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Abstract: Although androgens are commonly seen as male sex hormones, it has been established
over the years that in both sexes, androgens also respond to social challenges. To explain the
socially driven changes in androgens, two theoretical models have been proposed: the biosocial
model and the challenge hypothesis. These models are typically seen as partly overlapping;
however, they generate different predictions that are clarified here. In humans, sports competi-
tion and nonmetabolic competitive tasks have been used in the laboratory setting, as a proxy
for agonistic interactions in animals. The results reviewed here show that the testosterone (T)
response to competition in humans is highly variable — the studies present postcompetition
T levels and changes in T that depend on the contest outcome and that cannot be predicted by the
current theoretical models. These conflicting results bring to the foreground the importance of
considering cognitive factors that could moderate the androgen response to competition. Among
these variables, we elect cognitive appraisal and its components as a key candidate modulating
factor. It is known that T also modulates the cognitive processes that are relevant to performance
in competition. In this article, we reviewed the evidence arising from studies investigating the
effect of administering exogenous T and compare those results with the findings from studies
that measured endogenous T levels. Finally, we summarized the importance of also considering
the interaction between androgens and other hormones, such as cortisol, when investigating the
social modulation of T, as proposed by the dual-hormone hypothesis.
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Introduction

Androgens have been traditionally viewed as sex steroids, involved in the organization
of the nervous system in the early stages of development and in the activation of those
neural systems in adulthood, reflecting sex differences in behavior.! Although andro-
gens, such as testosterone (T), are by definition male hormones, they are found in both
sexes. In males, most of the circulating levels of T are produced by the Leydig cells in
the testis, with the adrenal glands contributing a smaller part,? and thus mainly reflect
the activation of the hypothalamic—pituitary—gonadal axis. In contrast, in women, T is
produced in equal parts by the adrenal zona fasciculata and the ovarian stroma, with
50% of the circulating levels of T resulting from the conversion of androstenedione.>*
Apart from these peripheral endocrine sources, androgens are also produced centrally
in the brain, either from the conversion of other circulating hormones or via de novo
synthesis from cholesterol.>* Neurosteroids are known to be involved in sexual devel-
opment and differentiation, and in the regulation of aggressive behavior, especially
during the nonbreeding season.’ The research on neurosteroids in humans is limited
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due to the invasive techniques involved, but these have already
been linked to human depression and stress.’

In the last decades, it has been established that apart from
their role as sex steroids, androgens also respond to the social
environment, exerting androgen-dependent behaviors.® This
review aimed to discuss the research findings on the human
androgen response to competition and the role of cognitive
variables in modulating this response. For this purpose, we
selected articles dealing with the T response to competitive
tasks, using as an exclusion criteria, research that focused on
the anabolic/catabolic processes resulting from physical effort.
Since ultimately, the interaction between cognition and andro-
gens is bidirectional, we also reviewed experiments linking
androgens’ levels to the psychological variables, which may
clarify some of the results found in competition.

The androgen response

to competition

Two hypotheses have been formally proposed to explain
the response of androgens to the social environment: the
biosocial model and the challenge hypothesis. The biosocial
model, originally proposed by Mazur, suggests a relation-
ship of mutually reinforcing feedback between T levels and
social dominance.”!® According to this model, individuals
compete for status through contests; these contests activate
the sympathetic nervous system (due to the stress associated
with a competition) and elicit a differential T response that
is congruent with the outcome of the contest. Therefore,
dominant individuals are expected to have a higher baseline
T and should respond to competition with a further increase
in T after winning a contest, thus reinforcing their dominant
behavior and facilitating the tendency to participate in future
encounters. In contrast, subordinates are expected to have
low initial T levels that should further drop after losing a
contest, to inhibit status seeking behavior and further negative
outcomes®!? — the role of T as a promoter of status-seeking
behavior has received support in a recent review,'! although
as other authors have pointed out,'? these effects cannot be
dissociated from the moderating effects of sex, context, and
the social environment.

Wingfield et al proposed the “challenge hypothesis”,
which aimed to explain the interspecific variation in androgen
levels and the link between the reproductive and aggressive
functions of T."* According to this hypothesis, the increase in
androgen levels from a nonbreeding, constitutive baseline to a
breeding-season level (level A to level B in Figure 1) is suffi-
cient for males to reproduce (ie, for spermatogenesis, expres-
sion of secondary sex characters, and reproductive behaviors),
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Figure | Schematic representation of androgen changes proposed by the challenge
hypothesis: (A) constitutive androgen levels; (B) breeding baseline levels needed for
successful reproduction; and (€) maximum physiological levels.

