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ABSTRACT 

Neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s disease are 
increasingly spreading worldwide. Neuroinflammation, deposition of misfolded proteins, 
oxidative stress, mitochondrial dysfunction, and excitotoxicity are main biological processes 
in the development of neurodegeneration. Furthermore, noncoding RNAs, genetic mutations, 
and environmental factors are involved in the development of neurodegeneration. Recent 
advances in the knowledge of testosterone shows that the concentrations of testosterone 
might be effective in the pathogenesis of the neurodegenerative diseases and testosterone 
has been implicated in the modulation of dopaminergic system.  It has been proposed that 
the degree of the oxidative stress identifies whether testosterone affects neuronal function 
negatively or positively. In other words, testosterone can be neurotoxic or neuroprotective 
according to the environment. In the light of several evidences, testosterone should be 
evaluated as a crucial factor for the prevention, diagnosis, and treatment of neurodegenerative 
diseases by clinicians.
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Introduction

The sex hormone, testosterone is a pivotal 
molecule. Its concentrations might be 
determinative between healthy and pathological 
brains. Testosterone may be involved in 
the development of neurodegenerative and 
neuropsychiatric disorders and in this regard, 
testosterone might be neuroprotective and 
therefore show therapeutical properties for 
neurodegenerative diseases [1]. In this review, 
the potential evidences of testosterone for 
neurodegeneration and neurodegenerative 
diseases are discussed. Furthermore, therapeutic 
potential of exogenous testosterone is discussed 
for neuropsychiatric and neurodegenerative 
diseases.

Testosterone as a pivotal molecule

 � General information about testosterone

Testosterone (T), a male sex hormone that 
subserves reproductive and sexual functions, 
was discovered in 1930s [2]. F.C. Koch and 
L. McGee isolated 20 mg testosterone from 
bovine testicles in 1927. Then, E. Laqueur 
and A. Butenandt isolated testosterone from 
human testicle and characterized it chemically 
in 1935 [3]. Testosterone is generated by testes 
of men, overies of females and adrenal glands 
and transported by the sex hormone binding 
globulins (SHBG) and albumins. The level of 
SHBG is enhanced with age in males, for this 
reason, the level of free testosterone is decreased 
and at the age of 60 and over, it reaches the 
lowest levels in males [4]. 



Neuropsychiatry (London)   (2018) 8(5)1483

Review Orcun Avsar

for the treatment of prolactinoma. Furthermore, 
prolactin reduces the level of testosterone in an 
indirect way. In the light of this knowledge, 
dopamine agonists may enhance testosterone 
concentrations by suppression of prolactin [12].

 � Testosterone and oxidative stress

Oxidative stress is described as an unbalanced 
redox that includes excessive production of 
reactive oxygen species (ROS) and decreased 
antioxidant potency, involving enzyme-related 
activities such as catalase, superoxide dismutase, 
and the GSH oxidation-reduction system, 
and several non-enzyme-derived antioxidant 
substances [13]. Excessive production of ROS 
may lead to the injury and death of neurons. 
These ROS are significantly implicated in the 
pathogenesis of various neurodegenerative 
diseases such as Parkinson’s Disease (PD), 
glaucoma, amyotrophic lateral sclerosis (ALS), 
Alzheimer’s Disease (AD), Huntington’s Disease 
(HD), and HIV-associated neurocognitive 
disorder, via activation of glial cells (microglia 
and astrocytes) promoted by the stimulation of 
neurodegeneration and neuroinflammation [14].

It has been suggested that testosterone might 
be neuroprotective when oxidative levels 
are minimum, on the other hand, when the 
oxidative stress levels are incerased testosterone 
may elevate the damage of oxidative stress [14].

Oxidative stress is one of the most significant 
factors that causes dopaminergic system 
disturbances. The factor, aging, leads to dopamine 
auto-oxidation [9] and  testosterone may 
enhance oxidative stress-related neurotoxicity in 
dopaminergic neurons and then lead to apoptosis 
[15]. Furthermore, it has been demonstrated 
that short-term and long-term stress may cause 
the reduction of blood testosterone levels and 
modified oxidative redox [13]. On the other 
hand, testosterone is able to protect against the 
damage of oxidative stress. It has been suggested 
that the degree of the oxidative stress adjust 
whether testosterone affects neuronal function 
negatively or positively [14].

