numbers are different between sexes) and
the interaction 17b-estradiol and ERa signaling promotes
erythropoiesis, as shown by Nakada, et al. (31).

In this study, we detected sexual dimorphism in the levels of
CD8+ T cells in intact mice, with females displaying higher
percentages of CD8+ cells than intact males. Podoba et al.
demonstrated that CD8+ T cells are essential during malaria
infection. Their depletion delays the clearance of P. chabaudi in
mice (32). Moreover, CD8+ T cells upregulate Ifng and TnfmRNA
expression in P. chabaudi infection (33), with both cytokines
playing a role in the macrophage-mediated destruction of
the Plasmodium parasite. Our results suggested that CD8+

T cells contribute to sexual dimorphism in malaria-infected
mice; however, 17b-estradiol is likely not to be the only
molecule responsible for this sexual dimorphism, because its
administration to intact or gonadectomized mice did not affect
this cell population. Further studies are required to determine the
mechanism underlying the role of 17b-estradiol in this
dimorphic pattern.

We also detected a sexual dimorphism for the levels of
NK1.1+ cells, with intact males exhibiting higher percentages of
these cells than females. Following gonadectomy, there was a
decrease in the number of NK1.1+ cells, while 17b-estradiol
administration restored the percentages of these cells to their
original levels in both sexes. These findings suggest that NK1.1+

cells are regulated by 17b-estradiol in our rodent model of
malaria. This finding is important because NK1.1+ cells exhibit
cytotoxic activity and produce IFN-g in response to Plasmodium
infection, which is critical to increasing the phagocytosis of
malaria parasites (34).

The plasma levels of IFN-g, TNF-a, and IL-10 displayed a
sex-dependent pattern. The concentrations of these cytokines
were modulated after gonadectomy only in female mice, likely
due to the consequent reduction in 17b-estradiol levels.
Additionally, gonadectomized female mice displayed increased
concentrations of IFN-g and reduced levels of both TNF-a and
IL-10. Our results agree with those of Klein et al., who found that
17b-estradiol can modify both IFN-g and IL-10 levels in P.
chabaudi-infected female mice (4, 14). Nevertheless, in our
study, the administration of 17b-estradiol to gonadectomized
female mice did not restore the original levels of these cytokines.
These findings suggest that, although 17b-estradiol play a role,
there must be other factors produced in the gonads that regulate
the plasma levels of these cytokines.

Because cytokines TNF-a and IL-1b contribute to cerebral
malaria pathogenesis in mice (35, 36), we also evaluated the effect
of 17b-estradiol on the mRNA expression of pro-inflammatory
Frontiers in Endocrinology | www.frontiersin.org 11
cytokines in the brain. The mRNA expression of Tnf, Il1b, and
Il10 exhibited sexual dimorphism. It was interesting to notice the
increased levels of Tnf and Il1b in males which explains, at least
in part, the higher mortality in this sex, since both cytokines are
associated with cerebral malaria (36). Nevertheless, 17b-estradiol
treatment did not restore the original level of these cytokines in
gonadectomized mice. These findings suggest that 17b-estradiol
is not the only mediator in this pathology.

To our knowledge, this study is the first to comprehensively
analyze the effects of 17b-estradiol on different aspects of the
immune response in the blood, spleen, and brain of female and
male mice infected with Plasmodium berghei ANKA. Our results
explain, at least in part, the sexual dimorphism associated
with the immune response to malaria. Further research is
required to understand the mechanisms involved in the sexual
dimorphism triggered by sex hormones in the immune response
to malaria.

We are aware that when we modified the levels of 17b-
estradiol, the levels of the precursor hormones may also have
been modified. Consequently, our results may reflect the effects
of steroids other than 17b-estradiol, such as testosterone,
progesterone, and DHEA.

In conclusion, we showed that the immune system of male
and female mice infected with Plasmodium berghei ANKA
responds differentially to 17b-estradiol by modifying the
concentrations of immune cells, cytokines, and antibodies.
Understanding how 17b-estradiol and other steroids induce
sex-dependent differences in immune responses to pathogens
is critical for developing individualized treatments or vaccines
that are more efficient and less toxic for each sex.
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Legorreta-Herrera. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
March 2021 | Volume 12 | Article 643851

https://doi.org/10.1007/s11154-014-9306-8
https://doi.org/10.1158/1940-6207.CAPR-15-0082
https://doi.org/10.1038/nature12932
https://doi.org/10.1128/IAI.59.1.51-58.1991
https://doi.org/10.7150/ijbs.7.1401
https://doi.org/10.1016/j.ijpara.2004.10.006
https://doi.org/10.1016/j.ijpara.2004.10.006
https://doi.org/10.3389/fcimb.2014.00113
https://doi.org/10.3390/ijerph2005010123
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	17β-Estradiol Is Involved in the Sexual Dimorphism of the Immune Response to Malaria
	Introduction
	Materials and Methods
	Mice, Parasites, and Infection
	Orchiectomy and Ovariectomy
	17β-Estradiol Administration and Parasitemia
	Change in Body Mass
	Body Temperature
	Hemoglobin (Hb) Concentration
	Cytokine Quantification
	Antibody Quantification
	Quantification of Cell Subpopulations in the Spleen
	mRNA Expression of Tnf, IL1b and Il10 in the Brain
	Experimental Design
	Statistical Analysis

	Results
	17β-Estradiol Exerted a Sexually Dimorphic Effect on Parasitemia, Body Weight, Temperature, and Hemoglobin Concentrations in Mice Infected With P. berghei ANKA
	The Reduction in 17β-Estradiol Levels in Gonadectomized Animals Affected the Percentages of Immune Response-Related Cells in the Spleen of Mice Infected With P. berghei ANKA
	17β-Estradiol Differentially Modified Plasma Cytokine Concentrations
	In P. berghei ANKA-Infected Mice, Gonadectomy Upregulated Cytokine-Related mRNA Expression Levels Only in the Brains of Males
	In Mice Infected With P. berghei ANKA, Only the Males Showed Reduced Antibody Levels Following Gonadectomy

	Discussion
	Data Availability Statement 
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


