
ARTICLE OPEN
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This study aimed to explore the clinical characteristics and alteration of orexinergic level in cerebrospinal fluid (CSF) and the
volumes of brain grey and white matters, and investigate the roles of orexinergic level on the association between brain atrophy
and depression in Alzheimer’s disease (AD) patients. The demographic variables of 156 participants were collected. Orexinergic
level in CSF and the volumes of brain grey and white matters were evaluated. The correlations of orexinergic level in CSF with
depression and brain volume in AD patients were analyzed. The mediating effect of orexinergic level in CSF on the association
between brain atrophy and depression in AD patients was investigated. The joint predictive value of orexinergic level in CSF and
brain volume for depression in AD patients was established. AD with depression patients showed significantly elevated levels of
orexin A and orexin B in CSF; orexin A level in CSF was positively correlated with HAMD score in AD patients. The elevated orexin A
level in CSF mediated 49.6% of total association between the decreased grey matter volume of right dorsal medial thalamic nucleus
and depression, and 50.3% of total association between the reduced white matter volume of left amygdala and depression.
Combinations of above parameters could predict depression in AD patients with a significantly high area under the curve (AUC =
0.841). Therefore, the elevated orexin A level in CSF mediates its effect on the atrophy of the right dorsal medial thalamic nucleus
and the white matter of the left amygdala, eventually alleviating depression in AD.
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INTRODUCTION
Depression is one of the most common neuropsychiatric
symptoms in the individuals with Alzheimer’s disease (AD). A
recent meta-analysis showed that the prevalence rates of
depression in mild, moderate and severe AD were 37% (95% CI
30–44%), 40% (95% CI 31–48%) and 37% (95% CI 16–57%),
respectively [1]. A meta-analysis suggested that depression was
associated with over a twofold increase in the risk of suffering
from AD [2]. Furthermore, depression was found to precipitate
cognitive deterioration in AD patients [3]. Therefore, depression is
arguably a modifiable target for preventing the progression of AD.
However, the clinical characteristics of depression in AD patients
are still inconsistent.
The pathological hallmarks of AD include the extracellular

insoluble β amyloid (Aβ)- containing plaque and intracellular
phosphorylated tau (P-tau)-containing neurofibrillary tangles. It
was found that Aβ and P-tau controlled the release of
neurotransmitters from presynaptic terminals. Interestingly, a
variety of neurotransmitters, including serotonin, dopamine and
noradrenaline, were disturbed in AD with depression (AD-D)

patients, which might serve as the neurochemical mechanisms
underlying AD-D [4]. In recent years, the compromised orexinergic
system in depression has attracted increasing attention, but its
roles on AD-D have been rarely investigated.
Orexinergic system contains orexin and its receptors. Orexin,

comprising orexin A and orexin B, is an excitatory neuropeptide
generated from lateral hypothalamus [5]. Orexin receptors,
including orexin receptor 1 and orexin receptor 2, bind to orexin
A/orexin B, and have significantly different distribution regions in
brain. A previous study on orexinergic system mainly focused on
its roles on regulating sleep-wake and narcolepsy [6]. However,
recent investigations suggested that orexinergic system exerted
pivotal role on depression. Orexinergic neurons were increased in
the corticosterone-induced depression mouse model [7]. A
postmortem study showed that orexin A neurons were increased
in the depressed patients compared to controls [8]. However,
there are no studies on the orexinergic level in cerebrospinal fluid
(CSF) from AD-D patients to date.
It was shown that the orexinergic neurons in lateral hypotha-

lamus extensively projected to other brain regions, such as
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thalamus, amygdala, hippocampus and medial prefrontal cortex
[9]. A meta-analysis indicated that AD patients with late-life
depression displayed grey matter atrophy in both thalamus and
amygdala [10]. Another meta- analysis presented that white
matter atrophy in AD-D patients mainly in the bilateral structures
relating to memory formation, such as amygdala, hippocampus
and entorhinal cortex [11]. A cohort study recruiting 252 AD
patients with late-life depression from Alzheimer’s Disease
Neuroimaging Initiative (ADNI) showed that the depressive
participants had decreased glucose metabolism in amygdala
[12]. However, the correlation of orexinergic level in CSF with the
volumes of grey and white matters in above brain regions in AD-D
patients is not explored, the role of orexinergic level in CSF on the
association between brain atrophy and depression is unknown,
and the predictive value of combined orexinergic level in CSF and
brain atrophy on depression in AD patients is unclear.
In this study, demographic variables of 44 cases of normal

controls (NC), 73 cases of AD with no depression (AD-nD) and 39
cases of AD-D were collected. A variety of rating scales were used
to assess cognitive impairment, neuropsychiatric symptoms and
activities of daily living (ADL). Orexinergic level in CSF was
measured by enzyme-linked immunosorbent assay (ELISA), and
the volumes of brain grey and white matter were evaluated by
magnetic resonance images (MRI). The correlations of orexinergic
level in CSF with depression reflected by the score of Hamilton
Depression (HAMD) scale and brain volume in AD patients were
analyzed. The mediating effect of orexinergic level in CSF on the
association between brain atrophy and depression in AD patients
was investigated, and the joint predictive value of orexinergic
level in CSF and brain volumes for depression in AD patients was
established. The aims of this study were to investigate the clinical
characteristics of AD-D and its potential mechanisms involving
orexin and brain atrophy.

METHODS
Ethics statement
This study was approved by the ethics committee of Beijing Tiantan
Hospital, Capital Medical University. All participants recruited and their
family members signed the written informed consent forms in accordance
with the Declaration of Helsinki.

Inclusion and exclusion criteria for AD patients
Inclusion criteria. AD was diagnosed according to the National Institute of
Aging and Alzheimer’s Association criteria [13].

