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Abstract

Objective: Accumulation evidence has reported that olfactory impairment may

be an essential clinical marker and predictor of mild cognitive impairment or

Alzheimer’s disease. Method: Participants were enrolled in the population-

based, prospective study in Fuxin county, Liaoning province, China between

2019 and 2021. An inverse probability weighting logistic regression and mixed-

effect models were performed to explore the association between dysosmia and

cognition and rate of change in cognition, respectively. Besides, we utilized the

Robust Rank Aggregation method to integrated three eligible datasets from the

Gene Expression Omnibus to identify differential expressed genes. Results: A

total of 4695 participants were enrolled and 4221 of those were eligible for our

cross-sectional study. The mean (SD) age was 59.93(9.78) years, 64.8% were

men. Over a 2-year follow-up, of the 2088 participants who completed follow-

up, 1559 participants were eligible for our longitude cohort study. We observed

an association between dysosmia and an increased risk of cognitive impairment

(OR, 0.47, [95% CI, 0.35–0.64]; p < 0.001). The OR (95% CI) for cognition in

females with dysosmia was higher than (OR, 0.73[0.51, 1.05], p = .007) that for

males with dysosmia (OR, 0.25[0.15, 0.42], p < 0.001; P for interaction

<0.001). Dysosmia was also associated with more rapid decline in calculation

ability (p < 0.001). Besides, several DEGs were identified, which are mainly

associated with olfactory transduction, detection of chemical stimulus involved

in sensory perception of smell, sensory perception of smell, olfactory receptor

activity and odorant binding. Interpretation: These findings proved novel

insight into identifying olfactory dysfunction as potential biomarker for diagno-

sis of cognitive impairment.

Introduction

The ability to smell is a complicated procedure involving

the nose and brain. Olfactory nerves are present in a spe-

cialized lining at the top of the nasal cavity called the

olfactory epithelium. The prevalence of smell disorders

among older adults, most of whom are unaware of the

olfactory impairment, is high and increases with age.1

Severe olfactory impairment has a strong negative effect

on the quality of daily life.2 In addition to congenital and

idiopathic Anosmia, olfactory deficits are associated with

a number of diseases, especially neurodegenerative dis-

eases, such as Alzheimer’s disease (AD) and Parkinson’s

disease (PD).3 Consistent with this, several clinical-based,

case–control, cross-sectional studies have demonstrated

associations of olfactory impairments (especially
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impairments identification dysfunction) with cognitive

decline, mild cognitive impairment (MCI), or Alzheimer’s

disease, which are capable of reflecting the onset of cogni-

tive decline, MCI and AD in cognitively normal adults.4–7

Besides, several studies have demonstrated that olfactory

impairment is associated with some diseases with neuro-

logical complications, such as obstructive sleep apnea,

depression and so on.8–10 There are several studies

demonstrating that the neuropathologic changes olfactory

disorders in neurodegenerative diseases may be related to

the olfactory epithelium, olfactory bulb/tract, primary

olfactory and their secondary targets.11 Although several

longitudinal studies on olfactory dysfunction and progres-

sion from MCI to dementia, fewer on the association

with cognitive function and MCI.12 These studies on

olfactory function and MCI and cognitive function have

often been conducted in cross-sectional13 or clinical-based

studies and in studies of small sample size, which are

mostly conducted in other countries rather than China.

To our knowledge, few longitude cohort studies have

investigated the association between olfactory function

with cognitive function in a large population-based

cohort. Thus, we conducted a study on the association of

olfactory impairment with cognitive impairment in a

large, prospective, population-based study in rural China.

In addition, the mechanism of olfactory recognition

impairment in population with cognitive impairment,

particularly AD patients, is yet unclear. Exploring and

confirming the mechanism of olfactory impairment in

AD can provide more sufficient evidence to consider

olfactory dysfunction as a biomarker of the early stage of

AD.6 In this current study, we analyzed three independent

gene expression datasets from the Gene Expression Omni-

bus (GEO) database and merger the analysis results using

the Robust rank aggregation (RRA) to identify significant

differentially expressed genes (DEGs) associated with

olfactory function. Gene Ontology (GO) enrichment and

Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway analyses were further used to confirm the odor-

ant identification relevant functions of these genes. Even-

tually, these differentially expressed olfactory receptor

genes were analyzed for their methylation levels in AD

samples and CN samples using another GEO dataset.

