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Abstract

Objective The ability of parasites to hijack the nervous system, manipulating the host’s
physiology and behavior in ways that enhance the parasite’s fitness while damaging
host fitness, is a topic of ongoing research interest in evolutionary biology, but is
largely overlooked in mental health research. Nevertheless, recent evidence has shown
that Toxoplasma gondii infection can change host testosterone levels and influence the
development of some psychiatric disorders. Here, we tested this hypothesis in a mixed
sample of 213 non-clinical subjects.
Methods Participants (nmales = 108, nfemales = 105) provided 5 ml of blood to quantify
testosterone levels and Toxoplasma gondii antibodies. The Symptom Checklist-90-
Revised was used to assess psychopathological symptoms.
Results The results showed that Toxoplasma-infected men had higher testosterone
levels and scored higher in Interpersonal Sensitivity and Psychoticism symptoms than
non-infected men. Toxoplasma-infected women did not differ from control women.
Conclusions Framed in an evolutionary framework, the findings suggest that the elevated
testosterone levels and the expression of psychopathological symptoms can be seen as the
result of the manipulation exerted by Toxoplasma gondii either to reach its definitive host or
to increase its spread. Future research can benefit from integrating insights from evolutionary
biology and parasite-host interactions with physiology, immunology, and mental health to
develop a better understanding of mental health etiology.
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Introduction

Research and diagnostic criteria of mental disorders are based on the presence of
specific symptoms measured by tools such as The Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition (DSM-V) or the 10th revision of the International
Statistical Classification of Diseases and Related Health Problems (ICD-10) (Rantala
et al. 2018). However, an integrative approach taking into account hormonal profiles,
life history traits, or even the evaluation of microbiota and parasites could effectively
improve the diagnosis and treatment of psychopathologies (Del Giudice and Ellis 2016;
Del Giudice 2019; Rantala et al. 2019).

Psychopathology is defined according to factors such as functional impairment, suffer-
ing, irrationality, harmful dysfunction, loss of control, as well as other abnormal psycho-
logical variables (Maddux and Winstead 2015; Cicchetti 2016). Although current under-
standing on the causes underlying the development of psychopathology is incomplete,
complex interactions between genotype, social, and ecological factors such as traumatic
experiences in early stages of life, chronic stress, poor hormonal regulation, microbiome,
and even side effects of some parasites are all implicated in the development of psychopa-
thology (Del Giudice and Ellis 2016; Manning 2019; Rantala et al. 2019).

A key hormone closely related to psychopathologies is testosterone (Figueira and
Ouakinin 2010). Testosterone is the main sex steroid hormone responsible for the
development of primary and secondary sexual characteristics in males (Eisenegger
et al. 2011). Previous literature has shown not only relationships between testosterone
levels and the expression of personality traits in both sexes (Giammanco et al. 2005;
Cobey et al. 2015; Costa et al. 2015; Borráz-León et al. 2018, see also Luoto et al.
2019; Luoto 2020), but also associations between abnormally high or low testosterone
concentration and the development of some mental disorders such as depression,
anxiety, and bipolar disorder (Booth et al. 1999; Khera 2013; Barch et al. 2020).

Another important factor related to psychopathologies is the parasite Toxoplasma
gondii (T. gondii), an intracellular and neurotropic parasite with domestic cat and other
felides as definitive hosts, and with a broad spectrum of intermediate warm-blood
animal hosts, including human beings (Flegr 2007). It has been estimated that around
30% of the global population could be infected with T. gondii, and that the main route
of infection is through the ingestion of contaminated food or water that contains tissue
cysts (Montoya and Liesenfeld 2004). T. gondii infection—known as toxoplasmosis—
causes mild disease and usually turns into life-long latent toxoplasmosis, being clini-
cally asymptomatic in immunocompetent subjects (Roberts et al. 2001). Despite its
apparent null effect on general health, latent toxoplasmosis may impose changes in
behavior and personality of infected subjects (Del Giudice 2019). For example, infected
men are more expedient, suspicious, jealous, and dogmatic, whereas infected women
are more warm-hearted, outgoing, conscientious, persistent, and moralistic than non-
infected subjects (Flegr 2007).

