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Abstract.

Background: Previous studies found that visual impairment (VI) is associated with higher risk of cognitive impairment, but
the molecular basis of these conditions is unknown.

Objective: We aim to compare the metabolite associations of VI and cognitive impairment.

Methods: The study population with comprehensive measurements was derived from the UK Biobank study. Visual acuity
worse than 0.3 logMAR units were defined as VI. Failure in one or more of the four cognitive tests was defined as cognitive
impairment. A panel of 249 metabolites was measured using a nuclear magnetic resonance metabolites profiling platform.
Logistic regression models were applied to compare metabolite associations with VI and cognitive impairment.

Results: 23,775 participants with complete data on visual acuity, cognitive tests and metabolomics, and without a his-
tory of neurological disorders at baseline were included. After adjusting for confounding factors, VI was significantly
associated with cognitive impairment (odds ratio[OR]=1.49, 95% confidence interval [CI]: 1.27-1.74, p<0.001). After
multiple testing correction (p<9 x 107*), five metabolites including the ratio of omega-6 to omega-3 fatty acids (FAs)
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(OR=1.18[1.10-1.27]), ratio of omega-3 to total FAs (OR=0.84[0.77-0.91]), ratio of docosahexaenoic acid (DHA) to
total FAs (OR =0.86[0.80-0.94]), DHA (OR =0.85[0.78-0.92]), and omega-3 FAs (OR =0.84[0.77-0.91]) were uniquely
associated with VI. Glycoprotein acetyls (OR =1.06[1.03-1.10]) and alanine (OR=0.95[0.92-0.98]) were exclusively
associated with cognitive impairment. Albumin was identified as the common metabolite shared by the two phenotypes
(OR =0.90[0.85-0.95] for VI, and 0.95[0.92-0.98]) for cognitive impairment).

Conclusions: We identified distinct and overlapping metabolites associated with VI and cognitive impairment, unveiling

their distinct metabolic profiles and potential common pathophysiology.

Keywords: Alzheimer’s disease, cognitive impairment, metabolomics, visual impairment

INTRODUCTION

Cognitive impairment is an emerging public health
concern with a prevalence ranging from 12.6% to
26.6%.'73 Another leading condition in the aging
population is visual impairment (VI)* which affected
over 400 million in 2015.% Both comorbidities were
associated with poorer quality of life and higher risk
of functional disabilities.®® With an aging popula-
tion, the disease burden of cognitive impairment and
VI are projected to increase over time.>-*

Notably, growing evidence has suggested that
VI is associated with cognitive impairment or
dementia both in cross-sectional and longitudinal
studies.'%~1® Particularly, a recent systematic review
and meta-analysis suggested that visually impaired
individuals are at 35% increased risk of develop-
ing cognitive impairment and 47% increased risk
of developing dementia. Moreover, VI accounted
for an estimated 4.7% of the global disease bur-
den of dementia.!” Several hypotheses have been
developed to explain this association. First, the
common cause theory posits that common risk fac-
tors or pathologies contribute to visual-debilitating
eye diseases and neurodegenerative diseases.!* Sec-
ondly, the plausible causal theory suggests that
VI may lead to decreased cognitive reserve (i.e.,
the brain’s ability to maintain normal cognitive
function under damage or pathology) or trigger
downstream consequences that result in cognitive
decline.'®1° Despite these theoretical hypotheses,
no study to date has investigated the molecular
mechanisms underlying the VI-cognitive impairment
association.

Metabolomics profiling quantitatively provides a
functional readout of biochemical processes, thereby
facilitating the linkage to phenotypes.?’ Moreover, it
has great potential to systematically evaluate complex
diseases influenced by both genetic and environ-
mental factors.?!"?> The metabolomic profiling of
diseases has shown increasing promise in its ability

to detect novel biomarkers and provide insights into
underlying mechanisms.?3-24

Therefore, we aim to investigate the distinct and
overlapping metabolites associated with VI and cog-
nitive impairment in the middle-aged and older adults
of the UK Biobank Study to understand 1) the
common metabolites that contribute to the close rela-
tionship between the two phenotypes, and 2) their
respective metabolic biomarkers.

