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Abstract

Background: The search for new Alzheimer’s disease (AD) cerebrospinal fluid (CSF) and blood biomarkers with
potential pathophysiological and clinical relevance continues, as new biomarkers might lead to improved early and
differential diagnosis, monitoring of disease progression and might even identify new druggable targets. Melatonin
might be an interesting biomarker as an inverse correlation between CSF melatonin levels, and severity of the
neuropathology as measured by Braak stages has been described. Melatonin can be measured in different body
fluids, such as CSF, blood, saliva and urine.

Objectives: The aim of this systematic review was to review all available studies regarding melatonin levels in
different body fluids in the AD continuum and give an extensive overview of reported outcomes.

Methods: We included papers comparing melatonin levels between healthy controls and human patients
belonging to the AD continuum. A systematic search of PubMed and Web of Science led to inclusion of 20 full-
length English papers following exclusion of duplicates.

Results: This systematic literature search showed that disruptions in melatonin levels occur with age, but also in AD
when compared to age-matched controls. Night-time melatonin levels were found to be lower in CSF and blood of
AD patients as compared to controls. Literature was not conclusive regarding alterations in blood daytime melatonin
levels or regarding saliva melatonin in AD patients. Decreased total and night-time melatonin production has been
described in urine of AD patients.

Conclusion: Our systematic review shows evidence for disruptions in (night-time) melatonin levels in AD as compared
to age-matched controls. Although more studies are needed to understand the contribution of disruption of the
melatonergic system to the pathophysiology of AD, the potential anti-AD effects that have been attributed to
melatonin, renders research on this topic relevant for the discovery of potential future treatment effects of melatonin
for AD. The use of melatonin as potential blood biomarker for disease progression should also be further investigated.
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Background

Worldwide, around 50 million people suffer from de-
mentia, with nearly 10 million new cases every year. Alz-
heimer’s disease (AD), a currently incurable condition, is
the most prevalent cause of dementia, accounting for
60-70% of cases [1, 2]. In AD, the pathophysiological
changes begin many years prior to the first clinical mani-
festations of the disease. AD is a continuum, including
asymptomatic individuals to patients with severe demen-
tia [3]. Different biomarkers, amongst which cerebro-
spinal fluid (CSF) amyloid-p (Ap42), total tau (T-tau)
and phosphorylated tau (P-tau), are used for early and
differential AD diagnosis [4, 5]. As blood sampling is less
invasive than a lumbar puncture, blood biomarkers for
AD are under development [5]. The search for new CSF
and blood biomarkers with potential pathophysiological
and clinical relevance continues, as new biomarkers
might lead to improved early and differential diagnosis,
monitoring of disease progression and might even iden-
tify new druggable targets.

Melatonin is a neurohormone, mainly produced by the
pineal gland under influence of the hypothalamic supra-
chiasmatic nucleus (SCN), regulating circadian rhythms
such as the sleep-wake rhythm, neuroendocrine rhythms
and body temperature cycles [6]. Levels of melatonin in
humans are low during the day and peak during the
night in healthy adults [7]. Melatonin concentrations
have mainly been studied in blood. However, melatonin
can also be measured in other body fluids such as CSF,
urine, and saliva. Melatonin concentrations tend to be
high in the third ventricle in which it is directly secreted
from the pineal gland via the pineal recess [8]. Being an
amphiphilic neurohormone, melatonin can access neu-
rons nearby the third and lateral ventricles [9]. Away
from the third ventricle, there is a concentration gradi-
ent with levels dropping in spinal CSF to about the same
amount as found in blood [10]. The use of urine and sal-
iva for measuring melatonin has the benefit of being less
invasive and being able to be done at home.

Melatonin levels have been studied in these different
body fluids in patients with AD in different studies. Study-
ing melatonin levels in neurological diseases might be in-
teresting, since melatonin seems to have neuroprotective
effects [6]. Melatonin has anti-inflammatory, anti-
oxidant, anti-fibrillogenic, anti-hyperphosphorylating
and anti-amyloidogenic pathway properties [11], and
CSF melatonin levels have been shown to negatively
correlate with Braak stages in AD [12], making it par-
ticularly interesting to study melatonin levels in AD,
not only to assess whether it could be useful as treat-
ment strategy in AD but also to pave the way to
more studies with blood melatonin as potential bio-
marker to track disease progression, if disrupted
melatonin production in AD were to be proved.
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The aim of this systematic review was to formulate an
answer to the following question: ‘How are melatonin
levels altered in subjects belonging to the AD continuum
as compared to healthy controls in different body fluids?’

