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ARTICLE INFO ABSTRACT

Keywords: Recent literature connects 5-alpha reductase inhibitors (5-ARIs) with neuropsychiatric adverse effects. Several
Depression clinical studies have indicated that former 5-ARIs users had a higher incidence of depressive symptoms and
5fARIS . neuropsychiatric side effects than non-users. However, the underlying mechanisms involved in the depression in
E‘:;;iirie former 5-ARIs patients, a condition known as “post finasteride syndrome (PFS)”, are not thoroughly understood.

This review aims to summarize and discuss the association between 5-ARIs and depression as well as possible
mechanisms. We used PubMed search terms including “depression”, “depressive symptoms”, “MDD”, “anxiety”,
or “suicidal idea”, and “5-alpha reductase inhibitors”, “finasteride”, “dutasteride”, “5-ARIs”. All relevant articles
from in vivo and clinical studies from 2002 to 2021 were carefully reviewed. Any contradictory findings were
included and debated. The potential mechanisms that link 5-ARIs and depression include alteration in neuro-
active steroids, dopaminergic dysfunction, reduced hippocampal neurogenesis, increased neuroinflammation,
alteration of the HPA axis, and epigenetic modifications. From this review, we hope to provide information for
future studies based on animal experiments, and potential therapeutic strategies for depressive patients with PFS.

Neuroactive steroids

1. Introduction

The prevalence of benign prostatic hyperplasia (BPH) has been found
in 50-75% of men aged 50-70 years old, and in 80% of men over 70
years old. The incidence of BPH is 8.5-41 cases/1000 people per year
[1]. Androgenetic alopecia (AGA) is the most common disorder of hair
loss in both men and women. It usually begins during teenage years, and
the frequency increases with age. The prevalence of androgenic alopecia
is 30-50% of men aged 50 years old [2]. In Caucasians, up to 80% of
men and 42% of women have signs of androgenic alopecia by age 70 [3].
5-alpha reductase inhibitors (5-ARIs) are one of the standard forms of
medication approved by the Food and Drug Administration (FDA) for
BPH [4,5] and AGA [6]. They functionally inhibit 5 alpha-reductase
enzyme, resulting in significant reduction in serum and tissue dihy-
drotestosterone (DHT) concentrations, in which low levels of DHT
induce apoptosis of prostate epithelial cells in BPH [7]. In addition, low

levels of DHT are linked to the reduction of cytokines that promote
telogen and dermal papilla cell senescence in AGA, such as transforming
growth factor beta 1 and 2 [8]. Since the action of 5-ARIs is to suppress
dihydrotestosterone (DHT), they have been used for treating hirsutism
in women [9] as well as for hormone therapy in transgender individuals
[10]. Two types of 5-ARIs, including finasteride (FIN), a type 2 5-ARI,
and dutasteride(DUT), an inhibitor of both type 1 and type 2 5-alpha
reductase, are currently available on the market [11]. Both drugs have
been widely characterized as well-tolerated and relatively safe drugs,
however, this needs to be reconsidered due to several emerging reports
about their constellation of adverse effects including sexual, neuropsy-
chiatric, and physical domains [12]. The side effects being continuous
from starting treatment until after 5-ARIs suspension [13,14]. The
persistent side effects of 5-ARIs have been termed “post finasteride
syndrome (PFS)” [12]. Neuropsychiatric adverse effects of 5-ARIs have
significantly increased among 5-ARIs users in the last few years,
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Table 1
The association between oral 5-alpha reductase inhibitor and depression: evidence from clinical study.
Study design Tx. Control Drug/ Main outcome Persis- Interpretation Ref
subject subject Dose Depression Suicide  Others tent
(n)/ age (n)/ age (mg)/ effects
(yrs.) (yrs.) Duration Assessment Risk
(years)
Randomized 6941 6994 FIN/ 5/ At ICD-9 Dx. HR 1.1 N/A N/A N/A FIN users had higher [17]
prospective / Mean / Mean least 7 code incidence of depression
cohort study 63.5 63.6 (MED 16) than placebo
Prospective, 128 All FIN/1/0.16 BDI, HADS 1 BDI N/A < HADS anxiety N/A FIN induced depressive [16]
observational / Mean patients 1 HADS scores symptoms in two
case control 25.8 were their depression months after treatment
study own scores
controls
Observation, 134 1918 FIN/5/ BDI HR 1.93 N/A ED, the severity of N/A FIN users had a higher [18]
cross sectional / Mean / Mean < 1lyr. LUTS CKD, heart prevalence of depressive
study 65 65 (21.4%) failure, symptoms than
> 1yr. cardiovascular a-adrenergic antagonist
(78.6%) episodes, and monotherapy
diabetes associated
with depression rate
Retrospective 89,844 89,844 48% FIN ICD-9 and 0-18 mo. - Self-harm N/A The risks of self-harm [19]
matched / > 66 /> 66 and 52% ICD-10 Dx. HR 1.94 HR 0-18 mo. HR 1.88 and depression were
cohort study yrs. MED  yrs. MED DUT/N/A/  Code > 18 mo. 0.88 18-36 mo. HR 0.63 significantly increased,
75 75 1.57-1.60 HR1.22 > 36 mo. HR 1.07 primarily during the
Sum HR first 18 months after the
1.44 initiation of either FIN
or DUT
Cross sectional 97/ N/A No FIN/ 1/ At BDI, BAI, 49.3% BDI N/A 28.8% confirming a N/A A preexisting [20]
survey least 0.25 TIPI >21 psychiatric psychiatric diagnosis
Dx. in a first-degree and a first-degree
relative relative with an
established psychiatric
history were risk factors
for psychiatric side
effects from FIN
Cross sectional 25 Sym 13 Asym FIN/1 BDI, PHQ-9 1BDI N/A BOLD associate with Yes Symptomatic FIN users [21]
case control PFS / Mean (MED)/1.7 fMRI < PHQ-9 BDI had underlying
analog / Mean 37 (MED) activation neurobiological
35.7 and abnormalities which can
8 controls be linked to depression
/ Mean owing to consistent
36.8 fMRI findings in NAc
and prefrontal cortex
with those symptoms
observed in depression
Retrospective 23 (19 No FIN/ 1/ DSM-IV-TR 1 risk of N/A Depression resolved N/A FIN users had a higher [22]
case series male and 0.17-0.36 moderate to after FIN risk of moderate to
5 female) severe discontinuation and severe depression that
/Mean depression redeveloped after resolved after FIN
28.16 rechallenged the discontinuation and
drug in 2/2 patients redeveloped after
rechallenged with FIN
Self-administered 61/ 26/ Mean FIN/1/ BDI-II + BDI-II 1 N/A Yes Former FIN users with [23]
questionnaire Mean 31 26.2 Mean 2.25 persistent sexual
of former users dysfunction had higher
with persistent rate of depressive
sexual symptoms and suicidal
dysfunction thoughts
Cross sectional 20/Mean 20/Mean DUT/0.5/ BDI-II PE N/A < MMSE/CDT/ N/A DUT failed to [35]
study 73 71 2.5(MED) HAM-A demonstrate an
increased risk of
depression in BPH
participants
Retrospective 53,488/ All 99.7% FIN ICD-9 Dx. SR 0.84 N/A N/A N/A 5-ARIs were not [33]
cohort study < 65 patients and 0.3% Code and associated with
(22.6) were their DUT/ 5 and ATD increased risk of
65-74 own 0.4/ N/A prescription depression
(39.6) controls
> 75
(37.8)
Retrospective 2842/ AB only FIN/5/7.6 ICD-9 Dx. HR 0.99 N/A N/A N/A FIN failed to [34]
cohort study 78.4% > 11,333 for cases Code and demonstrate an
(matching for 60 78.4% > and 7.7 for ATD increased risk of
nested case- 60 controls prescription depression in BPH