METHODS

Study participants

UK Biobank is a large-scale biomedical database
with over 500,000 individuals aged 40-69 recruited
at 22 assessment centers across the United King-
dom. The detailed protocols for the recruitment
and collection of biomedical data of the partic-
ipants have been described elsewhere.?> Briefly,
during baseline assessment from 2006 to 2010, ques-
tionnaires and verbal interviews on health-related
conditions were conducted. Information on physical
measurements, cognitive function, biological sam-
ples of blood, saliva, and urine, and genomic data
were also obtained. Health outcomes were collected
through data linkage to primary care, hospital inpa-
tient records, and death registrations. In 2009, vision
examinations were introduced at six assessment cen-
ters, including visual acuity, intraocular pressure,
keratometry, fundus images, and optical coherence
tomography.

In the present study, participants with a history
of neurological disorders (Supplementary Table 1),
and incomplete data on visual acuity, incomplete data
on cognitive tests to define no cognitive impairment
and incomplete data on metabolomics were excluded,
leaving 23,775 participants included in the study
(Supplementary Figure 1). The baseline character-
istics of the included and excluded participants are
shown in Supplementary Table 2.
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Ethical approval

The UK Biobank Study received ethical approval
from the Northwest Multi-Centre Research Ethics
Committee, the National Information Governance
Board for Health & Social Care (NIGB), and the
Community Health Index Advisory Group (CHIAG).
All researchers are able to apply for access to the data.
All participants provided written informed consent.
The study was conducted adhering to the tenets of the
Declaration of Helsinki.

Metabolite quantification

A panel of 249 metabolites and indexes was
measured in EDTA plasma samples from UK
Biobank participants, using a high-throughput
nuclear magnetic resonance (NMR) metabolites pro-
filing platform developed by Nightingale Health Ltd.
(Finland). The blood samples were drawn non-fasting
but with a recommendation of at least four hours of
fasting.”® NMR analytical platform demonstrated the
strengths of high reproducibility, minimum sample
preparation and non-destructiveness which enables
repeat tests on the same sample and is subjective
to large-scale analyses.”’” The first release of this
metabolomics data from approximately 120,000 UK
Biobank participants was introduced in 2021. The
panel includes lipoprotein lipids in 14 subclasses,
fatty acids and their compositions, and various
low-molecular-weight metabolites, such as amino
acids, ketone bodies, and glycolysis metabolites. The
detailed protocols of NMR metabolomics have been
described elsewhere.2%

VI ascertainment

The detailed protocols of UKB vision measures
have been described previously.”® Presenting visual
acuity was measured by the logarithm of the mini-
mum angle of resolution (logMAR) chart (Precision
Vision, LaSalle, IL, USA) at a distance of 4 meters
or 1 meter if the participant cannot read the largest
letters. Individuals read the letters from the top
sequentially, and the lines identified correctly were
converted into logMAR units. The test terminated
when two letters or more were identified incorrectly.
A visual acuity worse than 0.3 logMAR units in the
better eye (if both are available) or the only eye with
available data were determined as visual impairment
in the present study. We have further divided VI into
four categories based on severity, ranging between

no VI, mild VI (logMAR >0.3 to 0.48), moderate
VI (logMAR >0.48 to 1.0) and severe VI and worse
(logMAR >1.0).%°

Cognitive function and cognitive impairment
ascertainment

Basic cognitive function was tested using a com-
puterized program with a touchscreen interface
and automated scoring. The UK Biobank cognitive
impairment tests have been described and validated
elsewhere.®® In brief, two cognitive tests (reaction
time and pair matching) were included in the base-
line protocol and three additional cognitive tests
(fluid intelligence/reasoning, prospective memory
and numeric memory) were added halfway to the
baseline recruitment phase, but numeric memory was
removed due to time constraints.>% Therefore, con-
sistent with previous research,! we used four tests
including prospective memory, pair matching, fluid
intelligence/reasoning, and reaction time to char-
acterize cognitive function at baseline. Prospective
memory test required the participants to complete the
task “At the end of the games we will show you four
colored symbols and ask you to touch the blue square.
However, to test your memory, we want you to actu-
ally touch the Orange Circle instead.” A failed test of
prospective memory was defined as incorrect recall
of the command in the first attempt. Pair matching test
showed the participants random cards with matching
symbols. Participants were asked to memorize the
position of the matching pairs and click on the pairs
when the cards were turned over. More than two false
matches of the paired cards was defined as failure
in this test. Fluid intelligence/reasoning required the
participants to select the correct choice to the numeric
and verbal questions. Failure in this task is defined as
less than three correct answers. In the reaction time
test, participants completed symbol matching and the
mean response time in milliseconds was documented.
A reaction time of more than 770 milliseconds was
defined as a failure in this test. Failure in one or more
of the four tests indicated deficits in certain domain(s)
of cognitive function and was defined as cognitive
impairment in this study. For the severity of cognitive
impairment, we have divided it into five categories,
ranging from zero to four, based on the number of
failed tests.