but further increases of T, toward a maximum physiological
level (level C in Figure 1), reflect the social challenges faced
by the males and are maintained only for the duration of
the agonistic encounter. The challenge hypothesis was first
advanced for birds, but it has been extended to other taxa,
from invertebrates to humans.'* ' Although it was initially
assumed by many authors that the predicted increases in T
from “B” to “C” levels during the breeding season reflect the
effect of social challenges, recently it has been shown that
across different bird species, the seasonal androgen respon-
siveness is not correlated with the androgen responsiveness
to experimental social challenges (eg, simulated territorial
intrusions).'”!8 The reviewed data suggest that the effect size
of these responses to social challenges vary in magnitude
and direction, depending on the species under observation;
this in turn suggests that multiple factors contribute to the
increases of T from B level to C level during the breeding
season and that therefore, these T changes cannot be inter-
preted merely in function of the agonistic interactions that
males are exposed to.!”!® The socially driven changes in T
levels predicted by the challenge hypothesis have been seen
as one mechanism that enables the individual to adjust the
expression of its behavior according to the social context
(eg, aggressive, parental, or sexual). By adjusting androgen
production to social context, individuals are able not only to
express flexible behavioral responses that fit the challenges,
but also to avoid the fitness-decreasing costs (eg, increased
metabolic rates, immunosuppression, and reduction of paren-
tal care) associated with chronically elevated concentrations
of androgens.!'*?!

The two theoretical models described above generate
different predictions for the T response to social challenges;
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however, they both stress its adaptive value, by allowing the
adjustment of the motivational, behavioral, and cognitive pro-
cesses of the individual to the perceived social environment,
which in turn influences subsequent social interactions. The
challenge hypothesis predicts the occurrence of a transient
increase in T levels, which for the individuals involved in
the agonistic encounter, cannot be equated to the increase
from B level to C level without hypothesizing an outcome-
dependent (ie, differences between winners and losers)
T change upon resolution of the interaction. The biosocial
model explicitly predicts an anticipatory T increase in both
opponents and a differential change in T as a function of the
interaction outcome (ie, T postcompetition levels increase in
winners and decrease in losers).

In many animal species, winning in agonistic encoun-
ters increases the individual probability of winning in
future contests.?? Based on these findings a winner effect,
mediated by the postcompetitive increase in androgen
levels, has been proposed.?*~* The connection between the
winner effect and androgens is supported by evidence from
experimental research that manipulated the postcompetitive
T pulse after a victory. These experiments demonstrated
that winning a contest was not sufficient, per se, for the
development of a winner effect, unless the victory was
associated with an increment of T.2%?’ In contrast, the loser
effect that is also described in the literature (ie, animals
that lose an aggressive interaction show a higher prob-
ability of losing future encounters) has not been shown
to be androgen-dependent as the experimental increase
of androgens after a loss was not sufficient to reverse it.?
Therefore, although functionally complementary, the win-
ner and the loser effect seem to rely on different neuroen-
docrine mechanisms, and androgens seem to play a major
role only in the former.

In humans, sports competition and contrived nonmeta-
bolic demanding laboratory tasks have been used as a proxy
for the agonistic encounters studied in animals (Table 1).
Possibly because men have much higher circulating levels
of T than do women and because in women, there is a need
to account for additional sources of T variation (such as the
phase of the menstrual cycle and the use of oral contracep-
tives), the early research on androgen responses to com-
petition focused more on men. However, these potentially
interfering variables have been the object of research, and it
has been found that T levels are relatively stable across the
menstrual cycle’”® and that there are no significant effects of
oral contraceptives on the pattern of T response to competi-
tion, despite that oral contraceptives (OC) users present with

lower T levels.”” As a result, in recent years, the number of
studies on the hormonal response to competition in women
has increased significantly. Overall, these studies in human
competition have shown an inconsistent pattern in both
sexes, with T levels increasing in winners and decreasing in
losers (as predicted by the biosocial model), increasing both
in winners and losers, or not showing significant changes
in response to the competitive event (see Table 1). These
heterogeneous androgen responses to competition may
reflect a mediation/moderation of the androgen response
by cognitive variables, such as perceived threat/challenge,
mood changes, etc.””3 This interaction between cogni-
tive processes and the androgen response is valid for both
sexes and may help to explain some of the null findings
reported in some female studies that had previously been
attributed to differential androgen effects in women.?'2
Unexpected results have also been reported in male stud-
ies*%7 and therefore, it is premature to downplay the role of
T in women based on competition studies that did not find
results according to the predictions of the theoretical mod-
els, especially since in women too, T has been linked to sta-
tus and dominance,*’#-% and shown to predict the reaction
to winning and losing.*>* Moreover, recent studies with
females have shown a clear T response to competition in
the direction predicted by the biosocial model,®*7° with no
observed sex difference in the direction of the T response
for winners and losers.”