Moreover, in recent years, latent toxoplasmosis has also been associated with the
development of some mental disorders such as schizophrenia, obsessive-compulsive
disorder, and suicidal tendencies (Torrey et al. 2006; Flegr and Horáček 2019; Torrey
and Yolken 2019), and there is evidence that testosterone feedback regulation could
also be modulated by T. gondii (Flegr et al. 2008; Del Giudice 2019). For example,
T. gondii invades testes in male rodents and increases testosterone production (Del
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Giudice 2019). Interestingly, some behavioral and cognitive changes have also been
observed in intermediate hosts which could increase the risk of being caught by felines
(Webster 2001), such as Toxoplasma-infected chimpanzees’ increased attraction to
leopard urine (Poirotte et al. 2016). This has been interpreted as an evolutionary
adaptation of the parasite to complete its life-cycle within its definitive host (Poirotte
et al. 2016; Brüne 2019). However, this hypothesis is just beginning to be empirically
explored in humans. To add relevant information to the existing body of knowledge,
the aim of the current research was to compare psychopathological symptoms and
testosterone levels in subjects with positive latent toxoplasmosis vs. non-infected
subjects in a sample of young adults, including both men and women.

Based on previous research (Brüne 2019; Del Giudice 2019), we predicted that
latent toxoplasmosis increases testosterone levels and the incidence of mental disorders.
Hence, infected subjects should have higher psychopathological symptoms and higher
testosterone levels than non-infected subjects.

Methods

Participants

A sample of 240 healthy college students (115 men and 125 women) was recruited by
personal and online invitations at the National Autonomous University of Mexico,
Morelia and Mexico City, Mexico. The inclusion criteria for both sexes were the
following: not having chronic diseases (e.g., diabetes or cancer), and not being subjected
to hormonal therapy or psychiatric medication. In addition to these criteria, it was
requested that women have regular menstrual cycles (so that a difference between
consecutive cycle lengths was usually not longer than ± five days), as well as not being
pregnant, breastfeeding, or taking hormonal contraception for at least threemonths prior to
the study (Richards et al. 2018). From our original sample, thirteen participants were
excluded because of incomplete questionnaires, seven because of reports of previous
psychiatric diagnoses and medication, and seven because of hemolyzed blood samples.
Thus, the final sample was composed of 213 subjects (108 men and 105 women). The
mean age was 22.92 years (SD = 4.53) for men and 21.15 (SD = 3.05) for women.

Following the approval of the appropriate local ethics committee, participants re-
ceived detailed information about the aim and procedure of the study, signed a letter of
informed consent, and answered a general demographic questionnaire (i.e., body mass,
height, and age). We collected 5 ml of blood from all participants between 9:00 and
13:00 h for serological testing. To control for hormonal fluctuations across the menstrual
cycle of women, we applied the questionnaires and took the blood samples during the
peri-ovulatory phase of the menstrual cycle (between day 12 and day 16) (Welling et al.
2007; Marcinkowska et al. 2019). The participants received their hormonal, immuno-
logical, and psychological results as compensation for taking part in the research.

Symptom Checklist 90

To measure symptoms of general psychopathology, we used the Spanish version of the
Symptom Checklist-90-Revised (SCL-90-R) (Derogatis and Unger 2010). Previous
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studies have shown a moderate-to-high validity and reliability of the Spanish version in
Mexican samples (Cronbach’s α = 0.80, Cruz Fuentes et al. 2005; Lara et al. 2015).
SCL-90-R is a 90-item self-report symptom inventory that assesses psychological
distress (e.g., headaches, trouble remembering things, trembling, suddenly scared for
no reason, feeling blue, trouble falling asleep, etc.) in relation to nine primary symptom
dimensions and three summary scores (termed ‘global scores’), using a five-point
Likert-type scale (1 = not at all; 5 = extremely). In this research, we used the nine
primary dimensions labeled as Somatization (α = 0.81), Obsessive-Compulsive (α =
0.80), Interpersonal Sensitivity (α = 0.83), Depression (α = 0.79), Anxiety (α = 0.81),
Hostility (α = 0.74), Phobic Anxiety (α = 0.79), Paranoid Ideation (α = 0.80), and
Psychoticism (α = 0.81).