Covariates

The common covariates known to be associated
with visual and cognitive impairment are listed as
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follows: age (continuous), gender (male/female),
ethnicity (white/others), diabetes mellitus (previ-
ous/never), systolic blood pressure (currently/never
on antihypertensive treatments), smoking status
(never/prior and current), body mass index (BMI)
(continuous), and hyperlipidemia (yes/no). In addi-
tion, education (with/without College or University
degree), history of coronary heart disease (CHD)
(yes/no), the presence of APOE &4 allele(s)
(yes/no) and taking psychotropic medications
(yes/mo) was adjusted for the cognitive impairment
analysis.3>73?

Diabetes mellitus was defined by participant-
reported doctor-diagnosed diabetes, use of
glucose-lowering medications, or with an HbAlc
>6.5%. Antihypertensive treatment was defined by
participant-reported treatment on antihypertensives.
Participant-reported age when angina or heart attack
were diagnosed was collected at baseline. An age
of diagnosis younger than the baseline age was
defined as prior CHD. Psychotropic medications
include anti-depressants, anxiolytics and migraine
pharmacological treatment.

Statistical analyses

We reported categorical variables with number and
percentage, and continuous variables with mean and
standard deviation (SD). Pearson’s chi-square test
and unpaired t-test were used to examine the cate-
gorical and continuous variables, respectively. The
association between visual and cognition impairment
was analyzed using logistic regression models and
estimated by odds ratio (OR) with a 95% confidence
interval (CI). We adjusted for age, gender, and eth-
nicity only in Model I. In addition to the covariates
adjusted for in Model I, Model II also adjusted for
attainable education, APOE ¢4 status, systolic blood
pressure, the current treatment of hypertension, his-
tory of diabetes mellitus, smoking status, history
of CHD, hyperlipidemia, psychotropic medications,
and BMI. Two-sided p values of less than 0.05 were
considered statistically significant for the aforemen-
tioned tests.

All metabolites were natural log-transformed
(In[x+1]) and then Z-transformed. To examine the
associations between circulating metabolites and
functional impairments, we performed univariable
and multivariable logistic regressions. The multi-
variable model adjusted for age, gender, ethnicity,
smoking status, systolic blood pressure, treatment of
hypertension, history of diabetes mellitus, BMI, and

hyperlipidemia for both functional impairments. For
metabolite associations with cognitive impairment,
we further adjusted for education, APOE &4 status,
psychotropic medications, and coronary heart dis-
ease. To explore the relationship between metabolite
levels (continuous variables) and the severity of VI
and cognitive impairment (ordinal categorical vari-
ables), we adopted polyserial correlation coefficients.
For the associations or correlations between metabo-
lites and visual or cognitive impairment, a p value
less than 0.05 was considered as nominally signifi-
cant. Due to the high potential for covariance between
metabolites, principal component analyses were per-
formed in order to extract the most salient features
and mitigate the effect of redundant information caus-
ing an overfitted model.® The results showed that
55 principal components were able to account for
99.5% of the variations, hence a corrected p value of
9 x 10~ for multiple testing correction, was deemed
statistically significant. Multivariate mediation anal-
ysis was performed to examine the indirect effect of
VI in the association between metabolic alterations
and cognitive impairment. Sobel-Goodman media-
tion tests were used to examine the mediation effects.
A p value of <0.05 for the indirect effect suggests a
significant mediation effect.

All analyses were conducted using Stata version
13 (StataCorp LLC, College Station, TX, USA) and
R version 4.4.0 (R Foundation for Statistical Com-
puting, Vienna, Austria).

RESULTS
Study sample

Of the total 23,775 participants meeting the inclu-
sion criteria (age mean[SD]: 56.8[8.12], 54.2%
female), 771 (3.24%) participants had VI and 7,341
(30.9%) participants had cognitive impairment at
baseline. The baseline characteristics of participants
stratified by VI and cognitive impairment are shown
in Tables 1 and 2, respectively.