Exclusion criteria. The exclusion criteria of AD included the presence of
neurological disorders besides AD that might affect cognitive function,
including Lewy body disease, Parkinson’s disease, frontotemporal degen-
eration, corticobasal degeneration, vascular diseases, etc; a history of
traumatic brain injury; major co-morbid psychiatric disorders diagnosed by
Diagnostic and Statistical Manual of Mental Disorders, including bipolar
disorder and schizophrenia, etc; acute suicidality; a history of substance
abuse or dependence over the previous 3 years; or contraindication to MRI.

Diagnosis of depression
Depression was diagnosed with the National Institute of Mental Health
Diagnostic Criteria for Depression of AD published in 2001 [14], which was
derived from Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV) criteria for major depression with a few modifications: (1)
Three (or more) of the following symptoms must be present during the
same 2-week period and represent a change from previous functioning,
including clinically significant depressed mood; decreased positive affect
or pleasure in response to social contacts and usual activities; social
isolation or withdrawal; disruption in appetite; sleep disruption; psycho-
motor changes; irritability; fatigue or loss of energy; feelings of
worthlessness, hopelessness, or excessive or inappropriate guilt; recurrent
thoughts of death, suicidal ideation, plan or attempt. At the same time, at
least one of the symptoms, either depressed mood or decreased positive
affect or pleasure, needs to be met. (2) All criteria met the dementia of AD

type. (3) The symptoms cause clinically significant distress or disruption in
functioning. (4) The symptoms do not occur exclusively in the course of
delirium. (5) The symptoms are not due to the direct physiological effects
of a substance. (6) The symptoms are not better accounted for by other
conditions, such as bipolar disorder, bereavement, schizophrenia, or
schizoaffective disorder.
In this study, depression of subjects was quantitatively evaluated by

HAMD scale, which is composed of 7 factors, including anxiety/
somatization, weight loss, cognitive impairment, day and night changes,
retardation, sleep disturbance and hopelessness. A total score of ≥8 points
reflects the existence of depression [15], and 8–19 points, 20–34 points,
and ≥35 points were defined as mild, moderate and severe depression,
respectively.

Inclusion criteria for NC subjects
NC subjects who matched the age and sex of AD patients and had no
complaints of cognitive decline indicated by Mini-Mental State Examina-
tion (MMSE) scale score > 26 points, and no depressive symptoms
suggested by HAMD scale score < 8 points were included.
In this study, the sample size was calculated using PASS 15.0 software

based on a previous study [16]. After assuming a large effect size,
adjusting the significance level to α= 0.05 and the statistical power to
0.80 for improved statistical validity, a total of 156 subjects recruited
from the Department of Neurology, Beijing Tiantan Hospital, Capital
Medical University, were divided into 3 groups: (1) NC group: subjects
had no cognitive decline and depression (n= 44); (2) AD-nD group:
subjects met the diagnostic criteria of AD but not depression with
HAMD score of <8 points (n= 73); (3) AD-D group: subjects met the
diagnostic criteria of both AD and depression with HAMD score ≥8
points (n= 39).

Collection of demographic information
Demographic information, including gender, age, age of onset, educa-
tional level, and smoking condition, was recorded for each individual.

Assessments of cognitive function, neuropsychiatric
symptoms, and ADL
Cognitive function, neuropsychiatric symptoms and ADL of subjects were
assessed by a body of following rating scales, which were used in our
previous study [17].

Overall cognitive function
Overall cognitive function was assessed by the MMSE and the Montreal
Cognitive Assessment (MoCA) scales. MMSE scale evaluates cognitive
domains of orientation, recall ability, attention, calculation, memory and
language ability. MoCA scale assesses visuospatial and executive function,
naming, memory, attention, language, abstract, delayed recall and
orientation. The MoCA score ≤26 indicates potential cognitive impairment,
and 1 point is added if the educational level of an individual is less than
12 years.

Memory
Memory was evaluated by the Auditory Verbal Learning Test (AVLT). The
AVLT rates immediate, delayed and total memory. It consists of 5 learning
tests in total. During each test, a list of 12 novel words is read aloud and
the subjects are asked to recall 5 times.

Language
Language capability was examined by the 30-item Boston Naming Test
(BNT) and the Verbal Fluency Test (VFT). The BNT involves displaying the
patients 30 pictures and asking them to name each one. The VFT consists
of 3 parts: the subjects are asked to name as many animals and household,
and alternated the names of both items as many times as possible in a
minute, respectively.

Visuospatial ability
Visuospatial ability was analyzed by the Rey-Osterrieth Complex Figure
Test (RCFT), which consists of the RCFT-copying recall test and the RCFT-
delayed recall test. The subjects are asked to duplicate a complex figure
within 10min, which is named RCFT-copying recall; and then draw the
figure after 25min, which is named RCFT-delayed recall.
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Attention
Attention was evaluated by the Symbol Digit Modalities Test (SDMT) [18],
the Trail Making Test-A (TMT-A), the Stroop Color-Word Test-B (SCWT-B)
and Stroop Color- Word Test-C (SCWT-C). In the SDMT, the subjects are
required to match numbers to the corresponding shape in 90 s as much as
possible. In the TMT-A, the subjects are asked to draw a line between 25
consecutive numbers as quickly as possible. In the SCWT-B, the subjects
are asked to read 50 circles with 4 colors of red, yellow, blue and green
accurately and rapidly. In the SCWT-C, the subjects are asked to read the
color of 50 words instead of the words themselves.