Testosterone Quantification

Immediately after collection, blood samples were centrifuged at 3000 rpm for 10 min at
room temperature (≈ 20 °C). From these, 1.5 ml of serum was collected in Eppendorf
tubes and frozen until hormonal analyses were conducted. No special pretreatment of
samples was necessary. Testosterone for each sample was determined from the average
of two duplicates using commercial ELISA kits (Testosterone, 611CH, International
Immuno-Diagnostics, CA, USA). The concentrations of testosterone were reported in
nanograms per milliliter (ng/ml). Within-assay coefficients of variability of standards
and unknown samples averaged less than 5%. The sensitivity of the kits was from 0.1
to 18 ng/ml.

Immunological Tests for Toxoplasmosis

Specific anti-Toxoplasma IgG were determined by commercial ELISA kits (Toxoplas-
ma IgG, IIDE-2041, International Immuno-Diagnostics, CA, USA). Following the
information provided by the kits, samples < 0.9 UI/ml were considered as latent
toxoplasmosis negative, samples from 0.9 to 0.99 UI/ml as suspicious, and samples
> 1.0 UI/ml as latent toxoplasmosis positive. If the result of a sample looked suspicious,
it was measured once again. All serum samples were run in duplicates and averaged
across the two tests.

The serologic test for the detection of IgG antibodies is commonly associated with
latent toxoplasmosis infection in immunocompetent subjects (e.g., Cook et al. 2015).
For this study, the subjects with positive IgG values were considered as latent toxo-
plasmosis positive (experimental group) whereas negative values of IgG were consid-
ered as non-infected subjects (control group).

Statistical Analyses

Since our data did not meet the normality criteria after being log-transformed
(Shapiro-Wilk Test: p < 0.05 in all cases), we ran non-parametric tests.
Independent Mann-Whitney U tests were used to look for potential sex differ-
ences among the studied variables. A Generalized Linear Model (GLM) was
performed to study the relations between testosterone levels as a dependent
variable and IgG levels as an independent variable (with serum collection time,
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sex, age, and BMI as covariates). To identify potential differences between
latent Toxoplasma-infected vs. non-infected subjects regarding testosterone
levels and each one of the psychopathological symptoms, a series of indepen-
dent Mann-Whitney U tests were carried out for the whole sample and for the
male and the female samples separately. The threshold for statistical signifi-
cance was set at p ≤ 0.05. The data were analyzed using SPSS version 25
(SPSS Inc., Chicago, IL, USA).

Ethical Note

The authors assert that all procedures contributing to this work comply with the
ethical standards of the relevant national and institutional committees on human
experimentation and with the Helsinki Declaration of 1975, as revised in 2008.

Results

Sex Differences

The following sex differences were found in the sample: the men were older, had
higher body mass index, and higher testosterone levels than women, whereas women
reported higher scores of Somatization, Depression, Phobic Anxiety, and a tendency to
higher Anxiety than men (Table 1).

Table 1 Sex differences in age, body mass index, testosterone levels, and psychopathological symptoms (N =
213)

Men (n = 105) Women (n = 108)

Mean (SD) Mean (SD) p Hedges’ g 95% CI for Hedges’ g

Lower Upper

Age 22.92 (4.53) 21.15 (3.05) <0.001 0.45 0.18 0.72

BMI 24.63 (4.11) 23.17 (3.60) 0.009 0.37 0.10 0.64

Testosterone 5.02 (3.11) 1.11 (1.60) <0.001 1.56 1.26 1.88

Somatization 0.74 (0.59) 0.98 (0.67) 0.005 −0.37 −0.65 0.10

Obsessive-Compulsive 1.32 (0.74) 1.40 (0.89) 0.616 −0.09 −0.36 0.17

Interpersonal Sensitivity 0.91 (0.73) 1.08 (0.87) 0.215 −0.21 −0.48 0.05

Depression 0.92 (0.69) 1.27 (0.92) 0.009 −0.42 −0.70 −0.15
Anxiety 0.78 (0.60) 1.00 (0.74) 0.069 −0.32 −0.59 0.05

