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Androgen deprivation therapy (ADT) is a standard treatment for prostate cancer patients,
routinely used in the palliative or in the curative setting in association with radiotherapy.
Among the systemic long-term side effects of ADT, growing data suggest a potentially
increased risk of dementia/Alzheimer’s disease in prostate cancer patients treated with
hormonal manipulation. While pre-clinical data suggest that androgen ablation may have
neurotoxic effects due to Ab accumulation and increased tau phosphorylation in small
animal brains, clinical studies have measured the impact of ADT on long-term cognitive
function, with conflicting results, and studies on biological changes after ADT are still
lacking. The aim of this review is to report on the current evidence on the association
between the ADT use and the risk of cognitive impairment in prostate cancer patients. We
will focus on the contribution of Alzheimer’s disease biomarkers, namely through imaging,
to investigate potential ADT-induced brain modifications. The evidence from these
preliminary studies shows brain changes in gray matter volume, cortical activation and
metabolism associated with ADT, however with a large variability in biomarker selection,
ADT duration and cognitive outcome. Importantly, no study investigated yet biomarkers of
Alzheimer’s disease pathology, namely amyloid and tau. These preliminary data
emphasize the need for larger targeted investigations.

Keywords: androgen deprivation therapy, prostate cancer, Alzheimer’s disease, dementia, functional brain
imaging, biomarkers, blood
INTRODUCTION

Prostate cancer (PCa) is the most common cancer diagnosed among men in countries worldwide and it
is the second leading cause of men cancer-related death (1). Androgen deprivation therapy (ADT)
combined with chemotherapy or second-line generation androgen receptor inhibitors constitutes the
mainstay treatment for patients with metastatic hormone-sensitive or castration resistant PCa and is
December 2021 | Volume 11 | Article 7348811

https://www.frontiersin.org/articles/10.3389/fonc.2021.734881/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.734881/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.734881/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.734881/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.734881/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Thomas.Zilli@hcuge.ch
https://doi.org/10.3389/fonc.2021.734881
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.734881
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.734881&domain=pdf&date_stamp=2021-12-15


Achard et al. Androgen Deprivation Therapy and Alzheimerr’s Disease
frequently combined with curative radiotherapy as primary
treatment for patients with localized/locally advanced disease or
as salvage in the post prostatectomy setting, due to improvement
with level-1 evidence in strong clinical outcomes such as overall
survival (2–5). With the broadening of indications for ADT use, it is
now estimated that up to 50% of patients newly diagnosed with PCa
will receive ADT during the course of their disease management (6).
Androgen ablation has a wide range of adverse effects, including hot
flushes, sexual dysfunction, cardiovascular disease, metabolic
syndrome, osteoporosis, and cognitive changes (7). The risk of
neurocognitive disorders such as dementia and/or Alzheimer’s
disease (AD) in patients with PCa who have received ADT has
been recently studied through retrospective analyses of large
databases with conflicting results (8–14). The mechanisms of the
possible association between ADT and dementia or AD are still
poorly understood. Aim of the present narrative review is to shed
light on clinical and pre-clinical evidence supporting the potential
link between androgen ablation and neurocognitive disorders, to
explore the current AD biomarkers and to help clinicians integrate
this risk for PCa patients care. We will first summarize the clinical
results of the main studies assessing the risk of AD/dementia in PCa
patients treated with ADT. Some of these studies (as well as a well-
conducted meta-analysis of these studies) establish a correlation
between ADT and dementia, but not all of them. However, these
contradictory results can be balanced with the fact that imaging
studies in PCa patient’s cohorts show changes in neural activation
and brain structure when treated with ADT, and that preclinical
data on small animals support an association between testosterone
deprivation and AD pathogenesis. Secondly we will review the
actual biomarkers of AD and see if they have been applied in this
specific setting. Finally, we will discuss the clinical repercussions of
this specific potential risk for PCa patients as well as the future
perspectives in this field.
ANDROGEN DEPRIVATION THERAPY/
TESTOSTERONE DEPLETION AND
ALZHEIMER’S DISEASE

Use of ADT and Risk of
Neurodegeneration and/or Alzheimer’s
Disease in PCa Patients
Using clinical data from large electronic medical records, several
cohort studies have analyzed the association between ADT and
occurrence of cognitive impairment and AD. We will focus on the
most recent and largest cohort studies results on the subject
(Table 1). We will begin by the studies establishing a correlation
between cognitive impairment/AD and ADT (9, 10, 12–14), then
describe two studies which question this potential link (8, 11) and
finally, we will present a recent meta-analysis of these observational
cohort studies conducted by Sari Motlagh et al. (15).

A Taiwanese cohort of 17,425 PCa patients from the
Longitudinal Health Insurance Database for Catastrophic Illness
Patients (part of the Taiwan National Health Insurance Research
Database) has been analyzed. Patients were divided by ADT
treatment: 12,740 (73.1%) with ADT and 4,685 (26.9%) without
Frontiers in Oncology | www.frontiersin.org 2
ADT (9). Patients in the ADT group could have been subjected to
bilateral orchiectomy or medical treatment (LHRH agonist, anti-
androgens, or combination therapy). A multivariable Cox model,
adjusted for age, urbanization, occupation and comorbidities was
used to generate hazard ratios (HRs) of cognitive decline. ADT
showed a significant association with overall risk of cognitive decline
(HR = 1.51, 95% CI: 1.31 -1.74). There was no apparent correlation
between duration of ADT exposure and cognitive dysfunction.
Finally, when stratified based on type of ADT regimens, anti-
androgen-only therapy (n= 6008) displayed a significantly higher
risk of subsequent dementia (HR = 1.54, 95% CI 1.29–1.84) while
GnRH agonists use and orchiectomy showed no difference in risk of
cognitive dysfunction compared with patients who did not receive
ADT. These results raise the concern that different ADT therapies
may have disparate impacts on cognitive function.

Using the Surveillance, Epidemiology and End Results
(SEER)-Medicare linked database of the National Cancer
institute, three different research groups used variable models
to estimate HR with 95% CI for AD or dementia among PCa
patients, providing evidence that the risk of AD/dementia is
associated with the use of ADT. First, Nguyen et al. included
201,797 patients in their analysis of whom 94,528 patients
received LHRH agonists or antagonists. They then ascertained
the long-term treatment related side effects that occurred during
19 years of follow-up, including the risk of dementia. It appeared
that it was highest in those who received ADT compared with
those who did not (HR 1.16, 95% CI 1.13-1.20) (13). Then,
Krasnova et al. using a cohort of 100,414 men with PCa, 38%
(n=37,911) of whom receiving ADT, showed that the use of ADT
was associated with a 17% higher risk of all cause dementia (HR
1.17, 95% CI 1.07-1.27) and 23% higher risk of AD (HR 1.23,
95% CI 1.11-1.37) (12). Finally, evaluating the electronic medical
records of 154,089 individuals, including 62,330 PCa patients
(40% receiving ADT) followed for a median follow-up of 8.3
years, Jayadevappa et al. observed a statistically significant
positive association between use of ADT and occurrence of AD
(13.1% vs 9.4%; difference, 3.7%; 95%CI, 3.3%-3.9%; P <0.001;
HR = 1.14; 95% CI, 1.10-1.18) or dementia (21.6% vs 15.8%;
difference, 5.8%; 95% CI, 5.4%-6.2%; P <0.001; HR = 1.20; 95%
CI, 1.17-1.24) (10).