Methods

In order to find relevant publications about melatonin
levels in the AD continuum, a systematic literature
search was conducted. We selected studies that reported
melatonin levels in subjects belonging to the AD con-
tinuum as compared to controls. Since most initially
screened studies about melatonin levels were old, older
standard clinical diagnostic criteria for AD were ac-
cepted for inclusion in this systematic review. We pro-
vided broad coverage of patient eligibility, including
patients eligible based on National Institute on Aging
and Alzheimer Association (NIA-AA) criteria [13, 14],
National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) cri-
teria [15], Diagnostic and Statistical Manual for Mental
Disorders (DSM) III and IV criteria [16, 17] or Petersen
criteria for MCI [18].

This search was done between October 2019 and Oc-
tober 2020. The following electronic databases were
used: PubMed and Web of Science. These databases
provide broad coverage of medical and biological jour-
nals worldwide. Combinations of search terms ‘mela-
tonin’ and ‘Alzheimer’ were used in order to have a
broad coverage of the topic. We limited the search to ar-
ticles available in English. There were no limitations re-
garding publication date of the article. Additionally, the
bibliographies of published studies were also used to
search for potentially relevant articles regarding mela-
tonin levels in AD.

In PubMed, the search using ‘melatonin’ and ‘Alzhei-
mer’ lead to 594 hits, in Web Of Science to 722 hits.
Four hundred seventy duplicates were removed by use
of Mendeley, leaving us with 846 articles. Articles were
screened based on title and abstract, with removal of ar-
ticles regarding melatonin in animals (as the majority of
laboratory mouse strains (e.g. C57BL/6], CF-1, 129/Sv,
BA/2, BALB/c) do not produce melatonin, except for
the CBA/Ms and C3H/He strains, due to genetic back-
grounds with absence of N-acetyltransferase (NAT) and/
or hydroxyindole-O-methyltransferase (HIOMT) en-
zyme activity that make the mice melatonin deficient
[19, 20]), articles without description of melatonin levels
in body fluids (e.g. about melatonin as potential thera-
peutic target), articles in other languages than English,
articles that mention melatonin levels in other diseases
than AD or articles where melatonin was not compared
between patients with AD and healthy controls. Editorial
letters or probable wrong references after checking with
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594 records identified through 722 records identified through
Pubmed search Web of Science search

N/

[ 470 duplicates removed ]

l

[ 846 articles screened for eligibility]—> [ 775 articles excluded ]

l

- ™
\

/

[ 2 extra articles found 53 articles removed ]

[ 20 articles remaining ]

Fig. 1 Study flow diagram

Table 1 Overview of CSF melatonin levels in AD as compared to controls. | means a significant reduction in CSF melatonin in AD
when compared to controls. 8 means no data comparing CSF melatonin levels between AD and controls were available. A black

star % was attributed per NOS criterium per category (selection, comparability, exposure) met. Stars were kept white < if the NOS
criterium in the corresponding category was not met
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our internal library were also excluded, leaving us with
71 full-text articles. After reading these articles, 53 arti-
cles were removed because they too did not report mela-
tonin levels in body fluids in AD as compared to
controls. Based on the bibliographies of read articles, 2
extra articles were found and used, leaving us with 20
articles in total. The study flow diagram can be found in
Fig. 1. The Newcastle-Ottawa Scale (NOS) was used for
assessing the quality of the articles included [21]. This
scale can lead to a maximum score of 9 for each individ-
ual study, with studies with increasing NOS being con-
sidered as having increased quality.

Results

CSF

Melatonin is secreted into the third ventricle directly via
the pineal recess. There is a concentration gradient in CSF
melatonin away from the third ventricle [10]. Wu et al.
measured melatonin levels in pineal glands but also in
post-mortem ventricular CSF, obtained at autopsy, in a
subgroup of a clinically and pathologically confirmed AD
cohort. They found a highly positive correlation between
CSF melatonin levels and pineal melatonin levels, suggest-
ing a good reflection of pineal melatonin by CSF mela-
tonin (r=0.83, P<0.0001) [22]. An overview of findings
regarding CSF melatonin can be found in Table 1.

