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Anxiety adds the risk of cognitive progression and is associated
with axon/synapse degeneration among cognitively
unimpaired older adults
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Summary
Background Mental symptoms have been shown to be associated with dementia. As the most common neuropsy-
chiatric disorder, it is unclear whether and why anxiety increases the risk of cognitive progression in elderly.

Methods The aim of this study was to investigate the longitudinal effects of anxiety on cognitive impairment in non-
dementia elderly and to explore the underlying biological processes using multi-omics including microarray-based
transcriptomics, mass spectrometry-based proteomics and metabolomics, cerebrospinal fluid (CSF) biochemical
markers, and brain diffusion tensor imaging (DTI). The Alzheimer’s Disease Neuroimaging Initiative (ADNI),
Chinese Longitudinal Healthy Longevity Survey (CLHLS) and Shanghai Mental Health Centre (SMHC) cohorts
were included.

Findings Anxiety was found to increase the risk of subsequent cognitive progression in the ADNI, and a similar result
was observed in the CLHLS cohort. Enrichment analysis indicated activated axon/synapse pathways and suppressed
mitochondrial pathways in anxiety, the former confirmed by deviations in frontolimbic tract morphology and altered
levels of axon/synapse markers, and the latter supported by decreased levels of carnitine metabolites. Mediation
analysis revealed that anxiety’s effect on the longitudinal cognition was mediated by brain tau burden. Correlations of
mitochondria-related expressed genes with axon/synapse proteins, carnitine metabolites, and cognitive changes were
found.

Interpretation This study provides cross-validated epidemiological and biological evidence that anxiety is a risk factor
for cognitive progression in non-dementia elderly, and that axon/synapse damage in the context of energy
metabolism imbalance may contribute to this phenomenon.
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Introduction functioning. Alzheimer’s disease (AD) is the most

Dementia is a clinical syndrome with progressive de-  common form of dementia in the elderly, characterised
terioration of cognition and impairment of daily by extracellular amyloid beta (Af) deposition and
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Research in context

Evidence before this study

Little is known about the associations of cognitive function,
cerebrospinal fluid (CSF)-derived biomarkers of Alzheimer’s
disease (AD), transcriptomics, and brain imaging, with
anxiety. Most previous studies suffered from small sample
sizes and cross-sectional designs, leading to ambiguous
results. Evidence for an independent relationship between
anxiety and subsequent cognitive progression and the
underlying mechanism remains limited.

Added value of this study

The present study established the association between
anxiety and cognitive progression in non-dementia elderly
based on comprehensive analysis of largely longitudinal

hyperphosphorylated tau (p-tau) protein aggregation. A
comprehensive understanding of early AD risk factors is
crucial for dementia prevention, to help individuals
while they are still in the preclinical stages of disease.
Neuropsychiatric symptoms of dementia have gained
interest among researchers and clinicians because of
their significant involvement in preclinical AD." Previ-
ous studies have shown an association between
depression and the risk of all-cause dementia.”* How-
ever, as depression often co-occurs with anxiety, dep-
ression scales such as the Hamilton Rating Scale for
Depression (HAMD) and the Geriatric Depression Scale
(GDS) commonly include an assessment of anxiety.
Thus, it is unclear whether anxiety is an independent
risk factor for dementia compared to depression alone.
Anxiety subsyndromes are more prevalent in older
adults, and some studies suggest that anxiety has long-
term effects on the central nervous system,® even
when depression is controlled.” A meta-analysis of six
cohorts found that anxiety has an increased risk of de-
mentia,* and may be a prodromal sign of dementia in
community samples.’ Biological studies have associated
anxiety with increased AP burden in non-dementia
elderly,*" and with abnormal cerebrospinal fluid
(CSF) total tau (t-tau) levels in patients with mild
cognitive impairment (MCI)," suggesting a pathological
connection between anxiety and AD. Meanwhile, anxiety
has also been linked to reduced volumes of hippocampal
subfields” and cortical thickness of temporal lobes,'
which suggests that anxiety may serve as an early
marker of brain structure in AD.

Previous evidence non the relationship between
anxiety and cognitive impairment in non-dementia older
people is limited to small sample observations or cross-
sectional study, leaving the underlying physiopathology
unknown. The present study aimed to address this gap
by using large longitudinal cohorts and multi-omics
analyses. Longitudinal effects of anxiety on cognitive
impairment were examined in two longitudinal cohorts

cohorts. Multi-omics analyses, including microarray-based
transcriptomics, mass spectrometry (MS)-based proteomics
and metabolomics, DTI-derived metrics, and axon-synapse
biomarkers, identified a link between anxiety and pathology
of axon-synapse injury and energy metabolism imbalance.

Implications of all the available evidence

Our results demonstrated an independent relationship
between anxiety and subsequent cognitive progression in
non-dementia elderly, as well as a potential underlying
mechanism. The findings have clinical implications suggesting
that treating anxiety and targeting mitochondrial dysfunction
may be effective in preventing dementia.