A Korean study supported this positive association between
ADT and dementia, analyzing data from the National Health
Insurance Service database of the entire Korean adult prostate
population (14). On a cohort of 37,549 individuals with PCa,
24,929 (66.4%) underwent ADT. With a mean follow-up of 4.1
years, a statistically significant association was found between
ADT and the development of cognitive dysfunction (HR, 1.169,
95%CI 1.077-1.270).

However, two recent and large sample size cohorts did not
support the correlation between the use of ADT and an increased
risk of dementia. In the largest population-based cohort study to
date evaluating 1.2 million fee–for-service Medicare beneficiaries
age ≥ 67 years with PCa with a mean follow-up of 5.5 years, no
effect of ADT on dementia risk was revealed (8). Using the
United Kingdom’s Clinical Practice Research Datalink, a cohort
of 30,903 men diagnosed with non-metastatic PCa was
assembled and observed (11). During a mean follow-up of 4.3
December 2021 | Volume 11 | Article 734881
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years, 17,994 patients (58.2%) used ADT. This treatment was not
associated with an increased risk of dementia (HR 1.02, 95% CI
0.87-1.19). Secondary analyses assessing whether the risk of
dementia varied by ADT type were also negative.

In an attempt to perform a well-designed quantitative
synthesis to summarize the risk of dementia and/or AD disease
with ADT use, a systematic review and meta-analysis of the
literature was conducted very recently by Sari Motlagh et al. (15).
ADT consisted of GnRH agonists or antagonist (use of anti-
androgens only or orchiectomy were excluded) and the control
group included only PCa patients. By pooling the results of 14
studies, the authors found that the risk of all cause dementia and/
or AD was increased in patients with PCa who receive ADT
compared to those who do not receive ADT with a lower effect
for AD than for dementia (HR 1.16 vs 1.21, respectively). They
also examined whether ADT duration could be correlated with
the new onset dementia and/or AD. They found that patients
who receive ADT for 12 months or more have a statistically
significantly increased risk of new onset dementia compared to
those who receive a short duration. On the other hand, the risk of
developing AD was not associated with ADT duration. Though
the main limitation of this study is its retrospective nature, it
strengthens the evidence towards a correlation between ADT
and new onset of dementia.
Frontiers in Oncology | www.frontiersin.org 3
These observational cohort studies, derived from existing
clinical data are simpler to conduct than randomized clinical
trials. However, caution should be applied when considering
their results due to the inherent challenges of a big data research
approach. These challenges have been well described by Nead
(16) and consist in pooling potentially heterogenous data (which
can result in averaging out the true effect), reliance on claims or
electronic medical records (aimed to aid reimbursements and
clinical care rather than research) and use of methodological
choices to assess the validity of such type of studies (17). These
inherent limitations could explain the contradictory results
presented here. The conflicting clinical results can be balanced
by biological changes observed in men undergoing ADT, as
shown by brain imaging, and by the demonstration, in preclinical
studies, that testosterone depletion is associated with the
development of AD pathognomonic lesions. These two aspects,
increasing the plausibility for an association between ADT and
dementia, will be described in the following sections (Figure 1).

Use of ADT and Functional and Structural
Brain Imaging in PCa Patients
Functional magnetic resonance imaging (fMRI) and [18F]FDG
PET are emerging non-invasive imaging techniques used to
study neural activation changes, with some evidence provided
TABLE 1 | Retrospective cohort studies investigating association between androgen deprivation therapy and occurrence of cognitive impairment or Alzheimer’s disease
in prostate cancer patients.

Reference PCa
patients

n

Database ADT
n (%)

Non
ADT
n (%)

Type of ADT Evaluated
outcome

HRs of cognitive
decline/dementia

Positive
studies

Hong 2020 (9) 17,425 Longitudinal Health Insurance
Database for Catastrophic Illness
Patients

12,740
(73.1%)

4,685
(26.9%)

bilateral orchiectomy or
medical treatment (LHRH
agonist, anti-androgens, or
combination therapy)

Cognitive
decline

HR = 1.54, 95%
CI 1.29–1.84

Nguyen 2018
(13)

201,797 Surveillance, Epidemiology and End
Results (SEER)-Medicare linked
database of the National Cancer
institute

94,528
(46.8%)

107,269
(53.2%)

LHRH agonists or antagonists AD/
Dementia

HR 1.16, 95%
CI 1.13-1.20

Krasnova
2020 (12)

100,414 Surveillance, Epidemiology and End
Results (SEER)-Medicare linked
database of the National Cancer
institute

37,911
(37.8%)

62,503
(62.2%)

bilateral orchiectomy or
medical treatment

All cause
Dementia
AD

HR 1.17, 95%
CI 1.07-1.27
HR 1.23, 95%
CI 1.11-1.37

Jayadevappa
2019 (10)

154,089 Surveillance, Epidemiology and End
Results (SEER)-Medicare linked
database of the National Cancer
institute

62,330
(40.5%)

91, 759
(59.5%)

bilateral orchiectomy or
medical treatment

Dementia
AD

HR = 1.20, 95%
CI 1.17-1.24

HR = 1.14, 95%
CI 1.10-1.18

Tae 2019 (14) 37,549 National Health Insurance Service
database

24,929
(66.4%)

12,620
(33.6%)

bilateral orchiectomy or
medical treatment (LHRH
agonists, oral antiandrogens,
oral estrogens)

Cognitive
decline

HR, 1.169, 95%
CI 1.077-1.270

Negative
studies

Baik 2017 (8) 1,238,879 fee–for-service Medicare
beneficiaries

440,129
(35%)

798,750
(65%)

bilateral orchiectomy or
medical treatment

AD
Dementia

HR, 0.98, 95%
CI 0.97-0.99
HR, 1.01, 95%
CI 1.01-1.02

Khosrow-
Khavar 2017

(11)

30,903 United Kingdom’s Clinical Practice
Research Datalink

17,994
(58.2%)

12,909
(41.8%)

bilateral orchiectomy or
medical treatment
(LHRH agonists, oral
antiandrogens, oral
estrogens)

Dementia HR 1.02, 95%
CI 0.87-1.19
December 20
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even in PCa patients undergoing ADT (Table 2). Overall, none
of these studies showed significant cognitive changes after ADT
but changes in brain function and structure could be
documented (23–27).

In a study by Cherrier et al. (25), 5 PCa patients with
biochemical relapse following primary therapy without
evidence of metastases were treated with 9 months of ADT
(leuprolide). fMRI of the brain during spatial reasoning and
memory tasks was performed before the treatment and after 9
months of ADT. Seven healthy patients, matched for age and
education, underwent fMRI at the same time intervals.
Chemically-castrated patients showed reduced task-related
fMRI activation compared to control subjects, not associated
with cognitive changes.