Methods

Study design and participants

The study was based on a large-scale epidemiological sur-

vey conducted in rural areas of Fuxin county, Liaoning

province, China. During June 2019 and August 2019, a

questionnaire survey was conducted on the general popu-

lation. In order to ensure the representation of the

sample, the research area was divided into the eastern

part, the southern part and the northern part. According

to the demographic characteristics, two townships, one

township and one township were selected from the south-

ern part, northern part and southern part, respectively.

According to geographic locations, 33 villages were

selected from these four townships. Participants were eli-

gible if: (1) they were 35 years of age or older; (2) they

had stayed in the study area for at least 5 years; (3) they

were willing to sign a consent form. After excluding par-

ticipants based on the following reasons: (1) pregnant; (2)

developing severe liver and renal failure; (3) being unwill-

ing to participate in this study, finally, 4689 participants

were recruited as study population. During June 2021

and August 2021, the second wave survey was conducted.

Finally, 6083 participants were available after two surveys,

among them, 2601 and 1394 participants completed only

the first survey and the second survey, respectively, with

2088 completing both these investigations. Data on

demographic and other factors, including demographic

features, lifestyle, the history of disease and blood bio-

chemical index were recorded by interview. Written

informed consent was obtained from all participants. All

protocols were approved by the human experimentation

committee of China medical university ([2018]083).

Assessment of olfactory dysfunction

The olfactory function was assessed by a validated ques-

tionnaire, over at least three months. In this study, we

used the following questions in the main analyses: “Do

you have any problems with your sense of smell, such as

not being able to smell things or things not smelling the

way they are supposed to for≥3 months. Those who

answered “yes” were considered to have smell dysfunc-

tion.14

Assessment of cognitive function

In the 2019 baseline survey and the 2021 follow-up sur-

vey, cognitive function was assessed by the use of Mon-

treal Cognitive Assessment-Basic for Chinese (MoCA-

BC). The MoCA-BC, consisting of nine cognitive domains

including executive function, language, orientation, calcu-

lation, conceptual thinking, memory, visual perception,

attention, and concentration, is the Chinese version of

MoCA-B, used to screen the MCI of the elderly in China

with different education levels, which has been proved to

be more reliable, simple and effective. The highest total

score is 30 points.15 In this study, as there is no clear

established cutoff value to define mild cognitive impair-

ment, the cognitive score was then categorized quartiles

and binary digits based on its own distribution. The
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higher the cognitive score, the better the cognitive

function.

Covariates measurement

Sociodemographic covariates for this study included age

(at survey response), sex, ethnicity, level of education and

marital status. Physical measurements for this study

including weight, height and blood pressure were col-

lected by standardized methods. Blood pressure was mea-

sured with the corrected HEM-8102A/K electronic

sphygmomanometer at the same level as the heart on the

right arm three times with more than 1 min intervals

after 5 min seated rest. Besides, before the measurements,

participants were asked to empty their bladder and refrain

from smoking, drinking alcohol, drinking coffee and

strenuous physical activity within 30 min. Finally, an

average of three measurements of every participant was

used for analysis. Then body mass index (BMI) was cal-

culated as weight in kilograms divided by the square of

the height in meter. Individual living habits (such as

smoking status, alcohol consumption) and medical his-

tory (such as hypertension, stroke, diabetes, dyslipidemia)

were summarized from several questions respectively.