(n=1080 and 2196). We then analysed microarray-based
transcriptomics, MS-based proteomics and metab-
olomics, and CSF biochemical markers to identify
possible biological pathways linking anxiety to later
cognitive impairment. We also examined microstruc-
tural measures of brain white matter using two datasets
(n = 347 and 99) to characterise the macroscopic effects
of anxiety on the brain in elderly.

Methods

Study design and samples

The Alzheimer’s Disease Neuroimaging Initiative
(ADNI) cohort (http://adni.loni.usc.edu/),”** is a multi-
site dataset designed to investigate the clinical symp-
toms, imaging, genetic, and biochemical biomarkers of
AD, launched in 2003. Data collection and sharing in
ADNI was approved by the institutional review boards of
all participating institutions, and all participants or their
guardians provided written informed consent in accor-
dance with the Declaration of Helsinki. Participants
in this study were older adults aged 55-90 years. Each
participant had an in-person interview for health and
neuropsychological assessments at baseline and the
annual follow-up.

Part of the ADNI (n = 2272) cohort is involved in our
analysis. After applying inclusion and exclusion criteria
(Fig. 1), a total of 1070 non-dementia elderly were
included in this study. Subjects were assessed with the
Neuropsychiatric Inventory (NPI)-anxiety subscale,” and
divided into normal and anxiety groups. Participants
reporting no anxiety symptoms before cognitive pro-
gression were selected for the normal group (n = 810),
while those reporting anxiety symptoms before cogni-
tive progression for the anxiety group (n = 260). All
subjects underwent cognitive assessment, including
Mini-Mental State Examination (MMSE), Alzheimer’s
Disease Assessment Scale-cognitive (ADAS-cog), Func-
tional Activities Questionnaire (FAQ), and ADNI
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Fig. 1: Trial identification, inclusion, and exclusion in ADNI cohort.

Memory test (ADNI-MEM). The study involved 5415
person-times over a follow-up period of up to 168
months with annual assessments.

Cognitively normal subjects had MMSE scores be-
tween 24 and 30, a Clinical Dementia Rating (CDR) of 0,
and no memory complaints. Mild cognitive impairment
(MCI) was diagnosed using Petersen’s criteria, which
included an MMSE score between 24 and 30, a CDR of
0.5, objective evidence of memory loss, and preserved
functional performance preventing a diagnosis of AD-
dementia.”” Dementia was diagnosed with an MMSE
score of <26, a CDR of >0.5, and meeting NINCDS/
ADRDA criteria for dementia.”’ During follow-up,
cognitively stable individuals included those with sta-
ble normal cognitive function, stable MCI, or MCI
reversing to cognitively normal. Cognitively progressive
individuals included those with MCI progressing to
dementia, or cognitively normal progressing to MCI or
dementia. The normal group consisted of 537 cogni-
tively normal and 183 cognitively progressive elderly at
follow-up, while the anxiety group included 152 cogni-
tively normal and 102 cognitively progressive elderly.
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The Chinese Longitudinal Healthy Longevity Survey
(CLHLS 1998-2018, n = 44,620) (http://opendata.pku.
edu.cn/)* uses a multistage, stratified cluster sampling
and recruited participants from half of the counties and
cities in 22 of the 31 provinces of China between 1998
and 2018 among the oldest-old. The vital status of the
study participants was ascertained at follow-up waves,
and all surviving participants were re-interviewed.

The validation dataset for cognition was from CLHLS
cohort. A screening question was used to assess anxiety
symptoms at baseline, and 737 participants who re-
ported feeling fearful or anxious “always” or “often”
were included in the anxiety group, conversely, 5652
participants who reported feeling anxious “sometimes”,
“rarely”, or “never” were included in the normal group,
while 71 with missing data or who answered “could not
answer” were excluded. Propensity score-matching
(PSM) was used to reduce selection bias between the
normal and anxiety groups. A 1:2 case-to-control ratio
was used, with a caliper of 0.25, using the Matchlt
package in R. After matching, 732 anxiety elderly and
1464 normal elderly were selected (Fig. 2). The study
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Fig. 2: Trial identification, inclusion, and exclusion in CLHLS cohort.

used the Chinese version of the Mini-Mental State Ex-
amination (CMMSE) to assess cognitive impairment,
with a score below 18 points indicating moderate-severe
cognitive impairment.”> A total of 4404 person-times
over a follow-up period of up to 204 months, were
included. Cognitively stable individuals were defined as
stable normal, and cognitively progressive individuals
were defined as cognitively normal progressing to
cognitive impairment. In the CLHLS dataset, the
normal group consisted of 1191 cognitively normal and
273 cognitively progressive elderly, while the anxiety
group included 564 cognitively normal and 168 cogni-
tively progressive elderly.

The validation dataset for neuroimaging was from
the Shanghai Mental Health Centre (SMHC 2012-2021,
n =99) cohort.” All subjects were excluded for dementia
according to the criteria from the Diagnostic and Sta-
tistical Manual for Mental Disorders IV (DSM IV). All
were given the interview for anxiety screening by psy-
chiatrist, asking “Whether you often worry about the
future”, “whether you often feel restless and upset”,
“whether you often worry that something bad will
happen to you”, and more. Finally, 37 anxious subjects
and 62 normal subjects were included.

