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Abstract Cohort studies report inconsistent asso-
ciations between omega-3 polyunsaturated fatty acids
(n-3 PUFA) or fish oil and dementia risk. Further-
more, evidence relating omega-6 polyunsaturated
fatty acids (n-6 PUFA) with dementia is scarce. Here,
we included 440,750 dementia-free participants from
UK Biobank to comprehensively investigate the asso-
ciations between plasma levels of different types of
PUFA, fish oil supplementation, and dementia risk.
During a median follow-up of 9.25 years, 7768 inci-
dent dementia events occurred. Higher plasma levels
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of five PUFA measures showed consistent associa-
tions with lower dementia risk (hazard ratios [95%
confidence intervals] for per standard deviation incre-
ment of plasma concentrations 0.85 [0.81-0.89] for
total PUFAs; 0.90 [0.86-0.95] for omega-3 PUFAs;
0.92 [0.87-0.96] for docosahexaenoic acid (DHA);
0.86 [0.82-0.90] for omega-6 PUFAs; 0.86 [0.82—
0.90] for linoleic acid (LA); all p<0.001). Compared
with non-users, fish oil supplement users had a 7%
decreased risk of developing all-cause dementia (0.93
[0.89-0.97], p=0.002), and the relationship was par-
tially mediated by plasma n-3 PUFA levels (omega-3
PUFAs: proportion of mediation=57.99%; DHA:
proportion of mediation=56.95%). Furthermore, we
observed significant associations of plasma n-3 PUFA
levels and fish oil supplementation with peripheral
immune markers that were related to dementia risk,
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as well as the positive associations of plasma PUFA
levels with brain gray matter volumes and white mat-
ter microstructural integrity, suggesting they may
affect dementia risk by affecting peripheral immunity
and brain structure. Taken together, higher plasma
PUFA levels and fish oil supplementation were asso-
ciated with lower risk of incident dementia. This
study may support the value of interventions to target
PUFAss (specifically n-3 PUFAs) to prevent dementia.

Keywords Dementia - Polyunsaturated fatty acids -
Omega-3 - Omega-6 - Fish oil - UK Biobank

Introduction

Dementia is a leading cause of disability and death
affecting around 50 million people worldwide, which
brings a huge socioeconomic burden and becomes a
growing public health concern [1]. In recent years,
more attention has been paid to potentially modifiable
risk factors for dementia; the role of diet and nutrition
in dementia prevention has also raised great interest.

Polyunsaturated fatty acids (PUFA), of which
omega-3 (n-3) and omega-6 (n-6) fatty acids are two
main types, are mainly derived from diet. The impor-
tance of PUFA in neural development, aging, and
neurodegeneration has been shown in both animal
and clinical studies [2]. Previously, several longitudi-
nal studies have reported associations between higher
blood levels of n-3 PUFA and lower risk of incident
dementia, mainly the docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA) [3-7], while lim-
ited research has failed to find the evidence relating
n-6 PUFA with dementia [4, 7]. Besides, an increased
number of neuroimaging studies have been conducted
over the years to assess the impact of PUFA on human
brain structure. The majority specifically investigated
associations between n-3 PUFA biostatus/intake and
neuroimaging outcomes [8], while studies on n-6
PUFA are scarce. Taken together, a systemic study
based on a large-scale cohort is needed to further
clarify the associations of different types of PUFAs
with dementia and brain structure.

Fish oil supplements are rich source of pure marine
omega-3 PUFAs and have been widely used in the UK
and other developed countries. Although evidence
for a beneficial role of n-3 PUFA in cognitive aging
was supported by previous studies [9], whether using
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fish oil supplements is a potentially effective way in
dementia prevention raise considerable controversy.
Previous randomized controlled trials have yielded
mixed results [10-12]. Of note, two recent longitudinal
studies provided population-based evidence for linking
fish oil supplementation with decreased risk of demen-
tia, and the correlation may be partially mediated by
several blood biomarkers [13, 14]. However, the role
of peripheral immune markers in fish oil supplemen-
tation-dementia association was not assessed. Recent
research provided clear evidence of the correlation
between peripheral immunity and dementia, revealing
that increased adaptive immune markers (i.e., lympho-
cytes and lymphocyte-to-monocyte ratio (LMR)) were
associated with lower dementia risk, while increased
innate immune markers (i.e., neutrophils, neutrophil-
to-lymphocyte ratio (NLR), and systemic immune-
inflammation index (SII)) were associated with higher
dementia risk [15]. Considering the potent immu-
nomodulatory effects of omega-3 PUFAs [16], fish oil
supplementation may impact dementia risks through
its potential effect on peripheral immunity. Therefore,
the presented study aimed to evaluate these interesting
issues further.