Smoking status was divided into past smokers, current

smokers, and non-smokers. Among them, a current smo-

ker was a participant who smoked at least one cigarette a

day for more than 1 month. In addition, alcohol con-

sumption was divided into past drinkers, current drin-

kers, and non-drinkers. Among them, those who drank at

least twice a week for more than 6 months were consid-

ered current drinkers. Hypertension was defined based on

the seventh report of the Joint National Committee for

the diagnosis, evaluation, and treatment of high blood

pressure (JNC-7).16 Hypertension (HTN) was defined as

an SBP/DBP ≥140/90 mmHg. Diabetes mellitus was

defined as fasting blood glucose (FBG) of at least

7.1 mmol/L, and/or self-reported diabetes diagnosis, and/

or taking measures to control blood glucose.17 Fasting

blood samples were collected in the morning from partic-

ipants who fasted for at least 8 h and analyzed using a

Roche Cobas 8000C701 automatic biochemical analyzer

in an accredited central laboratory. TG was determined

by colorimetry, TC, LDL-C, and HDL-C were determined

by enzyme colorimetry. All laboratory devices have been

calibrated and blood samples have been randomly coded

and blind tested to reduce systematic error and variabil-

ity. Dyslipidemia was defined as total cholesterol (TC) of

at least 6.2 mmol/L, and/or triacylglycerol (TG) of at least

2.3 mmol/L, and/or high-density lipoprotein (HDL) of at

most 1.0 mmol/L, and/or low-density lipoprotein (LDL)

of at most 4.1 mmol/L.

Statistical analysis

Cognitive function was characterized as the continuous or

categorical MoCA-BC score. A multivariate linear regres-

sion model and multivariate logistic regression model

were used for the case-weighted and inverse probability-

weighted analyses to determine the effect of olfactory

function on cognitive function. Using the same baseline

characteristics for the propensity score calculation allowed

case-weight estimation with a logistic regression model to

predict the inverse probability of developing olfactory

dysfunction. Participants with dysosmia were weighted by

the inverse of the propensity score and those without

dysosmia were weighted by the inverse of (1-propensity

score).18 These case weights balanced the cohorts for an

inverse probability-weighted analysis that included all par-

ticipants with available data.19 Three sets of covariates

were used in the cognitive function analyses. Forward

stepwise regression was then used to determine the final

model and covariates in the final model included age, sex,

ethnic, education, marital status, BMI, smoking status,

alcohol consumption, diabetes, dyslipidemia. In addition

to the aforementioned analysis, stratified analysis for cog-

nitive function of the age, sex, marital status, and smok-

ing status were performed and possible interactions

between olfactory function* sex, olfactory function* age,

olfactory function* marital status, and olfactory function*
smoking status were tested in the adjusted final model.

Categorical variables were reported as frequencies with

percentages, and non-normally distributed continuous

variables were reported as medians with interquartile

ranges. Skewed distribution variables and categorical vari-

ables were compared using the Kruskal–Walls test and

chi-square test, respectively.

Mixed-effects models were used to test the relationship

of olfactory function to baseline level and rate of change

in cognitive function and different domains of cognition

during follow-up. Each model included terms of time (in

years since baseline) and for olfactory function and the

interaction of olfactory function with time. The term for

olfactory function indicates the association of the olfac-

tory function with the level of cognition at baseline, and

the interaction tests the relation of olfactory function to

rate of change in cognition.4 All the analyses were per-

formed using R software version 4.1.1, with a significant

threshold of 2-tailed p < 0.05.

Data collection

All eligible microarray datasets were searched using the

keyword “Alzheimer” and were downloaded from the

GEO database. Datasets were included if they satisfied

1886 ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Olfactory dysfunction and cognitive impairment J. Song et al.



the following criteria: (1) were from humans; (2)

included expression data from the temporal cortex of

both AD samples and cognitive normal (CN) samples; (3)

the number of rows in each platform was >30,000; (4)
the olfactory receptor genes detected >300; and there were

no repeated samples among datasets. Finally, three

datasets (GSE118553, GSE122063, GSE132903) from the

temporal cortex of AD and CN samples; one DNA

methylation dataset (GSE109887) from temporal cortex

and blood of AD samples and age-matched controls were

selected. Main characteristics for these datasets, including

GEO accession ID, dataset country, sample numbers,

platform ID, and number of genes in each platform, as

well as usage in the current study is illustrated (Table 1).

Series matrix files of these datasets and their correspond-

ing platform files were downloaded for the current

analysis.