Sex information was collected according to the self-
reports of the study participants.

Analyses of CSF proteomics, blood transcriptomics
and metabolomics
A total of 141 CSF peptides using Multi Reaction
Monitoring (MRM) targeted MS (http://adni.loni.usc.
edu/data-samples/biospecimen-data/) were measured
in 138 normal and 56 anxious subjects, while 19,456
expressed genes using the Affymetrix Human Genome
U219 Array (https://ida.loni.usc.edu/pages/access/gene
ticData.jsp/) were tested in 322 normal and 111 anxious
subjects. Technical details were described in the “Bio-
markers Consortium CSF Proteomics MRM dataset”
and “Microarray Gene Expression Profile Methods”,
respectively.”** Blood metabolomics containing 138
carnitine metabolites using AD Metabolomics Con-
sortium Duke Biocrates P180 Kit Flow injection analysis
(http://adni.loni.usc.edu/data-samples/biospecimen-data/),
were used for differential analysis in 569 normal and
238 anxious subjects.

The Limma package” in R was performed to analyze
the fold changes (FC) and differential levels of multi-
omics data between groups. Gene Set Enrichment
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Analysis (GSEA)* in R was used to compare the bio-
logical process (BP) between groups using the
¢5.go.bp.v7.5.symbols.gmt from the Molecular Signa-
tures Database (MSigDB),” and the disease pathway
using the Disease-Perturbations-from-GEO-up.txt from
the Enrichr database.” All genes or proteins were sub-
jected to GSEA analysis® and significantly different
demographics were included as covariates. Differentially
expressed genes by Limma analysis between groups and
all proteins were included in a bidirectional orthogonal
partial least squares (O2PLS) model™ in R, to identify
the most influential variables from transcriptomics and
proteomics (n = 89). Adjusted p < 0.05 was considered
significant.

Measurement of CSF-based AD biomarkers

CSF biomarkers were obtained from ADNI (http://adni.
loni.usc.edu/data-samples/%20biospecimen-data/) us-
ing Roche Elecsys immunoassay, including Af,,, p-tau,
and ttau, in 1055 participants at baseline and 2038
person-times at follow-up. CSF neurogranin (NGRN)
and visinin-like protein 1 (VILIP1) were also tested us-
ing the Erenna® immunoassay system in independent
laboratories and batches, with 111 subjects tested for
NGRN and 107 subjects for VILIP1. Before analysis, all
concentrations were normalized to Z-score, and outliers
beyond +3 were excluded.

Analyses of DTI metrics

The DTI data from ADNI were available (https://ida.
loni.usc.edu/pages/access/studyData.jsp? categoryld=14&
subCategoryld=30), and detailed processing was de-
scribed in  “Microsoft Word- DTI-ADNI_Methods-
Thompson-Oct2012.docx”. Anatomical images were
linearly aligned to a version of the Colins27 brain tem-
plate’ using FSL’s flirt*> with 6 degrees of freedom. The
mean of all voxels from each region of interest from the
atlas was obtained from fractional anisotropy (FA) and
mean diffusivity (MD) of 40 tracts (detailed tracts shown
in Supplementary Table S1) from 347 subjects in ADNI
and 99 subjects in SMHC.

The DTI data from SMHC was acquired using an
echo planar imaging sequence with 64 non-collinear
directions and 3 diffusion weightings, including
bl-value = 0, b2-value = 1000 s/mmz, and b3-value =
2000s/mm?% TR = 5620 ms, TE = 106 ms, FOV =
256 mm, slice number = 74, thickness = 2 mm and voxel
size = 2.0 x 2.0 x 2.0 mm”. For diffusion tensor model-
ling, only volumes with b = 0 and b = 1000 s/mm? were
used.

The Least Absolute Shrinkage and Selection Oper-
ator (LASSO) regression was applied to select the best
features for anxiety from DTI data. In the ADNI dataset,
a randomly assigned 70% of all subjects were used as
the training set, and the remaining 30% as the test set.
The SMHC cohort was used as the validation set. After
feature selection, an internal 10-fold cross-validation
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was performed on the training data using binary clas-
sification between groups and the glmnet package in
R.* Discriminative power was estimated by quantifying
the area under the curve (AUC) of the receiver-operator
characteristic (ROC). DSI Studio software was used to
visualize the significant DTI tracts. The relationship
between anxiety-susceptible regions and cognition was
investigated in all subjects.