control study)

participants
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Abbreviations: FIN: finasteride; DUT: dutasteride; 5-ARIs: 5-alpha-reductase inhibitors; AB: adrenergic alpha-antagonist; MED: median; BPH: benign prostatic hy-
perplasia; Tx: treatment; Dx: diagnosis; ICD: international classification of diseases; BDI: Beck Depression Inventory; BAI: Beck Anxiety Inventory; HADS: hospital
anxiety and depression scale; TIPI: Ten-Item Personality Inventory; PHQ-9: Patient Health Questionnaire-9; BOLD: blood oxygen level dependent; DSM-IV-TR:
Diagnostic and Statistical Manual of Mental Disorders-4th Edition-text revision; MMSE: Mini Mental State Examination; CDT: Clock Drawing Test; HAM-A: Hamil-
ton Anxiety Rating Scale; NAc: nucleus accumbens; SR: symmetry ratio; HR: hazard ratio; CKD: chronic kidney disease; ED: erectile dysfunction; Sym: symptomatic;

Asym: asymptomatic

symptoms including depression, anxiety, mood disturbance, self-harm,
suicidal thoughts, and cognitive complaints. Unfortunately, neuropsy-
chiatric adverse effects are acknowledged as having causal relationships
with many confounders [15].

While there are many reports of the association between neuropsy-
chiatric adverse events and 5-ARIs users, the underlying mechanisms
associated with the brain dysfunction in PFS are still elusive. Therefore,
this review aims to comprehensively summarize and discuss the asso-
ciation between 5-ARIs and depression as well as its underlying mech-
anisms from the evidence reported in in vivo and clinical studies.
Furthermore, it aims to provide information for future studies based on
animal experiments, and potential therapeutic strategies for depressive
patients with PFS. All of the evidence in our review focuses on the as-
sociation between 5-ARIs and the development of depression in different
durations of 5ARIs administration, including changes in neuroactive
steroids, alterations of CNS receptors, their action on the dopaminergic
system, hippocampal neurogenesis, neuroinflammation, alterations of
the HPA axis, and epigenetic modification. Any contradictory findings
are also included and debated.

A systematic search of PubMed search was performed from August
2020 to March 2021. The search terms related to psychological side
effects including “depression”, “depressive symptoms”, “anxiety”, and
“suicidal idea” in combination with 5-alpha reductase inhibitors
including “finasteride”, “dutasteride”, and “5-ARIs” were used to
develop a comprehensive search strategy. The relevant studies were
selected subject to the following criteria: (a) 5-ARIs were used; (b) any
psychological effects were reported; (c) not a review article nor sys-
tematic review. All studies considered suitable and pertinent were
retrieved and reviewed independently by the authors.

2. The association between oral 5-ARIs and depression:
Evidence from clinical study

Not only sexual related side effects, but also the adverse effects on
neuropsychiatric condition of 5-ARIs have been reported as the
emerging and impactful apprehension. Most of the current evidence
suggests that 5-ARI users developed a higher rate of depressive symp-
toms [16-23] by 1.1-1.9 times than that of a comparable group of
non-users [17-19]. FIN users had a higher risk of moderate to severe
depression which resolved after FIN discontinuation. Those patients also
redeveloped similar neuropsychiatric symptoms again after rechallenge
with FIN [22]. It has been shown that the risk of developing depression
and self-harm after the use of 5-ARIs were 240 cases per 100,000
patients/year [24] and 17 per 100,000 patient/year, respectively [19].

BPH, erectile dysfunction and cardiovascular disease are associated
with similar risk factors including age, cigarette smoking, hypertension,
type 2 diabetes mellitus, and obesity, therefore an increase in co-
prevalence of BPH, erectile dysfunction, cardiovascular disease and
those factors can be observed [25,26]. Thus, the depressive symptoms in
BPH patients were not only associated with 5-ARIs used [18], but also
were involved with other factors of patients, including the severity of
lower urinary tract symptoms [18,27], cardiovascular episodes [18,28],
obesity [18,29], diabetes mellitus [18,30], erectile dysfunction [18,31],
and nocturia [18,32]. The other risk factors for developing clinically
significant emotional disorders following FIN therapy are the psychiatric
condition of patients, particularly patients with a first-degree relative
with a confirmed psychiatric history and/or a preceding psychiatric
diagnosis. Therefore, one study found that 57% among those who suf-
fered from post finasteride syndrome reported a prior psychiatric

diagnosis and 28% of them had a first-degree relative with a mental
health disorder [20]. The patients undergoing FIN therapy who had
persistent side effects showed depressed mood, negative affectivity, and
neuropathology in areas of the brain, specifically the nucleus accumbens
and prefrontal cortex, as measured by functional magnetic resonance
imaging (fMRI) [21]. The results of fMRI indicated that blood oxygen
level-dependent imaging (BOLD) in both areas responded to erotic and
non-erotic stimuli which is similar patterns with fMRIs observed in
major depressive disorder (MDD) [21]. These findings suggest that FIN
had persistent effects in both physical and psychological indices.

On the other hand, several pieces of evidence suggested that 5-ARI
users were not associated with increased incidence of depression
[33-35]. The onset of depression was more likely before 5-ARIs initia-
tion than subsequently [33]. Furthermore, the risk of depression
increased following the length of suffering from BPH but was not initi-
ated by the 5-ARIs treatment. These results implied that BPH itself can
be linked to increased risk of depression [34].

The inconsistent findings among clinical studies can be due to the
differences in study design and quality. Most of clinical studies were not
a randomized-controlled trial or a well-designed large prospective
observational study. Some of the limitations cited in the retrospective
studies included the inbuilt selection and recall bias and in the cross-
sectional studies cited the inference of a causal relationship. In clinical
studies, the nocebo effect needs to be taken into account when discus-
sing controversial findings, particularly relevant following the surge of
evidence connected to depression in PFS being published in a post-
marketing report in 2011 [12,36,37]. All of these findings are summa-
rized in Table 1.

The use of 5-ARIs significantly raised the incidence of sexual
dysfunction in many clinical investigations [14]. With regard to the
relationship between sexual dysfunction and depression, patients with
sexual dysfunction are at greater risk of developing depression than
depressive patients with the development of sexual dysfunction [38].
There is the potential that: 1) the depressive symptoms and previous
5-ARIs use may be a coincidence; 2) the depressed mood in PFS may be
conducive of sexual dysfunction; or 3) the sexual dysfunction/AGA itself
may cause depression [38,39].