Identification of differentially expressed
olfactory receptor genes

GeneCards (https://www.genecards.org/) were used to

screen for genes associated with olfactory function

(Table S1). The GEOquery package was utilized to parse

GEO data into R data structures that can be used by

other R packages and the R package “limma” was utilized

to normalize the data and find differentially expressed

genes (DEGs). Robust rank aggregation (RRA) was then

used to integrate the results of these three datasets to

identify the most significant differentially expressed genes

associated with olfactory function. Genes with P < 0.05

were considered as significant differentially expressed

genes in the RRA analysis.

Functional enrichment analysis of DEGs

In order to elucidate the enrichment of DEGs associated

with olfactory function in biological process and signaling

pathway, Kyoto Encyclopedia of Genes and Genomes

(KEGG) analysis, and Gene Ontology (GO) enrichment

analysis were conducted by KEGG (https://www.kegg.jp/)

and R packages “clusterProfiler”.

Methylation analysis

Methylation analysis was performed by EWAS Data Hub

(https://bigd.big.ac.cn/ewas/datahub) and GEO2R analysis

with adjusted P < 0.05 as cutoff values to compare

methylation levels of significant DEGs between AD sam-

ples and control samples.

Result

Baseline characteristics

A total of 4695 participants were enrolled and 4221 of

those were eligible for our cross-sectional study. Baseline

characteristics were stratified by whether developing

dysosmia and whether adjusting by weighting approaches

(Table 2). At baseline, participants with dysosmia were

different from those without dysosmia in terms of age,

sex, ethnicity, education and marital status. After propen-

sity score weighting, there were no significant differences

in the baseline variables used for calculation. Additionally,

of the 2088 participants who completed follow-up, 1559

participants were eligible for mixed-effects models analy-

sis.

Impaired olfactory function and cognitive
function

Cognitive function was positively associated with olfactory

function (Table 3). Olfactory dysfunction was associated

with worse cognitive function (adjusted OR 0.47[95% CI

(0.35, 0.64)], p < 0.001). Compared with the lower

MoCA-BC binary digits (binary digits 1, worst scores),

OR (95% CI) was 0.73 (0.66, 0.81) for binary digits 2

(p < 0.001). Compared with the lowest MoCA-BC quar-

tile (quartile [Q] 1, worst scores), OR (95% CI) was 0.90

(0.79–1.02) for Q2 (p = 0.11); 0.72 (0.64, 0.82) for Q3

(p < 0.001); 0.66 (0.58, 0.76) for Q4 (p < 0.001) (best

scores). There was no significant interaction of smell with

age (Fig. 1). However, the OR (95% CI) for cognition in

women with dysosmia was higher than (OR, 0.73[0.51,

1.05], p = 0.07) that for men with dysosmia (OR, 0.25

Table 1. Main characteristics of the included datasets.

Tissue Dataset ID Country No. of samples GPL ID No. of rows pet platform

Temporal cortex GSE118553 United Kingdom 52 AD 31CN GPL10558 48,107

Temporal cortex GSE122063 United states 28 AD 22CN GPL16699 62,976

Temporal cortex GSE132903 United states 98 AD 98CN GPL10558 48,107

Temporal cortex GSE109887 Germany 46 AD 32CN GPL10904 34,695

Abbreviations: GSE, Gene Expression Omnibus Series; GPL, Gene Expression Omnibus Platform; AD, Alzheimer’s disease samples; CN, cognitive

normal samples.
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[0.15, 0.42], p < 0.001; p for interaction <0.001). The OR

(95% CI) for cognition in participants living together is

higher than (OR, 0.60[0.44, 0.83], p = 0.003) that for par-

ticipants living alone (OR, 0.11[0.04, 0.29], p < 0.001; p

for interaction <0.001). The OR (95% CI) for cognition

in current smokers is higher than (OR, 0.42[0.23, 0.75],

p = 0.01) that for past smokers (OR, 0.12[0.04, 0.37],

p < 0.001, p for interaction = 0.03).

Table 2. Demographic and Baseline Information of Participants by Olfactory function at baseline.