Phenotype association

Table 3 shows the association between VI
and cognitive impairment. In the age-, gender-
and ethnicity-adjusted model, VI was associated
with cognitive impairment (OR=1.54, 95% CI:
1.32-1.79, p<0.001). After adjusting for sociode-
mographic factors, chronic diseases, APOE &4
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Table 1
Baseline characteristics of participants stratified by visual impairment
Baseline characteristics Total Non-visual Visual p
impairment impairment
N 23,775 23,004 771
Age, mean (SD), y 56.8 (8.12) 56.7 (8.13) 58.8 (7.60) <0.001
Gender, N (%)

Female 12,896 (54.2) 12,460 (54.2) 436 (56.6)

Male 10,879 (45.8) 10,544 (45.8) 335 (43.5) 0.191
Ethnicity, N (%)

White 21,516 (90.5) 20,854 (90.7) 662 (85.9)

Others 2,259 (9.5) 2,150 (9.35) 109 (14.1) <0.001
Smoking status, N (%)

Never 13,168 (55.6) 12,737 (55.6) 431 (56.3)

Prior/current 10,519 (44.4) 10,185 (44.4) 334 (43.7) 0.672
History of diabetes mellitus, N (%)

No 22,279 (93.7) 21,580 (93.8) 699 (90.7)

Yes 1,496 (6.29) 1,424 (6.19) 72 (9.34) <0.001
Cholesterol level, mean (SD), mmol/L 5.69 (1.14) 5.69 (1.14) 5.65 (1.17) 0.355
Systolic blood pressure, mean (SD), mmHg 137.1 (18.2) 137.0 (18.2) 139.5 (18.7) <0.001
Currently on anti-hypertensive treatments, N (%)

No 21,517 (90.5) 20,850 (90.6) 667 (86.5)

Yes 2,258 (9.50) 2,154 (9.36) 104 (13.5) <0.001
BMI, mean (SD), kg/m? 27.4 (4.75) 274 (4.73) 28.0 (5.25) <0.001
Hyperlipidemia, N (%)

No 12,736 (53.6) 12,347 (53.7) 389 (50.5)

Yes 11,039 (46.4) 10, 657 (46.3) 382 (49.6) 0.078

BMI, body mass index; SD, standard deviation.

status, and other confounding factors, the association
remains significant (OR =1.49, 95% CI: 1.27-1.74,
p<0.001).

Distinct and overlapping circulating metabolites
associated with VI and cognitive impairment

The univariate association of circulating metabo-
lites with VI and cognitive impairment is shown in
Supplementary Table 3. The results for the multivari-
able model are shown in Table 4 and Fig. 1. Atap
value less than 0.05, 12 metabolites or indexes (ratios
of metabolites) spanning phospholipids to total lipids
ratio in large LDL (OR =1.08, 95% CI: 1.01-1.15,
p=0.023), omega-3 fatty acids (FAs) (OR=0.84,
95% CI: 0.77-0.91, p<0.001), ratio of omega-3
FAs to total FAs (OR=0.84, 95% CI: 0.77-0.91,
p<0.001), docosahexaenoic acid (DHA) (OR =0.85,
95% CI: 0.78-0.92, p<0.001), free cholesterol to
total lipids ratio in very small VLDL (OR=1.09,
95% CI: 1.01-1.18, p=0.032), ratio of omega-6 FAs
to omega-3 FAs (OR=1.18, 95% CI: 1.10-1.27,
p<0.001), ratio of DHA to total FAs (OR=0.86,
95% CI: 0.80-0.94, p<0.001), ratio of omega-6
FAs to total FAs (OR=1.11, 95% CI: 1.01-1.22,
p=0.031), triglycerides in medium HDL (OR =0.91,
95%CI: 0.84-0.99, p=0.021), triglycerides in large

HDL (OR=0.90, 95% CI: 0.83-0.98, p=0.010),
triglycerides in HDL (OR =0.91, 95% CI: 0.84-0.99,
p=0.024) and acetoacetate (OR=1.08, 95% CI:
1.01-1.17, p=0.033) were uniquely associated with
VL

Six metabolites or indexes, including phospho-
lipids to total lipids ratio in small HDL (OR =1.03,
95% CI: 1.00-1.07, p=0.038), phospholipids to
total lipids ratio in very small VLDL (OR =1.04,
95% CI: 1.01-1.07, p=0.016), alanine (OR=0.95,
95% CI: 0.92-0.98, p<0.001), glycoprotein acetyls
(OR=1.06, 95% CI: 1.03-1.10, p<0.001), omega-
6 FAs (OR=1.04, 95% CI: 1.00-1.07, p=0.038),
histidine (OR =0.96, 95% CI: 0.93-0.99, p=0.010)
were uniquely associated with cognitive impairment.
A total of three metabolites spanning branched-chain
amino acids [BCAAs], valine and albumin were
found to be common across these two phenotypes
(Fig. 1).