Day- and night-time melatonin levels

Post-mortem ventricular CSF melatonin levels were de-
termined in clinically and pathologically defined AD pa-
tients and compared to age-matched controls by Liu
et al. Within the control group, melatonin levels were
half in those aged > 80 years as compared to those aged
<80vyears (p<0.01). Furthermore, melatonin levels in
AD patients were 1/5 of the levels measured in the age-
matched control group (p =0.0001). The early-onset AD
patients (< 65 years old) also presented with melatonin
levels 5 times lower than the young controls, with simi-
lar melatonin levels to the senile AD group, suggesting a
role of the disease and not only of age in the melatonin
disruptions. AD patients carrying two APOe4 alleles fur-
thermore had significantly decreased melatonin levels as
compared to those carrying the APOe3/4 genotype.
They could not find a diurnal rhythm (day- vs night-
time difference) in CSF melatonin levels in the control
or AD group [23]. Zhou et al. measured melatonin in
post-mortem ventricular CSF of patients with definite
AD Braak stage V-VI (mean age: 77 +/— 2 years), Braak
stage III-IV (mean age: 87 +/-2years) and controls
without neurological or psychiatric disease but also in-
cluding subjects in Braak stage I and II (mean age: 76
+/-2vyears). They found that post-mortem CSF mela-
tonin levels negatively correlated with classical Braak
stage (0—VI), with significantly higher melatonin levels
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in CSF in the aged individuals Braak stage 0 as com-
pared to the other groups (p<0.03). Melatonin levels
also negatively correlated with Modified Braak stage in
the entire cortex (in which each cortical area—frontal,
temporal, parietal, occipital—was evaluated separately
for neuropathological changes such as neuritic plaques,
NFTs and neuripil disruptions). Furthermore, they found
a significant negative correlation between CSF melatonin
and (modified) Braak staging in the temporal cortex in
the control group (Braak stage 0-II): CSF melatonin
levels were 7 times higher in those without neuritic pla-
ques than those with and 3 times higher in those with-
out NFTs than those with. These findings suggest that
decreases in melatonin might be present in early stages
of the disease, even before occurrence of clinical symp-
toms. The multiple linear regression model did not with-
hold clock time of death as significant predictor of
melatonin levels [12]. These findings support CSF mela-
tonin disruptions in AD patients, and suggest a potential
role for the AD genetic risk factors in disrupted mela-
tonin production.

Daytime melatonin levels

Tohgi et al. found significantly decreased melatonin
levels in lumbar CSF, measured between 09 and 10 AM,
in AD patients as compared to age-matched controls.
The diagnosis of AD was made according to DSM III-R,
NINCDS-ADRDA criteria, and furthermore based on
CT and MRI findings. However, reported melatonin
concentrations are high in comparison with other stud-
ies (range of ng/ml instead of pg/ml) possibly due to in-
accurate measurement [24].

Blood

Melatonin levels in AD are mostly studied in blood,
probably due to its less invasive nature as compared to
CSF which requires lumbar puncture. In healthy adults,
serum and CSF melatonin was correlated [25]. This cor-
relation has, to our knowledge, not yet been shown in
AD patients. An overview of findings regarding blood
melatonin can be found in Table 2.

Daytime melatonin levels

Uchida et al. measured serum melatonin levels every 3 h
in a group of 13 hospitalised, demented patients (with
11 of them having AD and 2 of them FTLD, diagnosis
based on DSM-III-R and NINCDS-ADRDA criteria, as
well as CT findings), a group of hospitalised patients for
other than dementia causes, a group of age-matched
healthy controls and a group of young volunteers. The
former two going to bed at 19:00 and waking up at 06:
30 with exposition to low light intensities during the day
(max. 100 Ix), the latter two going to bed at 23:00—24:00
and waking up at 07:00-08:00 with exposition to high
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Table 2 Overview of blood melatonin levels in AD as compared to
controls. | means a significant reduction in blood melatonin in AD
when compared to controls. 1 means a significant increase in blood
melatonin in AD when compared to controls. = means no significant
difference in pineal melatonin in AD when compared to controls. %
means no data comparing blood melatonin levels between AD and
controls were available. A black star % was attributed per NOS
criterium per category (selection, comparability, exposure) met. Stars
were kept white < if the NOS criterium in the corresponding
category was not met

Aicle | Year  Metho | Conclusion 0
publi d controls

us Newcastle Ottawa Scale (NOS)

Night  Day Selection  Comparability ~ Exposure

v o e @ > : t i
e vouns 3
l * *
8
Ohashi 1999 RIA Y > *
etan o i * ;&:
’ *
8
Mishima | 1999 RIA . e 5% *
etal, od  od z ;;{k 1
l =%
7
Ferrariet 2000 RIA * o *
alas) young &E % g >*
l=F =
. 7
old
Ferrariet 2000 RIA . o *
e o | dde z :5 1
l %
- ( 7
i 57 | 7 . uL * > *
T =F 0% %
Y
- l 7
ald
i et 199 RIA *
| 1F
- - 7
AL wondik MU 4 :: g i
: l [ * *
8
el N o . § t i
= | % *
n the
e 7
Zverova 2018 RIA - *
etalss od z ‘é 1
= %
7
sin et 2014 AA . * * *
s PO Y *
=
7
Crcanka | 2002 RIA - * “ *
TEO* X
L
6
Souwe 1989 RIA . A ¥ *
e a0 K * X
o 5
= % *