Characteristics

Overall

p value

Inverse probability-weighted cohort

p value

Total

(N = 4221)

Dysosmia

(N = 315)

No anosmia

(N = 3906)

Dysosmia

(N = 4166.14)

No anosmia

(N = 4221.21)

Age, y 59.93 � 9.78 60.93 � 8.99 58.77 � 9.83 <0.001 59.21 � 9.15) 58.93 � 9.84 0.633

Male, No. (%) 2736 (64.8) 221 (70.2) 2515 (64.4) 0.045 2696.4 (64.7) 2735.9 (64.8) 0.979

Ethnicity, No. (%) 0.021 0.550

The Han nationality 2767 (65.6) 193 (61.3) 2574 (65.9) 2685.3 (64.5) 2766.6 (65.5)

The Mongol

nationality

1285 (30.4) 115(36.5) 1170 (30.0) 1360.3 (32.7) 1285.7 (30.5)

Other ethnic groups 169 (4.0) 7 (2.2) 162 (4.1) 120.6 (2.9) 168.9 (4.0)

Education, No. (%) 0.001 0.780

Primary school or

below

1814 (43.0) 165 (52.4) 1649 (42.2) 1858.7 (44.6) 1814.6 (43.0)

Junior high school 1818 (43.1) 105 (33.3) 1713 (43.9) 1703.7 (40.9) 1817.6 (43.1)

Senior high school or

above

589 (14.0) 45 (14.3) 544 (13.9) 603.7 (14.5) 589.0 (14.0)

Living alone, No. (%) 499 (11.8) 61 (19.4) 438 (11.2) <0.001 500.2 (12.0) 499.1 (11.8) 0.912

Smoking status, No. (%) 0.058 0.953

Current smokers 1164 (27.6) 103 (32.7) 1061 (27.2) 1167.2 (28.0) 1163.9 (27.6)

Past smokers 348 (8.2) 19 (6.0) 329 (8.4) 322.4 (7.7) 348.0 (8.2)

Non-smokers 2709 (64.2) 193 (61.3) 2516 (64.4) 2676.5 (64.2) 2709.4 (64.2)

Alcohol consumption, No. (%) 0.615 0.973

Current drinkers 912 (21.6) 67 (21.3) 845 (21.6) 924.8 (22.2) 912.3 (21.6)

Past drinkers 353 (8.4) 31 (9.8) 322 (8.2) 347.2 (8.3) 352.8 (8.4)

Non-drinkers 2956 (70.0) 217 (68.9) 2739 (70.1) 2894.2 (69.5) 2956.1 (70.0)

BMI, kg/m2 24.76 � 3.70 24.79 � 3.69 24.45 � 3.81 0.123 24.68 (3.78) 24.77 (3.69) 0.712

Hypertension, No. (%) 1716 (40.7) 128 (40.6) 1588 (40.7) 1.000 1726.3 (41.4) 1716.6 (40.7) 0.802

Diabetes, No. (%) 517 (12.2) 34 (10.8) 483 (12.4) 0.466 465.0 (11.2) 516.9 (12.2) 0.593

Dyslipidemia, No. (%) 1826 (43.3) 122(38.7) 1704 (43.6) 0.104 1825.0 (43.8) 1826.3 (43.3) 0.863

Table 3. Cross-sectional Association of olfactory function with cognitive score.a

MoCA-B scoreb

Overall Inverse Probability-Weighted

OR (95% CI) p value OR (95% CI) p value

Continuous 0.49 (0.28, 0.87) 0.01 0.47 (0.35, 0.64) <0.001

Binary digits (cognitive score range)

(1, 20) - - - -

(20, 30) 0.73 (0.56, 0.94) 0.02 0.73 (0.66, 0.81) <0.001

Quartiles (cognitive score range)

(1, 16) - - - -

(16, 20) 0.94 (0.68, 1.30) 0.70 0.90 (0.79, 1.02) 0.11

(20, 24) 0.73 (0.52, 1.01) 0.06 0.72 (0.64, 0.82) <0.001

(24, 30) 0.69 (0.48, 0.99) 0.05 0.66 (0.58, 0.76) <0.001

Abbreviation: OR, odds ratio.
aModel is adjusted for age, sex, ethnics, education, marital status, BMI, smoking status, alcohol consumption, diabetes, dyslipidemia.
bThe MoCA-B score here represents the cognitive function. The higher the cognitive score, the better the cognitive function.
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Impaired olfactory function and changes in
cognition