In this study, we took advantage of the large sam-
ple size of the UK Biobank (UKB) cohort with a
long-term follow-up, to investigate the associations
of plasma PUFA levels and fish oil supplementa-
tion with risk of incident dementia. Furthermore,
we explored the associations of plasma PUFA levels
and fish oil supplementation with peripheral immune
markers and brain structural measures. Considering
the strong relationship between fish oil and circulat-
ing PUFAs, we also assessed whether plasma PUFA
levels mediated the fish oil supplementation-dementia
association.

Methods
Data source and study population

This study is based on data from the UKB cohort
that received ethical approval from the National
Health Service North West Multicenter Research
Ethics Committee. All participants provided elec-
tronic signed consent for their data to be used
in health-related research. The UK Biobank is a
very large and detailed prospective cohort study
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that recruited over 500,000 participants aged
37-73 years from 2006 to 2010 [17]. All partici-
pants attended one of 22 assessment centers across
England, Scotland, and Wales, where they com-
pleted a touch screen questionnaire and a face-to-
face interview, provided biological samples, and

took a set of physical measurements at baseline.
In the present study, after excluding participants
with dementia at baseline or without follow-up data
(N=61,659), 440,750 participants remained for the
main analysis (Fig. 1). All analyses were conducted
under UKB application number 19542.

All UK Biobank participants
(N =502,409)
| 61,659 Excluded:
No outcome data or dementia at baseline
A 4
[ 440,750 participants remained ]

338,028 Excluded:
Missing data on plasma PUFA measures

15,376 Excluded:
Missing data on fish oil supplementation

Participants included in the PUFA analysis
(N=102,722)

] [ Participants included in the fish oil analysis]

(N = 425,374)

A 4

A 4

Risk for dementia incidence
(Cox proportional hazard regression model)

Plasma PUFA levels

Proportion of mediation = ?

Flsh oil supplementatlonJ

A

y

J
L

Dementia J

Peripheral immunity analysis
(Linear regression model)

y

A

Cross-sectional neuroimaging analysis
(Linear regression model)

Fig. 1 Flow chart of study design. PUFA, polyunsaturated fatty acid
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Plasma PUFA levels and fish oil supplementation

Plasma PUFA levels (absolute concentrations and
percentages of total fatty acids) were measured by
nuclear magnetic resonance (NMR) in blood sam-
ples collected between 2007 and 2010, including
total PUFAs, omega-3 PUFAs, docosahexaenoic
acid (DHA), omega-6 PUFAs, and linoleic acid (LA)
[17-19]. Information on fish oil supplementation
was collected through a touchscreen questionnaire.
Participants were asked, “Do you regularly take any
of the following?” and could select more than one
answer from a list of supplements, including fish oil
supplements. We scored fish oil supplementation as
“l=yes” or “O=no.”

Dementia diagnosis

Dementia diagnoses were ascertained according to
the three-character International Classification of
Diseases (ICD) codes, extracted from UK Biobank
health outcome datasets first occurrences of health
outcomes (Category 1712) and algorithmically
defined outcomes (Category 42). All-cause dementia
was defined as ICD-10 codes FOO and G30 (Alzhei-
mer’s disease), FO1 (vascular dementia) and F02-03.
Follow-up visits began from the date of attending the
assessment center (Field 53) to the earliest date of
dementia diagnosis, date of death (Field 40,000), or
the last available date from the hospital inpatient data
(Field 41,280-41,281) or primary care data (Field
42,040), whichever occurred first.

Covariates

We selected several possible confounding variables,
including age at baseline; sex; education, categorized
as higher (college/university degree or other pro-
fessional qualifications) or lower; APOE &4 status
(carrier or non-carrier), defined by genetic informa-
tion; self-reported ethnicity (white or non-white);
Townsend deprivation index, a composite measure of
material deprivation based on unemployment, non-
car ownership, non-home ownership, and household
overcrowding, the higher the index was, the lower the
degree of socioeconomic status the person had; body
mass index (BMI); smoking status (never, former or
current); alcohol drinking, categorized as non-drinker
(never or special occasions only), low to moderate
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drinker (once a month to four times a week) or heavy
drinker (daily or almost daily); physical activity; car-
diovascular diseases (CVD) diagnosed by doctor (yes
or no); fruit intake (<2.0, 2.0-3.9, or>4.0 servings/
day); vegetable intake (<2.0, 2.0-3.9, or>4.0 serv-
ings/day); oily fish intake (<1, 1, or >2 times/week);
processed meat intake (<2 or>2 times/week); red
meat intake (<2 or>2 times/week); vitamin supple-
mentation (yes or no); and mineral and other dietary
supplementation (yes or no). Details of these assess-
ments can be found on the UK Biobank website
(www.ukbiobank.ac.uk).