 � Testosterone and neurodegeneration

Brain is a very sensitive organ because of the 
unreplaceable nature of neurons in the body 
[16]. Neurodegeneration (irreversible tissue 
loss) defines the gradual and progressive 
deterioration in neuronal functions such as 
movement, motivation, and memory due 
to the structural alterations of neurons or 
neuron death. These changes give rise to 

Testosterone has several effects on different 
body tissues, involving brain. In addition 
to its reproductive function, testosterone is 
responsible for body hair, libido, sexual function, 
reduced risk of osteoporosis, increased muscle 
mass, and the development of central nervous 
system. The free form of testosterone can pass 
the blood-brain barrier and affect neurons [5]. 
Low testosterone levels are associated with aging 
and several diseases such as diabetes, obesity, 
sexual disfunction, stroke [2]. On the other 
hand, excessive testosterone levels might be 
detrimential to the cardiovascular system [6]. 

 � Testosterone and dopaminergic system

Testosterone is one of the most studied hormonal 
factors in human behavior. Testosterone is 
associated with human behaviors such as low risk 
aversion, social dominance, extraversion, mating 
effort, competitiveness, and affiliative behaviors 
[7]. Moreover, it was reported that there was a 
positive correlation between the quantity of spicy 
food (eating behavior) and endogenous salivary 
testosterone [8]. Testosterone may regulate 
the behaviors of organisms by affecting central 
dopaminergic system [9]. Testosterone affects 
brain functions including motor, cognitive, and 
motivational behaviors and dopamine release in 
midbrain circuits [10]. Testosterone modulates 
gene expression via activation of androgen 
receptors (ARs) in a direct way or may interact 
with estrogen receptors after aromatization. 
5α-reductase enzymes (5αR) may convert 
testosterone to dihydrotestosterone (DHT). 
DHT has more affinity for AR than testosterone. 
Furthermore, testosterone might be converted 
into estradiol by the enzyme, aromatase (Figure 1) 
[10]. ARs are located in the dopaminergic neurons 
of the striatum and testosterone adjusts striatal 
dopaminergic function [11]. Moreover, it has 
been reported that catechol-o-methyltransferase 
(COMT), tyrosine hydroxylase (TH), monoamine 
oxidase A (MAOA), monoamine oxidase B 
(MAOB) gene expression levels in the substantia 
nigra of adolescent male rats are associated with 
testosterone [10].

Animal studies suggest that dopaminergic 
neurons are inhibited by circulating testosterone. 
Castration leads to enhanced dopamine release 
in striatum. On the other hand, some other 
studies propose that testosterone supplements 
may elevate striatal dopamine concentrations 
and dopamine turnover in animals [10]. 

Dopamine is the endogenous inhibitor of 
prolactin, therefore, dopamine agonists are used 
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accumulation of toxic proteins in the brain, 
and the loss of mitochondria functions [17]. 
Neurodegenerative diseases such as Parkinson’s 
disease and Alzheimer’s disease are increasingly 
spreading worldwide. Neuroinflammation, 
deposition of misfolded proteins, oxidative stress, 
mitochondrial dysfunction, and excitotoxicity 
are main biological processes in the development 
of neurodegeneration and brain tissue is much 
more sensitive to oxidative stress than other 
tissues due to high levels of peroxidizable fatty 
acids, iron, and limited antioxidant activity 
[13]. Furthermore, noncoding RNAs, genetic 
mutations such as PARK1, PARK4, PARK8, 
PS1, PS2, FTD, APOE, and environmental 
factors such as pesticides, fungicides, substances 
from addictive drugs, heavy metals, viruses, 
might be involved in the development of 
neurodegeneration (Figure 2) [18,19].

Testosterone has bidirectional and converse 
effects -antioxidant and oxidative stressor- depend 
on the conditions in the brain [13]. It has been 
reported that testosterone can enhance oxidative 
stress-induced neurotoxicity in dopaminergic 
neurons in rats and then leads to loss of dopamine 
neurons and neurodegeneration [15]. Depletion 
of testosterone by orchieoctomy may increase the 
oxidative stress in brain. Castration in male mice 
gives rise to the loss of dopaminergic neurons in the 
striatum and nigra, and then, stimulation of PD-
associated pathogenesis [20]. Moreover, it has been 
shown that testosterone is associated with cognitive 
decline in male subjects with increased oxidative 
stress levels [15]. These evidences might be one of 
the explanations of the mechanisms of testosterone 
in neurodegenerative diseases.  

The secretion of sexual hormones, testosterone 
and estrogen, is reduced with aging. Particularly, 
estrogen exert neuroprotective activity in 
clinical and animal studies. Estrogen modulates 
beta-amyloid accumulation and acts as a 
neuroprotective agent [13]. Furthermore, 
estrogen has neuroprotective effects on AD and 
PD. In other words, estrogen is clinically effective 
for the treatment of PD and AD, and this action 
may occur by the conversion of  testosterone 
into estradiol, the potent form of estrogen in the 
brain [13].