Hostility 0.85 (0.82) 0.76 (0.76) 0.458 0.11 −0.15 0.38

Phobic Anxiety 0.39 (0.44) 0.61 (0.66) 0.036 −0.39 −0.66 −0.12
Paranoid Ideation 0.91 (0.67) 0.93 (0.80) 0.693 0.02 −0.29 0.24

Psychoticism 0.65 (0.56) 0.69 (0.65) 0.917 −0.06 −0.33 0.20
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Positive Latent Toxoplasmosis in Men and Women

For the whole sample the results were as follows: 35 subjects (16.40%) met the
inclusion criterion (i.e., Toxoplasma IgG positive) whereas 178 (83.60%) did not.
Twenty-two men (20.04%) tested positive for Toxoplasma IgG whereas 86 (79.60%)
did not. Thirteen women (12.40%) tested positive for Toxoplasma IgG and 92
(87.40%) did not. No sex difference was found in the probability of being infected
by T. gondii (χ2 = 2.47, p = 0.110).

Association between Toxoplasmosis Status and Testosterone Levels

The GLM showed that the effect of IgG and sex on testosterone levels was statistically
significant (sex: B = 3.642, Wald = 116.946, d.f. = 1, p < 0.001; IgG: B = −1.852, Wald
= 17.412, d.f. = 1, p < 0.001). Non-significant results were found for serum collection
time, age, and BMI (B = −0.071, Wald = 0.219, d.f. = 1, p = 0.640; B = 0.047, Wald =
1.158, d.f. = 1, p = 0.282; and B = 0.032, Wald = 0.546, d.f. = 1, p = 0.460,
respectively). The relationship between testosterone and IgG levels therefore depended
on sex, as shown further in the confirmatory analyses in the next section.

Differences in Testosterone and Psychopathological Symptoms
Concerning Toxoplasmosis Status

In the male group only, Toxoplasma-infected subjects had higher testosterone levels,
higher Interpersonal Sensitivity, and higher Psychoticism than non-infected men (Tes-
tosterone: p < 0.001, Hedges’ g = 1.24, 95% CI [0.74, 1.73]; Interpersonal sensitivity: p
= 0.030, Hedges’ g = 0.34, 95% CI [−0.12, 0.81]; Psychoticism: p = 0.037, Hedges’ g =
0.26, 95% CI [−0.20, 0.73]) (Figs. 1, 2, and 3, respectively). Non-significant results
were found for the rest of the psychopathological symptom dimensions (p > 0.05 in all
cases, Table 2). None of the results in women reached our threshold of statistical
significance (p > 0.05 in all cases, Table 3).
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Fig. 1 Toxoplasma-infected men had higher testosterone levels than non-infected subjects (Mann-Whitney U
test: p < 0.001, Hedges’ g = 1.24, 95% CI [0.74, 1.73])
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Discussion

The main aim of this study was to compare differences in psychopathological symp-
toms and testosterone levels between positive latent toxoplasmosis vs. non-infected
subjects both in men and women. The results showed that men (but not women) with
positive latent toxoplasmosis had higher testosterone levels and scored higher in
Interpersonal Sensitivity and Psychoticism than non-infected men.