Executive function
Executive function was rated by the Stroop Color-Word Test-A (SCWT-A)
and the Trail Making Test-B (TMT-B). In the SCWT-A, the subjects are asked
to read 50 words accurately and rapidly. In the TMT-B, subjects are asked to
connect 25 consecutive numbers in sequence as quickly as possible
without lifting the pencil, interconnecting the square and circle shapes
while connecting the numbers.

Neuropsychiatric symptoms
Overall neuropsychiatric symptoms. Overall neuropsychiatric symptoms
were assessed by the Neuropsychiatric Inventory (NPI), which includes 10
neuropsychiatric symptoms and 2 autonomic symptoms. Each item is
evaluated in terms of frequency with 1–4 point (s), severity with 1–3 point
(s) and their multiply of 1–12 point (s). The scale is interviewed by both
patients and caregivers. The score from caregivers is named NPI-Caregiver
Burden.

Anxiety. The 14-item Hamilton Anxiety (HAMA) scale was used to assess
anxiety symptoms. HAMA scale is divided into somatic anxiety and psychic
anxiety.

Sleep disorder. Pittsburgh Sleep Quality Index (PSQI) was used to assess
sleep disorders. It comprises 19 items categorized into 7 components of
sleep quality, sleep onset latency, sleep duration, sleep efficiency, sleep
disturbances, use of sleeping medication and daytime dysfunction, with
the total score ranging from 0 to 21 point (s).

Apathy. The Modified Apathy Estimate Scale (MAES) was used to evaluate
apathy. The MAES contains 14 items, and the level for each item consists
“of not at all”, “slightly”, “some” and “a lot”. The total score ranged from 0
to 42 points (s).

Agitation. The Cohen-Mansfield Agitation Inventory (CMAI) was used to
assess agitation. The CMAI consists of 29 items and rated the frequency of
each behavior during the prior 1 month by using a 7-point scale with a
range from 1 (never) to 7 (several times an hour).

ADL. The ADL scale, including the basic and the instrumental ADL scales,
was used to assess ADL. Basic ADL includes mobility and personal self-care
tasks, such as feeding, bathing and toilet use, etc. Instrumental ADL refers
to more complex functions, such as telephoning, bookkeeping and
managing medications, etc.

Acquisition of the brain volumes of grey and white matters. All participants
were scanned on a 3 T MRI scanner (Prisma, Siemens, Germany), and
3-dimensional magnetization prepared rapid-acquisition gradient echo
sequence (T1WI-3D-MP RAGE) was acquired with the following parameters:
repetition time (TR)= 2300ms, echo time (TE)= 2.3 ms, inversion time
(TI)= 900ms, scanning field= 240mm× 240mm, matrix= 256 × 256,
layer thickness= 1mm and interlayer spacing= 1mm.
All the structural images in T1 were processed by using FreeSurfer

software version 6.0 (http://www.martinos.org/freesurfer), which included
motion correction, normalization of signal intensity, skull stripping,
Talairach correction and automated segmentation of grey and white
matters structures. The brain grey and white matters volumes of a total of
170 regions were calculated by using software template. The technical
details of these procedures were described in a prior publication [19].

Detections of APOE genotypes. According to our previous study [20], the
venous blood samples of patients with AD were collected from median
elbow under fasting condition in the morning following admission and
then sent to the clinical laboratory of our hospital. Genotypings for APOE

single nucleotide variants (rs429358 C/T and rs7412 C/T), which define
APOE ε2, ε3 and ε4, was performed by real‐time fluorescence quantitative
polymerase chain reaction using nucleic acid detection reagents (Youz-
hiyou company, Wuhan, China).

Measurement of orexinergic level in CSF. Anti-AD drugs were withdrawn
for 12–14 h if the patient’s condition allowed, and a long time was
considered unethical by our ethical committee.
Under fasting condition, 5 ml of CSF was taken in a polypropylene tube

(Beijing JingkeHongda Biotechnology Co., Ltd.) through lumbar puncture
between 7 and 9 a.m. The samples were centrifuged immediately at
3000 r/min, aliquoted into separate Nunc cryotubes (Beijing JingkeHongda
Biotechnology Co., Ltd.), and frozen at −80 °C until assay.
The level of orexinergic system, including orexin A, orexin B, orexin

receptor 1 and orexin receptor 2, in CSF was measured. The kits included
RK-003-30 RIA kit for orexin A, RK-003-31 RIA kit for orexin B (Phoenix
Pharmaceuticals Inc., Germany), EK2497 ELISA Kit for human orexin
receptor 1, and EK3718 ELISA Kit for human orexin receptor 2 (Signalway
Antibody Company, America). The specific testing procedure for each of
above variables followed the corresponding instruction provided by the
individual kit.

Data analyses. Statistical analyses were performed by SPSS Statistics
software (IBM Corporation, NY, USA). P < 0.05 was considered statistically
significant.
Continuous variables, normality and homogeneity of variance were

tested. ANOVA (3 groups), or Student T test (2 groups) was used for
normally distributed variables with equal population variance, and the
non-parametric Kruskal-Wallis test (3 groups) or Mann-Whitney U (2
groups) test was used for the variables with non- homogeneous variance.
When the differences were statistically significant (P < 0.05) among the

three groups, post-multiple comparisons were further conducted. Bonfer-
roni method was used when variance was equal; otherwise, Kruskal-Wallis
test was used.
When calculating the differences in brain grey and white matters

volumes among NC, AD-nD and AD-D groups, grey and white matters
volumes were divided into 170 regions, and ANOVA test was performed
among NC, AD-nD and AD-D groups. P values were compared to the
corrected threshold P’= 0.05/170= 0.0003. Bonferroni test was conducted
for the further comparison between NC and AD-nD groups, AD-nD and AD-
D groups, and NC and AD-D groups.
The chi-squared test was used for the comparisons of categorical