Peripheral immune markers

Blood samples collected from UK Biobank participants
were analyzed at the central laboratory within 24 h of
blood draw, and differential leukocyte counts were
acquired from the automated quantitative analyzer.
Detailed information can be found in the online docu-
ment (https://biobank.ndph.ox.ac.uk/showcase/ukb/
docs/haematology.pdf). We extracted baseline counts
of neutrophils, monocytes, platelets, and lymphocytes
and further calculated four ratios including NLR (neu-
trophils/lymphocytes), PLR (platelets/lymphocytes),
SII (neutrophils*platelets/lymphocytes), and LMR
(lymphocytes/monocytes). The increased levels of
neutrophils, monocytes, NLR, PLR, and SII reflect the
relatively higher peripheral innate immunity, while the
increased levels of lymphocytes and LMR reflect the
relatively higher peripheral adaptive immunity [15].

Brain imaging data

The large-scale quality-controlled imaging-derived
phenotypes (IDPs) used in this study included 68 cor-
tical regions, 45 subcortical regions, and tract-specific
fractional anisotropy (FA) and mean diffusivity (MD)
values of 48 white matter tracts. Detailed information
is described in eMethods in the Supplement.

Statistical analysis

Baseline characteristics of participants were dis-
played in the form of mean (standard deviation [SD])
for continuous variables and number (percentage) for
categorical variables. To minimize the potential for
attrition bias and maximize the statistical power, mul-
tiple imputation with chained equations was used to
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assign any missing covariate values [20]. The num-
ber and percentage of missing covariates are shown
in eTable 1.

The flowchart of study design is presented in Fig. 1.
Firstly, multivariable Cox proportional hazard regres-
sion models were used to investigate the independent
association of plasma PUFA levels (N=102,722) and
fish oil supplementation (N=425,374) with risk of
incident dementia after confirming whether the pro-
portional hazard assumption was met. Prior to analy-
sis, plasma PUFA concentrations and proportions
(percentages of total fatty acids) were standardized to
Z scores (Z=(value-mean) / SD) such that the hazard
ratio represents the predicted effect of per SD incre-
ment of plasma PUFA levels. Cox analyses started
with a minimally adjusted model including age, sex,
education, and APOE &4 status as covariates (model
1). Model 2 was additionally adjusted for ethnicity,
Townsend deprivation index, body mass index, smok-
ing status, alcohol drinking, physical activity, and car-
diovascular diseases. Model 3 was further adjusted for
intake of oily fish, fruits, vegetables, processed meat
and red meat, vitamin, and mineral supplementation
in addition to the covariates in model 2. Secondly,
mediation analyses (N=102,343) were conducted to
investigate whether plasma PUFA levels mediated
the association between fish oil supplementation and
dementia, adjusting for covariates in model 1.

We also performed several subgroup and sensi-
tivity analyses. In the PUFA analysis, we utilized
interaction terms for age, sex, and APOE &4 status to
estimate whether the strata effect existed (p <0.05)
in different subgroups. After that, three subgroup
analyses were performed through stratification of
age (<65 or>65 years), sex (male or female), and
APOE ¢4 status (carrier or non-carrier). To minimize
the influence of reverse causation, we also conducted
a sensitivity analysis by excluding incident demen-
tia cases during the first 2 years of follow-up. In the
fish oil analysis, subgroup analyses were performed
to estimate potential modification effects according
to age, sex, APOE &4 status, education (low or high),
obesity (yes (BMI>30) or no (BMI<30)), current
smoking status (yes or no), CVD diagnosed by doc-
tor (yes or no), and oily fish intake (<1 or>1 times/
week). The p value for interaction was tested by mod-
elling the cross-product term of the stratifying vari-
able with fish oil supplement use. Furthermore, two
sensitivity analyses were conducted by excluding

participants occurred dementia in the first 2 years of
follow-up and by excluding participants who took any
other supplements. Subsequently, we investigated the
associations of plasma PUFA levels and fish oil sup-
plementation with two main dementia subtypes, Alz-
heimer’s disease (AD) and vascular dementia (VD).

Next, we applied a linear regression model to
investigate the associations of plasma PUFA lev-
els (N=99,974) and fish oil supplementation
(N=412,641) with several peripheral immune mark-
ers that were related to dementia risk [15]. Moreo-
ver, cross-sectional neuroimaging analyses were
conducted to examine the associations of plasma
PUFA levels (N=8761) and fish oil supplementation
(N=35,415) with brain structure, adjusting for age,
sex, education, and APOE &4 status. Bonferroni cor-
rections were conducted for multiple comparisons.