One of the greatest concerns around neuropsychiatric adverse effects
in PFS is suicidality. Unfortunately, very little evidence between suici-
dality and PFS exists in PubMed. Relevant findings were documented
only in a case report and case series [23,40]. One retrospective cohort
study found that the risks of self-harm were significantly increased,
primarily during the first 18 months after the beginning of a course of
5-ARIs, risk then reducing to nearly normal after 36 months of treatment
[19]. However, the risk of suicidality did not show a correlation with
5-ARIs use in that retrospective cohort study [19]. Another study from
the World Health Organization’s international database showed that
younger men treated with 5-ARIs for AGA were at risk of suicidality and
more vulnerable to neuropsychiatric effects than non-users [15]. Inter-
estingly, there were no association between suicidality and FIN-treated
men aged more than 45 years or patients with FIN treatment for BPH
[15]. Nevertheless, that study did not justify other confounders which
may associate with suicidality such as socioeconomic status, other un-
derlying diseases, history of psycho-traumatic exposure, and social
support.
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Rodent with
hyperlocomotion
mediated by AMPH/APO
(psychotic-like behaviors)

Decreased stereotype behaviors
(antipsychotic-like properties
without catalepsy)

Depression-like behaviors/

Normal rodent and ey

stressed rodent

Fig. 1. Effects of FIN on sensorimotor gating behaviors: evidence from exper-
imental studies. This figure represents the summary of FIN effects on sensori-
motor gating behaviors. FIN caused antipsychotic-like properties without
catalepsy in animals with psychotic-like behaviors. Various studies suggested
that 5-ARIs may be a promising treatment for psychotic disorders with limited
side effects, especially catalepsy. Conversely, FIN induced depressive-like be-
haviors in both stressed and non-stressed rat models. Abbreviations: FIN: Fi-
nasteride; APO: DA1-DA2 agonist apomorphine; AMPH: p-amphetamine.

3. The acute effects (<24 h) of finasteride (FIN) on sensorimotor
gating behaviors: Evidence from in vivo study

Several in vivo studies have found an association between FIN and
depressive-like behavior after the administration of FIN in acute phase
(less than 24 h). FIN reduced risk and reward taking behaviors, as well as
stress coping behavior in male Long-Evans (LE) rats [41]. The authors
concluded that the depressogenic effects of FIN were related to the
decline of goal-driven behavior as well as the responses to notable
stimuli, irrespective of an anxiogenic environment [41]. However, FIN
did not induce depressive-like behavior in stressed male Wistar rats
[42]. Interestingly, two studies in psychotic-like behavioral models in
male Sprague-Dawley (SD) rats and male C57BL/6 mice also suggested
that FIN reduced locomotive activity and some stereotype behaviors,
which were similar to depressive-like behaviors. This indicated that FIN
had similar effects to the antipsychotic drug in psychotic models, but FIN
did not produce catalepsy at any tested doses of FIN[43,44]. The acute
effects of FIN are summarized in Fig. 1.

Several underlying mechanisms of the depressive-like behaviors
following treatment with 5-ARIs in the acute phase have been explained,
including 5-ARIs- induced the dysfunction of dopaminergic system, the
alterations of hypothalamic pituitary adrenal (HPA) axis, and the
epigenetic modifications of 5-ARIs. The details of possible mechanisms
are described in the following paragraphs and summarized in Table 2.

3.1. 5-ARIs- induced the dysfunction of dopaminergic system

Under physiological conditions, rodents, in a similar way to humans,
use incentive salience for motivation. When either species reduce favor
in their rewards or lose motivation the behavior is called “anhedonia”.
Anhedonia is one of two symptoms required for a diagnosis of Major
Depressive Disorder (MDD) [45]. Current evidence demonstrates that
depression, mainly anhedonia, has been associated with dysfunction of
dopamine (DA) [46]. Several animal studies showed anti-dopaminergic
properties of 5-ARIs [43,47], therefore the depression in 5-ARIs-treated
patients can be explained via its anti-dopaminergic activity [44].

Previous studies have shown that DA-dependent neuronal mecha-
nisms are involved in the modulation of prepulse inhibition (PPI) in
humans [48] and rodents [49]. PPI, a measurable parameter for senso-
rimotor gating, occurs in humans and experimental animals in the
physiological condition [50]. PPI deficits have been reported in cases of
schizophrenia and many psychiatric disorders [51], including anxiety
disorder [52], and MDD [53,54]. Interestingly, FIN, itself, did not alter
the baseline of %PPI in male SD rats and male C57BL/6 mice [43,55].
The deficits of %PPI induced by apomorphine (the potent dopaminergic
stimulation), and p-amphetamine (indirect dopaminergic agonist and
validated drug for psychotic-like animal model) can be reversed by the
administration of FIN in a dose-dependent manner [43,44,47,55].
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Furthermore, FIN countered the action a of DA receptor type 1 (DA1)
agonist in both male LE rats and male C57BL/6 mice [43,47]. Those
findings suggested that FIN can act in a similar manner to DA1 antag-
onists. However, it should be pointed out that FIN is not an actual
DA1l-like receptor antagonist, but it is possibly active via the negative
modulation of DAl-downstream signaling cascades [43]. Additionally,
the effects of FIN on PPI did not directly depend on the level of pe-
ripheral androgen [55], but potentially through the alterations of
pregnenolone and allopregnanolone (AP) concentrations in areas of the
brain, especially in the nucleus accumbens (NAc) [56,57]. The effects of
FIN on the antagonized apomorphine mediated PPI disruption and the
reduction of locomotive activity were shown to be time-dependent. The
highest efficacy was shown in 30-60 min following FIN administration
[44]. However, FIN did not prevent PPI deficits mediated by the
apomorphine in LE rats [47]. With respect to the association between
FIN and DA-like receptor 2, FIN did not prevent the PPI deficits induced
by the DA2-DA3 receptor agonist (quinpirole hydrochloride) [43,47] or
selective D2 receptor agonist (sumanirole maleate) [47]. Therefore,
those findings suggested that FIN exerted divergent-modulatory effects
on DAl and DA2-like receptor activation. It is noteworthy that the
expression of two subfamilies of DA receptors differed between species
[58,59]. All these findings are summarized in Table 3.

3.2. Alterations of the hypothalamic pituitary adrenal (HPA) axis
following 5-ARIs

Alterations of the HPA axis may contribute to depression in FIN users
since the association between the abnormalities of HPA axis and
depression has been one of the most consistently reported findings [60].
HPA axis can be either hyperactive or hypoactive depending on
depressive subtype [61] or age group in humans [62]. In one study, FIN
blunted the activation of HPA axis in stressed rats [41]. The authors
showed that the administration of FIN markedly reduced corticotropin
releasing hormone mRNA levels in the paraventricular area regardless of
the stress, and reduced plasma adrenocorticotropic hormone stimulation
after exposure to tension. Interestingly, this effect of FIN was not directly
dependent on variations in peripheral sex hormones [41]. Unfortu-
nately, there is still a lack of evidence between the alterations of HPA
axis in subacute, chronic and withdrawal phase of 5-ARIs users.