After correction for multiple testing (Table 4),
the ratio of omega-6 to omega-3 FAs was positively
associated with VI (OR=1.18, 95% CI=1.10-1.27,
P=6.29 x 107%) and four metabolites or indexes
were inversely associated with VI (OR=0.84, 95%
CI=0.77-0.91, p=1.61 x 107 for ratio of omega-
3 FAs to total FAs; OR=0.86, 95% CI=0.80-0.94,
p=4.03 x 10~* for ratio of DHA to total FAs:
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V1, visual impairment; OR, odds ratio; CI, confidence interval. *Model I adjusted for age, gender
and ethnicity. "Model I adjusted for age, gender, ethnicity, attainable education, APOE g4 status,
systolic blood pressure, current treatment of hypertension, history of diabetes mellitus, smoking
status, history of coronary heart disease, hyperlipidemia, body mass index and psychotropic

Table 2
Baseline characteristics of participants stratified by cognitive impairment
Baseline characteristics Total No cognitive Cognitive p
impairment impairment
N 23,775 16,434 7,341
Age, mean (SD), y 56.8 (8.12) 56.1 (8.10) 58.2 (7.98) <0.001
Gender, N (%)

Female 12,896 (54.2) 8,787 (53.5) 4,109 (56.0)

Male 10,879 (45.8) 7,647 (46.5) 3,232 (44.0) <0.001
Ethnicity, N (%)

White 21,516 (90.5) 15,608 (95.0) 5,908 (80.5)

Others 2,259 (9.5) 826 (5.03) 1,433 (19.5) <0.001
Education, N (%)

College/University degree 8,340 (35.1) 6,469 (39.4) 1,871 (25.5)

Without College/University degree 15,435 (64.9) 9,965 (60.6) 5,470 (74.5) <0.001
APOE €4, N (%)

Absent 18,054 (76.5) 12,434 (76.2) 5,620 (77.1)

Present 5,546 (23.5) 3,380 (23.8) 1,666 (22.9) 0.125
Systolic blood pressure, mean (SD), mmHg 137.1 (18.2) 136.6 (18.0) 138.2 (18.5) <0.001
Currently on anti-hypertensive treatments, N (%)

No 21,517 (90.5) 15,067 (91.7) 6,450 (87.9)

Yes 2,258 (9.50) 1,367 (8.32) 891 (12.14) <0.001
History of diabetes mellitus, N (%)

No 22,279 (93.7) 15,570 (94.7) 6,709 (91.4)

Yes 1,496 (6.29) 864 (5.26) 632 (8.61) <0.001
Smoking status, N (%)

Never 13,168 (55.6) 9,125 (55.7) 4,043 (55.4)

Prior/current 10,519 (44.4) 7,267 (44.3) 3,252 (44.6) 0.725
History of CHD, N (%)

No 22,898 (96.3) 15,901 (96.8) 6,997 (95.3)

Yes 877 (3.69) 533 (3.24) 344 (4.69) <0.001
BMI, mean (SD), kg/m? 27.4 (4.75) 27.3 (4.66) 27.7 (4.93) <0.001
Hyperlipidemia, N (%)

No 12,736 (53.6) 9,037 (55.0) 3,699 (50.4)

Yes 11,039 (46.4) 7,397 (45.0) 3,642 (49.6) <0.001
Use of psychotropic medication, N (%)

No 22,017 (92.6) 15,302 (93.1) 6,715 (91.5)

Yes 1,758 (7.39) 1,132 (6.89) 626 (8.53) <0.001
CHD, coronary heart disease; BMI, body mass index; SD, standard deviation.

Table 3
Association between VI and cognitive impairment
Visual impairment Model I Model 11
status OR (95% CI) p OR (95% CI) P
Non-VI 1 [Reference] 1 [Reference]
VI 1.54 (1.32,1.79) <0.001 1.49 (1.27,1.74) <0.001

medications.