We constructed a mixed-effects model (Table 4) to char-

acterize cognitive decline in participants and to

demonstrate the hypothesis that olfactory dysfunction is

related to more rapid cognitive decline. In this analysis,

olfactory dysfunction was negatively associated with base-

line level of cognitive function (mean � SE estimate,

�1.63 � 0.36; p < 0.01). However, there was no signifi-

cant difference to demonstrate that olfactory dysfunction

was associated with more rapid decline in cognition

(mean � SE estimate, 0.97 � 0.54; p = 0.07). To demon-

strate if olfactory dysfunction was associated with decline

in cognitive domains. We repeated the analysis in specific

cognitive domains. In these analyses, olfactory dysfunc-

tion was associated with lower function at baseline in sev-

eral cognitive domains, including fluency, orientation,

calculating ability, abstraction and visuospatial skills, and

with more rapid decline only in calculation ability.

Identification of significant differentially
expressed olfactory receptor genes by the
RRA method

The significant DEGs of three datasets GSE118553,

GSE122063, GSE132903, respectively, were identified and

shown in volcano plots (Fig. 2). Based on the results of

RRA analysis, significant differentially expressed genes

associated with olfactory function were identified

(p < 0.05) (Table S2 and Fig. S1).

Functional enrichment analysis of DEGs

All DEGs were utilized to perform KEGG and GO

analyses (Fig. 3). The top of these terms based on

their adjusted P-value are also displayed in chord plots

(Figs. 4–6). For KEGG pathway analysis, DEGs were

mostly enriched in olfactory transduction (Fig. 3C,D). We

found several enrichments associated with olfactory func-

tion for GO analysis, including sensory perception of

Figure 1. Subgroup analyses of the associations between olfactory function and cognitive function according to possible influencing factor.

Table 4. Relationship of olfactory function to baseline level of and

rate of decline in different domains of cognition.

Cognitive outcome and model term Estimate Mean � SE p value

Cognitive function

Olfactory dysfunction �1.63 � 0.36 <0.01

Olfactory dysfunction 9 time 0.97 � 0.54 0.07

Excutive function

Olfactory dysfunction �0.02 � 0.03 0.62

Olfactory dysfunction 9 time 0.06 � 0.05 0.25

Fluency

Olfactory dysfunction �0.19 � 0.05 <0.01

Olfactory dysfunction 9 time 0.13 � 0.08 0.10

Oritention

Olfactory dysfunction �0.16 � 0.08 0.03

Olfactory dysfunction 9 time 0.04 � 0.12 0.72

Calculation ability

Olfactory dysfunction �0.36 � 0.09 <0.01

Olfactory dysfunction 9 time 0.49 � 0.14 <0.01

Abstraction

Olfactory dysfunction �0.26 � 0.08 <0.01

Olfactory dysfunction 9 time 0.22 � 0.13 0.08

Delay recall

Olfactory dysfunction �0.34 � 0.13 0.01

Olfactory dysfunction 9 time �0.02 � 0.20 0.93

Visuospatial skills

Olfactory dysfunction �0.15 � 0.07 0.04

Olfactory dysfunction 9 time 0.06 � 0.11 0.60

Naming ability

Olfactory dysfunction �0.04 � 0.06 0.44

Olfactory dysfunction 9 time �0.14 � 0.09 0.11

Estimate from mixed-effects models adjusted for age, sex, education.
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smell and detection of chemical stimulus involved in sen-

sory perception of smell (Fig. 3A,B). The top biological

process terms associated with olfactory function for GO

analysis were sensory perception of smell and detection of

chemical stimulus involved in sensory perception of smell.