Chao et al. observed similar results in a prospective
observational cohort analysis of men with non-metastatic PCa
at a Veterans Affairs medical center (24). Fifteen patients
receiving 6 months of Goserelin (as adjuvant treatment or
because of biochemical recurrence) were assessed by fMRI and
for cognitive functions at baseline (prior ADT) and after 6
months of ADT. The control group consisted of 15 non-
metastatic PCa patients who had never been treated with ADT,
matched for age and level of education. While no differences
were observed between groups for cognitive function, prefrontal
cortical activations were impaired on fMRI in patients receiving
Frontiers in Oncology | www.frontiersin.org 4
ADT. In a subsequent analysis implementing structural MRI at
baseline and 6 months (23), a significant decrease in the gray
matter volume in the fronto-polar, the dorsolateral prefrontal,
and the primary motor cortex regions was observed in PCa
patients undergoing ADT compared to controls.

Using [18F]FDG PET imaging in 9 PCa patients treated with
ADT for a biochemical recurrence, Cherrier et al. observed a
decreased regional cerebral glucose metabolism in the
cerebellum, the posterior cingulate and the medial thalamus
bilaterally after 9 months of androgen ablation compared to
the pretreatment baseline findings (26).

More recently, Plata-Bello et al. conducted a transversal
analysis on 65 PCa patients, 50 of whom were treated with ≥ 6
months of ADT (27). Every patient underwent a cerebral MRI
with measures of the grey matter volume (GMV) and white
matter lesion (WML) load. Compared to the 15 controls not
receiving ADT, the GMV and WML burden were similar in the
two groups, but a negative relationship between the ADT
duration and the GMV was identified. The authors concluded
that PCa patients exposed to ADTmay present an acceleration of
age-related brain changes, including WML development and
GMV loss.

Findings from these studies must be interpreted with caution
due to the small size of the PCa patients’ cohorts. Results should
be replicated with more subjects. However, all these studies
FIGURE 1 | Possible connections between ADT and cognitive decline. Thanks to preclinical studies based on androgen deprivation or testosterone supplementation,
it has been suggested that testosterone depletion could play a direct role on Ab accumulation through the modulation of its production [activation of the b-secretase
(BACE1)] or its degradation (reduction of neprilysin (NEP) expression and activity). Androgen deprivation also led to a decrease of hyperphosphorylation of Tau proteins
(p-Tau) and their accumulation in neurons. In patients, ADT has been shown to induce a decrease of grey matter (GM) volume and a reduced brain connectivity using
imaging, two characteristics also observed in AD brains. Ab accumulation or p-Tau increase have been associated with a reduction of cognitive performances of
animals, suggesting that ADT directly influences amyloid and tau levels, in addition to neuronal activity which could lead to cognitive decline of patients. APP, Amyloid
Precursor Protein; AICD, APP Intracellular Domain.
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consistently show a change in brain activity as measured by PET
or MRI imaging in men with PCa undergoing ADT. The overlap
of brain regions with changes in neuronal activation in ADT and
early AD suggests possible common mechanisms. This idea is
reinforced by experiments in small animals. Though the
pathogenesis of AD is complex and multifactorial, loss of
testosterone has been shown in vivo in animal models of AD
to be linked with AD pathogenesis and this will be the subject of
our next section.

Testosterone Deprivation and Alzheimer’s
Disease Pathogenesis in Small Animals
AD is characterized from a pathological point of view by two
pathognomonic lesions: 1/extracellular plaques of insoluble b-
amyloid peptides (Ab) and 2/neurofibrillary tangles composed of
hyperphosphorylated tau protein (p-tau) in neural cytoplasm.
Using preclinical experiments in rodents, testosterone has been
shown to modulate Ab and potentially hyperphosphorylation of
tau in the serum and the central nervous system.
Frontiers in Oncology | www.frontiersin.org 5
The Role of Testosterone Depletion on Ab
Accumulation
Ramsden et al., comparing gonadectomized (GDX) and sham GDX
male rats, were the first to show that depletion of endogenous sex
steroid hormones via GDX caused a 25% increase in soluble brain
levels of Ab40 and Ab42. They also revealed that injections of 5a-
dihydrotestosterone (DHT) to GDX rats not only reversed the
GDX-induced increase in Ab but significantly lowered brain levels
of both Ab species compared to sham GDX animals. In contrast to
the increase in soluble brain levels of Ab, no effect of GDX on
plasma Ab was observed (28).

Rosario et al. used a triple transgenic mousemodel of AD (3xTg-
AD) (29) and repeated the experience, comparing Ab accumulation
in subiculum, CA1 region of the hippocampus and amygdala
between GDX and sham GDX mice and evaluating the adjunction
of DHT to GDX mice for Ab brain accumulation. They also
compared behavioral performances with a hippocampal-dependent
task of working memory. They showed an increase of Ab load in all
brain regions for GDXmice compared to non GDXmice in parallel
TABLE 2 | Imaging studies investigating changes in neuronal activation in response to androgen deprivation therapy in prostate cancer patients.

Author
(reference no.)

Number of
participants

Neurocognitive Tests Type of
imaging

ADT type Main findings

Cherrier et al.
2010 (18)

5 PCa patients
treated with ADT
Vs
7 control healthy
patients

Spatial reasoning and
spatial memory task:
1/Encoding task
(ENCODE)
2/Recognition task
(RECOG)
3/Mental Rotation
Matching Task (MATCH)

(BOLD)-fMRI:
• prior to the
start of ADT
(time1)
• after 9
months of ADT
(time2)

9 mo of Leuprolide 7.5 mg Decrease right parietal activation with ADT
(at time 2 for RECOG and MATCH but not
ENCODE, with no difference in scanner
behavioral performance)

Chao et al.
2012 (19)

15 PCa patients
treated with ADT
Vs
15 control
untreated PCa
patients

1/N-back (working
memory) task (outside
MRI scanner)
2/Stop signal (cognitive
control) task

(BOLD)-fMRI:
• prior to the
start of ADT
(time1)
• after 6
months of ADT
(time2)

6 mo of
Goserelin 10.8 mg

Decrease in medial prefrontal cortex, right insula
and right middle/inferior frontal cortices
activations with ADT

Chao et al.
2013 (20)

12 PCa patients
treated with ADT
Vs
12 control
untreated PCa
patients

1/N-back (working
memory) task (outside
MRI scanner)

Voxel-based
Morphometry
(VBM):
• prior to the
start of ADT
(time1)
• after 6
months of ADT
(time2)

6 mo of
Goserelin 10.8 mg

Decrease of GMV in fronto-polar cortex,
dorsolateral prefrontal cortex and primary motor
cortex with ADT

Cherrier et al.,
2018 (21)

9 PCa patients
treated with ADT

Cognitive and mood
measure at baseline
and 9 mo

18F-FDG-PET:
• prior to the
start of ADT
(time1)
• after 9
months of ADT
(time2)

Flutamide 250 mg TID and
leuprolide acetate 7.5 mg monthly
for a total of 9 mo

Decrease in brain metabolism in posterior
cingulate, cerebellum and thalamus with ADT

Plata-Bello
et al., 2019 (22)

50 PCa patients
treated with ADT
≥ 6 mo
Vs
15 control
untreated PCa
patients

Neuropsychological
assessment

MRI with T1
and FLAIR
sequences

NA Negative relationship between the ADT duration
and the GMV
MRI, magnetic resonance imaging; ADT, androgen deprivation therapy; GVM, grey matter volume.
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with a significantly impaired task of working memory. DHT
treatment of GDX mice attenuated both Ab accumulation and
memory deficits (30).