OR=0.85, 95% CI=0.78-0.92, p=6.75x 107>
for DHA; and OR=0.84, 95% CI=0.77-0.91,
p=1.91x 107 for omega-3 FAs). With respect to
cognitive impairment, glycoprotein acetyls showed a
positive association (OR =1.06,95% CI=1.03-1.10,
p=124x10"*) while alanine showed a nega-
tive association (OR=0.95, 95% CI: 0.92-0.98,
p=7.86x 107%). Albumin was identified as the

common metabolite inversely associated with both
VI and cognitive impairment (OR=0.90, 95% CI:
0.85-0.95, p=1.47 x 10~* for VI, and OR=0.95,
95% CI: 0.92-0.98, p=4.84 x 10~* for cognitive
impairment). Similar results were found in the poly-
serial correlation between metabolites and severity
of VI and cognitive impairment (Supplementary
Table 4). Albumin remained the only metabolite that
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Table 4
Circulating metabolites associated with VI/cognitive impairment after multiple testing corrections

Metabolites OR (95% CI) Pt

VI
Albumin 0.90 (0.85,0.95) 147 x 107
Ratio of omega-6 fatty acids to omega-3 fatty acids 1.18 (1.10,1.27) 6.29 x 1076
Ratio of omega-3 fatty acids to total fatty acids 0.84 (0.77,0.91) 1.61 x 107
Ratio of docosahexaenoic acid to total fatty acids 0.86 (0.80,0.94) 403 x 107
Docosahexaenoic Acid 0.85 (0.78,0.92) 6.75 x 107
Omega-3 Fatty Acids 0.84 (0.77,0.91) 1.91 x 107

Cognitive impairment
Albumin 0.95 (0.92,0.98) 4.84 x 107
Glycoprotein Acetyls 1.06 (1.03,1.10) 124 x 107
Alanine 0.95 (0.92,0.98) 7.86 x 107

2 After multiple testing corrections.

was negatively correlated with the severity of both
VI and cognitive impairment after multiple testing
correction.

Mediation effects

Among the metabolites that were associated with
both VI and cognitive impairment, we found a signifi-
cant medication effect of VIof 3.6% (p =0.023) in the
association between total concentration of BCAAs
and cognitive impairment. The mediation effects of
Vlin the respective association of valine and albumin
with cognitive impairment were 3.3% (p =0.013) and
3.7% (p=0.002).

DISCUSSION

We validated in the present study that VI was
significantly associated with cognitive impairment
based on the UK Biobank dataset. Further, using high-
throughput metabolomics data, we demonstrated that
VI and cognitive impairment have metabolic signa-
tures that are, in part, shared (albumin, BCAAs, and
valine) but also unique to each phenotype. These find-
ings suggested that disrupted fluid and electrolyte
balance (albumin) and disrupted protein anabolism
(BCAAs including valine) are the common factors
that contribute to VI and cognitive impairment. More-
over, part of the associations between these shared
metabolites and cognitive impairment could be medi-
ated by VI. For metabolites exclusively associated
with VI or cognitive impairment, they added to the
limited knowledge of metabolic profiles of the phe-
notypes and may provide novel biomarkers.

To the best of our knowledge, this is the first study
that characterized the metabolic associations with VI
and cognitive impairment. The plausible mechanisms