Statistical analyses

The Kolmogorov—Smirnov test was used to assess the
normality of continuous data. The Mann-Whitney U
test for continuous data with a non-normal distribution,
and the chi-squared test for categorical variables, were
used to test differences of variables between groups in
ADNI and CLHLS datasets. Based on data from similar
studies,*** the minimum sample sizes required to
detect differences in CSF tau levels between groups,
were calculated using G-Powere software as 187 and 93,
respectively. The sample size in our analysis meets the
minimum sample size requirement. Statistical power
was calculated using PASS, assuming an alternative
hypothesis of two unequal means with a simulation of
10,000. Effect size was calculated using n2, which is
derived from the statistical values of Mann—Whitney U
or Chi-square and the sample sizes of two groups. The
Spearman correlation with false discovery rate (FDR)
correction was used as a measure of correlation in non-
parametric statistics.

Linear mixed-effect model was performed to explore
the longitudinal effects of anxiety on differences in
clinical outcomes, and multivariate Cox regression
analysis was used to predict risk factors for cognitive
progression. Age, education, sex, APOE, hypertension,
diabetes, and baseline MMSE were included as cova-
riates to adjust for their potential confounding effects.
The annual rate of change in cognition was determined
using linear mixed regression models with MMSE,
ADAS-cog, FAQ, and ADNI-MEM as dependent vari-
ables and time (years from baseline) as the independent
variable to control for random intercept and slope. A
slope representing the annual rate of change was then
calculated for each subject. Longitudinal analyses were
restricted to subjects with at least 3 time points.

Mediation analysis was used to examine whether
brain tau burden mediated the pathway from anxiety to
cognitive function. X was designated as anxiety, medi-
ator was CSF t-tau or p-tau levels at baseline, and Y was
the outcome (2-year cognitive function or annual rate of
change in cognitive function). Age, education, sex, and
APOE were included as covariates. Model 4 of the
PROCESS macro from the bruceR package in R was
used with bootstrapping of 1000 iterations, to estimate
the total effect, direct effect, and indirect effect.

Statistical significance was set at p value < 0.05.
All analyses were performed using SPSS 17.0 or R
version 4.2.1.
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Ethics

For the ADNI and CLHLS data, all participants provided
written informed consent approved by the institutional
review board of each participating institution. Data
collection in the SMHC cohort was conducted in
accordance with the recommendations of the Shanghai
Mental Health Center Ethical Standards Committee on
Human Experimentation (reference number: 2012-19).
Written informed consent was obtained from all par-
ticipants or their legal guardians in accordance with the
Declaration of Helsinki.

Role of funding sources

The funding sources had no role in the design and
conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit the
manuscript for publication.

Results

Participant characteristics

Table 1 summarises the characteristics of the partici-
pants in the ADNI dataset. Participants with anxiety
were more likely to be male (58.8%) and APOE &4 car-
riers (54.2%), and had more impaired cognitive function
and quality of life (Mann-Whitney test, p < 0.05).
Table 2 depicts demographics and clinical measures in
the CLHLS dataset. Participants with anxiety had a more
impaired cognitive function compared to normal elderly
(Mann-Whitney test, p < 0.05). Sex-disaggregated data
for ADNI and CLHLS datasets is available in
Supplementary Table S2.

Longitudinal effects of anxiety on cognitive
function and cognitive progression risk

We found that the anxiety group had significant lon-
gitudinal impairments in cognition and quality of life

Characteristics Normal elderly Anxious elderly U or x2 p value (statistical power)
)
Baseline
N 810 260
Age (years) 72.900 + 6.936 72110 + 7.330 9.888 x 10* 0.138
Sex (male ratio) (male/female) 0.505 0.588 5.506 0.019 (0.654) (0.005)
Education (years) 16.390 + 2.568 16.150 + 2.762 1.010 x 10° 0311
Hypertension (ratio) (Yes/No) 0.411 0.446 0.992 0319
Diabetes (ratio) (Yes/No) 0.600 0.400 0.191 0.662
APOE (g4 ratio) (e4/non €4) 0.422 0.542 11.461 0.001 (0.923) (0.011)
MMSE 28.460 + 1.667 27.830 + 1.895 8.439 x 10* <0.001 (1.000) (0.022)
ADAS-cog 13.500 + 6.521 16.000 + 7.255 8.382 x 10* <0.001 (0.999) (0.023)
FAQ 1.450 + 3.012 3.690 + 4.524 6.399 x 10* <0.001 (1.000) (0.085)
ADNI-MEM 0.640 + 0.748 0.259 + 0.711 7.542 x 10* <0.001 (1.000) (0.044)
CSF biomarker (ng/ml)
N 799 256
AB42 1.037  0.470 0.895 + 0.427 8.300 x 10* <0.001 (0.986) (0.020)
t-tau 0.252 + 0105 0.278 + 0.120 8.927 x 10* 0.002 (0.928) (0.009)
p-tau 0.024 + 0.012 0.272 + 0.014 8.761 x 10* 0.001 (0.974) (0.011)
VILIP1 0.148 + 0.045 (N = 78) 0.183 + 0.074 (N = 33) 0.949 x 10° 0.029 (0.587) (0.043)
NRGN 2146 + 0.821 (N = 76) 2.871 + 1.313(N = 31) 0.764 x 103 0.004 (0.704) (0.076)
Cognitive conversion
N 720 254
Cognitive progression (ratio) 0.254 0.402 19.711 <0.001 (0.989) (0.020)
2-year follow-up
N 584 221
MMSE 27.690 + 3.013 26.670 + 2.978 4.850 x 10* <0.001 (0.986) (0.037)
ADAS-cog 13.920 + 9.126 18.320 + 9.744 4.603 x 10* <0.001 (1.000) (0.049)
FAQ 2.900 + 5.866 6.570 + 7.256 3.897 x 10* <0.001 (1.000) (0.094)
ADNI-MEM 0.616 + 0.965 (n = 494) 0.154 + 0.896 (n = 204) 3.557 x 10* <0.001 (1.000) (0.054)
CSF biomarker (ng/ml)
N 237 108
AB42 0.977 + 0.476 0.877 + 0.423 1111 x 10* 0.049 (0.418) (0.011)
t-tau 0.261 + 0.110 0.317 + 0.139 9.602 x 103 <0.001 (0.992) (0.04)
p-tau 0.024 + 12.206 0.031 + 0.016 9.653 x 103 <0.001 (0.994) (0.039)
Table 1: Characteristics of participants in the ADNI dataset.
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Characteristics Normal elderly Anxious elderly U or x2 p value (statistical power)
@)