3.3. Epigenetic modifications of 5-ARIs

Epigenetic modification seems to be another candidate mechanism
for depressive symptoms in prior 5-ARI users. One study found that an
increase in four proteins (Syntaxin-18, Cytochrome P450 2B3, Collapsin
response mediator protein 2, and phosphoribosyl pyrophosphate
synthetase-1), and decreased GABA transaminase levels, in the NAc area
following FIN treatment, may be linked to its anti-dopaminergic prop-
erties and the alterations of neuroactive steroids in NAc [63].

4. Subacute (24 h to 7 days) and chronic effects (> 14 days) of
finasteride on sensorimotor gating behaviors and possible
underlying mechanisms: Evidence from animal studies

In contrast to acute effects, FIN induced depressive-like behaviors in
dose- and time-dependent manners in adult male Wistar rats following
subacute and chronic treatment [42,64]. Interestingly, low doses of FIN
therapy did not induce these effects in male post-natal day 7 Wistar rats
[64] and male SD rats [65]. Variation in the studies including species
and genetic backgrounds of rodent, and dosage/duration of FIN treat-
ment, may account for the inconsistent results.

One crucial mechanism of depressive symptoms in prior 5-ARIs users
are the alterations of neuroactive steroids. The results from in-
vestigations in C57BL/6N mice demonstrated that the concentration of
brain DHT was significantly decreased in a subacute FIN-treated group,
but brain testosterone level was not changed [66]. However, in male SD



Table 2
The acute effects (<24 h) of finasteride on sensorimotor gating behaviors and pathological changes: Evidence from animal study.
Model Dose (mg/kg)/ Sensorimotor gating Behaviors Pathological Changes Interpretation Ref
Route /Preparation Stereotype Locomotive  Immobility time LT of LT of Cataleptic
activity in FST risk- reward- effect
Overall  Sniffing ~ Groom Rear Duration LT taking taking
ing ing
Male 50/ IP /VEH N/A N/A N/A l l N/A N/ N/A N/A < N/A FIN administration in short duration [43]
C57BL/6 1% Tween80 in A induced antipsychotic-like properties
mice 0.9%NaCl without catalepsy in psychotic-like
behavioral model.
Male SD 60,100/ IP 1 N/A N/A N/A 1 N/A N/ N/A N/A - Stereotype behavior FIN in acute phase of administration had [44]
rat /VEH A 1|l HAL, |]] CLO antipsychotic-like properties without
1%Tween80 in > |JFIN catalepsy.
distilled water Hyperlocomotion
mediated by AMPH
| FIN td
LE rat 25,50/ 1P /VEH5%  N/A 1 o ! o? pdd Jdd - qad pdd N/A HPA axis FIN reduced risk/reward taking [41]
DMSO 11l CRH mRNA levels behaviors and blunted the activation of
and 5% Tween80 in in PVN HPA axis in stressed rat, not directly
90% NaCl | plasma ACTH after dependent on variations in peripheral
ORX vs SHAM FST sex hormones
Immobility duration
in FST
1 ORX
11 ORX + FIN
Male SD 100/ 1P /VEH N/A N/A N/A N/A N/A N/A N/ N/A N/A N/A Proteomics in NAc The acute administration of FIN altered [63]
rat 5% Tween80 95% A 1 CRMP2, STX18, several proteins in NAc linked to the
NaCl PSMD1, CYP2B3 alteration of receptors and behavioral
effects of neuroactive steroids.
Male 10, 30 or 100/ SC N/A N/A P N/A N/A P N/ N/A N/A N/A N/A Short-term administration of FIN did not [42]
Wistar /20% w/v A induce the depression-like behavior.
rat hydroxypropyl-

B-cyclodextrin

Abbreviations: FIN: finasteride; LE: Long-Evans; SD: Sprague-Dawley; PFS: post-finasteride patients; VEH: vehicle; DMSO: dimethyl sulfoxide; IP: intraperitoneal; SC: subcutaneous; LT: latency time; FST: forced swim test;
CRH: corticotropin-releasing hormone; PVN: paraventricular nucleus of the hypothalamus; ORX: orchiectomized; ACTH: adrenocorticotropic hormone; TNF- a: Tumor necrosis factor- o; HPA: hypothal-

amic-pituitary—adrenal; pH3: phospho-histone H3; IL-1p: interleukin-18; AMPH: p-amphetamine; NAc: nucleus accumbens; a: any dosage; dd: dose dependent manner; td: time dependent fashion
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Table 3
The acute effects of 5-alpha reductase inhibitor on the sensorimotor gating via dopaminergic receptors: Evidence from animal studies.
Model Dose Sensorimotor gating Interpretation Ref
5[121§£1(§)/Preparation Startle amplitude %PPI
5-ARI ORX DA group Baseline Combination of 5-ARI treatment
group FIN ORX DA group APD FIN DUT
group
FIN DUT APO AMPH APO AMPH D1 D2- SD2 D3 HAL CLO APO AMPH D1 D2- SD2 D3 APO
3 3
Male SD FIN 50,100/ IP/ VEH 1 © 1 T o o Wil -dd odd PPI deficits induced by APO and AMPH [55]
rat Tween80 in distilled stimulation were dose-dependently counter by
water (1:9 v:v) FIN, not directly depended on level of androgen
Male SD FIN 100/ IP /VEH (NN 1 | | 1 1 «dd | | - PPI deficits induced by DAergic stimulation were [47]
rat 5% Tween80 95% NaCl dd dose-dependently counter by FIN related to the
mechanisms of DA1 and may involve DA3
Male SD FIN 60,100-DUT 40,80/ |}l 1d 1 AN Wl ll edd odd - 5-ARIs had antipsychotic-like properties and were [44]
rat 1P and td dd dose and time-dependent fashion
/VEH
1%Tween80 in distilled
water
Male LE FIN 100/ IP /VEH - 1 Wl 1oLl 1 o | Effects of FIN on rodent strains may reflect the [47]
rat 5% Tween80 95% NaCl diverse properties of this drug.
Male FIN 25,50/ IP /VEH P - «dd ol FIN exerted divergent modulatory actions on the [43]
C57BL/6 1% Tween80 in NaCl dd effects of DA1 and DA2 like receptor activation

mice

Abbreviations: FIN: finasteride; DUT: dutasteride; 5-ARIs: 5-alpha-reductase inhibitors; LE: Long-Evans; SD: Sprague-Dawley; PFS: post-finasteride patients; PPI: prepulse inhibition; VEH: vehicle; IP: intraperitoneal; APO:
D1-D2 receptor agonist apomorphine; AMPH: p-amphetamine; ORX: orchiectomized; D1: D1-like receptor agonist SKF 82958hydrobromide; D2-3: D2-D3 receptor agonist quinpirole hydrochloride; SD2: selective D2
receptor agonist sumanirole maleate; D3: D3 receptor agonist PD 128,907 hydrochloride; HAL: Haloperidol; CLO: clozapine; dd: dose dependent manner; td: time dependent fashion; DA: dopamine receptors
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Fig. 2. Effects of FIN on the dysfunction of
dopaminergic system: evidence from experi-
mental studies. This figure summarizes FIN ef-
fects on the dysfunction of the dopaminergic
system. FIN treatment in rodents caused
significantly decreased DA levels in the frontal
cortex, Hip, Cpu and NAc. The level of DA
metabolites, DOPAC and HVA, in Cpu and NAc
were also significantly decreased. In addition,
the reduction in TH mRNA and protein
expression in SN and VTA were found in FIN-
treated rodents. FIN decreased allopreg-
nanolone levels leading to negative modulation
of DARPP-32, a key molecule integrating in-
formation in the DA 1 signaling cascade.
Finally, FIN may have an unknown direct effect
on DA1-downstream signaling cascades or other
mechanisms, independent to the alteration of
neuroactive steroids. Abbreviations: NAc: nu-
cleus accumbens; CPu: caudate putamen; Hip:
hippocampus; SN: substantia nigra; VTA:
ventral tegmental area; DA: dopamine; DOPAC:
dihydroxy phenyl acetic acid; HVA: homo-
vanillic acid; TH: tyrosine hydroxylase; AADC:
aromatic L-amino acid decarboxylase; COMT:
catechol-o-methyl transferase; DAT: dopamine