under the metabolite associations may be explained
by evidence from previous studies. Omega-3 FAs
and DHA are essential nutrients to vision health.?7-38
Omega-3 FAs are protective against inflamma-
tion, oxidative stress, and neovascularization which
are commonly involved in the pathogenesis of
ophthalmic diseases such as age-related macular
degeneration and diabetic retinopathy.’*~*! DHA is
one of the primary type of omega-3 FA that is critical
in maintaining the photoreceptor membrane func-
tion, visual processing capacity, retinal cell signaling,
and retinal gene expression and differentiation.?
Plasma DHA was also found to be able to cross the
blood-retina barrier given the availability of specific
transporters.*3 This not only supported the observed
negative association of omega-3 and DHA with VI,
but also partially supported our findings that higher
ratio of omega-3 and DHA in total FAs would be pro-
tective against VI. In contrast, the ratio of omega-6
FAs to total omega-3 FAs exhibited a positive asso-
ciation with VI and ratio of omega-6 FAs to total
FAs also exhibited nominal significance. Particularly,
excessive omega-6 FAs could exert oxidative stress,
which may lead to endothelial dysfunction of the
retinal vasculature. An unbalanced ratio of omega-6
FAs to omega-3 FAs has also become an emerging
biomarker for systemic inflammation and chronic
diseases.*+*> Growing evidence has suggested an
interplay between ocular diseases and altered lipid
or lipoprotein profiles,***8 suggesting the differen-
tial effects of lipoprotein subclasses and particle sizes
in mediating visual-threatening ocular diseases. Our
findings also demonstrated differed effect of different
sizes and components of lipoprotein subclasses. As
these metabolites only demonstrated nominal signifi-
cance, further studies are needed to validate the effect
of these metabolites.
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Metabolites Outcome OR(95% ClI) P value
Common metabolites
Fluid balance
Albumin vi 0.90(0.85,0.95) —— 1.47% 10
Cognitive impairment  0.95(0.92,0.98) ] 484 x 10"
Amino acids
Total Concentration of Branched-Chain Amino Acids vi 0.92(0.84,1.00) —a— 0.042
Cognitive impairment  0.96(0.93,1.00) HEH 0.036
Valine vi 0.91(0.84,0.99) —a— 0.025
Cognitive impairment  0.96(0.93,0.99) A 0.010
Exclusive metabolites
Fatty acids
Docosahexaenoic Acid vi 0.85(0.78,0.92) —a— 8.75x10%
Omega-3 Fatty Acids Vi 0.84(0.77,0.91) —m— 1.91x10%
Ratio of omega-3 fatty acids 1o total fatty acids vi 0.84(0.77,0.91) p—— 1.61 x 10
Ratio of omega-6 fatty acids to omega-3 fatty acids Vi 1.18(1.10,1.27) —m—— 629x10¢
Ratio of docosahexaenoic acid to total fatty acids vi 0.86(0.80,0.94) —a— 4.03x 10"
Ratio of omega-6 fatty acids 1o total fatty acids Vi 1.11(1.01,1.22) . 0.031
Triglycerides
Triglycerides in HDL vi 0.91(0.84,0.99) p—i— 0.024
Lipoprotein subclasses
Triglycerides in Medium HDL vi 0.91(0.84,0.99) —a— 0.021
Triglycerides in Large HDL vi 0.90(0.83,0.98) —— 0.010
Ketone bodies
Acetoacetate vi 1.08(1.01,1.17) —— 0.033
Relative lipoprotein lipid concentrations
Free cholesterol to total lipids ratio in very small VLDL Vi 1.09(1.01,1.18) —— 0.032
Phospholipids to total lipids ratio in large LDL Vi 1.08(1.01,1.15) —— 0.023
Amino acids
Histidine Cognitive impairment  0.96(0.93,0.99) HEH 0.010
Alanine Cognitive impairment  0.95(0.92,0.98) HEH 7.86 x 10
Fatty acids
Omega-6 Fatty Acids Cogpitive impairment  1.04(1.00,1.07) - 0.038
Relative lipoprotein lipid concentrations
Phospholipids to total lipids ratio in small HDL Cognitive impairment  1.03(1.00,1.07) -] 0.038
Phospholipids to total lipids ratio in very small VLDL Cognitive impairment  1.04(1.01,1.07) oA 0.016
Inflammation
Glycoprotein Acetyls Cogpnitive impairment  1.06(1.03,1.10) HEH 124 x 10
T T T T T 1
07 08 09 oR (9%% cn 1.1 1.2 13

Fig. 1. Forest plot for metabolite associations with visual impairment and cognitive impairment. This forest plot shows the estimated odds
ratios (OR) and 95% confidence intervals (CIs) for the associations of distinct and overlapping circulating metabolites with visual impairment
shown in green and cognitive impairment shown in purple.
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As for the metabolites exclusively associated
with cognitive impairment, glycoprotein acetyls are
an emerging biomarker for systemic inflammation
and predictor of severe infection,*® cardiovascular
diseases, 0 diabetes,’! and autoimmune diseases.>?
These conditions are risk factors for cognitive impair-
ment or dementia,>> =% thus explaining the positive
association between glycoprotein acetyls and cog-
nitive impairment. The potential protective role of
alanine has been evidenced by its rescue of cognitive
function in mice with Alzheimer’s disease.>’ In con-
trast, omega-6 FAs were identified as a risk factor for
cognitive impairment in the present study, probably
due to the pro-inflammatory effects of arachidonic
acid.’®> In addition, our findings suggested the
potential detrimental role of multiple phospholipid
constituents of lipoprotein subclasses in cognitive
ability. Specifically, phospholipid levels may be
altered as the pathological process of Alzheimer’s
disease progresses,®® which might explain the asso-
ciation between phospholipids to total lipids ratio
in small HDL and very small VLDL and cognitive
decline.