The observed higher testosterone levels in Toxoplasma-infected men are in line with
previous literature (e.g., Flegr et al. 2008; Zouei et al. 2018). Even though the
proximate mechanisms by which T. gondii regulates the synthesis of testosterone
remain unknown, it has been suggested that this parasite could enhance mRNA
expression of luteinizing hormone receptor, which modulates the synthesis of testos-
terone in the Leydig cells of the testes (Lim et al. 2013). Moreover, Toxoplasma-
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Fig. 2 Toxoplasma-infected men had higher interpersonal sensitivity than non-infected subjects (Mann-
Whitney U test: p = 0.030, Hedges’ g = 0.34, 95% CI [−0.12, 0.81])
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Fig. 3 Toxoplasma-infected men had higher psychoticism than non-infected subjects (Mann-Whitney U test:
p = 0.037, Hedges’ g = 0.26, 95% CI [−0.20, 0.73])
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infected animals (Del Giudice 2019) and men (Szczypka et al. 1998; Hull et al. 2004)
also have higher dopamine levels, probably as a response to local inflammatory
processes (Flegr 2007). Thus, it is feasible to propose that T. gondii could change the
brain architecture related to testosterone (and dopamine) regulation (e.g., the
hypothalamic-pituitary-gonads axis) (Del Giudice 2019). This, in turn, would affect
the expression of personality, behavior, and possibly the development of psychopa-
thologies (Flegr et al. 2003).

Table 2 Differences in testosterone and psychopathological symptoms between Toxoplasma-infected and
non-infected men

Toxoplasma-infected
men (n = 22)

Non-infected men
(n = 86)

Mean (SD) Mean (SD) p Hedges’ g 95% CI for
Hedges’ g

Lower Upper

Testosterone 7.78 (2.66) 4.32 (2.82) <0.001 1.24 0.74 1.73

Somatization 0.71 (0.41) 0.74 (0.63) 0.614 −0.05 −0.51 0.41

Obsessive-Compulsive 1.43 (0.63) 1.29 (0.76) 0.394 0.18 −0.27 0.65

Interpersonal Sensitivity 1.11 (0.57) 0.86 (0.76) 0.030 0.34 −0.12 0.81

Depression 1.03 (0.69) 0.89 (0.69) 0.326 0.20 −0.26 0.67

Anxiety 0.85 (0.56) 0.78 (0.61) 0.409 0.11 −0.35 0.58

Hostility 0.88 (0.82) 0.84 (0.83) 0.791 0.04 −0.42 0.51

Phobic Anxiety 0.36 (0.46) 0.39 (0.44) 0.650 −0.06 −0.53 0.40

Paranoid Ideation 1.02 (0.42) 0.88 (0.72) 0.104 0.21 −0.25 0.68

Psychoticism 0.77 (0.41) 0.62 (0.59) 0.037 0.26 −0.20 0.73

Table 3 Differences in testosterone and psychopathological symptoms between Toxoplasma-infected and
non-infected women

Toxoplasma-infected
women (n = 13)

Non-infected women
(n = 92)

Mean (SD) Mean (SD) p Hedges’ g 95% CI for
Hedges’ g

Lower Upper

Testosterone 0.63 (0.37) 1.18 (1.69) 0.490 −0.34 −0.92 0.23

Somatization 1.07 (0.71) 0.97 (0.66) 0.596 0.14 −0.43 0.73

Obsessive-Compulsive 1.34 (0.89) 1.41 (0.89) 0.796 −0.07 −0.65 0.50

Interpersonal Sensitivity 1.18 (1.14) 1.07 (0.83) 0.996 0.12 −0.45 0.70

Depression 1.34 (1.00) 1.26 (0.91) 0.942 0.05 −0.52 0.63

Anxiety 1.13 (0.85) 0.98 (0.72) 0.637 0.20 −0.37 0.78

Hostility 0.82 (0.75) 0.75 (0.77) 0.807 0.09 −0.48 0.67

Phobic Anxiety 0.61 (0.44) 0.61 (0.69) 0.470 0.00 −0.58 0.58

Paranoid Ideation 1.08 (0.90) 0.91 (0.79) 0.516 0.21 −0.37 0.79

Psychoticism 0.71 (0.68) 0.69 (0.65) 0.834 0.03 −0.55 0.61
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Even though it is possible that T. gondii infection and testosterone changes might be
mutually influenced, it is not possible to experimentally test whether T. gondii infection
changes testosterone levels, personality, behavior, and/or psychopathological symp-
toms in humans, or whether subjects with higher testosterone levels and different
personality and behavioral traits vary in the probability of T. gondii infection (Kaňková
et al. 2011). However, animal studies have shown, that male and female mice that have
been experimentally infected with T. gondii experience changes in their testosterone
levels (Kaňková et al. 2011) or in their dopaminergic neuromodulatory system
(Skallová et al. 2006) after infection, suggesting that the direction of the effect is
T. gondii infection producing changes in the neuroendocrine system (and therefore in
personality, behavior, and psychopathological symptoms), rather than the other way
around.