N 1464 732

Age (years) 90.310 + 7.565 90.530 + 7.648 5.275 x 10° 0.552

Sex (male ratio) 0.350 0.346 0.036 0.849

Education (years) 1.350 + 2.807 1.460 + 2.871 5.229 x 10° 0.253

Hypertension (ratio) (Yes/No/Unknow) 0.136 0.156 1.586 0.452

Diabetes (ratio) (Yes/No/Unknow) 0.700 0.500 0.488 0.784

CMMSE 25.930 £ 3.260 25.650 + 3.252 5.063 x 10° 0.034 (0.473) (0.002)
Cognitive progression (ratio) 0.186 0.230 5.631 0.018 (0.658) (0.003)
Table 2: Characteristics of participants in the CLHLS dataset.

compared to the normal group (Fig. 3a and c)
(Supplementary Table S3). The proportion of partici-
pants with cognitive progression was higher in the
anxiety group, with relative risks of 1.580 (95% CI:
1.327, 1.881) in the ADNI and 1.231 (95% CI: 1.038,
1.460) in the CLHLS. Individuals with anxiety showed
an increased risk of cognitive progression through
Cox regression, with age, education, sex, APOE, hy-
pertension, diabetes, baseline MMSE score, and other
psychiatric symptoms as covariates in the ADNI
(Fig. 3b), and similar results occurred in the CLHLS
(Fig. 3d).

Axon/synapse pathways and psychiatric/cognitive
disorder-related pathways in anxiety

For proteomics, participant characteristics and FC data
are presented in Supplementary Tables S4 and S5,
respectively. GO biological process (BP) analysis of
anxiety revealed activated pathways related to the syn-
aptic signaling, synapse organisation, axon develop-
ment, and transport regulation through MSigDB
(Fig. 4al-a3). Disease pathway analysis revealed that
pathways relevant to psychiatric/cognitive disorder,
such as schizophrenia, Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS), were significantly
enriched for anxiety using the Enrichr database
(Supplementary Fig. S1).

For transcriptomics, participant characteristics and
FC data are presented in Supplementary Tables S6 and
S7, respectively. GO BP analysis revealed activated
pathways relevant to axon/synapse function, including
synaptic plasticity, actin filament movement, neuro-
transmitter transport for anxiety through MSigDB
(Fig. 4b1-b3). Disease pathway analysis revealed the
pathways relevant to psychiatric/cognitive disorders,
such as HD, Parkinson’s disease (PD), intellectual and
developmental disability, schizophrenia, bipolar disorder
for anxiety using the Enrichr database (Supplementary
Fig. S1)

Changes in CSF axon/synapse biomarkers in anxiety

Compared to the normal group, the anxiety group had
higher levels of CSF t-tau, p-tau (Table 1, Fig. 4c1 and
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c2), VILIP1, and NGRN (Table 1, Fig. 4c3 and c4).
NGRN and VILIP1 showed strong correlations with
both CSF t-tau and p-tau levels in all subjects (Fig. 4d1-
d4). Significant correlations were observed between CSF
biomarkers and annual changes in cognitive function,
including MMSE, MEM, FAQ, and ADAS-cog
(Spearman correlation, adjusted p < 0.05) (Fig. 4e).

Predictive DTI-derived metrics for anxiety
Participant  characteristics are  presented in
Supplementary Table S8. After feature selection by
LASSO regression (Fig. 5al and a2), 8 DTI-derived
metrics were identified with non-zero regression co-
efficients (Fig. 5a3), and the value of lambda. min was
0.025. ROC curve analysis showed that AUC of the
model based on 8 DTI-derived metrics was 0.799 in the
training set (Fig. 5b1), 0.724 in the test set (Fig. 5b2) in
the ADNI, 0.707 in the validation set (Fig. 5b3) in the
SMHC to discriminate anxious from normal elderly.
The Spearman correlation between 8 DTI-derived met-
rics and clinical characteristics was plotted as a heatmap
(Fig. 5c). Furthermore, 4 DTI-derived MD measures,
including left cingulate hippocampus (CGH-L), right
cingulate hippocampus (CGH-R), right tapetum (TAP-
R), and left uncinate fasciculus (UNC-L), were signifi-
cantly correlated with cognitive function and brain tau
burden in all subjects (Fig. 5d).