Page 5 of 12

light intensities during the day (5000-20,000 Ix). In-
creased daytime melatonin levels were found in the de-
mented and inpatient group as compared to healthy
controls (young and age-matched) [26]. Ohashi et al.
also found significantly increased daytime melatonin
levels in AD patients diagnosed according to NINCDS-
ADRDA and DSM-IV criteria and in an age-matched
hospitalised group as compared to the age-matched con-
trol group. Furthermore, the daytime levels in AD pa-
tients did not decrease after light exposure treatment,
whereas this was effective for the reference inpatient
group [27]. Mishima et al. compared serum melatonin
levels, measured every 2 h, between patients with AD ac-
cording to NINCDS-ARDRA criteria who had sleep and
behavioural disorders and non-demented controls with-
out clinical sleep disorders, both staying at different
wards in the same facility. They reported decreased total
daily (over 24 h) melatonin production (area under the
curve [AUC]) in the AD group as compared to the con-
trols, as well as reduced difference between peak and
bottom melatonin values; however, no difference in day-
time melatonin levels was reported [28]. Ferrari et al.
found that a group of patients with dementia (AD ac-
cording to NINCDS-ADRDA and multi-infarct dementia
according to Hachinski ischemic score) had increased
daytime levels as compared to the young and old con-
trols but this was especially the case for patients with
multi-infarct dementia and not for the AD group [29].
Another study by Ferrari et al, however, showed in-
creased daytime melatonin levels in the AD group (AD
according to DSM-III-R and NINCDS-ADRDA criteria
with Hachinski ischemic score of less than 4, diagnosis
furthermore supported by brain imaging) as compared
to elderly and young controls [30]. Magri et al. found a
flattened melatonin curve in a demented group (AD ac-
cording to NINCDS-ADRA or multi-infarct dementia
according to Hachinski ischemic score) as compared to
the non-demented elderly with higher daytime levels in
the demented group [31]. Dori et al. also found daytime
melatonin levels of the old demented (AD and multi-
infarct dementia) patients to be significantly higher at
12:00, 16:00 and 20:00 as compared to the young con-
trols. Furthermore, at 16:00 and 20:00 these levels
tended to be higher in old demented than in old intact
patients without reaching statistical differences [32]. Nair
et al. found daytime melatonin levels of AD patients ac-
cording to NINCDS-ADRDA to be occasionally above
the 95% upper confidence interval (CI) of normal elderly
[33]. In a group of patients with multi-infarct dementia
or AD with insomnia or sleep-wake schedule disorder,
the effect of bright light treatment during 2h in the
morning on melatonin levels was evaluated. Before treat-
ment, and in contrast to previously mentioned findings,
the melatonin levels were significantly lower at 12 AM
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(and 12 PM) than their age-matched control group. They
did not find a significant change in melatonin levels dur-
ing or after the light therapy [34]. More recently, Zver-
ova et al. could not find a statistical difference in plasma
melatonin levels between AD patients (meeting NINC
DS-ADRDA criteria) and controls, taken between 07
and 08 AM, after controlling for age. They found that
plasma melatonin levels were increased in the group of
AD patients containing at least one &4 allele, as com-
pared to the ones not expressing this allele. This is in
contrast with the negative influence of APOe4/e4 geno-
type found by Liu et al. [23, 35] Sirin et al. compared
serum melatonin levels, taken between 08 and 09 AM,
between patients with AD dementia as defined by DSM
IV criteria, MCI as defined by Petersen criteria and
healthy controls. They found significantly lower levels in
the patients with AD dementia as compared to the MCI
and healthy control group, further existing when cor-
recting for age [36]. In line with these findings, Ozcan-
kaya et al. performed a study measuring different
antioxidants between 07 and 08 AM in patients with AD
according to DSM-IV criteria and in healthy controls.
Patients and controls did not significantly differ regard-
ing age or sex. The AD group had significantly reduced
melatonin levels as compared to the control group (p <
0.001) [37]. Souétre et al. suggest functional impairment
of the pineal gland in dementia, as suggested before, but
not in depression and in healthy (elderly) subjects. Their
previous work showed that 5-methoxypsoralen was able
to induce a dramatic surge of melatonin after either
morning or evening administration in humans [38]. In
this study, they found an impaired melatonin response 3
h after administration of 5-methoxypsoralen in patients
with dementia, selected according to DSM III criteria.
All other groups, including healthy young, healthy
middle-aged, healthy elderly, depressed patients and
schizophrenic patients showed a significant surge in
plasma melatonin levels 3h after administration. The
demented patients did not significantly differ regarding
age with the healthy elderly subjects. The baseline mela-
tonin levels of demented patients at 08 AM, before 5-
methoxypsoralen administration, did not differ from
other groups [39]. We could conclude that regarding
daytime blood melatonin levels literature is inconclusive,
with increased as well as decreased or similar levels re-
ported in literature compared to control subjects.