It has been demonstrated that testosterone is 
neuroprotective in healthy male subjects. On 
the other hand, the neuroprotective features of 
testosterone is reduced with increased age and 
then leads to enhanced ROS production and 
neurodegeneration [15].

Testosterone treatment for neurodegen-
erative diseases
Testosterone may have protective effects on 
neurodegenerative diseases such as Alzheimer’s 
disease (AD), mild cognitive impairment (MCI), 
amyotrophic lateral sclerosis (ALS), vascular 
cognitive impairment (VCI) or depression [5]. 
It has been suggested that testosterone sustains 
neurogenesis and promotes synaptic density in 
the hippocampus, preventing adult brain from 
neurodegeneration [21]. Testosterone treatment 
in human subjects might modulate the balance 
between protective and degenerative processes, 
therefore, it maintains synapses and neurons 
[22]. It has been demonstrated that testosterone 
might be neuroprotective in rat studies involving 
the most studied multiple sclerosis (MS) model, 
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Figure 1: Testosterone metabolism.
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experimental autoimmune cephalomyelitis 
(EAE) [22]. It has been shown that testosterone 
has a vital role for the progression of spinal and 
bulbar muscular atrophy (SBMA). SBMA is a 
neurodegenerative disease and influences middle 
aged males due to the decreases testosterone 
levels and testosterone replacement therapy may 
improve the symptoms of the disease [23].

It has been reported that testosterone 
supplements might improve the symptoms 
(motor) in Parkinson’s Disease, and motor 
behavior deficiences in aged male rats and 
castrated male rats, and activate dopaminergic 
system [9]. The activated dopaminergic system 
by testosterone supplements may be associated 
with the decreased oxidative stress [9]. Meydan 
et al. has demonstrated that testosterone as a 
neuroprotective agent suppresses orchiectomy-
induced oxidative damage [24]. Furthermore, 
the decreased levels of dopamine, tyrosine 
hydroxylase and dopamine transporters in 
old male rats are enhanced by testosterone 
supplements [9]. 

17β-trenbolone is an anabolic-androgenic 
steroid and used for muscle growth. Several 
bodybuilders inject this agent in large doses 
and for very long time in order to enhance 
muscle mass and strength. It has been shown 
that 17β-trenbolone is accumulated in the 
fetus and adult rat brain, particularly in the 
hippocampus. Aβ accumulation is modulated 
by 17β-trenbolone and 17β-trenbolone 
promotes the apoptosis of primary neurons of 
hippocampus in vitro. It has been suggested 
that 17β-trenbolone is implicated in 
neurodegeneration and the individuals who are 
exposed to this substance by several ways are 
affected [25].

Testosterone replacement therapy also effective 
in the treatment of verbal and spatial memory, 
and depression in men with increased age [26]. 

 � Testosterone treatment for PD

Parkinson disease is a progressive 
neurodegenerative disesase characterized by 
motor disturbances such as rigidity, portural 
instability, bradykinesia, resting tremor, and 
Lewy body formations. Aging and gender are 
two main clinically risk factors for PD [27]. 
Moreover, male subjects have a 2-fold enhanced 
incidence for PD than female subjects [15]. The 
common age of onset is between 50 and 70. 
Loss of dopaminergic neurons in the substantia 
nigra pars compacta (SNpc) leads to dopamine 

deficiency, then the symptoms of PD [20]. In 
a study conducted with rats, Parkinsonism-
stimulating neurotoxin 1-methyl, 4-phenyl, 
1,2,3,6-tetrahydropyridine caused to severe 
nigrostriatal dopamine depletion, reduced serum 
testosterone levels, and loss of Leydig cells [28]. 
It has been reported that testosterone deficiency 
is seen in individuals with PD. Testosterone 
deficiency is more prevalent in subjects with 
PD when compared with control groups [29]. 
Therefore, testosterone deficiency should be 
evaluated during the diagnosis of PD. Moreover, 
it has been demonstrated that testosterone 
replacement therapy may supply a significant 
improvement of the motor symptoms (resting 
tremor and fine motor control) in parkinsonian 
patients with testosterone deficiency [30].