The mediation effect of brain tau burden on the
association between anxiety and cognitive
function

In the ADNI, and found that CSF t-tau and p-tau
mediated the association of anxiety with cognitive
function, including 2-year cognition (Fig. 6al-b4) and
annual rate of change in cognition (Fig. 6¢1-d4). The
mediation effect was considered to be partial mediation,
with the proportion ranging from 11.1% to 33.3%.

Energy metabolism imbalance in anxiety

In ADNI, GO BP analysis revealed suppressed pathways
relevant to energy metabolism, such as mitochondrial
respiratory chain complex assembly, aerobic respi-
ration, oxidative phosphorylation (Fig. 7al-a3), and
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Fig. 3: Anxiety may significantly increase the risk of cognitive progression, as evidenced by different changes in follow-up MMSE, ADAS-cog,
FAQ, and ADNI-MEM between normal and anxious groups based on the linear mixed-effects model in the ADNI (baseline n = 1070, follow-up
person-times n = 5415) (a). The Cox proportional hazards model estimated the cognitive progression risk of anxiety after adjusting for age,
education years, sex, APOE, hypertension, diabetes, baseline MMSE score, and multiple psychiatric symptoms (n = 974) (b). Different change in
follow-up CMMSE between normal and anxious groups in the CLHLS (baseline n = 2196, follow-up person-times n = 4404) (c). Cox model
estimated the cognitive conversion risk of anxiety after adjustment for age, years of education, sex, hypertension, diabetes, and baseline
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mitochondrial ribosome, such as ribosome biogenesis,
mitochondrial RNA processing, mitochondrial trans-

lation (Fig. 7b1-b3).

Participant characteristics and FC data for metab-
olomics are presented in Supplementary Tables S9 and

S10, respectively. The anxiety group exhibited decreased
levels of carnitine metabolites, such as glutarylcarnitine,
tetradecenoylcarnitine, and hydroxypropionylcarnitine
(Limma analysis, adjusted p < 0.05) (Fig. 7c1). Multi-
omics correlation analysis demonstrated significant
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Fig. 4: Axon/synapse-related pathways and biomarkers for anxiety. GO BP analysis showed activated pathways relevant to synapse organisation,
synaptic signaling, axon development, synaptic plasticity, serotonin transport in proteomics (n =
(b1-b3) for anxiety (GSEA analysis, adjusted p < 0.05). Significant differences of CSF follow-up axon/synapse markers, including t-tau, p-tau
(baseline n = 1055, follow-up person-times n = 2038), NRGN (baseline n = 107, follow-up person-times n = 434) and VILIP1 (baseline n = 111,
follow-up person-times n = 441), between normal and anxiety groups (c1-c4). Significant correlations between NRGN (n
= 111) with levels of t-tau (d1, d3) and p-tau (d2, d4). A heatmap displaying the correlations between CSF axon/synapse biomarkers and
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Fig. 5: DTI-derived metrics for anxiety. 40 FA and MD indices of DTI tracts were selected to construct the LASSO model (a1 and a2), and 8 DTI-
derived metrics were identified to discriminate between anxious and normal elderly (a3). ROC curves analysis of the training set (n = 243) (b1),
test set (n = 104) (b2) and validation set (n = 99) (b3). Correlation between the 8 DTI-derived metrics and clinical characteristics is shown as a
heatmap (Spearman correlation, adjusted p < 0.05) (c). The 4 DTI-derived metrics associated with tau burden were plotted using the DSI studio

program (d).

correlations among mitochondria/ribosome-related
expressed genes, axon/synapse proteins, carnitine me-
tabolites, and cognition (Spearman correlation, adjusted
p < 0.05) (Supplementary Fig. S2).

The joint analysis of transcriptomics and proteomics
identified the most influential variables, including
the ATP6V1G2 gene, CYP1A2 and APOB proteins
involved in the energy metabolism, and the MYNN,
WARS2, and CAMP genes, BASP1 and NGF proteins
involved in brain function (Fig. 7c2—c4).

Discussion

This study has demonstrated a longitudinal contribution
of anxiety and late-life cognitive progression among
non-dementia older adults, and proposed axon/synapse
degeneration in the context of mitochondrial dysfunc-
tion as a potential biological mechanism contributing to
this association. Transcriptomic and proteomic analyses
linked anxiety to the axon/synapse pathway and mito-
chondrial energy metabolism pathway. The former
pathway was further validated by deviations in

frontolimbic tract morphology and altered levels of CSF
axon/synapse biomarkers, and the latter pathway was
supported by the abnormal blood carnitine metabolites.
The connections of the results from various analyses
were shown in Fig. 8.