The effect of testosterone on the level of Ab peptides was also
investigated by Wahjoepramono et al. in guinea pigs (31). In
accordance with the previous studies, castrated guinea pigs
(GPX) exhibited lower cerebrospinal fluid (CSF) Ab40 level
that non castrated animals. But, unlike Ramsden et al., these
authors showed also a decrease in plasma Ab40 level for GPX.

If the link between testosterone depletion in plasma and brain
Ab accumulation has been pointed out, the underlying molecular
mechanisms are still unclear.

The Ab-catabolizing enzyme neprilysin (NEP) could be
involved in this process. NEP is a regulator of Ab in brain and
is involved in Ab clearance. Depletion of NEP results in neural
accumulation of Ab. In an animal study, Yao et al. (32)
demonstrated that testosterone function as endogenous
regulator of Ab in brain via androgen receptor (AR)-
dependent regulation of NEP. Indeed, DHT induced an
increase in NEP expression and a decrease in levels of Ab in
AR expressing cells. The DHT-induced decrease of Ab was
blocked by inhibition of NEP.

In addition to the upregulation of NEP, endogenous
testosterone may protect against AD in males via
downregulation of b-site APP cleaving enzyme 1 (BACE1)
activities at transcriptional level to reduce Ab production (33).
Indeed, Ab is generated from cleavages from the amyloid
precursor protein (APP) (34) and BACE1 is known to cleave
APP at the N-terminal end of the Ab sequence (35). When
comparing the transgenic APP23 mouse model of AD to mice
with increased endogenous testosterone (APP23/Ar+/-),
McAllister et al. found that APP23/Ar+/- mice presented
significant reduction in brain plaque formation, increased NEP
activity and reduced BACE1 enzyme activity (33).

The role of luteinizing hormone (LH) in regulation of Ab has
also been investigated by Rosario et al. (36). Indeed, like low
testosterone, the age-related increase in LH has been linked to
AD in men (37–40). It is unclear whether changes in testosterone
or LH levels primarily underlined the relationship with AD. In
order to solve this issue, the authors compared levels of Ab in
male 3xTg-AD mice under varying conditions. They first treated
gonadally intact mice with leuprolide, thus lowering both
testosterone and LH. They observed an increase in Ab
accumulation. They also observed an increase in Ab
accumulation in GDX mice who present low testosterone but
high LH. Treatment of GDX mice with testosterone significantly
reduced Ab levels. But treatment of GDX mice with leuprolide
did not significantly decrease Ab levels. These findings suggest
that the Ab lowering action of testosterone is mediated by the
androgenic pathways rather than via regulation of LH and the
hypothalamic-pituitary-gonadal axis.

Finally, testosterone injections improved cognitive performance
in male rats induced by intrahippocampal injections of Ab42
oligomers and markedly decreased the hippocampal protein
expression level of Ab (41, 42). Flutamide, an anti-androgen,
inhibited all of the testosterone-mediated effects. These data
Frontiers in Oncology | www.frontiersin.org 6
underline the fact that the influence of testosterone on cognitive
performance is mediated via an AR pathway to remove Ab.

The Role of Testosterone Depletion on Tau
Hyperphosphorylation
The role of testosterone depletion on tau hyperphosphorylation
has been less studied than on Ab accumulation. Rosario et al.
found a statistically non-significant increase in the level of tau
hyperphosphorylation in GDX male 3xTg-AD mice compared to
shamGDX animals (43), suggesting that testosterone depletion does
not regulate tau pathology. On the contrary, Papasozomenos et al.
showed that for GDX male rats, there was hyperphosphorylation
of tau 3 hours after heat shock, which induces rapid
dephosphorylation of tau. The hyperphosphorylation was not
observed in GDX male rats previously treated with testosterone
propionate (44). Finally, the existence of an interaction between
testosterone and glucocorticoids in the regulation of tau
hyperphosphorylation and accumulation in male rats brain
has been recently suggested by Monteiro-Fernandes et al. (45).
While prolonged exposure to glucocorticoids trigger tau
hyperphosphorylation and its accumulation into axonal and
somatodendritic compartments, these glucocorticoids actions
seems to be countered by testosterone.
ALZHEIMER’S DISEASE BIOMARKERS

Imaging and fluid biomarkers have emerged in the last two
decades as useful diagnostic and prognostic tools for AD
evaluation, as they allow in vivo assessment of AD-specific
pathophysiological hallmarks (Figure 2), namely amyloid and
tau, as well as non-specific but related phenomena:
neurodegeneration, synaptic loss, neuroinflammation. While an
extensive description is beyond the scope of this review, we’ll
briefly summarize here the clinically available biomarkers to
measure amyloid and tau pathology in patients.

Molecular imaging by positron emission tomography
(PET) using dedicated tracers allows visualizing the brain
deposits of amyloid plaques and neurofibrillary tangles of
hyperphosphorylated tau. Multiples studies with neuropathology as
gold standard have shown that PET imaging has good to excellent
sensitivity and specificity to detect the pathological processes (46, 47).

In the cerebrospinal (CSF) fluid it is possible to measure total
tau (t-tau) or different isoforms of phosphorylated tau, namely p-
tau181, and amyloid markers, in particular Ab42 or the relative
load of Ab42 and Ab40 (48). Indeed, a marked decrease in CSF
Ab42 and a marked increase in CSF t-tau and p-tau are observed
in symptomatic AD patients (49–51). Even if significant
advances have been made in standardization of CSF sampling
and protocols for biomarker measurement, no consensus on cut-
off values has been defined yet (52).

A growing interest for blood biomarkers use in AD appears these
last years, mainly due to the fact that plasma markers are highly
accessible, non-invasive and less expensive than PET or CSF
examinations, and thus represent the ideal tool for screening or
for longitudinal observations in large populations (53). As with CSF
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biomarkers, Ab42 and Ab40 are the most studied blood biomarkers
for the diagnosis of AD. This field has dramatically progressed over
the last few years with the development of ultra-sensitive assays able
to reliably measure the low levels of circulating biomarkers. A first
study showed in 2017, that plasma levels of Ab42 and Ab40 were
reduced in AD dementia compared with subjects with mild
cognitive impairment (MCI) or a subjective cognitive decline (54,
55). The combination of decreased plasma Ab42/(APP)669-711 and
Ab42/Ab40 ratios proved to be predictive of brain Ab burden
assessed by [11C]PIB (Pittsburgh compound B)-PET imaging (56).
Plasma Ab42/Ab40 had a high correspondence with amyloid PET
status and CSF p-tau181/Ab42 levels (57). Moreover, individuals
with a negative amyloid PET scan at baseline and a positive (= low)
plasma Ab42/Ab40 had a 15-fold greater risk of conversion to
amyloid PET positive compared to individuals with a negative
plasma Ab42/Ab40 (57), showing that not only plasma Ab42/Ab40
could be used as a diagnostic biomarker but also as a predictive
biomarker of AD. The most convincing evidence concerns the
development of sensitive assays to measure p-tau isoforms in
plasma. In 2017, an exploratory study showed that plasma levels
of p-tau181 were significantly higher in the AD patients than those
in the controls (58). The predictive value of plasma p-Tau181 for
amyloid and tau brain levels was demonstrated recently (56, 59).
Moreover, plasma p-tau181 has also been associated with the
disease progression, as plasma p-tau181 level was increased in
preclinical AD and further increased at the MCI and dementia
stage (59). Plasma p-tau181 also allows to discriminate AD from
other neurodegenerative disorders, with an accuracy similar to that
of tau PET and CSF p-tau181 (59), and identifies AD across the
clinical continuum with gradual increase: from the lowest
Frontiers in Oncology | www.frontiersin.org 7
concentrations in Ab negative young adults and cognitively
unimpaired older adults, through higher concentrations in the Ab
positive cognitively unimpaired older adults andMCI groups, to the
highest concentration in the Ab positive MCI and AD groups (60).
More recent evidence shows the excellent performance of also p-tau
217 and p-tau 231 (61, 62).