Several patients with PD suffer from nonmotor 
symptoms involving anxiety, reduced energy 
level, depression and sexual dysfunction. 
Moreover, some patients also have sleep disorders 
and hypothyroidism [31]. Low free testosterone 
concentrations in males with PD might be related 
with nonmotor symptoms of PD such as fatigue, 
apathy, erectile dysfunction, reduced libido, 
mood alterations, and reduced enjoyment in life 
[32]. In different studies, it has been reported that 
testosterone replacement therapy contributes 
to improvements in libido, energy, mood, and 
strength [32]. Furthermore, the symptoms, 
which might be recoverable to anxiolytics, 
antidepressants, and antiparkinsonian drugs, 
could be responsive to the testosterone treatment 
[31]. Two major hypotheses are proposed to 
clarify the low testosterone concentrations: 
dopaminergic medications may lead to reduction 
of testosterone, or the testosterone level might be 
a biomarker of the pathology of PD-related brain 
regions such as hypothalamus [12]. Okun et al. 
[12] has reported that none of the dopaminergic 
medications, levodopa and pramipexole, reduced 
the testosterone concentrations in early PD. 
They have proposed that the low concentrations 
of testosterone might be the indicatory of the 
intrinsic PD pathogenesis. 

Kenangil et al. has reported that free testosterone 
concentrations in male subjects with PD are not 
related with apathy and fatigue [33]. On the 
other hand, testosterone deficiency may give 
rise to the development of apathy and fatigue 
in men with PD. And it has been suggested 
that testosterone replacement therapy must be 
evaluated as a potential medication for apathy in 
males with PD [32].
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It has been proposed that sudden loss of 
testosterone in young population might enhance 
the risk of PD in later life [20].

 � Testosterone treatment for AD

Alzheimer’s Disease is a neurodegenerative 
disease and characterized by disturbances in 
language and speech, progressive cognitive 
decline, and sensorimotor dysfunctions [34]. 
Age-related loss of sex steroid hormones (estrogen 
and testosterone) has been correlated with 
the enhanced risk for AD in both females and 
males [35]. The decrease of testosterone levels is 
correlated with enhanced levels of Aβ peptides, 
neuronal cell death, and hyperphosphorylation 
of tau proteins [36]. For these reasons, the loss 
of testosterone and the metabolites, DHT and 
estradiol might be risk factors for the pathogenesis 
of AD and dementia. It has been shown that 
androgen modulates Aβ levels via AR and 
estrogen receptor (ER) and also testosterone 
may enhance the amounts of neprilysin in order 
to clear Aβ accumulation. Furthermore, the 
metabolite of testosterone, DHT, can elevate 
the levels of neprilysin and then decrease the 
amounts of Aβ [37]. AD is the most common 
form of dementia. Decreased concentrations of 
serum testosterone are significant AD risk factors 
for dementia in males and take roles in the 
alteration of the pathogenesis of AD [38].

It has been reported that higher free testosterone 
levels are associated with lower cerebral beta-
amyloid in females and free testosterone 
is positively associated with cognition in 
male subjects. It has been proposed that free 
testosterone may inhibit the accumulation 
of beta-amyloid in females and disrupt 
neurodegeneration in males [39]. In addition 
to those, the reduction of estrogen levels might 
be a significant risk factor for AD in females.  It 
has been suggested that estrogen can reduce the 
concentrations of beta-amyloid peptides in neurons 
and also show antioxidant properties [26].

Testosterone has several neuroprotective 
effects in the brain such as reduction of Aβ 
accumulation, stimulation of neuron viability, 
and attenuation of tau hyperphosphorylation 
[35,38]. On the other hand, in studies conducted 
with men in old ages, clinically and statistically 
meaningful effects have not been observed and 
in the treatment group, adverse cardiovascular 
effects have been experienced [40].

It has been shown that testosterone treatment 
leads to reduction of the protein expression 

of Aβ 1-42 and in this way, testosterone 
may improve cognitive performance via AR 
to remove beta amyloid and increase synaptic 
plasticity [41]. Synaptic vesicle proteins are very 
important for dopamine neurotransmission and 
synaptic vesicle proteins recirculation is reduced 
by Aβ oligomers. It has been demonstrated that 
exogenous testosterone turns loss of synaptic 
vesicle proteins, Aβ-stimulated neurite damage, 
and exocytosis dysfunction [36]. Moreover, it 
has been shown that testosterone can enhance 
p75-nerve growth factor receptor and NGF 
and reduce the concentrations of beta-amyloid 
peptides in rat neurons [26]. All these evidences 
suggest that testoterone can be protective against 
AD-associated neurodegeneration [37].

