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a b s t r a c t

Compelling evidence exists for pervasive sex differences in pathological conditions, including anxiety and
depressive disorders, with females more than twice as likely to be afflicted. Gonadal hormones may be a
major factor in this disparity, given that women are more likely to experience mood disturbances during
times of hormonal flux, and testosterone may have protective benefits against anxiety and depression. In
this review we focus on the effects of testosterone in males and females, revealed in both human and ani-
mal studies. We also present possible neurobiological mechanisms underlying testosterone’s mostly pro-
tective benefits, including the brain regions, neural circuits, and cellular and molecular pathways
involved. While the precise underlying mechanisms remain unclear, both activational and organizational
effects of testosterone appear to contribute to these effects. Future clinical studies are necessary in order
to better understand when and how testosterone therapy may be effective in both sexes.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Anxiety and depressive disorders are the most common of all
psychiatric disorders; however, current human and animal re-
search has yet to provide a clear understanding of the neural mech-
anisms underlying their etiology. Demographic analyses illustrate
not only their widespread prevalence, but also pervasive sex differ-
ences in these affective disorders. In fact, approximately 18% of the
adult American population suffers from an anxiety-related disor-
der and another 7% from major depressive disorder each year
(Kessler et al., 2005b). Further, females are more than twice as
likely as males to be afflicted by mood disorders (Kessler et al.,
2005a; Bekker and van Mens-Verhulst, 2007). These sex differ-
ences are observed, not only in the US, but are also documented
worldwide (Seedat et al., 2009). This sex disparity indicates a po-
tential role for gonadal hormones in the etiology of anxiety and
depressive disorders. In fact, studies have revealed that women
are more likely to experience mood disturbances, anxiety, and
depression during times of hormonal flux, such as puberty, meno-
pause, perimenstrual and post-partum periods (Ahokas et al.,
2001; Parker and Brotchie, 2004; Douma et al., 2005; Solomon
and Herman, 2009). While hormonal flux in females appears to in-
crease the likelihood of experiencing mood disturbances, clinical
and preclinical studies in males suggest that testosterone yields

protective benefits against anxiety and depression. These benefi-
cial effects may stem from both organizational and activational ef-
fects of testosterone. The possible underlying neurobiological
mechanisms that mediate such protective effects, including the
brain sites, biochemical factors, and molecular pathways involved
are discussed herein. Understanding the influence of hormones
on neurobiological systems that regulate anxiety and depressive
behavior will increase our capacity to develop new drug targets
to treat various mental illnesses in both men and women.

2. The influence of testosterone on anxiety and depressive
behaviors in men and women

The relationship between testosterone levels, anxiety disorders,
and major depressive disorder in humans is evident in males with
hypogonadism, a condition in which reduced functional activity of
the gonads results in decreased levels of testosterone. Hypogonad-
al men exhibit a significantly higher prevalence of anxiety disor-
ders and major depressive disorder, compared to those with
normal physiological levels of androgens (Shores et al., 2004; Zar-
rouf et al., 2009). Similarly, men treated with androgen-depleting
drugs for prostate cancer have a greater likelihood of developing
an anxiety disorder or major depressive disorder (DiBlasio et al.,
2008). Moreover, hypogonadal men with human immunodefi-
ciency virus are more likely to experience depressive moods, an ef-
fect reversed by testosterone administration (Rabkin et al., 2000).
Collectively, several reports suggest that testosterone-replacement
therapy in hypogonadal men greatly improves mood, alleviates
anxiety, and mitigates symptoms of depression (Wang et al.,
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1996; Pope et al., 2003; Kanayama et al., 2007; Zarrouf et al., 2009).
However, this is not the case in all clinical studies. For example,
one study reports that testosterone-replacement therapy in andro-
gen-deficient men did not significantly alleviate symptoms of ma-
jor depressive disorder, compared to placebo-treated controls
(Seidman et al., 2001). Another study revealed that testosterone
administration in elderly men with low levels of testosterone
and mild cognitive impairments also did not improve symptoms
of depression (Kenny et al., 2004). However, despite a few inconsis-
tent reports, the majority of studies support the case that testoster-
one yields beneficial effects on mood in men, especially in those
with lower than normal levels. Other important considerations in
these discrepancies may include differences in age, degree of hypo-
gonadism, and also the timing, dose, duration, and route of andro-
gen replacement. In fact, studies indicate that route of
administration may be an important factor, with transdermal
application being more effective in improving mood than hormone
injections (Zarrouf et al., 2009). Another major consideration is
whether the individual tested had previously experienced a
depressive episode or had never suffered from an affective disorder
(Pope et al., 2003; Zarrouf et al., 2009). In general, testosterone ap-
pears to be most effective in alleviating symptoms of anxiety and/
or depression in older hypogonadal men, but risk factors must also
be assessed. For example, testosterone therapy also involves a po-
tential increased risk of cardiovascular complications, sleep apnea,
polycythemia, and prostate cancer (Surampudi et al., 2012). There-
fore, additional studies are required in order to know more about
when and how testosterone therapy may be effective in treating
anxiety and mood disorders despite potential risks involved.