Night-time melatonin levels

Uchida et al, who measured serum melatonin levels
every 3 h as mentioned in the previous paragraph, found
no significant difference in peak levels recorded at night
between the different groups; however, 4 out of 13 de-
mented patients did not show a nocturnal increase,
whereas this was only the case for 2 out of 32 controls.
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In the AD group specifically, 36% did not show a diurnal
melatonin rhythm. Furthermore, they found an advanced
chronophase with early night occurrence of the peak
melatonin levels in the inpatient and demented group
[26]. Ohashi et al. also suggest an advanced chronophase
in patients with AD and in a hospitalised age-matched
reference group compared to an age-matched control
group: when measuring melatonin levels every 3 h, there
was a significant increase in melatonin levels at 21:00,
24:00 and 3:00 in the AD and hospitalised group as com-
pared to the other time points whereas this increase was
seen at 24:00, 3:00 and 6:00 in the control group. The
percentage of nocturnal rise was significantly decreased
in the AD and hospitalised group as compared to the
control group. Three out of 17 AD patients did not show
a nocturnal increase [27]. The study by Mishima et al.
showed that the AD patients had decreased peak night-
time melatonin levels as compared to the non-demented
controls with older mean age, with significantly de-
creased total daily melatonin production. They showed a
large variation in peak times, with 3 out of 10 AD pa-
tients having a daytime melatonin peak [28]. Ferrari
et al. also showed significant impairment of the noctur-
nal peak in older subjects and in the demented patients
(AD and vascular dementia) as compared to young con-
trols. In line with previous findings, there was a wider
scatter of the acrophase in the old and demented [29].
The other study by Ferrari et al. showed similar findings
with an impairment in the nocturnal melatonin peak in
elderly and demented (AD) as compared to the young
[30]. Magri et al. also found significantly decreased noc-
turnal melatonin secretion in a group of elderly patients,
demented or not, as compared to the young subjects
[31]. Dori et al. found significantly reduced nocturnal
melatonin production in elderly patients, demented and
cognitively intact, as compared to young controls [32].
Nair et al. found night-time melatonin levels of patients
with AD to be below the 95% lower CI of normal elderly
with lower peak night-time secretion. Acrophase oc-
curred later in the AD than non-AD group [33]. As
mentioned before, demented patients with multi-infarct
dementia or AD had significantly decreased melatonin
levels at 12 PM as compared to an age-matched control
group [34]. Night-time melatonin levels thus seem to be
consistently lower in elderly, and in some studies, even
more specifically in AD patients compared to age-
matched controls.

Saliva

In recent years, there is growing interest in saliva mela-
tonin levels, since saliva collection is not invasive and
can be done at home. In blood, melatonin is bound to
albumin and alpha-1-acid glycoprotein. The melatonin
in saliva represents the unbound blood melatonin levels.
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Table 3 Overview of saliva melatonin levels in AD as compared to controls. | means a significant reduction in saliva melatonin in
AD when compared to controls. = means no significant difference in saliva melatonin in AD when compared to controls. 8 means
no data comparing saliva melatonin levels between AD and controls were available. A black star % was attributed per NOS criterium
per category (selection, comparability, exposure) met. Stars were kept white ¥ if the NOS criterium in the corresponding category

was not met
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Publish controls
ed
Night Day Selection Comparability Exposure
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Melatonin levels in saliva are estimated to be approxi-
mately 30% of the total blood melatonin concentrations.
This means that daytime saliva levels are low, even less
than 2 pg/ml [40]. An overview of findings regarding sal-
iva melatonin can be found in Table 3.

Manni et al. selected AD patients according to more
recent NIA-AA criteria with dementia from mild to
moderate severity (Mini-Mental State Examination
[MMSE] 14-24) and selected healthy controls within the
same age range. All participants collected five saliva
samples in a dark (< 101x) environment. They calculated
the dim-light melatonin onset (DLMO), which is the rise
in melatonin in the evening in the absence of light. A
delayed DLMO in patients with mild-to-moderate AD as
compared to healthy controls was found. Furthermore,
melatonin secretion following DLMO was significantly
decreased in the AD patients as compared to the healthy
controls. No differences regarding DLMO and melatonin
levels were found when comparing patients with MMSE
> 18 and MMSE < 18 [41]. In contrast, Naismith et al.
found that patients with MCI, as defined by Petersen cri-
teria, had an advanced DLMO as compared to age-
matched controls but showed no difference in the total
amount of melatonin secreted over an 8-h sampling
period (6h before and 2h after habitual sleep onset)

[42]. Weissova et al. found a trend towards lower mela-
tonin production during the night in the AD group as
compared to age-matched controls [43].