Dopaminergic neuron

transporter; VMAT2: vesicular monoamine
/ transporter; DARPP-32: dopamine- and cAMP-
/ regulated phosphoprotein 32 kDa; D1R: dopa-
COMT Precise mechanism, 7 mine receptor type 1; D2R: dopamine receptor
unknown e type 2.
-

1 Allopregnanolone

Negative modulation of DA 1

downstream signaling cascade

Downstream signaling

Postsynaptic

rats, a low dose of chronic FIN injection did not have any significant
effects on the level of 5-alpha reductase products such as dihy-
droprogesterone(DHP), tetrahydroprogesterone(THP), and dihy-
drotestosterone(DHT), suggesting the ability of a steroidogenic system
to compensate in this phase [67]. Interestingly, the plasma results were
opposite to those in the brain, since the plasma DHT level was consid-
erably reduced in the chronic low dose FIN-treated group [67]. More-
over, the effects of FIN revealed different findings in each specific brain
area. Interestingly, not only was there alteration in neuroactive steroids
in the cerebral cortex of male SD rats, but also increasing levels of
androgen receptor (AR) proteins and gene expression of 3 subunit
(GABA-A receptor) [67].

Dysfunction of the dopaminergic system also played a role in the
subacute and chronic effects of FIN. Chronic administration of FIN
decreased DA concentration and its metabolites in dopaminergic brain
regions [64]. These findings were observed only in the FIN injected
group during adolescence or the testosterone surge period. Indeed, an
adolescent male Wistar rat group treated with FIN showed significantly
decreased DA levels in the frontal cortex and hippocampus. The level of
DA, dihydroxy phenyl acetic acid, and homovanillic acid in the caudate
putamen and NAc were also significantly decreased. In addition, re-
ductions in tyrosine hydroxylase mRNA and protein expression in sub-
stantia nigra and ventral tegmental areas were found in these rats [64].
All of these findings are illustrated in Fig. 2. These results indicated that
a decrease in major androgenic metabolite, DHT, during a period of
testosterone surge may be one of the etiologies for the alterations of the
dopaminergic system. It was also documented that alterations in other

neuroactive steroids such as testosterone, estrogen and glucocorticoid,
were an influential risk for psychiatric illness via the modulation of
dopaminergic signaling in adolescence rats [68]. Similar to a clinical
study, patients younger than 45 years were at risk of depression and
more vulnerable to the neuropsychiatric adverse effects than older
population [15,40].

The reduction of hippocampal neurogenesis appeared to be another
common phenomenon for depressive symptoms in prior 5-ARIs users,
since decreased neurogenesis has been linked to the pathogenesis of
anxiety and depression in animal models [69,70]. Subacute FIN
administration reduced hippocampal neurogenesis in C57BL/6N mice
[66]. However, low-dose FIN initially increased hippocampal neuro-
genesis in male SD rats, supported by increasing level of
phospho-histone H3(pHH3) [65]. pHH3 is a reliable marker of prolif-
erating cells in cells undergoing mitosis which can indicate neurogenesis
within the neurogenic regions of the brain [71,72]. These divergent
effects of FIN on hippocampal neurogenesis could be due to brain
compensatory mechanisms and differences in the experimental pro-
tocols. Interestingly, FIN increased inflammation in the hippocampus, as
indicated by increasing TNF- o mRNA [65]. It should be pointed out that
increased neuroinflammation itself has been shown to be associated
with depressive behaviors in both preclinical and clinical data [73,74].
Moreover, an increase in proinflammatory cytokines can affect multiple
aspects of the metabolism and synthesis of DA, leading to decreases in
synthesis, and DA receptor signaling, and impairment in packaging or
release [75]. From those results, two possible mechanisms may explain
the association between depressive symptoms, neuroinflammation and



Table 4
Subacute and chronic effects of finasteride on sensorimotor gating behaviors and pathological changes: Evidence from animal study.
Model Dose (mg/kg)/Route Sensorimotor gating behaviors Hippocampal Other pathologies Interpretation Ref
/Preparation neurogenesis
Stereotype Locomotive  Immobility Cell Cell survival
activity time in FST proliferation and
o - Neuronal
Sniffing F;room 3ear Duration LT Differentiation
ing ing
Male 10, 30 or 100/ SC N/A |4 N/A N/A pdded N/ N/A N/A N/A Subacute effects of FIN increased the depression- [42]
Wistar rat ~ /20% w/v duration A like behaviors in the dose- and time-dependent
hydroxypropyl- and manners
p-cyclodextrin for 3 and 14 LT
6 days
Male 3,25,50/ SC /VEH Jad N/A 14 144 N/A N/ N/A N/A Alteration of DA, its  Chronic administration of FIN altered [64]
Wistar rat  solution of sesame oil A metabolites, and its dopaminergic system and sensorimotor gating
and ethanol (5% v/v) for biosynthesis behaviors in adolescent male rats but not in early
14 days |Frontal cortex DA development rats
(dd)
|Hip DA (dd)
1Cpu DA/DOPAC/
HVA (dd)
INAc DA/DOPAC/
HVA (dd)
| SN and VTA TH
mRNA and TH
protein expression
(dd)
*® Male 3,25,50/ SC /VEH < N/A < < N/A N/ N/A N/A Alteration of DA, its
Wistar rat  solution of sesame oil A metabolites, and its
(post- and ethanol (5% v/v) for biosynthesis
natal d7) 14 days «Frontal cortex DA
<Hip DA
«<Cpu DA/DOPAC/
HVA
<NAc DA/DOPAC/
HVA
< SN and VTA TH
mRNA and TH
protein expression
Male 100/ SC N/A N/A N/A N/A N/A N/ | BrdU 1 | Brain DHT Subacute effects of FIN reduced hippocampal [66]
C57BL/ /20% w/v A < Brain T neurogenesis and brain 5 o -DHT levels
6N mice hydroxypropyl-
p-cyclodextrin for 7 days
Male SD rat FIN 100/ IP /VEH N/A N/A N/A N/A N/A N/ N/A N/A Proteomics in NAc Subacute effects of FIN altered proteins involved in [63]
5% Tween80 95% NaCl A | KCNC3, CYP255, the regulation of GABAergic neurotransmission, as
for 7 days GBRP, PRPS1, GABT well as steroid and pyrimidine metabolism in
1 CYP2B3 Nucleus accumbens
Male SD rat 3/ SC N/A N/A N/A N/A o N/ o N/A Inflammation Chronic administration of low dose FIN did not [65]
/VEH solution of corn oil A BrdU 1 TNF- « mRNA in induce the depression-like behavior, but increased
and ethanol (7%v/v) for 1pH3 hippocampus inflammation in hippocampus related with
20 days < IL-1pin temporarily increasing neurogenesis and systemic
hippocampus inflammation with gut dysbiosis.
1 Gut Bacteroidetes
phylum
Male SD rat N/A N/A N/A N/A N/A N/ N/A N/A Level of neuroactive The low dose of chronic FIN did not have major [67]1
A steroid by LS-MS/ effects on the level of the 5-AR substrates and