The top molecular function term for GO analysis associ-

ated with olfactory function was olfactory receptor activity

(Fig. S2). What’s more, some top biological process GO

terms (Fig. 4), cellular component GO terms (Fig. 5), and

molecular function GO terms (Fig. 6) were primarily asso-

ciated with these genes. In addition, we conducted enrich-

ment analyses in up-regulation genes and down-regulated

genes independently and discovered that up-regulated

genes were mostly enriched in pathways associated with

olfactory function, including detection of chemical stimu-

lus involved in sensory perception of smell, sensory percep-

tion of smell, olfactory receptor activity and odorant

binding (Fig. S3). The KEGG pathway of DEGs associated

with olfactory function is demonstrated (Fig. 7).

Association between methylation and
expression of significant differentially
expressed genes

We explored the association between these up-regulated

olfactory receptor genes as well as down-regulated olfac-

tory receptor genes with their methylation status to

explore potential mechanisms of abnormal olfactory

receptor genes expression in AD patients’ brain tissues.

However, no significant results were obtained.

Discussion

To our knowledge, this is the first epidemiological study

that reports the relationship between olfactory function

and cognitive function in Chinese rural areas. In this

cohort, impaired olfaction was associated with poor cog-

nition and with greater decline in different domains of

cognitive performance during follow-up. In addition, we

found that there was significant interaction of olfaction

with sex. Compared with males, females with olfactory

impairment have a higher risk of cognitive impairment.

A cross-sectional study found that hyposmia was asso-

ciated with worse performance on memory and executive

function20 and in another study with a Chinese sample,

impaired olfaction was associated with MCI.21 In other

longitudinal studies, impaired olfactory function was

associated with declines in verbal, visual memory,22 exec-

utive function, language and global cognitive.23 In this

study, the results from mixed models suggest that

impaired olfaction is associated with worse cognitive per-

formance and predicts decline in cognitive performance

in the calculation domain, which suggests that brain

regions mediating performance in the calculation domain

may be involved early in the disease process. Although

several previous studies have reported olfactory impaired

in patients with cognitive mild impairment and Alzhei-

mer’s Disease24–26 and poor olfactory function is an inde-

pendent factor associated with cognitive decline, after

adjusting for possible confounding factors,13 these studies

were limited conducted mainly in other countries or a

Figure 2. Significant differentially expressed genes associated with olfactory function of three datasets. (A) GSE122063. (B) GSE118553. (C)

GSE132903.
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smaller number of participants including patients.

Besides, to the best of our knowledge, few studies have

focused on the relationship of olfactory function with

cognitive function in different sex groups. We performed

stratified analysis and interaction analysis. The result

demonstrated that the positive relationship between olfac-

tory function and cognitive function existed in both

groups. In addition, compared with females, males with

olfactory deficits have a larger risk of developing MCI.

This may be related to the protective effect of female

estrogens. Previous studies have found that females had

better olfactory identification ability than males. Estrogens

have repeatedly shown to influence various olfactory

mediated social behaviors, which is related to prefrontal

Figure 3. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of all differentially expressed genes associated

with olfactory function. (A) dot plot of GO analysis. (B) bar plot of GO analysis. (C) dot plot of KEGG analysis. (D) bar plot of KEGG analysis.
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cortex and hippocampus.27 Furthermore, through playing

effects on brain regions including the prefrontal cortex

and hippocampus, estrogen can facilitate higher cognitive

function.28 Therefore, we assume that at the beginning of

the disease, under the effect of hormone, the slight olfac-

tory relevant pathological change does not cause obvious

clinical symptoms. Once the females appear to detectable

olfactory dysfunction, the possibility of the existence of

cognitive impairment is greatly improved, which suggests

that in clinical practice, applying olfactory dysfunction for

early marker of cognitive impairment, sex differences

should be taken into consideration.

In addition, our study is the first to utilize RRA to

explore the relationship between genes associated with

olfactory function and AD as well as identify DEGs. Based

on the results of GO and KEGG pathway analyses, these

differentially expressed olfactory receptor genes are closely

associated with olfactory transduction, detection of chem-

ical stimulus involved in sensory perception of smell, sen-

sory perception of smell, olfactory receptor activity, and

Figure 4. GO analysis differential expressed genes. Chord plot depicting the relationship between genes and GO terms of biological process.
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odorant binding. The expression of type III adenylate

cyclase (AC) is down-regulated in Alzheimer’s disease

patients, reducing intracellular cAMP levels, which alters

the function of olfactory-specific cyclic nucleotide gated

ion channel (CNG), and inhibits the depolarization of

olfactory receptor neurons (ORNs) and finally affects the

olfactory function. However, no significant results of

DNA methylation were found, which indicated that DNA

methylation is less likely to explain olfactory dysfunction

in cognitive impairment population.