Urine

Approximately 85% of circulating melatonin is inacti-
vated by the liver by CYP1Al, CYP1A2 and possibly
CYP2C19 and is converted to 6-hydroxy-melatonin.
After conjugation with sulphate, it is excreted in urine in
a water-soluble form as 6-hydroxy-melatonin sulphate
(aMT6s) [44]. An overview of findings regarding urine
melatonin can be found in Table 4.

Luboshitzky et al. measured aMT6s levels in untreated
male AD patients living at home, AD patients treated
with donepezil, and in age-matched elderly males and in
young males. They found total aMT6s levels to be sig-
nificantly reduced in elderly controls, in patients with
untreated and treated AD as compared to young con-
trols. A day-night difference in aMT6s secretion was
seen in all young controls, in 50% of elderly controls, in
only 20% of patients with untreated AD, and in 67% of
those with donepezil treatment. Night-time aMT6s
levels were lower in treated and untreated AD patients
as compared to elderly controls and young controls, only
reaching statistical difference in comparison with young
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Table 4 Overview of urine melatonin levels in AD as compared to controls. | means a significant reduction in urine melatonin in
AD when compared to controls. = means no significant difference in urine melatonin in AD when compared to controls. A black
star % was attributed per NOS criterium per category (selection, comparability, exposure) met. Stars were kept white < if the NOS
criterium in the corresponding category was not met

Article Year Met Conclusion AD versus = Newcastle Ottawa Scale (NOS)
Publi = hod controls
shed
Night Day Selection Comparability Exposure
Luboshitzky 2001 | RIA - Reduced urinary aMTés levels in ® ® * *
et al.(4s5) elderly and AD patients (untreated @ young old + * * *
and treated with donepezil) as oun * *
compared to young controls. l *
Reduction was more pronounced in
the AD group. —
- Night-time aMT6s levels were higher » — 8
in elderly controls and young controls old
than treated and untreated AD
patients, but there was only a

significant difference between AD

patients and young controls.

controls. Daytime aMT6s levels did not significantly dif-
fer between these groups. These data are in line with
previously mentioned findings in blood and CSF, with
reductions in melatonin with age and even more pro-
nounced reductions in AD. An interesting fact is that
the day-night difference in melatonin production was
more pronounced in AD patients treated with donepezil
than those patients without treatment and than in cogni-
tively normal elderly [45].

Discussion

This systematic review suggests disruptions in melatonin
production in the AD continuum, which is not solely ex-
plained by increasing age in this specific population [12,
23, 24, 27, 28, 33, 34, 41]. In CSF, all studies pointed to-
wards decreased melatonin levels in AD patients when
compared to aged controls [12, 23, 24]. No clear CSF
day-night melatonin rhythm has been found in patients
nor controls [23] and clock time of death was not with-
held as significant predictor for CSF melatonin levels in
a group of participants belonging to AD Braak stage 0-
Braak stage VI [12]. The largest part of the studies re-
garding melatonin levels in AD has been performed
using blood, probably because it is less invasive when
compared to lumbar puncture. The studies regarding
melatonin levels in blood also confirm altered melatonin
production in AD with advanced chronophase or wider
scatter of the acrophase, decreased nocturnal melatonin
levels and absence of nocturnal melatonin peaks in AD
patients, especially as compared to the young and in
some studies as compared to age-matched [26-34].
When looking at Table 2, we could conclude that noc-
turnal melatonin blood levels significantly decrease with

age [29-31], but might become even more impaired in
AD patients [27, 28, 33, 34]. Regarding daytime blood
melatonin levels, literature is contradictive with in-
creased as well as decreased or unaltered levels reported
in AD as compared to healthy controls [26-37, 39]. Sal-
iva and urine melatonin levels are also shown to be dis-
rupted in AD. Nocturnal saliva melatonin as well as
nocturnal and total urinary aMT6s levels tended to de-
crease [41, 43, 45], whilst changes in chronophase were
reported [41, 42] as compared to controls.

The studies by Uchida et al. [26] and Ohashi et al. [27]
emphasise on environmental aspects to take into ac-
count when interpreting melatonin levels, e.g. daytime
melatonin levels were increased in the demented group
but also in a group of non-demented hospitalised pa-
tients, probably due to low light exposure as inpatient
[26, 27]. Next to light exposure, other aspects to take
into account when interpreting or performing studies
with melatonin levels are the influence of medication
(e.g. B-blockers) [46], position (standing vs sitting) [47],
and presence of other pathologies [48].