The suggested interaction between cognitive processes
and the triggering of the physiological response to com-
petition should be seen as bidirectional, that is, not only
do cognitive processes modulate the androgen response
to competition but also, competition-driven changes in
androgens affect subsequent cognitive processes that are
relevant to competition for status and therefore, influ-
ence future interactions.”!®% For example, the T increase
after a social challenge has been found to be a predictor
of dominance and willingness to engage in competitive
interactions even after losing a previous competition,
and has also been linked to choosing aggression instead
of behaviors that lead to economic rewards.*?-3336.63.87
Interestingly the behavioral effects of these heightened
T levels are not necessarily associated with winning the
interaction, which is contrary to what would be predicted
by the biosocial model (ie, losers increase T; no effect of
the perceived outcome).*

In summary, the adaptive function of the androgen
changes in response to competitive interactions seems to be
related to the adjustment of cognitive and physical parameters
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Table | Summary of human studies reporting effects of competition on androgen levels (sorted by year of publication)

Author Paradigm Sex (n) Measure Competition Winnervs PrevspostT Pre vs post T
effect loser winner loser
Mazur and Lamb?® Tennis M (8) Plasma ! (close match) n/a T (decisive match) 1 (decisive match)
Lottery M (14) Plasma ns n/a ns ns
Elias? Wrestling M (15) Plasma T W > L n/a n/a
(T% change)
Booth et al*® Tennis M (6) Saliva n/a ns n/a n/a
Gladue et al®' Reaction time task M (39) Saliva n/a W > L n/a n/a
Mazur et al*? Chess regional M (8) Saliva n/a W > L n/a n/a
Chess tournament M (8) Saliva n/a W >L n/a n/a
McCaul et al* Exp |: coin toss M (28) Saliva n/a W > L n/a n/a
(P=0.079) n/a n/a
Exp 2: coin toss M (10l)  Saliva n/a W > L
Mazur et al* Video game M (28) Saliva ns ns n/a n/a
F (32) Saliva d ns n/a n/a
Bernhardt et al* Watching basketball M (8) Saliva n/a n/a 0 {
Watching soccer M (21) Saliva n/a n/a T 1
Gonzalez-Bono et al®**  Basketball M (16) Saliva n/a ns ns ns
Schultheiss et al*” NTT M (42) Saliva n/a ns n/a n/a
Suay et al*® Judo M (28) Plasma T ns n/a n/a
Gonzalez-Bono Basketball M (16) Saliva n/a n/a Team I: T (P=0.058) n/a
et al® (winners) Team 2: ns
Serrano et al® Judo M (12) Saliva ns ns ns ns
Filaire et al*' Judo M (18) Saliva n/a W <L ns ns
Bateup et al* Rugby F(17) Saliva T ns n/a n/a
Schultheiss and Rohde® NTT M (66) Saliva n/a ns n/a n/a
Wagner et al* Domino M (8) Saliva n/a ns ns ns
Kivlighan et al* Ergometer M (23) Saliva T n/a n/a n/a
F (23) Saliva ns n/a n/a nla
Schultheiss et al* SRT task M (95) Saliva n/a n/a n/a n/a
F (75) Saliva nla n/a nla nla
Edwards et al Soccer M (22) Saliva n/a n/a T (P=0.08) n/a
F (18) Saliva n/a n/a 0 T
Josephs et al*® NTT M (92) Saliva n/a n/a n/a n/a
Mehta and Josephs* NTT M (64) Saliva n/a n/a n/a n/a
Parmigiani and Judo M (22) Plasma T (total T) W <L n/a nla
Bartolomucci® (free and
total T)
Stanton and Schultheiss®' SRT F (49) Saliva n/a n/a n/a n/a
Van Anders and Vocabulary task M (37) Saliva n/a ns ns | (P=0.055)
Watson®? (ability determined)  F (38) Saliva n/a ns ns ns
Vocabulary task M (1) Saliva ns ns ns ns
(chance determined)  F (43) Saliva ns ns ns ns
Carré and McCormick® PSAP M (38) Saliva T n/a n/a n/a
Mehta et al* Dog competition M (93) Saliva n/a n/a n/a n/a
F(91)
Intelligence test F (70) Saliva n/a n/a n/a n/a
Carré® Hockey (winners) M (10) Saliva n/a n/a T n/a
Carré et al*® NTT + PSAP M (39) Saliva 1 n/a n/a n/a
F (60) Saliva N n/a n/a n/a
Edwards and O’Neal®”  Sports F (80) Saliva T n/a n/a n/a
Hamilton et al*® Wrestling F@2l) Saliva n/a ns T T
Mehta et al* Intelligence test M (30) Saliva n/a n/a n/a n/a
F (30)
Oliveira et al® Soccer F(33) Saliva n/a W > L 7 1
Pound et al®' Lab task M (57) Saliva n/a W > L T ns
(Continued)
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Table | (Continued)