variables. Correlation analysis, stepwise multiple linear regression and
logistic regression were used to explore the correlation between the
related variables.
Receiver operating characteristic (ROC) curves were plotted by calculat-

ing the sensitivity and specificity of their diagnostic power.
Mediation analysis was conducted to examine the mediating effect

of orexin A level in CSF on the association between brain white and
grey matters volumes and depression. The mediating effect is carried
out by using r package “lavaan”. Mediation analysis is performed
through the establishment of three pathways: (1) exposure to the
mediator; (2) mediator to outcome (direct effect); and (3) exposure to
outcome (total effect). The total effect reflects the sum of direct and
mediating (indirect) effects. The percentage of mediating effect is
calculated by using the following formula: (mediating effect/total
effect) × 100. Bootstrapping is used for the significance testing for
mediation analysis.

RESULTS
The frequency of depression in AD patients
Among 156 subjects recruited in this study, 44 cases were NC
subjects and 112 cases were AD patients, in which 39 cases had
depression, showing the frequency of depression in AD patients
up to 34.82%.

Demographic information of NC, AD-nD and AD-D groups
Demographic information, including age, gender, smoking,
education level, BMI and ApoE ε4 carrier status, was compared
among NC, AD-nD and AD-D groups. It was found that the above
demographic variables were not significantly different among the
three groups (all P > 0.05) (Table 1).
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Evaluations of cognitive function, neuropsychiatry symptoms
and ADL among NC, AD-nD and AD-D groups
The overall cognitive function and multiple cognitive domains,
including memory, language, attention, executive function and
visuospatial ability, were compared among NC, AD-nD and AD-D
groups. Both AD-nD and AD-D groups had significantly decreased
scores of MMSE, MoCA, AVLT, BNT, VFT, RCFT and SDMT, and
significantly prolonged time of SCWT-A and SCWT-C compared
with NC group (all P < 0.05). AD-nD and AD-D groups showed no
significant differences in cognitive function (all P > 0.05) (Supple-
mentary Table 1).
The overall and individual neuropsychiatry symptoms were

compared among NC, AD-nD and AD-D groups. AD-D group had
significantly increased scores of HAMD, HAMA, PSQI, MAES and
CMAI and NPI-Caregiver burden compared with AD-nD group (all
P < 0.05), suggesting that AD-D group had more severe depres-
sion, anxiety, sleep disorder, apathy and agitation than AD-nD
group. AD-nD group displayed significantly increased scores of
PSQI, MAES and CMAI (all P < 0.05), and showed no significant
differences in the scores of HAMA and HAMD scales compared
with NC group (all P > 0.05). After adjusting for the effects of
apathy and agitation, ANCOVA results revealed significant
difference in HAMD scale score among NC, AD-nD and AD-D
groups (P < 0.05). Specifically, AD-D group had significantly higher
HAMD scale score than AD-nD group (P < 0.05) (Supplementary
Table 1).
ADL was compared among NC, AD-nD and AD-D groups. Both AD-

D and AD-nD groups had significantly higher ADL scale scores than
NC group (P< 0.05). There was no difference in ADL score between
AD-D and AD-nD groups (P> 0.05) (Supplementary Table 1).

Association between orexinergic level in CSF and HAMD scale
score in AD patients
The levels of orexin and its receptors in CSF were compared
among NC, AD-nD and AD-D groups. AD-D group had significantly

elevated levels of orexin A and orexin B in CSF compared with AD-
nD group (all P < 0.05). There were no significant differences in the
levels of orexin receptor 1 and orexin receptor 2 between AD-D
and AD-nD groups (all P > 0.05). AD-nD group showed no
significantly different levels of orexin and its receptors in CSF
compared with NC group (all P > 0.05) (Fig. 1).
The correlation between orexinergic level in CSF and HAMD

scale score in AD patients was analyzed. It was found that orexin A
level in CSF was significantly and positively correlated with HAMD
scale score in AD patients (P < 0.01), and orexin B level in CSF was
positively correlated with HAMD scale score in AD patients with P
near to statistical significance (P= 0.065). The levels of orexin
receptors in CSF were not correlated with HAMD scale score in AD
patients (P > 0.05) (Supplementary Table 2).

Correlations between orexinergic level in CSF and brain grey
and white matters volumes
In this study, the volumes of grey matter of 170 brain regions by
MRI were compared among NC, AD-nD and AD-D groups. The
brain regions with statistically significant differences in grey
matter volumes between AD-nD and AD-D groups were shown
(Supplementary Table 3). Firstly, compared with NC group, the
grey matter volumes of most of the brain regions mentioned
above were significantly reduced in AD-nD group. Noticeably,
compared with AD-nD group, AD-D group had significantly
decreased brain grey matter volumes in bilateral precentral gyrus,
bilateral superior frontal gyrus, left middle frontal gyrus, right
orbitofrontal gyrus, left rolandic operculum, right supplementary
motor area, right medial superior frontal gyrus, bilateral rectus, left
medial orbitofrontal cortex, right posterior orbitofrontal cortex,
bilateral insula, bilateral calcarine cortex, bilateral cuneus, bilateral
gyrus lingualis, left middle occipital gyrus, bilateral inferior
occipital gyrus, bilateral gyri fusiformis, bilateral postcentral gyrus,
right gyri parietalis, right supramarginal gyrus, left paracentral
lobule, left transverse temporal gyrus, bilateral inferior temporal

Table 1. Demographic information and clinical variables of NC, AD-nD and AD-D groups.