The psychopathological symptom dimension called Interpersonal Sensitivity has
been related to the undue and exaggerated sensitivity to rejection (Boyce and Parker
1989). Behaviors and emotions of others often lead to a preoccupation with social
relationships, increased sensitivity to criticism, and modifications in behavior to meet
others’ expectations (Boyce and Parker 1989). This involves a person’s ability to
correctly observe and interpret their environment and provide appropriate social and
emotional responses (Wedgeworth et al. 2017). Previous literature has shown that
Interpersonal Sensitivity is associated with poor psychological functioning, and it has
been identified as an underlying trait in anxiety disorder (Urbán et al. 2014). Likewise,
increased Interpersonal Sensitivity is correlated with low self-esteem, leading to poor
social relationships (McCabe et al. 1999). Thus, Interpersonal Sensitivity may be a risk
factor for major depression (Liu et al. 2014). We found small but statistically non-
significant differences in depression and anxiety symptoms among the Toxoplasma-
infected men relative to non-infected men (see Table 2), in line with previous obser-
vations that latent toxoplasmosis can be related to these traits (see Hsu et al. 2014 for a
review).

It is noteworthy that Psychoticism has been associated with psychosis proneness as
well as delusions, hallucinations, and other psychotic symptoms (e.g., Spauwen et al.
2006; LeBoutillier et al. 2016), traits commonly associated with impaired testosterone
levels (Lodha and Karia 2019). Thus, chronically altered testosterone feedback regu-
lation associated with latent Toxoplasma infection may also be a risk factor for the
development of several mental disorders (e.g., schizophrenia and bipolar disorder),
probably because of dysregulation of the testosterone feedback axis regulation and its
effect on other neurotransmission systems (e.g., dopamine and serotonin systems). In
fact, it has been suggested that testosterone may influence glutamatergic, dopaminergic,
and GABAergic neurotransmission systems that are closely related to the physiopa-
thology of schizophrenia and other psychiatric disorders (Melcangi et al. 2011).

In this regard, previous literature has hypothesized that higher testosterone levels
and the development of mental disorders could be an accidental by-product of chronic
T. gondii infection (e.g., Flegr 2007; Brüne 2019). However, it seems that many
symptoms associated with psychopathology could represent transmission-related ben-
efits for T. gondii (Brüne 2019; Del Giudice 2019). For example, T. gondii infection
blocks the innate aversion of rats for cat urine, increasing the likelihood of a cat
predating a rat (Berdoy et al. 2000). According to the “behavioral manipulation
hypothesis,” T. gondii manipulates the behavior of intermediate hosts to increase its
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own transmission efficiency to its definitive host, a Felidae member (e.g., Del Giudice
2019). In fact, Toxoplasma-infected chimpanzees (Pan Troglodytes troglodytes) lose
their innate aversion towards the urine of leopards (Panthera pardus) (Poirotte et al.
2016) and that Toxoplasma-infected men are more attracted to cat odor in comparison
to non-infected men (Flegr et al. 2011). Even though humans are no longer common
prey of big felines, it is possible that in the past, T. gondii manipulated hominid
behavior, probably making them easier targets for big cats (Webster 2001; Flegr
2013). This hypothesis could explain why we found effects of T. gondii on psycho-
pathological symptoms and testosterone levels only in men but not in women.1

According to anthropological evidence (e.g., Frayer 1980; Silverman et al. 2007),
human males were involved in hunting activities more than females, probably putting
males at greater risk of being eaten by big felines. This risk may have been even higher
if infected men were isolated from the group due to the expression of psychopatholog-
ical symptoms, which ultimately benefited T. gondii by reaching its definitive host.