(continued on next page)
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Table 4 (continued)

Model Dose (mg/kg)/Route
/Preparation

Sensorimotor gating behaviors Hippocampal
neurogenesis
Stereotype Locomotive  Immobility Cell Cell survival
activity time in FST proliferation and
Neuronal

Sniffing  Groom Rear Duration LT X -

) . Differentiation

ing ing

Other pathologies

Interpretation

Ref

3/ SC/ VEH 5%v/v
sesame oil and ethanol
for 20 days

MS

CSF 1 PREG/3p-diol
Plasma 1 ISOPREG/
11{DHT

Cerebral cortex ||
DHEA

Cerebellum 11
ISOPREG, 1 DHP/3-
diol, |3a-diol
Hippocampus 1
PROG

Proteins in cerebral
cortex

1T AR

11 B3 subunits of
GABA-A receptor

products in the brain of male rats showing the
ability to adapt and compensate of a steroidogenic
system but not in plasma

Abbreviations: Subacute: 24 h to < 7 days; Chronic:> 14 days; FIN: finasteride; SD: Sprague-Dawley; PFS: post-finasteride patients; VEH: vehicle; IP: intraperitoneal; SC: subcutaneous; LT: latency time; FST: forced swim
test; TNF- a: Tumor necrosis factor- o; pH3: phospho-histone H3; BrdU: 5-bromo-2’-deoxyuridine; dd: dose dependent manner; td: time dependent fashion; DA: dopamine; DOPAC: dihydroxy phenyl acetic acid; HVA:
homovanillic acid; NAc: nucleus accumbens; Hip: hippocampus; CPu,: caudate putamen; TH: tyrosine hydroxylase; SN: substantia nigra; VTA: ventral tegmental area; LS-MS/MS: liquid chromatography-tandem mass
spectrometry; CSF: cerebrospinal fluid; 5-AR: 5-alpha-reductase; PREG: pregnenolone; PROG: progesterone; DHP: dihydroprogesterone; DHEA: dehydroepiandrosterone; T: testosterone; DHT: dihydrotestosterone; 3a-

diol: 5a-androstane-3a;3p-diol: 5a-androstane-3p,17p-diol; AR: androgen receptor
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Table 5

The effects of finasteride on levels of neuroactive steroid in withdrawal phase: Reports from animal study.

Model Dose (mg/kg)/Route Sensorimotor gating behaviors Hippocampal Other pathologies Interpretation Ref
/Preparation neurogenesis
Stereotype Locomotive  Immobility Cell Cell Neuronal
activity time in FST proliferation survival Differentiation
Sniffing  Rear Duration LT
ing
Male SD rat 3/SC N/A N/A N/A T N/ o N/A < Inflammation At the acute effect, FIN may increase [65]
/VEH solution of corn oil and A BrdU But 1 < TNF- a mRNA in neurogenesis, but it decreased neurogenesis
ethanol (7%v/v) IpH3 microglia hippocampus and increased astrogliosis linked to an
for 20 days and withdrawal for (GFAP) < IL-1f in increase in depressive-like behavior after
30 days hippocampus withdrawal the drug.
| Gut Oscillospira
and Lachnospira
genus
Male 100/ SC N/A N/A N/A N/A N/ N/A - N/A Effects of FIN treatment on hippocampal [66]
C57BL/ /20% w/v hydroxypropyl- A BrdU neurogenesis were reversible in animal
6N mice p-cyclodextrin for 7 days and model
withdrawal for 5 weeks
Male SD rat 3/ SC/ VEH 5%v/v sesame oil ~ N/A N/A N/A N/A N/ N/A N/A N/A Level of neuroactive  Persistent alteration of neuroactive steroidin ~ [67]
and ethanol for 20 days and A steroid by LS-MS/ withdrawal phase and change of GABA-A
withdrawal for 30 days MS subunits mediated by the modification of
CSF 1t DHEA/T, THP level may be one of the causes of
1t117p-E, || DHT persistent symptom in PFS
Plasma | PROG/
DHT/3a-diol, || THP
Cerebral cortex |
IS PROG/ISOPREG, |||
DHP/THP
Cerebellum 11 PREG/
ISOPREG/T, 1DHP,
|DHT/3p-diol
Hippocampus 1
PROG/PREG/DHP
Proteins in cerebral
cortex
1 AR/ ERa
| ERp
1l a4, | B3 subunits
of GABA-A receptor
Male 3,25,50/ SC /VEH solution of - - - N/A N/ N/A N/A N/A Alteration of DA, its The administration of FIN in early [64]
Wistar rat  sesame oil and ethanol (5% v/ A metabolites, and its  developmental age had no withdrawal effect
(post- v) for 14 days and withdrawal biosynthesis on dopaminergic system and sensorimotor
natal d7) for 4 weeks «Frontal cortex DA gating behaviors in late adolescent
~Hip DA