Our clinical findings were based on the ADNI (aged
population) and the CLHLS (advanced aged population)
cohorts with long-term follow-up, in which the associa-
tion between anxiety and subsequent cognitive progres-
sion remained significant after adjustment for multiple
psychiatric symptoms, including depression, hallucina-
tion, elation, agitation, disinhibition, irritability, aber-
rance, and appetite. These findings extend previous
studies reporting the vulnerability of anxiety to cognitive
progression™**** by revealing a temporal predictive risk of
anxiety for cognitive progression. Although anxiety and
depressive symptoms are closely related and often co-
occur, research has suggested that their effects on
cognitive progression in elderly may differ. Depression
has been suggested to interfere with neurodegeneration
and thus to play a more important role at a later clinical
stage of AD.” Anxiety tends to occur earlier in the
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Fig. 6: Mediation analyses about the relationship among anxiety, brain tau burden and longitudinal cognitive function in non-dementia elderly.
CSF t-tau and p-tau as statistical mediators. The total effect of anxiety on longitudinal cognitive function, measured with 2-year (n = 796) (al-
a4, c1-c4) and annual change rates (n = 696) (b1-b4, d1-d4) of FAQ, ADAS-cog, MMSE and MEM, is designated as c. The mediated effect of
brain tau burden is designated as a*b. The direct effect of the mediators on the cognitive function, is denoted as ¢’. Models were adjusted for
age, sex, education and APOE. Statistical significance was set at p value < 0.05 (Mediation analysis).

preclinical phase of AD, even before cognition changes.”
As anxiety is more widespread than depression in
elderly,” and commonly used GDS scale often include
measures of anxiety,” it is difficult to exclude the effects
of anxiety in depression-based studies. In contrast, the
present study controlled for the effects of multiple psy-
chiatric symptoms, and thus demonstrated the predictive
risk of anxiety, independent of depression, for subse-
quent cognitive progression. In addition, APOE &4, as a
risk factor for cognitive progression, showed a significant
difference between groups in our study. Previous studies
have suggested that the APOE €4 may be more common
in individuals with anxiety disorders,* but further
research is needed to confirm this relationship. When
controlling for variables including APOE, anxiety
remained a risk factor for cognitive progression, as sup-
ported by the results of linear mixed regression and Cox
regression in the CLHLS.

To date, the pathways and pathologies associated
with anxiety remain unclear. Our functional enrichment

www.thelancet.com Vol 94 August, 2023

analyses based on transcriptomics and proteomics
linked anxiety to the axon/synapse pathways that are an
essential cause of cognitive progression. A zebrafish
model with a highly anxious phenotype showed an
altered pathway related to serotonin neurotransmis-
sion,*" similar to one of the biological processes selected
in our analysis. Previous research on CSF biomarkers
has reported higher AP burden in elderly with
anxiety,"* while other studies have found that higher
tau burden may be relevant to anxiety.'"* Our analysis
revealed higher levels of both A and tau burden in
individuals with anxiety, but a significant interaction
was observed between anxiety and brain tau burden,
rather than AP pathology. Similarly, subcortical neuro-
fibrillary tangle accumulation has been found associated
with anxiety in patients with dementia.”” Our mediation
analysis showed that anxiety partially (11-33%) conveys
its effects on cognitive progression through an indirect
effect of brain tau pathology, consistent with animal
findings that tau can exacerbate anxiety-related stress

11
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Fig. 7: Energy metabolism imbalance in anxiety through multi-omics approaches. Transcriptomics showed suppressed pathways relevant to
mitochondrial respiratory chain complex assembly, aerobic respiration, ATP synthesis coupled electron transport, and others as identified by GO
BP analysis (n = 433) (GSEA analysis, adjusted p < 0.05) (al-a3). Transcriptomics revealed suppressed pathways relevant to ribosome biogenesis,
mitochondria RNA processing, mitochondria translation, and more (n = 433) (GSEA analysis, adjusted p < 0.05) (b1-b3). Metabolomics analysis
demonstrated significantly decreased carnitine metabolites such as propenylcarnitine, butyrylcarnitine, isovalerylcarnitine, etc. in anxiety using

volcano plot (n

= 807) (Limma analysis, adjusted p < 0.05) (c1). Focusing on the joint analysis of transcriptomics and proteomics, an O2PLS

model (n = 89) was built to identify the top ten most influential expressed genes (c2) and proteins (c3), highlighting the underlying path-

ological pathways (c4).

responses.” VILIP1, like t-tau, is a non-specific marker
of neuron-axon injury, and the postsynaptic NRGN, is a
marker of synaptic damage.*® NRGN was also a prom-
ising biomarker for early diagnosis of AD and was bio-
chemically associated with VILIP1.* Consistent with the
changes in tau burden, our analysis found that CSF
concentrations of VILIP1 and NRGN increased longi-
tudinally in anxious elderly, and both were associated
with tau burden and annual changes in cognitive func-
tion. These results point to axonal and synaptic
dysfunction in anxiety from a neuropathological
perspective, similar to the findings that synaptic level
loss** and axon pathfinding defects* are associated
with anxiety-like behavior in rats and zebrafish. Addi-
tionally, disease pathway analysis revealed links between
anxiety and psychiatric/cognitive disorder pathways,
demonstrating the partially shared pathogenic pathways

of anxiety with psychiatric disorders such as schizo-
phrenia and bipolar disorder. The analysis also showed
an association between anxiety and neurodegenerative
diseases such as HD, PD, and ALS.