Author Paradigm Sex (n) Measure Competition Winnervs PrevspostT Pre vs post T
effect loser winner loser

Stanton et al®? Elections M (57) Saliva n/a W > L ns l

F (106) Saliva n/a ns n/a nla
Carre et al® PSAP M (139) Saliva ns n/a n/a n/a
Edwards and Kurlander® Volleyball (winners)  F (15) Saliva n/a n/a T n/a

Tennis (losers) F(13) Saliva n/a n/a n/a T
Oxford et al® Video game (teams) M (42) Saliva n/a n/a T (between teams T (between teams
competition) competition)

Steiner et al* Poker M (32) Saliva n/a ns T T
Van der Meij et al* Intelligence test M (84) Saliva n/a ns T T
Slatcher et al®® Lab task M (76) Saliva n/a n/a n/a n/a
Costa and Salvador®’ Squares and letters F (40) Saliva n/a W > L n/a n/a
Jiménez et al”® Badminton M (27) Saliva n/a W > L ) {

F (23) Saliva nla W > L T 2
Trumble et al”' Soccer M (88) Saliva T ns n/a n/a
Van der Meij et al” Watching soccer M (25) Saliva n/a n/a ns n/a

(winners) F (25) Saliva n/a n/a ns n/a

Zilioli and Watson”® Tetris M (70) Saliva n/a W > L ns 1
Carré et al™ Video game M (114)  Saliva n/a W > L n/a n/a

F(123) Saliva n/a ns n/a n/a
Denson et al”® RT task F(53) Saliva n/a W > L n/a n/a
Oliveira et al’ NTT F (34) Saliva n/a W <L ns T

(P=0.097)

Notes: | = significant decrease; T = significant increase.

Abbreviations: F, female; L, loser; M, male; n/a, not tested in original paper; ns, nonsignificant differences; NTT, number tracking test; PSAP, point subtraction aggression
paradigm; SRT, serial response task; T, testosterone; W, winner; vs, versus; Pre, pre-competition levels of T; post, post-competition levels of T; Exp, experiment; Lab,

laboratory; RT, reaction time.

that help modulate subsequent behavior, according to per-
ceived social status and social context.

Psychological moderators
and mediators of androgen

response to competition
The proposed interaction between the physiological response
and cognitive cues can already be found in the biosocial
model.”* Among the suggested modulators of the T response
to competition, cognitive appraisal has been mentioned as a
major candidate since it is known to be a key mechanism in
the activation of the physiological response to challenges in
animals and humans®38 (Figure 2). According to this idea, it
is not only the intrinsic characteristics of the social interaction
that trigger a physiological response but rather, the evaluation
of what that event means to that organism at that moment
in time. As a consequence, the same exact event may elicit
different responses, depending on the way it is appraised by
different individuals or by the same individual at different
moments in time (eg, in different social contexts).
According to Lazarus, one of the founders of the
appraisal theory, two major types of appraisal occur:

a) primary appraisal, which evaluates the significance of
the event to the organism; and b) secondary appraisal,
which assesses the ability of the organism to cope with the
perceived consequences of the event.® These two types of
appraisal interact with each other in defining the outcome
of an appraisal, which can be a direct action or a cogni-
tive reappraisal process. More recently, Scherer defined
appraisal as a set of stimulus evaluation checks — including
dimensions such as suddenness, familiarity, predictability,
intrinsic pleasantness, discrepancy from expectation, and
capacity for control — that subjects use to assess stimuli/
events in order to activate a response.” These stimulus
evaluation checks can be understood as elements of the
two processes proposed by Lazarus,® with the intrinsic
valence, novelty (defined by the components of sudden-
ness, familiarity, and predictability), and prediction error
related to primary appraisal and controllability to secondary
appraisal. The influence of cognitive appraisal on the activa-
tion of the androgen response to competitive interactions
was first highlighted in an experiment with cichlid fish,
which showed that males that engaged in ambiguous fights
(ie, fighting their own image on a mirror and therefore,
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Figure 2 Hypothetical representation of the interaction between hormones and cognition, from contest appraisal to behavioral response.