<Cpu DA/DOPAC/
HVA

<NAc DA/DOPAC/
HVA

< SN and VTA TH
mRNA and TH
protein expression
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Abbreviations: FIN: finasteride; SD: Sprague-Dawley; SC: subcutaneous; VEH: vehicle; LT: latency time; FST: forced swim test; TNF- a: Tumor necrosis factor- a; pH3: phospho-histone H3; BrdU: 5-bromo-2’-deoxyuridine;
GFAP: glial fibrillary acidic protein; IL-1p: interleukin-1p; LS-MS/MS: liquid chromatography-tandem mass spectrometry; NAc: nucleus accumbens; DA: dopamine; DOPAC: dihydroxy phenyl acetic acid; HVA: homo-
vanillic acid; Hip: Hippocampus; CPu,: caudate putamen; TH: tyrosine hydroxylase; SN: substantia nigra; VTA: ventral tegmental area; CSF: cerebrospinal fluid; 5-AR: 5-alpha-reductase; PREG: pregnenolone; PROG:
progesterone; DHP: dihydroprogesterone; THP: tetrahydroprogesterone; DHEA: dehydroepiandrosterone; T: testosterone; DHT: dihydrotestosterone; 3a-diol: 5a-androstane-3a,17p -diol; 3p-diol: 5a-androstane-3p3,17-
diol; 17p -E: 17p-estradiol; PFS: post-finasteride patients; AR: androgen receptor; ER: estrogen receptor
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Table 6
Levels of neuroactive steroids in post-finasteride syndrome: Evidence from clinical study.
Study design Duration WDL Level of neuroactive steroids by LS-MS/MS Others Interpretation Ref
(Oral FIN (Days) (Days) PREG and its derivatives T and its derivatives
1-1.25 mg/
day) PREG PROG ISO- DHP THP DHEA T DHT 3a-diol 3p-diol 17p-E
PREG
P C P C P C P C P C P C P C P C P C P C P C
Case-control 183-3100 1388-3344 © < o o o ] W e e e e < T o ] T o o e 1 T N/A PFS patients [79]
study showed persistent
3 PFS altered level of
5 controls neuroactive
steroids, despite
discontinuation of
the drug
Case-control mean 727 > 170 1 1 - | - - l 1 | l “ - 1 1 - | 1 1 1 - 1 - N/A PFS patients [82]
study (mean showed a
7 PFS 1635) persistent altered
12 controls level of
neuroactive
steroids in plasma
despite
discontinuation of
the drug
Multicentric, N/A > 90 " 1 < 1 - - 1 1 s 1 P "M "M "M - 1l - T o o 1 - Found PFS patients [80]
case-control MDD inPFS  showed a
study 50% persistent altered
16 PFS level of
25 controls neuroactive
steroids in plasma
despite
discontinuation of
the drug and the
pattern in plasma
did not exactly
reflect what
observed in CSF
Case-control MED 620 > 730 - - Pas P - - - LH/ Persistent [21]
study (MED FSH/ symptoms in PFS
25 PFS 1278) SHBG/ were
13 FIN Users, Free T/ not likely to be
Non- AR/ due to androgen
Symptomatic SRD5A1 deficiency,
18 controls genes/ decreased
SRD5A2 peripheral
genes androgen action,
P persistent
peripheral
inhibition of
SRD5A or
persistent altered
level of
neuroactive
steroids
Multicentric, N/A > 90 1l Wl 1 1 SRD5A1 Epigenetic [81]
prospective gene < changes,

(continued on next page)
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neurogenesis: (1) a common mechanism, in which neuroinflammation
from FIN administration primarily causes a decline in neurogenesis,
subsequently resulting in depressive symptoms; and (2) an alternative
mechanism, in which FIN induced neuroinflammation resulted in
altering DA systems and serotonin synthesis (serotonin-kynurenic
pathways) [73], leading to depression without any change in
neurogenesis.

FIN also influenced systemic inflammation through gut dysbiosis.
Surprisingly, FIN resulted in an increase in the Bacteroidetes phylum in
the gut in subacute and chronic phases [65] and gut dysbiosis has been
linked to depressive-like behaviors in rat [76]. Emerging data also in-
dicates that gut dysbiosis can affect brain functions and cause
depressive-like behaviors through the “microbiota-gut -brain axis”.
Therefore, gut dysbiosis may be one of the accessory factors to devel-
opment of depression in FIN users [77].

With regard to epigenetic modification, FIN may lead to the alter-
ations of proteins involved in the regulation of steroid and pyrimidine
metabolism, as well as GABAergic neurotransmission in NAc [63].
Future studies need to rigorously explore these aspects to verify these
initial findings and increase information. All of these findings are sum-
marized in Table 4.

Ref

methylation
SRD5A2, may
association with
PFS

Interpretation
have an

Others
Depression
/anxiety <
MET in PFS
56.3% vs
7% control

3p-diol  17p-E

3a-diol

5. The effects of FIN on levels of neuroactive steroids in the
withdrawal phase: Evidence from animal studies

HT

Contrary to results seen in subacute and chronic phases, low dose
FIN-injected male SD rats showed depressive-like behaviors after with-
drawal from the drug for 30 days [67]. Additionally, decreased hippo-
campal neurogenesis and increased neuroinflammation were found in
this withdrawal period, however, Glial Fibrillary Acidic Protein (GFAP)
which indicates astrogliosis was raised and pHH3 decreased. As previ-
ously mentioned, both decreased hippocampal neurogenesis and
increased neuroinflammation can lead to depressive behaviors [65].
Surprisingly, one study showed that effects of FIN treatment on hippo-
campal neurogenesis were reversible in C57BL/6N mice after FIN sus-
pension for 5 weeks [66].

The evidence pertaining to the dopaminergic system in this with-
drawal phase is currently insufficient as only one relevant trial has been
reported. The administration of FIN in early-developing male rats
(during postnatal day 7-20) had no withdrawal effects on the dopami-
nergic system and sensorimotor gating behaviors during late adoles-
cence (postnatal day 49) [64]. These results imply that no accumulative
effect of FIN on depression occurred if FIN was given before adolescent
period.

On the other hand, persistent changes in neuroactive steroids in
several brain areas, plasma, and cerebrospinal fluid (CSF) in addition to
adaptation of GABA-A subunits were found in male adult SD rats 30 days
post FIN withdrawal [67]. The persistent effects after withdrawal
included decreased THP and DHT levels in plasma, decreased DHT level
in CSF, decreased DHT level in the cerebellum, and decreased DHP and
THP levels in the cerebral cortex. These findings were similar to those in
the chronic phase, however in addition to alteration of neuroactive
steroids their receptors in cerebral cortex were also involved. FIN
continuously caused increased AR and increased estrogen receptor- o
(ER-a) protein levels. Contrary to the chronic phase, FIN reduced gene
expression of 3 and a4 subunit of GABA-A receptors [67]. These results
may exemplify one of the causes of persistent symptoms in
post-finasteride patients. All of these findings are displayed in Table 5.

It should be pointed out that there are limited experimental trial in
the withdrawal phase. The promising preclinical trial is very valuable to
explore the main underlying mechanisms of neuropsychiatric adverse
effects as well as PFS since most of patients who suffered from the
adverse effects of 5-ARIs, are usually in the withdrawal phase.

D
P

T and its derivatives

DHEA T
P

THP

DHP
PREG

ISO-

PROG

Level of neuroactive steroids by LS-MS/MS

PREG and its derivatives

PREG

WDL
(Days)

Duration
(Days)

Study design
(Oral FIN
1-1.25 mg/
day)
case-control
study
(secondary
analysis)
12 UnMET
controls
7 UnMET PFS
9 MET PFS

androstane-3p,17-diol; 17p -E: 17p-estradiol; SHBG: sex hormone-binding globulin; FSH: follicle stimulating hormone; LH: luteinizing hormone; Free T: free testosterone; AR: androgen receptor; MDD: major depressive

nenolone; PROG: progesterone; DHP: dihydroprogesterone; THP: tetrahydroprogesterone; DHEA: dehydroepiandrosterone; T: testosterone; DHT: dihydrotestosterone; 3a-diol: Sa-androstane-3a,17p -diol; 3p-diol: 5a-
disorder; MET: Methylated SRD5A2; UnMET: Unmethylated SRD5

Abbreviations: FIN: finasteride; PFS: post-finasteride patients; LS-MS/MS: liquid chromatography-tandem mass spectrometry; C: cerebrospinal fluid; P: plasma; WDL: withdrawal period; MED: median; PREG: preg-