In addition to the general population, olfactory impair-

ment is also an independent MCI risk factor in some spe-

cial populations, including populations with diabetes,

older people with HIV (PWH). There is a study having

found that the risk of MCI in type 2 diabetes mellitus

(T2DM) patients with olfactory impairment is 4.61 times

higher than that in T2DM patients without olfactory

impairment. Another study suggests that olfactory dys-

function can help to distinguish between aMCI/Alzhei-

mer’s disease and HIV-associated neurocognitive

Figure 5. GO analysis differential expressed genes. Chord plot depicting the relationship between genes and GO terms of cellular component.
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disorders (HAND) among PWH.29 Furthermore, odor

identification impairment can indicate future cognitive

decline in elderly carries of the ApoE-e4 allele.30 At the

genetic level, a study suggests that the olfactory mucosal

miR-206 level may be an excellent biomarker for the

diagnosis of early AD.31

Potential mechanisms for the present findings may

relate to neurodegenerative changes of the olfactory bulb

and tracts and central brain regions involving cognitive

function and olfactory function.32 Neurofivrillary tangles,

markers of AD pathology, have been observed in the

olfactory bulb prior to other symptoms related to AD

dementia, which demonstrates that olfactory deficits may

be early markers.32–34 Besides, another mechanism

hypothesizes that decline in levels of Choline acetyl trans-

ferase and dopamine in the olfactory tubercle and other

brain regions as well as decreased norepinephrine related

to damage in the locus coeruleus, an important source of

Figure 6. GO analysis differential expressed genes. Chord plot depicting the relationship between genes and GO terms of molecular function.
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norepinephrine to the olfactory bulb, play an essential

role in impaired olfactory function in AD.35

There were several strengths of our study. First, the

study was general population based, reducing the poten-

tial selection bias. Second, the data in our study were

obtained from face-to-face interviews, which are more

reliable. Third, this study reported the differences of cog-

nitive decline risk between the male group and female

group, which provides more information on the predicted

ability of olfactory function. Finally, prospective design

allowed us to assess the association of olfactory dysfunc-

tion with decline in cognitive function.

There were some potential limitations to our study.

First, the study participants were from Liaoning province,

China. Thus, the generalizability of the result is limited.

Furthermore, the average of participants is 60 years old

and it is unclear whether our results are also applicable to

the younger population. Second, olfactory function is

assessed by self-reported rather than other more accurate

detection methods such as UPSIT. Cognitive function can

be divided into various aspects such as discrimination,

identification, recognition memory and naming, which

are not considered comprehensively in this study. Third,

medical history including hypertension, diabetes etc was

abstracted be self-report rather than from medical

records, which was less reliable and valid. Finally, the

influence of several potential confounding factors can not

be excluded.

Conclusion

Our findings suggest that impaired olfactory function is

associated with poor cognitive function and decline in

calculation domains of cognitive performance during

follow-up, which may be used as a biomarker of early

detection and an important predictor of persons at high

Figure 7. The KEGG pathway of DEGs associated with olfactory function.
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cognitive impairment risk, including olfactory transduc-

tion, detection of chemical stimulus involved in sensory

perception of smell, sensory perception of smell, olfactory

receptor activity and odorant binding.
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Table S2. The significant differentially expressed genes

associated with olfactory function in the RRA analyses.

Figure S1. Heatmap of all differentially expressed genes

associated with olfactory function in RRA analyses.

Figure S2. Gene Ontology (GO) analyses of all differen-

tially expressed genes associated with olfactory function.

(A) bar plot of GO analysis. (B) dot plot of GO analysis.

Figure S3. Gene Ontology (GO) analyses of all up-regu-

lated genes in RRA analyses. (A) bar plot of GO analysis

(B) dot plot of GO analysis.
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