Whereas the correlation between pineal gland mela-
tonin and ventricular CSF melatonin has been confirmed
in a cohort of AD patients [22], the correlation between
blood melatonin and CSF melatonin has only been
shown in a group of healthy controls [25] but should be
further investigated in the AD continuum. A significant
correlation between saliva and serum melatonin levels
has also been shown in a group of healthy volunteers
[49], as well as a significant correlation in time of onset
of melatonin production and acrophase as measured by
saliva melatonin versus plasma melatonin [50]. Further-

more, overnight melatonin secretion over a 16-h
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observation period, as measured by AUC in plasma cor-
related significantly with the amounts of urinary aMT6s
and urinary melatonin excreted over that period [51]. To
our knowledge, these correlations have not yet been
found in the AD continuum and merit further investiga-
tion. An overview of validation studies can be found in
Table 5.

Some studies investigated melatonin levels in post-
mortem pineal glands of AD patients [22, 52]. Wu et al.
found lower nocturnal melatonin levels within post-
mortem pineal glands of AD patients but also in cogni-
tively intact persons with minor AD neuropathological
changes in the brain (Braak stage I-II) as compared to
controls. The significant reduction in nocturnal pineal
melatonin led to an overall loss of day-night rhythm in
the study group with AD neuropathological changes
[22]. This could explain the absence of day-night rhythm
in CSF of AD patients [12, 23]. Skene et al. also reported
significantly reduced nocturnal post-mortem pineal
melatonin with a loss of day-night rhythm when com-
paring AD patients to controls, but disappearing when
comparing AD patients to age-matched controls, thus
attributing the loss to increasing age rather than disease
[52]. The absence of day-night rhythm in CSF of con-
trols could therefore be explained by old age of the con-
trol group [12, 23].

Underlying pathophysiological mechanisms of the dis-
ease might contribute to disrupted melatonin production.
The hypothalamic SCN might get involved in the disease
process with deposition of pretangles and tangles in the
nucleus [53]. Furthermore, plaque pathology has been de-
scribed in the hypothalamus (e.g. phase 3 of Thal stages),
but not necessarily in the SCN [54—-56]. A significant loss
in SCN neuronal cell numbers (total, arginine vasopressin-
[AVP-], vasoactive intestinal peptide- [VIP-] and neuro-
tensin- [NT-] expressing) has been described [53, 57-60].
Involvement of the SCN in the disease process might lead
to deficits in melatonin production. Furthermore, signifi-
cantly reduced functional pineal volume (without calcifi-
cations and cysts), with higher degrees of calcifications in
the pineal gland have been described in AD as compared
to controls [61-63]. Another possible explanation for dis-
ruptions in melatonin production in AD might be defi-
ciencies in melatonin’s precursor serotonin (5-HT) or

Table 5 Validation for assessment of melatonin levels in one
body fluid versus another. V' means validation exist, 7 means
that, to our knowledge, no validation exists

AD continuum Healthy volunteers

CSF versus pineal gland \" ?
Blood versus CSF ? Vv
Saliva versus blood ? \"
Urine versus blood ? Vv
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decreases in norepinephrine, which is responsible for acti-
vating the pineal gland via S-receptors, due to increased
MAO-A activity in AD. Wu et al. found increased MAO-
A mRNA levels in the pineal gland of cognitively intact
cases with minor AD neuropathologic changes (Braak
stage I-II) and AD patients in Braak stage VI, as compared
to controls in Braak stage 0. 5-Hydroxyindoleacetic acid
(5-HIAA) levels, the oxidative product of 5-HT by MAO-
A was also increased in the pineal gland of these groups as
compared to Braak stage 0 [22].

Altered melatonin production might explain the circa-
dian rhythm disturbances seen in AD. Sundowning syn-
drome and nightly restlessness are known causes for
institutionalisation in AD patients [64]. Sleep distur-
bances, such as nightly restlessness and sundowning, ac-
cording to the glymphatic hypothesis [65, 66], might lead
to disease progression by decreased functioning of the
glymphatic system responsible for drainage of solutes like
amyloid beta (AP), or by a relative increase in neuronal
activity with increased production of AP as a consequence
[67]. Furthermore, reductions in melatonin levels might
lead to disease progression by loss of its potential anti-AD
effects [11]. Melatonin has anti-inflammatory and anti-
oxidant effects, as well as anti-fibrillogenic, anti-
hyperphosphorylating and anti-amyloidogenic pathway
properties [11]. There is evidence from preclinical studies
that melatonin has aforementioned effects in AD [68-72],
amongst which a study in an Af vaccinated mouse model.
AP vaccination is under investigation as treatment ap-
proach in AD, but inflammatory responses against AP
fragments seem to be a limiting factor. Non-melatonin-
treated AP vaccinated mice showed elevated levels of lipid
peroxides (LPO), an oxidative stress marker, and de-
creased antioxidant enzyme levels, whereas this was nor-
malised in the melatonin-treated A vaccinated mice [68].
In another study, fibrillar AP (fAp) was administered to
the hippocampal CA1 region of rats, leading to increased
oxidative stress markers, such as nitrites and LPO in brain
homogenates. However, in melatonin-treated fAp rats, ni-
trite and LPO levels were significantly reduced. Its anti-
inflammatory effects were also confirmed by significantly
reducing the IL-1pB, IL-6 and TNEF-levels as compared to
the non-melatonin-treated group [69]. Pappolla et al.
showed in an in vitro study that melatonin interacted with
AB1-40 and AP1-42 and reduced amyloid fibril forma-
tion [70]. Glycogen synthase kinase 3 (GSK3) overactivity
in AD induces hyperphosphorylation of tau [73] but seems
to be targeted by melatonin therapy [71]. An in vitro study
showed that 24 h melatonin treatment was able to signifi-
cantly reduce endogenous BACEL and presenilin 1 (sub-
unit of y-secretase) at both protein and mRNA levels in
human SH-SY5Y cells [74]. Furthermore, melatonin upre-
gulates the a-secretases ADAMI10 and ADAMI17 catalytic
activities and endogenous protein levels and induces their