Table 6 (continued)
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Fig. 3. Summary of potential underlying

mechanisms linking 5-alpha reductase in-
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alteration in brain receptor function. The
changes in neuroactive steroids appear to be
associated with other underlying mechanisms
causing depression in prior 5-ARIs users include
reduction of hippocampal neurogenesis, alter-
ations of HPA axis, and epigenetic modifica-
tions. However, 5-ARIs effects themselves can
influence systemic inflammation through gut
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6. Association between oral 5-ARIs and depression: Current
translational clinical studies

Changes in neuroactive steroids have been strongly connected with
depression and stress-related conditions [78]. Many case-control studies
revealed that PFS patients showed persistently altered level of neuro-
active steroids, despite discontinuation of the drug [79-82]. Most clin-
ical studies found that PFS patients had decreased plasma THP levels as
well as decreased CSF DHT and increased CSF testosterone levels, results
similar to those reported in the withdrawal phase of experimental
models [67]. THP and DHP levels in CSF were also significantly reduced
in PFS patients. Therefore, 5-alpha reductase enzyme plays an important
role not only in the conversion of testosterone to DHT, but also in the
conversion of progesterone into DHP. Subsequently, DHT and DHP can
be metabolized to their 5alpha-reduced metabolites, including 5
alpha-androstane-3alpha,17beta -diol (3-alpha diol), 5
alpha-androstane-3beta,17beta -diol (3-beta diol), THP, and iso-
pregnanolone [83]. The alterations of neuroactive steroids have been
linked to other mechanisms causing depression which are explained
below. Nevertheless, one study found that there were no significant
associations between persistent neuropsychiatric adverse events in PFS
patients and any altered levels of neuroactive steroids [21]. The authors
showed that persistent symptoms occurred neither as a result of
androgen deficiency, decreased peripheral androgen action, nor persis-
tent peripheral inhibition of SRD5A [21].

Regarding epigenetic modifications, analysis of the methylation at 5
alpha reductase type 2 gene (SRD5A2) promotor in CSF showed that the
methylation was found more repeatedly in PFS patients, when compared
with healthy controls, but this effect did not show in plasma nor by the 5
alpha reductase type 1 gene (SRDA1) promotor [81].

Consistent with preclinical studies, 5-ARIs were also found to influ-
ence systemic inflammation with gut dysbiosis in PFS patients. Alter-
ations in gut microbiota composition were shown in PFS patients. In
comparison to healthy controls, Faecalibacterium spp. and Rumino-
coccaceae UCG-005 were reduced, whereas Alloprevotella and Odor-
ibacter spp were escalated [84]. Therefore, gut dysbiosis may be one of
the accessory factors for the development of depression in FIN user. All
of these findings are summarized in Table 6.

/ B

13

hippocampus. Neuroinflammation is related to
depression via the alteration of DA systems and
the reduction of hippocampal neurogenesis.
Regarding the relationship between sexual
dysfunction and depression, it appears that the
association is bidirectional. Abbreviations: 5-
ARIs: 5-alpha reductase inhibitors; HPA: hypo-
thalamic pituitary adrenal.

7. Association between changes in neuroactive steroids and
other underlying mechanisms: Current translational evidence

It is interesting to note that changes in neuroactive steroids seem to
be associated with other underlying mechanisms causing depression in
prior 5-ARIs users. Firstly, AP, also known as 3alpha-5alpha-THP, is a
potent positive allosteric modulator of GABA-A receptors. 3-alpha diol, a
metabolite of DHT, and isopregnanolone, a metabolite of DHP, also
affect GABA-A receptors since 3-alpha diol is a part of a ligand of the
GABA-A receptor [85] and isopregnanolone is an antagonist of THP on
the GABA-A receptor [86]. Alteration of GABA-A, the key inhibitory
neurotransmitter receptors in the mammalian brain, are linked to
depression in many prior clinical studies [78].

Secondly, AP modulated the behavioral effects through DA 1 [87]
and affected the phosphorylation of dopamine- and cAMP-regulated
phosphoprotein 32 kDa (DARPP-32) [88], a key molecule in the DA 1
signaling cascade during response to rewarding natural stimuli [89]. It
has a mandatory role in both progesterone- and dopamine-stimulation of
sexual receptivity in female rodents [88,90]. Unfortunately, the corre-
lation between DARPP-32 and testosterone in male rodents has not been
clearly explained [91]. In line with many experimental studies, the
underlying causes of depressive-like symptoms of FIN were found to be
dependent on DA 1 [43,47], implying that the effect of FIN on DA 1 may
be due to decreased AP levels rather than its direct effect.

Thirdly, testosterone exerts an effect on neurogenesis within the
dentate gyrus via an AR-dependent mechanism. Treatment of rodents
with DHT, which has a higher affinity for AR than testosterone, can
produce an increase in neurogenesis [92]. This effect occurred in young
male rats, but not in middle-aged male rats [93]. However, excess AR
and high doses of testosterone can induce apoptosis and reduce neuronal
survival in newly developing neurons via pathways which are currently
unclear [94,95]. These findings are consistent with clinical studies
which showed that patients younger than 45 years old were at risk of
depression and more vulnerable to adverse neuropsychiatric effects
following FIN treatment than older-aged individuals [15,40].

8. Conclusion and future perspectives

Until recently, the underlying mechanisms of the neuropsychiatric
adverse effects of 5-ARIs therapy have not been fully recognized or well
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understood. Much clinical data suggested that former FIN users had a
higher rate of depressive symptoms and neurological adverse side effects
than non-users. However, several studies may suffer from methodolog-
ical and interpretational flaws. Thus, it is still controversial topic.
Moreover, results from preclinical studies themselves still have incon-
sistent findings. Potential explanations could be variation of the exper-
imental protocols, specific and genetic history of rodents used, FIN
dosage, and duration of FIN administration.

Regarding current evidence, the key possible mechanism of depres-
sion in 5-ARIs users could be related to neuroactive steroids. Changes in
neuroactive steroids following 5-ARI use can lead to dysfunction of the
dopaminergic system, reduction of hippocampal neurogenesis, an in-
crease in neuroinflammation, alterations of the HPA axis, and epigenetic
modification. Moreover, the alterations of the neuroactive steroids,
especially AP [67,96], are also linked to the alteration of central nervous
system receptor functions including dopaminergic receptors [43,47],
GABA-A receptors [63,67], estrogen receptors [67], and androgen re-
ceptors [67]. Unfortunately, the complete specific effects of 5-ARIs have
not yet been fully characterized [67]. All of these findings are illustrated
in Fig. 3.

Molecular mechanisms and/or genetic determinants behind 5-ARIs
-induced neuropsychiatric effects should be further explored in both
preclinical and clinical studies. Other possible links such as obesity [29,
97] and the derivation of neurotrophic factors in the brain of FIN users
need examination. Although a causal relationship has not been clearly
established, particular care needs to be taken in a patient with an
existing psychiatric diagnosis, a patient confirmed as having a
first-degree relative with a psychiatric history and adolescents. These
groups are more prone to develop depression than other populations
[15,19,40]. In all cases it is paramount that physicians need to carefully
assess the risk of depression and other adverse effects, including
neuropsychiatric and sexual effects before prescribing 5-ARIs.
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