Another evolutionary explanation for the increased testosterone levels of Toxoplas-
ma-infected men is that T. gondii can be sexually transmitted in several mammals,
including humans (Arantes et al. 2009; Dass et al. 2011; Hlaváčová et al. 2020). In line
with this hypothesis, the increased testosterone levels of Toxoplasma-infected men can
affect not only the acquisition of sexual partners through more active mate-seeking and
sexual behavior, but also increased attractiveness of the host—all of which would
facilitate the spread of T. gondii to new hosts. In support of this hypothesis, it has been
observed that Toxoplasma-infected male rodents have higher testosterone levels and are
more attractive to females (Dass et al. 2011; Kaňková et al. 2011). Evidence also
suggests a similar effect in infected men. For example, men who have physical traits
associated with higher testosterone levels are more attractive to women, especially
when women are in the fertile phase of the menstrual cycle (e.g., Roney et al. 2011;
Rantala et al. 2012). Likewise, men who have higher testosterone levels report higher
mating success (Peters et al. 2008) and higher number of sexual partners (van Anders
et al. 2007). In fact, according to the multidimensional model of the fast-slow life
history continuum (Del Giudice 2014, 2017), the elevated testosterone levels in
combination with higher Psychoticism and Interpersonal Sensitivity could be
interpreted to suggest that Toxoplasma-infection triggers the “seductive/creative” phe-
notype that may be associated with higher mating success (Del Giudice 2019). Thus,
the higher testosterone levels observed in Toxoplasma-infected men could be seen as an
adaptation of T. gondii to successfully increase its spread (Del Giudice 2017, 2019).

At the same time, the null effect of T. gondii infection on testosterone levels in
women could be associated with the maintenance of their femininity and attractiveness,
so that T. gondii would benefit from being sexually transmitted to women and then
being vertically transmitted to children. In fact, there is also evidence suggesting that
Toxoplasma-infected women have more sons than daughters (Kaňková et al. 2007).
This phenomenon has been explained as the result of the immunosuppression exerted

1 Other explanations for the null finding in women include a floor effect caused by the lower range of
testosterone levels in women relative to men, which would make it harder to detect significant Toxoplasma-
induced differences in women than in men. Another possibility is that our study did not have adequate
statistical power to detect an effect because of the small number of women who were infected with T. gondii.
We encourage future studies on larger samples of infected men and women to enable adequate statistical
power for detecting even small effect sizes.
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by T. gondii but it could also be explained by the higher number of sexual partners that
men reportedly get during their lifetime (Mitchell et al. 2019; Borráz-León and Rantala
2021), which would benefit the parasite on a long-term scale.

In general, these evolutionary explanations can be complementary and useful in
explaining the effect of T. gondii on endocrine changes and the development of
psychopathological symptoms, probably as a direct or indirect effect of the manipula-
tion exerted by this parasite either to isolate infected individuals from the group and
reach its definitive host (as a remnant effect of its strategy on savannah hominids), or to
increase the mating success of infected men to spread the parasite to women and then to
their offspring. Further studies are needed to properly test these hypotheses.

Conclusion

The ability of parasites to hijack the nervous system of host organisms in a way that
enhances parasite fitness whilst compromising host fitness is a topic of significant
interest in evolutionary biology (Dawkins 1982; Geffre et al. 2017; Del Giudice 2019).
The importance of this study lies in providing an evolutionarily informed analysis on
the endocrine mechanisms by which T. gondii influences the nervous system of its
human hosts, including the development of psychopathological symptoms. From an
evolutionary point of view, such psychopathological symptoms and their behavioral
sequelae can comprise direct or indirect manipulative effects of a parasite on its
intermediate hosts, which may ultimately cause a fitness detriment to the host organism
(Del Giudice 2019). In the aggregate, this research opens new avenues for including
parasite-host interactions, parasite-induced endocrinological changes, and evolutionary
science as important yet understudied factors in the science of mental disorders,
facilitating translational psychiatry in developing a scientifically more accurate method
of psychopathological diagnosis and potential treatment.
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