NC group (N= 44) AD–nD group (N= 73) AD-D group (N= 39) P

Age [year, mean ± SD] 62.48 ± 9.56 65.88 ± 10.51 65.38 ± 10.27 0.202

Female [n (%)] 26 (59.1%) 41 (56.2%) 28 (71.8%) 0.26

BMI [kg/m2, mean ± SD] 24.34 ± 3.54 22.98 ± 2.75 23.49 ± 3.96 0.362

Low education level (less than 9 years) [n (%)] 3 (6.8%) 23 (32.5%) 8 (20.5%) 0.051

Daily smokers [n (%)] 7 (15.9%) 22 (30.1%) 8 (20.5%) 0.186

ApoEε4 carrier [n (%)] 11 (25.0%) 20 (27.4%) 11 (28.2%) 0.939

The demographic information and clinical variables of NC, AD-nD and AD-D groups were compared.
NC normal controls, AD-nD Alzheimer’s disease with no depression, AD-D Alzheimer’s disease with depression, BMI body mass index.

Fig. 1 Comparisons of the levels of orexin and orexin receptors in CSF among NC, AD-nD and AD-D groups. The levels of orexin A (A),
orexin B (B), orexin receptor 1 (C) and orexin receptor 2 (D) in CSF among NC, AD-nD and AD-D groups were measured and compared.
*P < 0.05. NC normal controls, AD-nD Alzheimer’s disease with no depression, AD-D Alzheimer’s disease with depression, CSF cerebrospinal
fluid.
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gyrus, right anterior ventral thalamic nucleus and dorsal medial
thalamic nucleus (all P < 0.05) (Supplementary Table 3). After
adjusting for Bonferroni correction, all of the aforementioned
regions still showed statistically significant differences (P < 0.0003),
except for the right anterior ventral thalamus nucleus. Then, the
correlation between orexinergic level in CSF and brain grey matter
volume was analyzed in AD patients. It was observed that among
the brain grey volumes correlated with HAMD scale score, the grey
matter volumes that were negatively correlated with orexin A level
in CSF include the right anterior ventral nucleus and the right
dorsal medial nucleus thalamus in AD patients (all P < 0.01) (Fig. 2).
Further, the correlations between orexin A level in CSF and brain
grey matter volumes of the right anterior ventral nucleus and the
right dorsal medial nucleus of thalamus in AD-D patients were
analyzed. In AD-D group, orexin A level in CSF was negatively
correlated with the grey matter volume in the right ventral
anterior thalamic nucleus (P < 0.05) and approached statistical
significance in the right dorsal medial thalamus nucleus
(P= 0.084) (Supplementary Tables 5–7).
In this study, the volumes of white matter of 170 brain regions

by MRI were compared among NC, AD-nD and AD-D groups. The
brain regions with statistically significant differences in white
matter volumes between AD-nD and AD-D groups were shown
(Supplementary Table 4). First of all, compared with NC group, the
white matter volumes of left amygdala and left superior parietal
gyrus were significantly decreased in AD-nD group (all P < 0.05).
Strikingly, compared with AD-nD group, AD-D group had
significantly reduced white matter volumes in the right orbito-
frontal gyrus, right posterior orbitofrontal cortex, left amygdala,
left middle occipital gyrus, right fusiform gyrus, left superior
parietal gyrus, left transverse temporal gyrus and left substantia
nigra (all P < 0.05). After adjusting for Bonferroni correction, all of
the aforementioned regions still showed statistically significant
differences (P < 0.0003), except for the right posterior orbitofrontal
cortex and left transverse temporal gyrus. Then, the correlation
between orexinergic level in CSF and brain white matter volume
was analyzed in AD patients. It was found that among the brain
white matter volumes correlated with HAMD scale score, the
white matter volume in the left amygdala was negatively
correlated with orexin A level in CSF (P < 0.01). (Fig. 3). Further,
the correlation between orexin A level in CSF and white matter
volume in the left amygdala in AD-D group was analyzed. In AD-D
group, the white matter volume in the left amygdala was
negatively correlated with orexin A level in CSF(P < 0.01)
(Supplementary Table 8–10).
Multiple linear regression model including orexin A level in CSF

and the grey matter volume of the right anterior ventral thalamus
nucleus showed that every 17.24 pg/mL elevation in orexin A level
in CSF was associated with a 1-point increase in HAMD scale score,
and every 0.01 mm3 decrease in the grey matter volume of the
right anterior ventral thalamic nucleus was associated with a 1.4-

point increase in HAMD scale score (all P < 0.05) (Supplementary
Table 11).
Multiple linear regression model including orexin A level in CSF

and the grey matter volume of the right dorsal medial thalamic
nucleus displayed that every 0.01 mm3 decrease in the volume of
the right dorsal medial thalamic nucleus was associated with a
0.15-point increase in HAMD scale score (P < 0.05) (Supplementary
Table 12).
Multiple linear regression model including orexin A level and

the white matter volume of the left amygdala revealed that every
0.01 mm3 decrease in the white matter volume of the left
amygdala was associated with a 0.94-point increase in HAMD
scale score (P < 0.05) (Supplementary Table 13).

Mediating effect of orexin A level in CSF on the association
between brain atrophy and depression
In this study, the brain regions presenting significant atrophy in
the patients with both AD and depression, and being correlated
with orexin A level in CSF were selected. They were right anterior
ventral thalamic nucleus, right dorsal medial thalamic nucleus and
left amygdala white matter.
To investigate the roles of orexin A in CSF on the association

between the atrophy of above three brain regions and depression
in AD patients, mediating effect was analyzed. It was found that
49.6% of the total association between the grey matter atrophy of
the right dorsal medial thalamic nucleus and depressive
symptoms was mediated by the elevated orexin A level in CSF
(P < 0.05) (Fig. 4), and 50.3% of the total association between the
white matter atrophy of the left amygdala and depressive
symptoms was mediated by the elevated orexin A level in CSF

Fig. 2 Correlation between orexin level in CSF and brain grey matter volumes in AD patients. Correlations analyses were performed
between orexin level in CSF and brain grey matter volumes in the regions with statistically significant differences between AD-nD and AD-D
groups. *P < 0.05, **P < 0.01, ***P < 0.001. HAMD Hamilton Depression.