Overall, blood biomarkers appear as good candidates to easily
detect and even predict the progression of AD but further studies
are necessary to validate their clinical use. The level of evidence
for the diagnostic use of these different biomarkers has been
recently revised within a systematic framework, in order to
accelerate their clinical implementation (63, 64). Amyloid PET,
tau PET with [18F]flortaucipir, the most commonly used first
generation tracer, and, CSF biomarkers have shown analytical
validity, i.e. an adequate level of accuracy to detect the pathology
of interest, and initial evidence for clinical validity, i.e. their
ability to favorably impact the diagnostic process in the
prodromal stage (19, 20, 52). The level of validity for plasma
markers is still lower, but this literature is rapidly evolving and
the accessibility of the method is greatly facilitating its
implementation in large scale studies (18).

More specifically related to ADT, no PET imaging or CSF
studies measuring AD biomarkers have been reported. Only two
studies evaluated the effect of ADT on plasma biomarkers.
Gandy et al. studied the effect of ADT in 6 men on plasma
levels of Ab40. They found that after chemical castration, an
increase of plasma Ab40 concentration was observed for all 6
patients (21). Results were confirmed in a second study with 37
patients showing an increase of Ab40 levels in plasma, in
addition to higher anxiety and depression scores. Interestingly,
FIGURE 2 | Classical biomarkers for AD diagnosis. Brain imaging and fluid biomarkers are under intense development for AD diagnosis. An increase of amyloid
deposits and tauopathy are observed in the brain of AD patients with a well-defined pattern, evolving during pathology progression. Tauopathy biomarkers, including
classically the total tau (t-tau) and phosphorylated Tau on Threonine 181 (p-tau181), follow the same profile of expression in fluids (cerebrospinal fluid (CSF) and
plasma), with an increase of concentration during the pathology. At the opposite, low levels of amyloid peptides (Ab40 and Ab42) in the CSF or in the plasma reflect
high amyloid deposition in the brain.
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the discontinuation of the androgen-deprivation was associated
with an improvement of general cognitive performances
(Cambridge Cognitive Examination for the Elderly score) (22).
Larger studies and the measurement of other biomarkers are
consequently necessary to interpret these results.
DISCUSSION: CLINICAL APPLICATIONS
AND FUTURE PERSPECTIVES

Clinical Applications
Patient Counselling
The international Society of Geriatric Oncology guidelines of 2019
recommend that clinicians should discuss the risk of cognitive
dysfunction with elderly PCa patients who are considered for
ADT (65). This recommendation was mainly based on a meta-
analysis of the retrospective cohort studies by Sun et al. published in
2018. In this study, the authors found a higher, but not statistically
different, risk of cognitive impairment after ADT (HR 1.28, 95% CI
0.93-1.76) (66). However, this meta-analysis included few studies
which assessed dementia and/or ADT as an outcome with an
estimated risk effect (quantitative synthesis) and the analyzed
cohort studies had different outcome definitions. The more recent
meta-analysis from Sari Motlagh et al. that does not suffer these
limitations, established a stronger link between ADT use and the
development of AD/dementia (15).

These results could contribute to the creation of new guidelines
recommending not only to discuss the risk of cognitive
dysfunction with PCa patients considered for ADT but also to
assess patient’s cognitive status at baseline, thorough, and after
completion of ADT. However, unless the association between
ADT and AD/dementia is confirmed in prospective studies, this
potential risk should be communicated and discussed with the
patient with caution, especially for men who will clearly derive a
survival benefit from the hormonal treatment.

Assessment of Patient’s Cognitive Status
Before prescribing ADT, the physician has to carefully report the
inherent patient’s risk factors for AD development. Genetics has
a key role in the development of AD, but acquired factors have
also been identified, such as cerebrovascular diseases, diabetes,
hypertension, obesity, and dyslipidemia (67). The cognitive
status should also be systematically assessed at baseline in all
patients planned for ADT and during the course of ADT. A large
number of screening instruments for AD are available (68), as
the Montreal Cognitive Assessment (MoCA) which seems to be a
promising screening test due to its high sensitivity (84%) and
specificity (74%) values (69).

The assessment of specific Ab and p-tau biomarkers before
and throughout ADT could also be proposed. This would allow
confirming the alleged role of ADT on the new onset of AD by
assessing the cognitive impact of ADT prospectively. This is of
crucial importance since the trend is to intensify ADT by adding
second generation anti-androgens for high-risk prostate cancer
patients as evaluated by ongoing studies (ATLAS, NCT02531516
and ENZARAD, NCT02446444).
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In a second time, if the correlation between ADT use and
neurodegenerative disorders is confirmed, then biomarkers
could help the physician to estimate an individualized balance
benefit/risk taking into account both the risk of developing AD
and the risk of death/disability from PCa disease.

ADT and Radiotherapy: Patient Selection and
Duration
Careful selection of PCa candidates for concomitant ADT is
essential to minimize the risk of cognitive disorders associated
with androgen ablation. Moreover, efforts to shorten the duration
of ADT especially for long-term ADT protocols combined with
curative radiotherapy may help to limit the associated toxicities of
this treatment. By reducing from 36 to 18 months the duration of
ADT, a randomized phase III trial demonstrated that outcome
of high-risk PCa patients was not impaired while quality of life was
significantly improved with the shortest schedule (70). How further
reduction in ADT duration can be safely proposed in frail and
dementia-prone PCa patients remains an open question,
considering that in meta-analysis by Sari Motlagh et al. the risk of
dementia was higher in patients who received ADT for more than
12 months (15). Moreover, the association between new LH-RH
antagonists and modern androgen receptor inhibitors and the risk
of long-term neurodegenerative disorders remains presently unclear
and certainly deserves further investigations.