While the clinical studies of testosterone therapy in women are
more limited, some evidence supports anxiolytic and antidepres-
sant roles for testosterone. Administration of a low dose of testos-
terone in women with treatment-resistant major depressive
disorder significantly improved ratings of depression, compared
to placebo-treated subjects (Miller et al., 2009). In addition, surgi-
cal removal of the ovaries increased mood disturbances and
depression, compared to placebo-treated controls, an effect re-
versed by testosterone (Shifren et al., 2000). Another study in wo-
men found that a single administration of testosterone reduced
anxiety in the fear-potentiated startle response, compared to pla-
cebo-treated controls (Hermans et al., 2006). Furthermore, trans-
dermal application of testosterone in women experiencing age-
related declines in androgens resulted in substantially improved
mood and psychological well-being, compared to placebo-treated
individuals (Goldstat et al., 2003). However, some reports have
noted that too much testosterone can also negatively impact mood
in women and can even contribute to the onset of major depressive
disorder (Rohr, 2002). Additional clinical studies in women are
necessary in order to reveal whether, and under what conditions,
testosterone alleviates symptoms of anxiety and major depressive
disorder.

Additional information can be obtained from examining mood
and behavior in both men and women during times of testosterone
flux, often due to age-related declines or circadian function. In ado-
lescent males, but not females, decline in salivary testosterone
throughout the day due to circadian flux, is correlated with an in-
crease in anxiety- and depressive-like measures (Granger et al.,
2003). Lower salivary levels of testosterone are also observed in
individuals with anxiety disorders and major depressive disorder.
In fact, women with major depressive disorder or a type of anxiety
disorder, including generalized anxiety, social phobia, or agorapho-
bia express lower levels of salivary testosterone, compared to emo-
tionally healthy women (Giltay et al., 2012). Socially anxious men
also display a significant drop in testosterone levels after being de-
feated in a competition, an effect not observed in non-anxious men
(Maner et al., 2008). In addition, both women and men taking a

serotonin reuptake inhibitor (SSRI) for major depressive disorder
have higher levels of salivary testosterone, compared to depressed
individuals not taking SSRI medication (Giltay et al., 2012). Also, in
more senior men and women, lower levels of testosterone are asso-
ciated with an increased prevalence of major depressive disorder
(Barrett-Connor et al., 1999; Morsink et al., 2007).

Clinical evidence suggests that testosterone has anxiolytic and
antidepressant benefits, with the potential to promote improved
mood and mental health in both women and men. However, the
neurobiological mechanisms underlying the protective effects of
testosterone in males and females remain poorly understood. In
addition, given testosterone’s disparate routes of action, it is not
clear whether actions of androgens at androgen receptors or con-
version to estrogen are responsible for these effects. Human imag-
ing studies that examine possible sites in the brain are necessary to
better understand how testosterone and its metabolites and recep-
tors may mediate central effects on mood in both men and women.
Animal studies are also required to corroborate findings in human
studies, establish causal relationships, and elucidate possible neu-
ral and molecular mechanisms underlying testosterone’s benefits.
Below, we first provide a background summarizing the biosynthe-
sis of testosterone and its metabolites. Then we present the geno-
mic and nongenomic molecular actions of testosterone. Lastly, we
provide a comprehensive review of the animal models and exper-
iments that begin to elucidate the brain sites and neurobiological
mechanisms by which testosterone exerts its generally beneficial
effects on anxiety and depression.

3. Molecular mechanisms of testosterone

3.1. Steroidogenesis, biosynthesis, and metabolism

Testosterone is often referred to as a male hormone, in part be-
cause males have about ten times higher concentrations of testos-
terone compared to women, although women are actually more
sensitive to testosterone (reviewed in Durdiakova et al., 2011).
The gonads and adrenal cortex are the primary sources of testos-
terone in most vertebrate species of both sexes. Peripheral testos-
terone can cross the blood brain barrier and have a number of
effects on the brain. In addition, small amounts of steroids, includ-
ing testosterone, are synthesized de novo from cholesterol or ste-
roidal precursors in the brain, and are referred to as
neurosteroids (Baulieu et al., 2001; Melcangi et al., 2008) and are
discussed in more detail below.

Cholesterol is the precursor of all steroid hormones, including
testosterone (reviewed in Ghayee and Auchus, 2007). The rate-lim-
iting step of steroid synthesis is the transport of cholesterol from
the cytoplasm to the inner mitochondrial membrane, where steroi-
dogenic enzymes reside (reviewed in Sierralta et al., 2005; Abdul-
karimi et al., 2012; Miller, 2013). A protein complex called the
transduceosome forms at the outer mitochondrial membrane of
gonadal and adrenal cells. The transduceosome includes steroido-
genic acute regulatory protein (StAR), as well as protein kinase A
(PKA), and several other mitochondrial and cytosolic proteins.
The process is initiated by the binding of luteinizing hormone
(LH) or chorionic gonadotropin (CG; hCG in humans) to their G-
protein-coupled receptors, which results in cAMP activating PKA,
which in turn phosphorylates and thereby activates StAR. StAR
passes through the outer mitochondrial membrane, carrying cho-
lesterol in its hollow, hydrophobic C-terminus, and attaches to
the inner mitochondrial membrane, where the cholesterol side-
chain cleavage enzyme desmolase is located.

Fig. 1 shows the series of reactions, beginning with the cleavage
of a side-chain of carbons by the enzyme desmolase to form preg-
nenolone, an obligatory C21 steroid and prohormone to all other
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