Abbreviations: C, cortisol; SEC, stimulus evaluation checks; T, testosterone.

without information on the outcome of the interaction)
did not exhibit the androgen response observed in males
fighting real opponents.’’ These data, along with other
experiments, suggest that the expression of aggression
is not sufficient, per se, to increase androgen levels, and
that animals need to assess social information about the
interaction outcome and/or social context in order to trig-
ger an androgen response.””* Evidence for the effect of
opponent appraisal in human competition was demonstrated
by Van der Meijj et al, in an experiment using a cognitive
laboratory task. This study found a connection between
increases of T after the competition and opponent self-
efficacy, indicating that the information gathered about the
opponent was used to adjust the endocrine response.®’ This
hypothesis is also congruent with the abovementioned role
of appraisal and opponent assessment in animal agonistic
encounters.’~* In sports, there is also some evidence for the
effects of cognitive appraisal on T response, mostly related
to the causal attribution of the competition outcome, which
can be interpreted as part of the implication-assessment
component of cognitive appraisal.® The association between
postmatch T and external attribution of the competition
outcome has been reported as being negative for winners
and positive for losers,**** while another study found no
hormonal differences when the sample was split by appraisal

of performance and satisfaction with the outcome.?® The
effects of some specific dimensions of appraisal on the
androgen response to competition have already been inves-
tigated and will be discussed below.

Familiarity with location and opponent
Some results from human experiments suggest that men have
higher T levels before matches taking place at their home
venue than at away venues and also that these higher T levels
are associated with higher team rivalry.”** Yet another study
showed that a home field victory led to higher postgame T
than when victory was achieved at the opponent’s venue,
but the aforementioned effect of game location on pregame
T levels was not found.”® The same authors proposed that
the absence of this effect could be due to the sample, which
consisted of amateur rather than elite players.

The identified connection between territorial behavior and
team rivalry also brings into question what role is played by
the individual group membership when facing a dominance
contest. Early evidence of the moderating effect of group
membership was found in a domino competition between
neighboring Caribbean villages. In this study, the teams
competed against familiar men and also against strangers,
and although the effect did not reach statistical significance,
T tended to increase more before matches against neighboring
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villages than against teams of their own village.** Trumble
et al organized a soccer tournament among the Amazonian
Tsimané and attributed the lack of a winning effect on
T response to the interference of in-group factors arising
from a relative acquaintance between players of the oppos-
ing teams.”" Familiarity itself can also be seen as an early
component in the process of cognitive appraisal.” In a recent
competition experiment involving women, participants who
lost the competition had higher T levels than did the winners.
This T response was moderated by both the appraisal of the
competition as a threat and the degree of familiarity with
the opponent, with unfamiliar opponents and higher threat
appraisal predicting a higher T response.’

Perhaps the clearest effect of group membership on the
T response to competition can be found in a study by Oxford
et al that used a video game tournament, with teams com-
peting against each other (between groups) and also, team
members competing against their own team mates (within
group).® Among the findings of this experiment, Oxford et al
showed that men who contributed more to the team score,
and thus considered as high ranking, had a T response that
was different between in-group and out-group competition.®
The high-ranking winners had a higher T after the match
when the between-groups competition was played first, but
high-ranking players showed a lower T and higher cortisol
(C), independently of winning or losing the match, in the
within-group competition.*

Individual characteristics

Besides the social and cognitive variables proposed as
modulators of socially-driven androgen responses, individual
characteristics have also been proposed to play some role
in the endocrine response to competition. Power-motivated
individuals use assertiveness to achieve an impact on oth-
ers, while obtaining reward and reinforcement from those
actions. Thus, implicit power motivation predicts many domi-
nance behaviors with which high T is usually associated.”
Experiments using a contrived competitive task showed
that individuals with high power motivation had the highest
T levels after winning, but no association was found between
personalized power and high T for losers.?” Furthermore, high
implicit power motivation predicted stronger increases of T
postcontest for male winners with low activity inhibition
(used as a measure of impulse control) and also enhanced
implicit learning.* Sex differences and similarities for the
effect of implicit power motivation on T have also been
reported.*® In these experiments, high implicit power motiva-
tion predicted increases of T after the contest for men and

women in the winner condition, but the T response in the
loser condition was moderated by sex, where power motive
was a negative predictor of T for men and a positive predic-
tor of T for women.*® This finding of women who showed
increased T after losing a competition has been interpreted
as readiness to reengage in competition, after the power goal
was not achieved.*

Effects of androgens on
physiological parameters relevant

to performance in competition

T and synthetic derivatives of T are commonly used to
enhance athletic performance.’” Although androgenic-
anabolic steroid (AAS) action may occur through different
mechanisms, due to molecular variations and different andro-
gen receptor affinities,”” AAS or T supplementation leads to
an alteration in the physiology of skeletal muscle, increasing
the number of myonuclei in muscle fibers and the number of
satellite cells in muscle tissue.””® Thus, AASs may lead to an
increase in body dimensions and body weight, consistent with
results from nonhuman animals.”® However, as pointed out
in recent reviews,’?%1% there are many contradictory results
that can be attributed to differences in the type of AAS used,
the dosage, and the duration of use. In humans, enhanced
physical performance as a consequence of T supplementa-
tion seems to be restricted to strength and sprint tasks, either
due to increased muscle mass or changes in the contractile
properties of the muscle, and no effects have been reported
for endurance tasks.”