Future Perspectives
ADT is widely used in PCa treatment (71, 72). Studies in animals
and human point to an increased risk of altered cognitive function
linked to the use of ADT through a number of different
mechanisms, both direct and indirect, as summarized in
Figure 1. However, several limitations weaken the quality of the
evidence available. First, there are inherent weaknesses in the
application of retrospective analyses investigating the association
between ADT and the risk of dementia in large electronic patient’s
databases, which have been described above. Second, the only
brain imaging studies addressing neuronal changes in PCa
patients undergoing ADT have not included AD-specific
imaging biomarkers and focused on small numbers of patients.
As a consequence, better tools are needed to assess the cognitive
impact of ADT prospectively in order to optimize PCa patients
care. Further preclinical and clinical investigations with
integration of metabolic AD specific imaging and blood
biomarkers are expected to be very useful in this setting. Finally,
specific studies should target the pathophysiological changes
associated with different androgen-deprivation strategies,
including the new LH-RH antagonists and modern androgen
receptor inhibitors.
CONCLUSIONS

Neurocognitive impairment is emerging as a potential additional
long-term side effect of androgen suppression in PCa patients. Due
to the great potential impact on quality of life, clear evaluation of
treatment indications and appropriate counselling and follow-up of
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cognitive status is recommended for PCa patients undergoing ADT,
especially with long-term or long-life regimens. Further preclinical
and clinical investigations integrating metabolic imaging and
modern biomarkers are eagerly warranted to understand
underlying mechanisms and to better assess the impact of ADT
on long-term neurocognitive function.
AUTHOR CONTRIBUTIONS

TZ and VG contributed to conception and design of the study.
VA wrote the first draft of the manuscript. KC created the
Frontiers in Oncology | www.frontiersin.org 9
figures. All authors contributed to manuscript revision, read,
and approved the submitted version.
FUNDING

This work was supported by the Velux foundation (grant
number 1123). Granting bodies were not involved in the
drafting of the manuscript. TZ was funded by the Swiss
National Science Foundation (project 320030_182366). VG
was funded by the Swiss National Science Foundation (projects
320030_169876 and 320030_185028).
REFERENCES

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin
(2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Bolla M, de Reijke TM, Van Tienhoven G, Van den Bergh AC, Oddens J,
Poortmans PM, et al. Duration of Androgen Suppression in the Treatment of
Prostate Cancer. N Engl J Med (2009) 360(24):2516–27. doi: 10.1056/
NEJMoa0810095

3. Carrie C, Hasbini A, de Laroche G, Richaud P, Guerif S, Latorzeff I, et al.
Salvage Radiotherapy With or Without Short-Term Hormone Therapy for
Rising Prostate-Specific Antigen Concentration After Radical Prostatectomy
(GETUG-AFU 16): A Randomised, Multicentre, Open-Label Phase 3 Trial.
Lancet Oncol (2016) 17(6):747–56. doi: 10.1016/S1470-2045(16)00111-X

4. Jones CU, Hunt D, McGowan DG, Amin MB, Chetner MP, Bruner DW, et al.
Radiotherapy and Short-Term Androgen Deprivation for Localized Prostate
Cancer. N Engl J Med (2011) 365(2):107–18. doi: 10.1056/NEJMoa1012348

5. Shipley WU, Seiferheld W, Lukka HR, Major PP, Heney NM, Grignon DJ,
et al. Radiation With or Without Antiandrogen Therapy in Recurrent
Prostate Cancer. N Engl J Med (2017) 376(5):417–28. doi: 10.1056/
NEJMoa1607529

6. Meng MV, Grossfeld GD, Sadetsky N, Mehta SS, Lubeck DP, Carroll PR.
Contemporary Patterns of Androgen Deprivation Therapy Use for Newly
Diagnosed Prostate Cancer. Urology (2002) 60(3 Suppl 1):7–11. doi: 10.1016/
s0090-4295(02)01560-1

7. Rhee H, Gunter JH, Heathcote P, Ho K, Stricker P, Corcoran NM, et al.
Adverse Effects of Androgen-Deprivation Therapy in Prostate Cancer and
Their Management. BJU Int (2015) 115 Suppl 5:3–13. doi: 10.1111/bju.12964

8. Baik SH, Kury FSP, McDonald CJ. Risk of Alzheimer's Disease Among Senior
Medicare Beneficiaries Treated With Androgen Deprivation Therapy for
Prostate Cancer. J Clin Oncol (2017) 35(30):3401–9. doi: 10.1200/
JCO.2017.72.6109

9. Hong JH, Huang CY, Chang CH, Muo CH, Jaw FS, Lu YC, et al. Different
Androgen Deprivation Therapies Might Have a Differential Impact on
Cognition - An Analysis From a Population-Based Study Using Time-
Dependent Exposure Model. Cancer Epidemiol (2020) 64:101657.
doi: 10.1016/j.canep.2019.101657

10. Jayadevappa R, Chhatre S, Malkowicz SB, Parikh RB, Guzzo T, Wein AJ.
Association Between Androgen Deprivation Therapy Use and Diagnosis of
Dementia in Men With Prostate Cancer. JAMA Netw Open (2019) 2(7):
e196562. doi: 10.1001/jamanetworkopen.2019.6562

11. Khosrow-Khavar F, Rej S, Yin H, Aprikian A, Azoulay L. Androgen
Deprivation Therapy and the Risk of Dementia in Patients With Prostate
Cancer. J Clin Oncol (2017) 35(2):201–7. doi: 10.1200/JCO.2016.69.6203

12. Krasnova A, Epstein M, Marchese M, Dickerman BA, Cole AP, Lipsitz SR,
et al. Risk of Dementia Following Androgen Deprivation Therapy for
Treatment of Prostate Cancer. Prostate Cancer Prostatic Dis (2020) 23
(3):410–8. doi: 10.1038/s41391-019-0189-3
13. Nguyen C, Lairson DR, Swartz MD, Du XL. Risks of Major Long-Term Side
Effects Associated With Androgen-Deprivation Therapy in Men With
Prostate Cancer. Pharmacother (2018) 38(10):999–1009. doi: 10.1002/
phar.2168

14. Tae BS, Jeon BJ, Shin SH, Choi H, Bae JH, Park JY. Correlation of Androgen
Deprivation Therapy With Cognitive Dysfunction in Patients With Prostate
Cancer: A Nationwide Population-Based Study Using the National Health
Insurance Service Database. Cancer Res Treat (2019) 51(2):593–602.
doi: 10.4143/crt.2018.119

15. Sari Motlagh R, Quhal F, Mori K, Miura N, Aydh A, Laukhtina E, et al. The
Risk of New Onset Dementia and/or Alzheimer Disease Among Patients With
Prostate Cancer Treated With Androgen Deprivation Therapy: A Systematic
Review and Meta-Analysis. J Urol (2021) 205(1):60–7. doi: 10.1097/
JU.0000000000001341

16. Nead KT. Androgen Deprivation Therapy and Dementia: New Opportunities
and Challenges in the Big-Data Era. J Clin Oncol (2017) 35(30):3380–1.
doi: 10.1200/JCO.2017.74.8806

17. Walsh CG, Johnson KB. Observational Cohort Studies and the Challenges of
In Silico Experiments. JAMA Oncol (2017) 3(1):55–7. doi: 10.1001/
jamaoncol.2016.3478