Nous et al. Alzheimer's Research & Therapy (2021) 13:52

promoter transactivation, which leads to nonamyloido-
genic processing of APP [72]. Melatonin also exhibits anti-
depressant properties, addressing another important
comorbidity of AD with negative influence on cognitive
functions [48].

We hypothesise that especially disruptions in night-time
melatonin levels are part of the disease and might lead to
disease progression. Night-time melatonin levels generally
tend to be much higher than daytime melatonin levels
making decreased night-time melatonin production more
susceptible for having influence on disease progression.
Ferrari et al. found an inverse correlation between the se-
verity of dementia and the melatonin nocturnal peak [29].
However, Manni et al. did not find significant differences
in night-time melatonin levels between patients with
MMSE > 18 and <18 [41]. Sirin et al. found an inverse
correlation between daytime melatonin levels and MMSE
scores [36], suggesting a role for daytime melatonin levels
as well, but, as said before, there is no clear consensus
about daytime melatonin levels in AD. These links be-
tween melatonin levels and scoring on cognitive tests
merit further investigation to elucidate on melatonin’s ef-
fects on cognition. Retrospective studies and a meta-
analysis showed that melatonin administration in patients
with MCI according to Petersen criteria, but not in pa-
tients with AD had positive effects on cognition [75-77].
In AD dementia, it only exerted positive effects on sleep
time at night, which was also seen in the MCI cohort. The
question remains whether the positive influence of mela-
tonin on cognition found in these MCI patients cannot
solely be explained by patient’s better sleep quality when
being under melatonin treatment as shown in these stud-
ies. Further studies with melatonin administration in pa-
tients with MCI, or even in patients with preclinical AD,
without pre-existing sleep disturbances, would be useful.

Not only might low night-time melatonin levels lead
to disease progression as discussed above, Zhou et al.
furthermore found that post-mortem CSF melatonin
levels negatively correlated with Braak stages (0—VI)
[12]. Since the development of blood biomarkers to
track AD progression has been proven to be difficult [5]
and night-time blood melatonin levels also seem to be
disrupted in AD [27, 28, 33, 34], it might be interesting
to study whether blood melatonin levels have the poten-
tial to be used as biomarker for disease progression in
AD.

Conclusions

Based on our systematic search, we conclude that mela-
tonin levels in CSF, blood, saliva and urine are altered in
elderly people and might even become more impaired in
AD patients as compared to controls, possibly due to
significantly decreased SCN cell number and functional
pineal gland volume. The typical diurnal melatonin
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rhythm disappeared in CSF of elderly subjects and AD
patients. Findings were conclusive regarding night-time
melatonin concentrations where the majority of studies
pointed to decreased melatonin levels in AD versus
healthy persons. However, regarding daytime blood
melatonin levels, findings were inconsistent. With regard
to melatonin disruption’s negative influence on disease
progression, we hypothesise that especially the decreased
night-time melatonin levels are important. These levels
are higher in concentration than daytime melatonin
levels, potentially exerting larger influences on the brain.
Regarding saliva and urine melatonin levels, a limited
number of studies have been published, but they point
towards decreases in (night-time) melatonin levels. Fur-
ther studies are needed to conclude on changes in blood
daytime, saliva and urine melatonin levels in AD as com-
pared to controls, as well as on the validation of blood,
saliva and urine melatonin as compared to CSF in pa-
tients with AD. Night-time melatonin levels seem to be
significantly and consistently low in AD patients which
might pave the way to further research with melatonin
as possible new (early) treatment strategy, not only to
prevent sundowning and sleep disturbances, but poten-
tially also to reduce cognitive decline in this currently
incurable condition. The use of melatonin as potential
blood biomarker for disease progression should be fur-
ther investigated.
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