Effects of androgens on
psychological parameters relevant

to performance in competition

Sex steroids can modulate perceptional, motivational,
and cognitive processes by binding to either androgen or
to estrogen receptors (some of the behavioral effects of
T require aromatization of this hormone to estradiol) that
have been found in the brain areas directly involved in these
functions.® The availability of noninvasive T administration
techniques (ie, oral and dermal) for human participants
allowed the proliferation of studies that aimed to investigate
the effects of T in psychological parameters. The effects of
T on human cognition have also been investigated, using
endogenous baseline measures of T or via environmental
manipulations that induced a change in androgen levels
within the physiological range of the individual. Results
from these experiments should be compared with those aris-
ing from paradigms involving exogenous administration of
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T — with exogenous administration of T, the dose-response
curve follows an inverted U-function, and this procedure
may lead to pharmacologically induced supraphysiological
hormone levels.'!

Given the importance of T in social challenges, experi-
ments were planned to investigate the relationship between
T and the variables involved in threat detection. In a social
environment, the rapid detection of threatening stimuli is
critical for survival, and the presence of an efficient threat
detection system can be seen as an evolutionary adaptive
advantage since it allows the appropriate selection of a fight-
or-flight response. Research shows that there is an automatic
attentional bias toward threat stimuli and that anxiety and
vigilant behavior play a role in this effect.!>!” The fear-
reducing properties of T have already been demonstrated
in animals,'*!% and the convergence of experiments using
different paradigms suggests that this T effect on fear is also
present for humans. Participants who had their levels of T
experimentally increased showed a decreased unconscious
vigilant emotional response to masked fearful faces when
compared with a placebo group, but T had no effect on self-
reported measures of anxiety.'° Furthermore, exogenous T
reduced the fear-potentiated startle reflex and lowered the
electrodermal response to negative stimuli (which can be
interpreted as an attenuation of the sympathetic components
of the stress response),'’” especially in participants with
initial high-anxiety and high-reactivity to affective startle
modulation.'%®

The facial expression of anger has been interpreted as a
threat signal. In an experiment that used a morphing neutral
to emotional stimuli paradigm, T administration reduced
the sensitivity to consciously detected angry faces.'” When
viewed together with previous research, these experiments
suggest that the impaired unconscious threat perception, as
measured by decreased selective attention to threatening
faces after administration of T, might be mediated by the fear
reduction properties of T.!%1% Moreover, social aggression
may be facilitated by other effects of T, for example, it has
been found to increase the cardiac response in participants
exposed to angry faces. This can be seen as readiness to
aggressively engage in status contests'!? and to increase risk-
taking behavior, while also increasing reward and lowering
punishment sensitivity.'!!

In all the studies mentioned above, T was increased to
supraphysiological levels and only female participants were
included; however, Wirth and Schultheiss found similar
patterns with endogenous T in men and women. In this
study,® basal morning T levels were related to a greater

interference with supraliminal angry faces, in an emotional
Stroop task, congruent with previous research.!'>!3 T also
predicted an attentional bias away from angry faces, in a
dot-probe task,® consistent with the anxiolytic effect of
T.106-198 Raising androgens to supraphysiological levels has
also been shown to affect interpersonal factors. In fact,
T downregulated interpersonal trust in overtrusting individu-
als, preparing them for possible competition for status and
resources,''* and reduced facial mimicry, a critical function
in communicating empathy toward conspecifics.'” Further-
more, sublingual T administration induced a marked impair-
ment on the Reading the Mind in the Eyes Task (RMET), a
test that has been used as a measure of social intelligence
and cognitive empathy; however, this effect was only found
in individuals with high fetal exposure to T, as measured
using the ratio of the length of the second and fourth finger
of the right hand (2D:4D) as a marker of fetal exposure
to androgens.!!® These results should be noted with cau-
tion since it is still questionable whether the 2D:4D finger
index is a valid biomarker of prenatal androgen exposure.
For example, women with complete androgen insensitivity
syndrome have still shown feminized 2D:4D ratios despite
the ineffective androgen exposure in utero.'!’