18. Ashton NJ, Leuzy A, Karikari TK, Mattsson-Carlgren N, Dodich A, Boccardi
M, et al. The Validation Status of Blood Biomarkers of Amyloid and Phospho-
Tau Assessed With the 5-Phase Development Framework for AD Biomarkers.
Eur J Nucl Med Mol Imaging (2021) 48(7):2140–56. doi: 10.1007/s00259-021-
05253-y

19. Bischof GN, Dodich A, Boccardi M, van Eimeren T, Festari C, Barthel H, et al.
Clinical Validity of Second-Generation Tau PET Tracers as Biomarkers for
Alzheimer's Disease in the Context of a Structured 5-Phase Development
Framework. Eur J Nucl Med Mol Imaging (2021) 48(7):2110–20. doi: 10.1007/
s00259-020-05156-4

20. Wolters EE, Dodich A, Boccardi M, Corre J, Drzezga A, Hansson O, et al.
Clinical Validity of Increased Cortical Uptake of [(18)F]flortaucipir on PET as
a Biomarker for Alzheimer's Disease in the Context of a Structured 5-Phase
Biomarker Development Framework. Eur J Nucl Med Mol Imaging (2021) 48
(7):2097–109. doi: 10.1007/s00259-020-05118-w

21. Gandy S, Almeida OP, Fonte J, Lim D, Waterrus A, Spry N, et al. Chemical
Andropause and Amyloid-Beta Peptide. JAMA (2001) 285(17):2195–6.
doi: 10.1001/jama.285.17.2195-a

22. Almeida OP, Waterreus A, Spry N, Flicker L, Martins RN. One Year Follow-
Up Study of the Association Between Chemical Castration, Sex Hormones,
Beta-Amyloid, Memory and Depression in Men. Psychoneuroendocrinol
(2004) 29(8):1071–81. doi: 10.1016/j.psyneuen.2003.11.002

23. Chao HH, Hu S, Ide JS, Uchio E, Zhang S, Rose M, et al. Effects of Androgen
Deprivation on Cerebral Morphometry in Prostate Cancer Patients–An
Exploratory Study. PloS One (2013) 8(8):e72032. doi: 10.1371/
journal.pone.0072032

24. Chao HH, Uchio E, Zhang S, Hu S, Bednarski SR, Luo X, et al. Effects of
Androgen Deprivation on Brain Function in Prostate Cancer Patients - A
Prospective Observational Cohort Analysis. BMC Cancer (2012) 12:371.
doi: 10.1186/1471-2407-12-371
December 2021 | Volume 11 | Article 734881

https://doi.org/10.3322/caac.21660
https://doi.org/10.1056/NEJMoa0810095
https://doi.org/10.1056/NEJMoa0810095
https://doi.org/10.1016/S1470-2045(16)00111-X
https://doi.org/10.1056/NEJMoa1012348
https://doi.org/10.1056/NEJMoa1607529
https://doi.org/10.1056/NEJMoa1607529
https://doi.org/10.1016/s0090-4295(02)01560-1
https://doi.org/10.1016/s0090-4295(02)01560-1
https://doi.org/10.1111/bju.12964
https://doi.org/10.1200/JCO.2017.72.6109
https://doi.org/10.1200/JCO.2017.72.6109
https://doi.org/10.1016/j.canep.2019.101657
https://doi.org/10.1001/jamanetworkopen.2019.6562
https://doi.org/10.1200/JCO.2016.69.6203
https://doi.org/10.1038/s41391-019-0189-3
https://doi.org/10.1002/phar.2168
https://doi.org/10.1002/phar.2168
https://doi.org/10.4143/crt.2018.119
https://doi.org/10.1097/JU.0000000000001341
https://doi.org/10.1097/JU.0000000000001341
https://doi.org/10.1200/JCO.2017.74.8806
https://doi.org/10.1001/jamaoncol.2016.3478
https://doi.org/10.1001/jamaoncol.2016.3478
https://doi.org/10.1007/s00259-021-05253-y
https://doi.org/10.1007/s00259-021-05253-y
https://doi.org/10.1007/s00259-020-05156-4
https://doi.org/10.1007/s00259-020-05156-4
https://doi.org/10.1007/s00259-020-05118-w
https://doi.org/10.1001/jama.285.17.2195-a
https://doi.org/10.1016/j.psyneuen.2003.11.002
https://doi.org/10.1371/journal.pone.0072032
https://doi.org/10.1371/journal.pone.0072032
https://doi.org/10.1186/1471-2407-12-371
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Achard et al. Androgen Deprivation Therapy and Alzheimerr’s Disease
25. Cherrier MM, Borghesani PR, Shelton AL, Higano CS. Changes in Neuronal
Activation Patterns in Response to Androgen Deprivation Therapy: A Pilot
Study. BMC Cancer (2010) 10:1. doi: 10.1186/1471-2407-10-1

26. Cherrier MM, Cross DJ, Higano CS, Minoshima S. Changes in Cerebral
Metabolic Activity in Men Undergoing Androgen Deprivation Therapy for
Non-Metastatic Prostate Cancer. Prostate Cancer Prostatic Dis (2018) 21
(3):394–402. doi: 10.1038/s41391-018-0037-x

27. Plata-Bello J, Plata-Bello A, Perez-Martin Y, Fajardo V, Concepcion-Massip
T. Androgen Deprivation Therapy Increases Brain Ageing. Aging (Albany NY)
(2019) 11(15):5613–27. doi: 10.18632/aging.102142

28. Ramsden M, Nyborg AC, Murphy MP, Chang L, Stanczyk FZ, Golde TE, et al.
Androgens Modulate Beta-Amyloid Levels in Male Rat Brain. J Neurochem
(2003) 87(4):1052–5. doi: 10.1046/j.1471-4159.2003.02114.x

29. Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, et al.
Triple-Transgenic Model of Alzheimer's Disease With Plaques and Tangles:
Intracellular Abeta and Synaptic Dysfunction. Neuron (2003) 39(3):409–21.
doi: 10.1016/s0896-6273(03)00434-3

30. Rosario ER, Carroll JC, Oddo S, LaFerla FM, Pike CJ. Androgens Regulate the
Development of Neuropathology in a Triple Transgenic Mouse Model of
Alzheimer's Disease. J Neurosci (2006) 26(51):13384–9. doi: 10.1523/
JNEUROSCI.2514-06.2006

31. Wahjoepramono EJ, Wijaya LK, Taddei K, Martins G, Howard M, de Ruyck
K, et al. Distinct Effects of Testosterone on Plasma and Cerebrospinal Fluid
Amyloid-Beta Levels. J Alzheimers Dis (2008) 15(1):129–37. doi: 10.3233/jad-
2008-15111

32. Yao M, Nguyen TV, Rosario ER, Ramsden M, Pike CJ. Androgens Regulate
Neprilysin Expression: Role in Reducing Beta-Amyloid Levels. J Neurochem
(2008) 105(6):2477–88. doi: 10.1111/j.1471-4159.2008.05341.x

33. McAllister C, Long J, Bowers A, Walker A, Cao P, Honda S, et al. Genetic
Targeting Aromatase in Male Amyloid Precursor Protein Transgenic Mice
Down-Regulates Beta-Secretase (BACE1) and Prevents Alzheimer-Like
Pathology and Cognitive Impairment. J Neurosci (2010) 30(21):7326–34.
doi: 10.1523/JNEUROSCI.1180-10.2010