Fig. 3 Correlation between orexin level in CSF and brain white
matter volumes in AD patients. Correlations analyses were
performed between orexin level in CSF and brain white matter
volumes in the regions with statistically significant differences
between AD-nD and AD-D groups. *P < 0.05, **P < 0.01, ***P < 0.001.
HAMD Hamilton Depression.
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in AD patients (P < 0.05) (Fig. 5). Orexin A level in CSF failed to
exert mediating effect on the total association between the grey
matter volume of the right anterior ventral thalamic nucleus and
depressive symptoms in AD patients.

Establishment of predictive model for depression in AD
patients
Logistic regression was used to establish the predictive model for
AD-D and AD-nD groups by combining orexin A level in CSF, the grey
matter volume of the right dorsal medial thalamic nucleus, and the
white matter volume of the left amygdala (Supplementary

Table 14–16). The results indicated that all tolerances were >0.1,
variance inflation factors were <10, eigenvalues were >0, and the
condition index was <30, indicating no significant multicollinearity.
ROC analyses demonstrated that the AUC was 0.751 when only

orexin A level in CSF was considered. AUC was increased to 0.807 and
0.824 when orexin A level in CSF was combined with the white matter
volume of the left amygdala and the grey matter volume of the right
dorsal medial thalamic nucleus, respectively. AUC reached 0.841 when
orexin A level in CSF, grey matter volume of right dorsal medial
thalamic nucleus and white matter volume of left amygdala were
combined simultaneously (Fig. 6).

Fig. 4 The mediating effect of orexin A level in CSF on the association between the grey matter volume of the right dorsal medial
thalamic nucleus and depression. The correlation between orexin A level in CSF and the grey matter volume of right dorsal medial thalamic
nucleus in AD patients was analyzed. r=−0.443 [P < 0.001, 95%CI (−0.639, -0.199)] (A). Mediation model assessing whether orexin A level in
CSF (M) mediated the relationship between the grey matter volume of right dorsal medial thalamic nucleus (X exposure) and depressive
symptoms (Y outcome) (B). Path a: the effect of one-unit change in exposure on mediator; Path b: effect of one-unit change in mediator on
outcome adjusted for exposure; Path c′(direct effect): the effect of one-unit change in exposure on outcome independent of mediator value.
r= - 15.453 [P < 0.001, 95%CI (−28.84, −4.22)]. a * b (indirect effect): the effect of one-unit change in exposure on the outcome through
mediator change. r=−14.617 [P < 0.001, 95%CI (−25.31, −2.18)]. Standardized estimates were provided. The proportion of mediation is the
percentage of the mediated variables that explain the correlation between X and Y. Proportion of mediation= 49.2%. CI confidence intervals,
CSF cerebrospinal fluid, HAMD Hamilton Depression.

Fig. 5 The mediating effect of orexin A level in CSF on the association between the white matter volume of the left amygdala and
depression. The correlation between orexin A level in CSF and the white matter volume of the left amygdala in AD patients was analyzed.
r=−0.451 [P < 0.001, 95%CI (−0.660, -0.201)] (A). Mediation model assessing whether orexin A level in CSF (M) mediated the relationship
between the white matter volume of the left amygdala (X exposure) and depressive symptoms (Y outcome) (B). Path a: the effect of one-unit
changes in exposure on mediator; Path b: the effect of one-unit changes in mediator on outcome adjusted for exposure; Path c′(direct effect):
the effect of one-unit change in exposure on outcome independent of mediator value; r=−91.085 [P < 0.001, 95%CI (−168.77, −33.42)]. a * b
(indirect effect): the effect of one-unit change in exposure on the outcome through mediator change. Standardized estimates were provided.
r=−92.133 [P= 0.08, 95%CI (−158.741, −4.82)]. The proportion of mediation is the percentage of the mediated variables that explain the
correlation between X and Y. Proportion of mediation= 50.3%. CI confidence intervals, CSF cerebrospinal fluid, HAMD Hamilton Depression.
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DISCUSSION
Recent studies have shown that depression is closely related to
AD. A large Meta-analysis reported that the prevalence of
depression in AD was 37–40% [1]. In this study, the frequency of
depression in AD patients was as high as 34.82%. Therefore,
clinicians should pay great attention to the early diagnosis and
intervention of depression in AD patients.
In this study, demographic information, including age, gender

and education level, were not significantly different among the
three groups, excluding the influence of demographic variables on
the following results and making the results comparable among
the three groups (Table 1).
In this investigation, clinical symptoms of AD, including

cognitive function, neuropsychiatry symptoms and ADL, were
compared among NC, AD-nD and AD-D groups. It was particularly
found that AD-D group suffered from severer neuropsychiatry
symptoms. The significantly prominent neuropsychiatry symp-
toms that AD-D group had in the current investigation included
anxiety, sleep disorder, apathy and agitation (Supplementary
Table 1), indicating the close relationship of depression with these
neuropsychiatric symptoms. Anxiety and sleep disorders are the
very common accompanying symptoms in AD patients with
depression [21]. Apathy, the most commonly reported neuropsy-
chiatric symptom in AD, shared several overlapping features with
depression, including loss of interest and psychomotor retardation
due to dysfunction in frontal-subcortical circuits [22]. Agitation,
another prevalent symptom, was more severe in AD patients with
depression, which was likely due to frontal lobe dysfunction, and
alleviating depression might reduce agitation behaviors [23]. In
this study, after adjusting for the effects of apathy and agitation, it
was still found that AD-D group scored significantly higher in
depression than AD-nD group.
Orexinergic system was verified to be involved in the pathological

processes of neurological diseases, including AD and depression [24].
In AD, a previous study reported that orexin levels in CSF from
patients were 14% lower than those from healthy controls [25];
another investigation showed that orexin level was elevated and
correlated with the increased P-tau and total tau in CSF from patients
[26]. These contradictory results indicate that the alterations of
orexinergic system in AD patients may be complex.