Functional neuroimaging
evidence for the action of androgens

in psychological parameters

Recently, studies that have employed functional magnetic
resonance imaging (fMRI) helped to shed light on 1) how
the endocrine system interacts with target brain areas when
individuals are presented with threatening stimuli and
on 2) how the changes in neural activity may explain the
relation between hormones and behavior. Hermans et al
showed that female participants with high T and C have a
stronger subcortical response to social threat and that after
T administration, there is a greater activation of the amygdala
and the hypothalamus than occurs following the administra-
tion of placebo.!"® The administration of T to middle-aged
women with an age-related decrease in androgen levels
restored the amygdala activation in response to threatening
stimuli to the levels found in younger women, thus providing
further data in support of the regulation of amygdala activ-
ity by T.'"” Studies with endogenous T are congruent with
the findings described above and have also found a positive
association between T and amygdala activation that is spe-
cific to angry and fearful faces.'?*!?! However, differences in
amygdala reactivity have been found to depend on the varia-
tion in length of the trinucleotide cytosine-adenine-guanine
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(CAGQG) in the androgen receptor gene. It has been found that
the activation of the dorsal amygdala was not affected by the
number of CAG repeats, but a high number of CAG repeats
was associated with low ventral amygdala reactivity (when
corrected for salivary T levels), suggesting that the androgen
effect on the activation of this area of the amygdala may be
moderated by variations in the length of CAG in the androgen
receptor gene.'?!

The orbitofrontal cortex (OFC), a brain region involved
in impulse control and emotional regulation that is function-
ally and anatomically connected with the amygdala, has also
been identified as a possible moderator of the effect of T in
amygdala reactivity.'?>'** After T administration to women,
participants showed a reduced functional connectivity
between the amygdala and the OFC, suggesting that T may
reduce the inhibitory control of the OFC over the amygdala.'**
This finding is also congruent with a previous experiment that
measured endogenous T in men and women and found that
the effect of T on aggression was mediated by the activity
of the OFC, with T increasing the propensity for aggressive
behavior, due to reduced activation of the OFC.!%

Evidence has also been found for the effects of T in moti-
vational and reward circuits. It has been shown that T activates
the mesolimbic dopaminergic circuits involved in reinforce-
ment regulation and incentive processing. In one study,
female participants with low intrinsic motivation showed an
increased activation of the ventral striatum (a target area of
the mesolimbic dopaminergic system) in anticipation of a
reward after T administration, while those with high motiva-
tion showed no further enhancement by T.!2

Effects of androgens in spatial abilities

Performance in spatial abilities tasks has been linked to higher
levels of androgens. Since men have higher concentrations
of T than women, it has been suggested that T could partly
explain the sex differences observed in spatial ability tasks.'?’
Indeed, some studies have reported an association between
endogenous levels of T and enhanced spatial abilities in
younger and older men,'?®13° but other studies have failed
to find this association.'3'"'3 It has been reported that when
the circulating levels of T were experimentally increased,
a selective effect of T was observed on specific parameters of
spatial memory that were involved in the location of objects
displayed on a screen, with T enhancing performance.'**
In another experiment, after controlling for the learn-
ing effects from repeated testing, participants showed an
increased visuospatial ability after T administration com-
pared with participants receiving placebo.'** There is also

evidence that T supplementation increased spatial memory
in older men,"%!37 but increasing T to supraphysiological
levels in eugonadal males has also led to a worse spatial
performance.'*® Together, these results suggest that the rela-
tionship between visuospatial abilities and T levels is better
described by an inverted U shape curve, with a corresponding
range of optimal concentrations of T leading to enhanced
visuospatial performance. '

It should be noted that although the link between T
and performance in spatial tasks is well established, it may
depend on the interaction between T and the social context.
By assigning participants to a high- and low-status condition,
Newman et al found that individuals with high status and
high T performed well in both tests, while individuals with
low status and high T (a status threatening condition) had a
worse performance in both tests.'*

Effects of androgens

on economic behavior

The effect of T in the context of economic behavior and deci-
sion making has been studied, mostly using the “ultimatum
game” (UG). In this game, a proposer makes an offer to a
responder for how to divide an endowment, and the receiver
has to decide whether to accept or reject the offer. Acceptance
implies the division of the sum as suggested by the proposer,
whereas rejection implies that none of the participants will
receive any money. In this paradigm offers less than 20% of
the total sum are considered unfair and are frequently rejected
by the receiver.'* Using the UG, Burnham reported that, in
men, baseline T was positively correlated with the rejection of
low game offers and suggested that in settings with repeated
interactions, punishment may enhance the reputation of the
punisher and alter the behavior of the punished.'*! Likewise,
Mehta and Beer also found a positive correlation between T
and unfair offer rejection, and this effect of T was similar in
men and women.'?