Currently, it remains unclear which brain structures
are vulnerable to anxiety. Anxiety may have a direct
negative effect on the brain through the hypothalamic—
pituitary axis.”” In this study, the DTI technique was
adopted to investigate tau-related white matter degen-
eration, characterised by increased mean water diffu-
sivity as probed by MD, indicating lower axonal packing
density. Hyperphosphorylation of tau leads to reduced
microtubule binding and deterioration of intra-axonal
cytoskeletal integrity.”” The 8-DTI-metrics model based
on LASSO regression was constructed to discriminate
anxious from normal elderly, which was highly associ-
ated with brain tau burden and cognitive function. The
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DTI indices were mainly concentrated along the corti-
colimbic pathway connecting the cingulum and hippo-
campus (CGH), the orbitofrontal cortex and
hippocampus or amygdala (UNC), and the corpus cal-
losum and dorsal lateral cortex of the occipital-temporal
lobes (TAP). Abnormalities in these regions have been
reported among individuals with anxiety, including
changes in the corticolimbic circuit featuring the
amygdala and the medial prefrontal cortex (PFC),*
lower FA in the right frontal region, specifically the
UNC,” asymmetry in the morphology of bilateral
amygdala-ventral PFC tracts,” and increased adult hip-
pocampal neurogenesis.” Our research also showed that
irregular diffusivity in the frontolimbic circuit, which
dominantly connects the hippocampus, amygdala, and
frontal lobe, plays an important role in anxiety. Mean-
while, the hippocampus and frontal lobe are major re-
gions of neuronal loss and atrophy in neurodegenerative
diseases and are closely related to cognitive function.”
How does anxiety stress affect axon/synapse function?
The brain mitochondria are considered a critical medi-
ator of energy homeostasis, adapting to anxiety stress
through complex interactions that influence cellular
function.” The theory of bidirectional interplay between
anxiety and mitochondrial function has emerged
recently.”* Our transcriptomic analysis showed that
mitochondrial pathways responsible for energy produc-
tion, and mitochondrial ribosome pathways responsible
for mitochondria translation, were both suppressed in
anxiety, suggesting impaired mitochondrial biogenesis
and energy metabolism. Meanwhile, our metabolomics
differential analysis revealed decreased levels of carni-
tine metabolites in anxiety. Carnitine derivatives are
essential for the transport of fatty acids into mitochon-
dria for B oxidation,” and decreased levels of carnitine
during ageing contribute to the decline in mitochondrial
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function.” Joint analysis of transcriptomics and prote-
omics identified the most influential genes and pro-
teins, many of which are involved in energy metabolism
and brain function. We found that mitochondria-related
genes were correlated with axon/synapse proteins,
carnitine metabolites, and cognition, supporting the
close relationship between mitochondrial energy meta-
bolism and brain function in anxiety in anxiety. Simi-
larly, reduced mitochondrial biogenesis in highly
anxious outbred rats®” and mitochondrial dysfunction in
mice model of anxiety-like behavior’® have been re-
ported. The possible hypothesis is that mitochondrial
dysfunction in anxious elderly disrupts axon/synapse
energy homeostasis, ultimately leading to cognitive
progression.

This study has several limitations. The lack of tau
positron emission computed tomography (PET) limited
our ability to investigate the regional tau pathology un-
derlying anxiety. The lack of CSF mitochondrial
markers prevented us from directly assessing mito-
chondrial energy metabolism in the brain. Including
both cognitively normal and MCI subjects as non-
dementia subjects may have influenced the heteroge-
neity of the population. The small number of detected
protein species in the proteomics may limit the averages
of our findings. Future studies with larger sample sizes
and more comprehensive proteomic analyses are
needed. The lack of molecular biological experiments
weakens the support for our hypothesis about the
pathological processes of the brain under anxiety.
Incorporating molecular biological experiments in
future studies could directly elucidate the underlying
mechanisms. Although we used two large cohorts in our
study, there may still be underlying differences between
our cohorts and the broader population. Therefore,
future multi-center studies with larger sample sizes
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would be beneficial to enhance the generalizability of
our results.

In summary, our study using comprehensive multi-
omics analyses of large longitudinal cohorts, revealed
that anxiety increases the risk of subsequent cognitive
progression through axon/synapse dysfunction in the
context of energy metabolism imbalance in non-
dementia elderly. Treating anxiety and targeting mito-
chondrial dysfunction may be an effective way to prevent
dementia.
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