 � Testosterone treatment for multiple 
sclerosis

Multiple sclerosis (MS) is an assumed T cell-
mediated autoimmune and demyelinating 
disease with neuroinflammation, dysregulated 
immune response, and neurodegeneration 
which lead to demyelination and axonal damage 
and primarily affecting young females. MS is 
significantly associated with brain atrophy and 
loss of brain volume [42]. Vascular alterations 
such as the destabilization of blood brain barrier 
are the prevalent properties in MS lesions [43]. 
Gray matter (GM) atrophy has been proposed 
as a marker for neurodegeneration and disease 
progression in multiple sclerosis  and gray matter 
lessions in MS are associated with synaptic 
loss and neuronal cell death [22]. Matrix 
metalloproteinases (MMPs) which are zinc-
involving endopeptidases are involved in the 
pathogenesis of MS due to neuroinflammation 
and blood-brain barrier distruptors [44]. 
Environmental pollution is a risk factor 
due to the stimulation of glial activation, 
neuroinflammation, cerebrovascular damage, 
and oxidative stress [45] and oxidative stress is 
the main process in the pathogenesis of MS [46].

In male subjects, MS is associated with enhanced 
disease progression, cognitive decline, and 
brain atrophy and it has been suggested that 
testosterone can modulate MS pathogenesis by 
affecting immune system [47]. Testosterone 
has immunomodulatory effects and can reduce 
generation of IFNγ, IL-1β, TNFα and other 
proinflammatory molecules by macrophages 
and monocytes [48]; enhance secretion of anti-
inflammatory IL-10 by T cells; decrease the 
proliferation of T cell [49]. Testosterone and 
estradiol replacement therapies can improve the 
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replacement therapy has negative or positive 
effects. Testosterone replacement therapy might 
be useful under low oxidative stress conditions, 
on the other hand, it may lead to unintented 
consequences under increased oxidative stress 
conditions [60]. It has been reported that the 
levels of testosterone is low in PD and other 
neurodegenerative diseases. It is an increasing 
agreement that non-medical use of testosterone 
has a neurodegenerative potential and it has been 
demonstrated that only very high testosterone 
levels lead to neuronal excitotoxicity; on the 
other hand, lower concentrations might be 
protective [14].

All the studies remark the potential role of 
testosterone in neurodegeneration [14] and 
the translation of neuroprotective effects of 
testosterone into safe and effective treatments 
for neurodegenerative diseases are encouraging 
[10,21].

It requires more research to determine the 
mechanisms and pathways of testosterone 
therapies in neurodegenerative diseases. 
Testosterone therapy has possible side effects 
and it can exacerbate existent prostate cancer in 
some male subjects. For this reason, it has been 
recommended that prostate specific antigen 
levels should be monitored before and during 
testosterone treatment [1].

In conclusion, I deeply believe that testosterone 
should be studied in more depth for its 
promising property as a treatment in various 
neurodegenerative diseases. Furthermore, 
testosterone should be evaluated as a crucial factor 
for the prevention, diagnosis, and treatment of 
neurodegenerative diseases by clinicians.
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symptoms of MS [50] and are well-tolerated, 
safe, and neuroprotective [51] and testosterone 
treatment significantly slows down brain 
atrophy, increases natural killer cells [52,53]. 

There is no available effective therapies for 
cognitive impairment and neurodegeneration 
in MS [54]. It has been demonstrated that 
testosterone can increase cognitive performance, 
and synaptogenesis, on the other hand, it 
decreases dendritic and neuronal atrophy, 
microglial activation, and astrogliosis [54].

Conclusion

Neurodegenerative diseases are significant 
problems at both individual and population levels. 
The pathologies of neurodegenerative diseases 
are very complicated, therefore, their prevention 
and treatment are extremely challenging and 
currently few treatment options are available 
[55]. Specific drugs such as L-dopa for PD, 
donepezil, memantine for AD, riluzole for ALS, 
are available in order to minimize the symptoms 
[56]. On the other hand, ketogenic diet might 
be beneficial for neurodegenerative diseases by 
reducing the oxidative damage, supplying energy 
for focal brain hypometabolism, and enhancing 
mitochondrial biogenesis. Nevertheless, the 
long-term effects of ketogenic diet is not known 
[57,58].

Testosterone is involved in the development 
of central nervous system and maintains the 
normal function during maturation [59]. The 
free form of testosterone can pass the blood-
brain barrier and stimulate the differentiation 
of neurons and neurite outgrowth increase [1]. 
Age-related deficiency of testosterone might 
increase the neurodegeneration and lead to 
diseases such as AD and PD. The levels of 
oxidative stress designates whether testosterone 
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