In depression, postmortem hypothalami of depressive patients
showed that the immunoreactivity of orexin A was increased [8];
however, other studies failed to find the change of orexin A level
in CSF in depressive disease [27, 28]. Currently, there is no
consensus on orexin A level in CSF from depressive patients, and
no study on the roles of orexinergic level in CSF on depression in
AD patients. In the current study, AD-D group showed significantly
elevated orexin A and orexin B levels in CSF compared with other
groups (Fig. 1), and had a positive correlation between orexin A
level in CSF and HAMD scale score (Supplementary Table 2),
indicating that orexinergic level in CSF was closely associated with
depression in AD patients. Orexinergic neurons and monoami-
nergic neurons, the typically disturbed neurons in depressed
patients, project to each other, and the levels of orexin and
monoamine (including serotonin and dopamine) were dynami-
cally balanced by negative feedback [29]. In depression, the
inhibitory effect of monoaminergic neurons on orexinergic
neurons was decreased [30], which might result in the elevation
of orexin A in AD-D patients and its correlation with depressive
symptoms. It was known that orexin B had lower stability in CSF
than orexin A [31]. Moreover, orexin B did not preferentially bind
to orexin receptor 1 because its affinity to this receptor was 1/5–1/
100 of orexin A [32]. Thus, the instability in CSF and low affinity to
its receptor of orexin B may account for its unobserved correlation
with depression in AD patients.
We further investigated the correlation between orexin A level

in CSF and the grey matter volume of brain regions in AD-D group.
To date, there is no consistent conclusion on the involved brain
regions related to depression in AD patients. We found that the
brain regions with significantly decreased grey matter volumes
included frontal lobe, temporal lobe, parietal lobe, occipital lobe,
bilateral calcarine cortex and thalamus (Supplementary Table 3). A
previous study reported that patients with late-life depression
displayed atrophy in the grey matter of frontal lobe, temporopar-
ietal lobe, occipital lobe and hippocampus [33]. Interestingly, AD
patients also exhibited atrophy in the grey matter of bilateral
temporoparietal and occipital lobes [34]. A previous study
reported that the mechanism underlying the grey matter atrophy
might be due to the neurotoxic effects induced by the elevated
cortisol, excessive oxidative stress and reduced neurotrophic

Fig. 6 The predictive model of depression in AD patients. Receiver operating characteristic (ROC) curves displayed the performance of the
models of depression in AD patients. AUC value in the model of combining orexin A level in CSF, the grey matter volume of the right dorsal
medial thalamic nucleus and the white matter volume of the left amygdala (red line) was 0.841; AUC value in the model of combining orexin A
level in CSF and the grey matter volume of the right dorsal medial thalamic nucleus (green line) was 0.824; AUC value in the model of
combining orexin A level in CSF and the white matter volume of the left amygdala (blue line) was 0.807; AUC value in the model of combining
orexin A level in CSF and the white matter volume of the left amygdala (yellow line) was 0.751. ROC receiver operating characteristic, CSF
cerebrospinal fluid, AUC area under the curve.
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factors [35]. In this study, the brain regions with the reduced grey
matter volumes in AD-D group were partially consistent with the
pattern of atrophy in those with AD and late-life depression.
Importantly, we for the first time found the significant grey matter
atrophy of the right dorsal medial nuclei of thalamus in AD-D
group, which might be specifically related to the pathogenic
processes in AD with depression, and the roles of orexinergic level
in CSF were further explored. It was found that the reduced
volumes of dorsal medial and the right anterior ventral nuclei of
thalamus were correlated with orexin A level in CSF and
depression symptom in AD patients and AD-D group (Fig. 2 and
supplementary Table 7). In detail, every 0.01 mm3 decrease in the
grey matter volume of the right anterior ventral thalamic nucleus
was associated with a 1.4-point increase in HAMD scale score
(Supplementary Table 11), and every 0.01 mm3 decrease in the
grey matter volume of the right dorsal medial thalamic nucleus
was associated with a 0.15-point increase in HAMD scale score
(Supplementary Table 12). Moreover, the significantly elevated
orexin A level in CSF contributed to 49.2% association between
the grey matter atrophy of the right dorsal medial thalamic
nucleus and depressive performance in AD patients (Fig. 4),
illustrating that orexin A played a pivotal mediating role on
depression associated grey matter atrophy of the right dorsal
medial thalamic nucleus in AD patients. From the anatomical
point of view, orexinergic fibers have a remarkably discrete
distribution in thalamus. Dorsal medial nucleus, as part of the
dorse of midline thalamus, was found to derive from neurons
dispersed throughout the area containing orexinergic neurons
[36]. Moreover, orexin A acted through orexin receptor 1 and
orexin receptor 2 that were distributed throughout brain,
especially in thalamus [37]. From the functional point of view,
after injection of orexin into dorsal medial thalamic nucleus,
rodents developed depressive behavior [38]. Dorsal medial
thalamic nucleus was confirmed as the site with electrophysiolo-
gical response to limbic area, thus regulating mood disorders,
such as depression [39]. Up to now, we for the first time presented
anatomical and functional evidence demonstrating that orexin A
mediated the association between dorsal medial thalamic nucleus
and depression in AD patients.
It was reported that the white matter was less changed than