To clarify the effects of T on fair offers, different experi-
ments involving the administration of T have been conducted,
with mixed results. An experiment by Zak et al used a gel
carrying 1% of T and found an effect of this androgen on offer
generosity, wherein the participants in the proposer condi-
tion who received T made offers 27% lower than those who
received placebo.'*> However, this difference between groups
disappeared with repeated play. In contrast, Eisenegger et al
studied female participants who were given a sublingual
administration of T and reported that the T had no effect on
rejection behavior but also, that the group given T presented
higher offers to the receiver than did the placebo group.'*
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This study also found an interference of the participants’
beliefs about the effects of T, since lower offers in the UG
were presented by individuals in the placebo condition who
believed they were given T. A recent paper that analyzed the
dynamics of T absorption after its gel administration'** has
suggested that the study by Zak et al tested subjects 13 hours
after the peak of T levels. Although this result reveals a mis-
hap in the sampling time of the Zak et al study,'** it cannot
fully explain the contradictory results concerning the effects
of T on fair bargaining, since the experimental subjects in
the target experiment still presented free T levels that were
97% higher than their baseline measure.

The Eisenegger et al experiment'*® hinted at a prosocial
dimension of T, ie, that T could enable the individual to secure
important resources and a high status through cooperation:
supporting evidence for this was found in a recent study that
used the “public goods game” as an experimental task.'*
Using this economic game, the authors removed the pos-
sibility that the fair behavior found in the UG could be due
to the threat of financial punishment; the researchers showed
that the effect of T on cooperation was moderated by the
2D:4D ratio since only participants with a high 2D:4D ratio
(hypothetically with low fetal androgen exposure) contributed
more monetary units after receiving exogenous T.!#

As mentioned in a previous section, it has previously
been shown that T administration elicited increased risk tak-
ing and that this was associated with changes in punishment
and reward sensitivity.''! Risk-taking has also been positively
correlated with endogenous salivary T levels, in men playing
an investment game,'*¢ and risk-aversion has been negatively
correlated with T levels, in women.'*"¥® Recently, a study
with a mixed-sex sample also found a nonlinear U-shaped
association of endogenous T with risk taking and with
ambiguity preference in economic decision-making.'* In
this experiment, a similar pattern of response was found for
men and women — individuals presenting low and high T (ie,
below and above 1.5 standard deviations from their sex mean,
respectively) were neutral to risk and ambiguity, whereas risk
and ambiguity aversion were found in those with midlevels
of endogenous T.'*

The dual-hormone hypothesis

of neuroendocrine response

to social challenges

Besides the role of psychological variables in the androgen
response to social challenges, there is growing evidence
that both dominance behavior and T levels change after
a contest and that both are also moderated by baseline

levels of C and T (reflecting an endocrine interaction
between the hypothalamic—pituitary—gonadal and the
hypothalamic—pituitary—adrenal axis).!* For example, basal T
levels have been shown to predict the C response to winning
or losing a competition;> positive correlations between T and
overt aggression have only been found when C levels are
low;">! and a T/C ratio has been proposed as a marker for the
propensity for aggressive behavior.!3 This set of results led
to the recent proposal of a dual-hormone hypothesis for the
regulation of dominance.'> The proposers of this hypothesis
found evidence that the association between T and dominance
was moderated by basal C levels in both sexes, with higher
T predicting higher dominance scores only when baseline C
levels were low; they found too, that high dominance after los-
ing a competition was predicted by high precompetition T and
low precompetition C, a relationship that was reversed when
individuals showed high C levels before the competition.'
This hypothesis received further support in a recent study that
found the same pattern of response in the winners of a video
game contest; in this study, an increased postcompetition T
was found when the winning participants presented a high
baseline T and low baseline C.” Together, these results sup-
port the idea that the promotion of status-seeking behaviors
by high T only occurs when C levels are low. It should be
noted here that the dual-hormone hypothesis establishes the
interaction between T and C based on acute responses to
social challenges, and this mutual regulatory pattern may not
account for the changes in hormone levels occurring under
chronic events.'>*

Concluding remarks

The androgen response to social competition is present in
a wide range of animals, including humans. Overall, the
literature reviewed in this article suggests that the T response
to competition in humans displays a high degree of vari-
ability and violates the patterns of response predicted either
by the biosocial model or by the challenge hypothesis. This
large scope of variation in androgen responsiveness can be
explained by the interaction between androgens and another
neuromodulator of the social decision-making network
in the brain, namely C (as proposed by the dual-hormone
hypothesis), and by psychological variables. The possible
interference of the T response elicited by competition by
cognitive variables was first hypothesized in the biosocial
model, and therefore, the biosocial model is the theoretical
framework that is usually evoked when trying to understand
the modulatory effects of cognition on T levels. Nevertheless,
it is interesting to note that the recent revision of the challenge
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hypothesis, partly motivated by the differences in the direc-
tion of T response to territorial intrusions, also contemplates
an interaction between T and intraindividual processes (eg,
cognitive variables).!”!®!5 Experimental testing of these
assumptions should be addressed in future studies. Focusing
on the relative contributions of these psychological and physi-
ological moderators and on the interactions between them,
should provide new perspectives on current contradictory
results.
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