The overlapping metabolites shared by both VI and
cognitive impairment provided insights into the com-
mon factors that contribute to the association between
these two impairments. Albumin is the metabolite
that showed significant inverse association with both
VI and cognitive impairment. As an essential nutrient
comprising the body protein pool,®! serum albumin is
the major substrate for Af sequestering, and hypoal-
buminemia may promote amyloid accumulation and
thus increase the risk of brain A3 deposition in indi-
viduals without dementia.%> Lower levels of serum
albumin contribute to visual impairment plausibly
by increasing the risk of developing cataracts due to
the lack of required nutrients for the lens.®3 BCAAs,
including valine, leucine, and isoleucine, also showed
negative association with both functional impair-
ments at nominal significance, probably because it
is essential in maintaining normal neurological func-
tions as a critical component for neurotransmitter
synthesis.®* Taken together, as the retina is anatomi-
cally and embryologically an extension of the central
nervous system, deficits in the metabolites that play
neuroprotective roles could contribute to the impair-
ment in both the central nervous system and the
vision system. As evidenced in previous studies,
BCAA metabolic dysfunction would be implicated in
both neurological diseases (cerebrovascular diseases
and Alzheimer’s disease) and retinal degenerative
diseases.®-66

Our findings of the VI-cognitive impairment
cross-sectional association was observed in previous
longitudinal studies, suggesting VI is a significant
risk factor for cognitive impairment.!*~1¢ One the-
ory focuses on cognitive load, proposing that VI
individuals required more cognitive resources to
proceed visual information and compromise the
brain’s resilience to external stress.'® In addition,
VI may lead to social isolation and physical inac-
tivity, which are established risk factors for cognitive
impairment.'® Another theory was the common cause
theory that shared risk factors or pathophysiology
may contribute to both functional impairments.'* Our
findings of the overlapping metabolites shared by VI
and cognitive impairment potentially provided evi-
dence on the molecular level for the common cause
theory.

In addition, the results need to be interpreted tak-
ing into account the cognitive impairment definition
in this study. As cognitive impairment is a broad
term and different definitions were used in various
studies, 1467709 we adopted the definition of failure in
one or more of the cognitive tests in this study indica-
tive of deficits in different cognitive domains.%8
This results in a relatively high prevalence of cog-
nitive impairment in this study and it warrants to be
highlighted that this prevalence represents the propor-
tion of individuals with impaired cognitive function
indexed by cognitive performance deficits in at least
one cognitive domain.

Strengths and limitations

The strengths of the present study included a
large sample size, the standardized metabolomics
platform for the measurement of all samples, and
the full adjustment of confounding factors. How-
ever, there are also several limitations to mention.
Firstly, the cross-sectional design of this study pre-
vented us from knowing the longitudinal relationship
between the metabolites and functional impairments.
Further exploration is needed to confirm the findings
through longitudinal studies or interventional studies.
Secondly, the participants of the UK Biobank pre-
dominantly consisted of white ethnicity and of better
overall health, and the selected sample had slightly
different baseline characteristics from the whole
UK Biobank sample. The potential selection bias
may limit the generalizability of the results. How-
ever, the associations between the metabolites and
health outcomes were not affected.”® Lastly, medi-
cations may affect the metabolic profile. Although
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we have adjusted for lipid-lowering medications, dia-
betic medications, and psychotropic medications, we
cannot exclude the possible residual confounders.
Further studies in external datasets are warranted to
validate the findings from our study.

In conclusion, using the high-throughput
metabolomics data of the UK Biobank, we identified
distinct metabolites associated with VI and cog-
nitive impairment, which added to the knowledge
to understand the molecular basis under VI and
cognitive impairment. In addition, the overlapping
metabolites found to be associated with both VI
and cognitive impairment provided insights into the
mechanisms underlying the association between the
two phenotypes.
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