grey matter in AD. In this study, the brain regions with significantly
reduced white matter volumes included frontal lobe, temporal
lobe, parietal lobe, occipital lobe and left substantia nigra in AD-D
group (Supplementary Table 4). In depression, white matter
atrophy occurred in frontal and temporal lobes, and midbrain [40],
which was associated with cognitive deterioration [41]. In a
previous study, the reduced white matter integrity in frontal,
parietal, temporal and occipital lobes was associated with late-life
depressive symptoms [42]. In this study, we for the first time
revealed the white matter atrophy in left amygdala in AD-D group,
which might involve a disconnection between cortical-subcortical
and interhemispheric tracts. The mechanism underlying the white
matter atrophy in AD might be due to the demyelination induced
by grey matter degeneration, resulting in cortico-cortical and
cortico-subcortical disconnections. Previous study suggested that
orexinergic system mediated depression through the action in the
amygdala of humans [43]. However, the role of orexinergic level in
CSF on the white matter atrophy in AD-D group has not been
investigated. In this investigation, it was found that the white
matter atrophy of the left amygdala was correlated with the
elevated orexin A level in CSF from AD-D group. Detailly, every
17.24 pg/mL elevation in orexin A level in CSF was associated with
a 1-point increase in HAMD scale score, and every 0.01 mm3

decrease in the white matter volume of the left amygdala was
associated with a 0.94-point increase in HAMD scale score
(Supplementary Table 13). Furthermore, the significantly elevated
orexin A level in CSF contributed to 50.3% association between
the white matter atrophy of the left amygdala and depressive

performance in AD patients (Fig. 5), illustrating that orexin A
played an essential role on depression associated white matter
atrophy of the left amygdala. The orexinergic neurons project
prominently to the basal and central nucleus of amygdala, and
their fibers were distributed upon amygdala [44]. An animal
experiment indicated that orexin A participated in depression-like
behaviors by modulating the spontaneous firing activity of
amygdala neurons, providing a molecular basis for amygdala
atrophy. Intra-injection of orexin A in amygdala resulted in
depressive behaviors [45]. These may explain that the enhanced
orexin A level in CSF mediates the association between the white
matter atrophy of the left amygdala and depression in AD
patients.
In this study, we finally established models predicting the

occurrence of depression for AD patients by combining orexin A
level in CSF, the white matter volume of the left amygdala and the
grey matter volume of the right dorsal medial thalamic nucleus
using a logistic regression analysis. The AUC was 0.751 when
orexin A level in CSF was used, the AUC was increased to 0.807
when orexin A level in CSF was combined with the white matter
volume of the left amygdala, the AUC was further elevated to
0.824 when orexin A level in CSF was combined with the grey
matter volume of the right dorsal medial thalamic nucleus, and
the AUC reached the highest level of 0.841 when above three
variables were taken into consideration (Supplementary Table
14–16, Fig. 6). This investigation provides clinical evidence for
decreasing the elevated orexin A level in CSF and its mediating
effect on the atrophy in the grey matter of the right dorsal medial
thalamic nucleus and the white matter of the left amygdala, and
eventually alleviating depression in AD patients.

Advantages and limitations
This study has several strengths. This study for the first time
demonstrates that orexin A level in CSF is associated with the grey
matter atrophy of the right dorsolateral thalamic nucleus/the
white matter atrophy of the left amygdala in AD-D patients, orexin
A level in CSF mediates the association between the grey matter
atrophy of the right dorsal medial thalamic nucleus/the white
matter atrophy of the left amygdala and depression in AD
patients, and combination of orexin A level in CSF, the white
matter volume of left amygdala, and the grey matter volume of
the right dorsal medial thalamic nucleus has the most potent
predictive role on depression for AD patients.
This study has limitations. To examine the association between

the orexinergic system and depression in AD, and focus on the
atrophy of depression-related brain regions influenced by the
orexinergic system, this study comprises NC group, AD-nD group
and AD-D group. Future research will incorporate depression
patients with no AD to investigate the alterations in orexinergic
system in the patients with depression. Additionally, our study
suggests that the elevated orexin A level in CSF partially mediates
the relationship between the reduced grey matter volume of the
right dorso medial thalamic nucleus and the white matter volume
of the left amygdala with depressive symptoms in AD patients. It is
important to note that the structural changes in above brain
regions jointly contribute to depression in AD patients, yet a
bidirectional relationship may exist between depression and brain
structural changes. We plan to further explore their complex
relationships in the future longitudinal studies.

CONCLUSION
Depression is highly common in AD patients. Orexin A level in CSF
is significantly elevated and correlated with depression in AD
patients. AD patients with depression show significant atrophy in
the grey matter of the right dorsal medial nuclei of thalamus and
the white matter of the left amygdala. The elevated orexin A level
in CSF plays an essential role on mediating the association
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between the atrophy in dorsal medial thalamic nucleus grey
matter/amygdala white matter and depression in AD patients.
Combining orexin A level in CSF, the white matter volume of
amygdala and the grey matter volume of dorsal medial thalamic
nucleus presents the highest predictive role on the occurrence of
depression for AD patients. This investigation provides clinical
evidence for decreasing the elevated orexin A level in CSF and its
mediating effect on the atrophy in the right dorsal medial
thalamic nucleus and left amygdala, and eventually alleviating
depression in AD patients.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author upon reasonable request.
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