34. Hardy J, Selkoe DJ. The Amyloid Hypothesis of Alzheimer's Disease: Progress
and Problems on the Road to Therapeutics. Sci (2002) 297(5580):353–6.
doi: 10.1126/science.1072994

35. Pinnix I, Musunuru U, Tun H, Sridharan A, Golde T, Eckman C, et al. A
Novel Gamma -Secretase Assay Based on Detection of the Putative C-
Terminal Fragment-Gamma of Amyloid Beta Protein Precursor. J Biol
Chem (2001) 276(1):481–7. doi: 10.1074/jbc.M005968200

36. Rosario ER, Carroll JC, Pike CJ. Evaluation of the Effects of Testosterone and
Luteinizing Hormone on Regulation of Beta-Amyloid in Male 3xtg-AD Mice.
Brain Res (2012) 1466:137–45. doi: 10.1016/j.brainres.2012.05.011

37. Bowen RL, Verdile G, Liu T, Parlow AF, Perry G, Smith MA, et al. Luteinizing
Hormone, a Reproductive Regulator That Modulates the Processing of
Amyloid-Beta Precursor Protein and Amyloid-Beta Deposition. J Biol Chem
(2004) 279(19):20539–45. doi: 10.1074/jbc.M311993200

38. Hogervorst E, Combrinck M, Smith AD. Testosterone and Gonadotropin
Levels in Men With Dementia. Neuro Endocrinol Lett (2003) 24(3-4):203–8.

39. Hogervorst E, Williams J, Budge M, Barnetson L, Combrinck M, Smith AD.
Serum Total Testosterone Is Lower in Men With Alzheimer's Disease. Neuro
Endocrinol Lett (2001) 22(3):163–8.

40. Short RA, Bowen RL, O'Brien PC, Graff-Radford NR. Elevated Gonadotropin
Levels in Patients With Alzheimer Disease.Mayo Clin Proc (2001) 76(9):906–
9. doi: 10.4065/76.9.906

41. Huo DS, Sun JF, Zhang B, Yan XS, Wang H, Jia JX, et al. Protective Effects of
Testosterone on Cognitive Dysfunction in Alzheimer's Disease Model Rats
Induced by Oligomeric Beta Amyloid Peptide 1-42. J Toxicol Environ Health
A (2016) 79(19):856–63. doi: 10.1080/15287394.2016.1193114

42. Yan XS, Yang ZJ, Jia JX, Song W, Fang X, Cai ZP, et al. Protective Mechanism
of Testosterone on Cognitive Impairment in a Rat Model of Alzheimer's
Disease. Neural Regener Res (2019) 14(4):649–57. doi: 10.4103/1673-
5374.245477

43. Rosario ER, Carroll J, Pike CJ. Testosterone Regulation of Alzheimer-Like
Neuropathology in Male 3xtg-AD Mice Involves Both Estrogen and
Androgen Pathways. Brain Res (2010) 1359:281–90. doi: 10.1016/
j.brainres.2010.08.068
Frontiers in Oncology | www.frontiersin.org 10
44. Papasozomenos SC. The Heat Shock-Induced Hyperphosphorylation of Tau
is Estrogen-Independent and Prevented by Androgens: Implications for
Alzheimer Disease. Proc Natl Acad Sci USA (1997) 94(13):6612–7.
doi: 10.1073/pnas.94.13.6612

45. Monteiro-Fernandes D, Sousa N, Almeida OFX, Sotiropoulos I. Sex Hormone
Depletion Augments Glucocorticoid Induction of Tau Hyperphosphorylation
in Male Rat Brain. Neurosci (2021) 454:140–50. doi: 10.1016/
j.neuroscience.2020.05.049

46. Chetelat G, Arbizu J, Barthel H, Garibotto V, Law I, Morbelli S, et al. Amyloid-
PET and (18)F-FDG-PET in the Diagnostic Investigation of Alzheimer's
Disease and Other Dementias. Lancet Neurol (2020) 19(11):951–62.
doi: 10.1016/S1474-4422(20)30314-8

47. Fleisher AS, Pontecorvo MJ, Devous MDSr, Lu M, Arora AK, Truocchio SP,
et al. Positron Emission Tomography Imaging With [18F]Flortaucipir and
Postmortem Assessment of Alzheimer Disease Neuropathologic Changes.
JAMA Neurol (2020) 77(7):829–39. doi: 10.1001/jamaneurol.2020.0528

48. National Institute for H, Care E. National Institute for Health and Care
Excellence: Clinical Guidelines. Dementia: Assessment, Management and
Support for People Living With Dementia and Their Carers. London:
National Institute for Health and Care Excellence (UK) Copyright © NICE
2018 (2018).

49. Blennow K, Hampel H. CSFMarkers for Incipient Alzheimer's Disease. Lancet
Neurol (2003) 2(10):605–13. doi: 10.1016/s1474-4422(03)00530-1

50. Blennow K, Hampel H, Weiner M, Zetterberg H. Cerebrospinal Fluid and
Plasma Biomarkers in Alzheimer Disease. Nat Rev Neurol (2010) 6(3):131–44.
doi: 10.1038/nrneurol.2010.4

51. Shoji M, Matsubara E, Kanai M, Watanabe M, Nakamura T, Tomidokoro Y,
et al. Combination Assay of CSF Tau, A Beta 1-40 and A Beta 1-42(43) as a
Biochemical Marker of Alzheimer's Disease. J Neurol Sci (1998) 158(2):134–
40. doi: 10.1016/s0022-510x(98)00122-1

52. Leuzy A, Ashton NJ, Mattsson-Carlgren N, Dodich A, Boccardi M, Corre J,
et al. 2020 Update on the Clinical Validity of Cerebrospinal Fluid Amyloid,
Tau, and Phospho-Tau as Biomarkers for Alzheimer's Disease in the Context
of a Structured 5-Phase Development Framework. Eur J Nucl Med Mol
Imaging (2021) 48(7):2121–39. doi: 10.1007/s00259-021-05258-7

53. Leuzy A, Cullen NC, Mattsson-Carlgren N, Hansson O. Current Advances in
Plasma and Cerebrospinal Fluid Biomarkers in Alzheimer's Disease. Curr
Opin Neurol (2021) 34(2):266–74. doi: 10.1097/WCO.0000000000000904

54. Janelidze S, Stomrud E, Palmqvist S, Zetterberg H, van Westen D, Jeromin A,
et al. Plasma b-Amyloid in Alzheimer's Disease and Vascular Disease. Sci Rep
(2016) 6:26801. doi: 10.1038/srep26801

55. Ovod V, Ramsey KN, Mawuenyega KG, Bollinger JG, Hicks T, Schneider T,
et al. Amyloid b Concentrations and Stable Isotope Labeling Kinetics of
Human Plasma Specific to Central Nervous System Amyloidosis. Alzheimer's
Dementia J Alzheimer's Assoc (2017) 13(8):841–9. doi: 10.1016/
j.jalz.2017.06.2266

56. Nakamura A, Kaneko N, Villemagne VL, Kato T, Doecke J, Doré V, et al. High
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