All analyses were performed using R software,
version 4.1.2. A two-sided p <0.05 was considered as
statistical significance.

Results
Baseline characteristics

Table 1 shows the baseline characteristics of study
participants by incident dementia status. Among the
440,750 individuals (mean [SD] age, 56.96 [8.03]
years; 54.2% female), during a median follow-up of
9.25 years, 7768 incident dementia events occurred.
As for those who converted into dementia, they had
lower plasma levels of total PUFAs, omega-6 PUFAs,
and LA at baseline. Participant characteristics in the
PUFA and fish oil analysis are presented in eTables 2
and 3, respectively. Compared with non-users, fish oil
users had higher plasma levels of omega-3 PUFAs
and DHA at baseline.

Higher plasma PUFA levels were associated with
lower risk of incident dementia

After adjustment for age, sex, education, and APOE
&4 status (model 1), higher plasma concentrations of
five PUFA measures were significantly associated
with lower risk of all-cause dementia (total PUFAs:
HR [95% CI]=0.85 [0.81-0.89]; omega-3 PUFAs
0.90 [0.86-0.95]; DHA 0.92 [0.87-0.96]; omega-6
PUFAs 0.86 [0.82-0.90]; LA 0.86 [0.82-0.90];
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Table 1 Baseline characteristics of study participants by incident dementia status

Variables

Total (N=440,750) Non-dementia (N=432,982) Dementia (N=7768) p value

Age at baseline, years, mean (SD)
Sex, N (%)

Female

Male

Education, N (%) ?

Low

High

APOE ¢4 status, N (%)
Non-carrier

Carrier

Ethnicity, N (%)
Non-white

White

Townsend deprivation index, mean (SD)
BMI (kg/m?), mean (SD)
Smoking status, N (%)
Never

Previous

Current

Alcohol drinking, N (%)°
Non-drinker

Low to moderate drinker
Heavy drinker

Physical activity, MET-min/week, mean (SD) ¢

CVD diagnosed by doctor, N(%)¢

Fatty acid concentrations (mmol/L), mean (SD)

Total fatty acids
Total PUFAs
Omega-3 PUFAs
DHA

Omega-6 PUFAs
LA

56.96 (8.03)

239,064 (54.2%)
201,686 (45.8%)

231,523 (53.6%)
200,259 (46.4%)

306,010 (71.6%)
121,444 (28.4%)

22,846 (5.2%)
415,508 (94.8%)
—1.28 (3.10)
27.56 (4.85)

236,077 (53.9%)
154,658 (35.3%)
47,389 (10.8%)

88,390 (20.1%)
262,056 (59.6%)
89,003 (20.3%)
2662 (2733)
13,7372 (31.3%)

11.86 (2.40)
4.97 (0.80)
0.53 (0.22)
0.23 (0.08)
4.45 (0.68)
3.41 (0.69)

Fatty acid composition (% of total fatty acids), mean (SD)

Total PUFAs

Omega-3 PUFAs

DHA

Omega-6 PUFAs

LA

Fish oil supplementation, N (%)
No

Yes

Oily fish intake, times/week, N (%)
<1

1

>2

42.42 (3.79)
4.42 (1.56)
2.00 (0.68)
38.00 (3.65)
28.94 (3.46)

289,706 (68.1%)
135,668 (31.9%)

191,911 (43.9%)
165,197 (37.8%)
80,020 (18.3%)

56.83 (8.01)

235,370 (54.4%)
197,612 (45.6%)

226,643 (53.4%)
197,687 (46.6%)

302,482 (72.0%)
117,539 (28.0%)

22,531 (5.2%)
408,115 (94.8%)
—1.28 (3.10)
27.55 (4.85)

232,508 (54.0%)
151,373 (35.2%)
46,562 (10.8%)

86,204 (20.0%)
258,095 (59.8%)
87,425 (20.2%)
2662 (2730)
133,496 (31.0%)

11.86 (2.40)
4.98 (0.80)
0.53 (0.22)
0.23 (0.08)
4.45 (0.68)
3.41 (0.69)

42.43 (3.79)
4.41 (1.56)
2.00 (0.68)
38.01 (3.65)
28.96 (3.45)

285,098 (68.2%)
132,919 (31.8%)

189,037 (44.0%)
162,340 (37.8%)
78,099 (18.2%)

64.23 (4.81)

3694 (47.6%)
4074 (52.4%)

4880 (65.5%)
2572 (34.5%)

3528 (47.5%)
3905 (52.5%)

315 (4.1%)
7393 (95.9%)
—0.90 (3.33)
27.80 (4.94)

3569 (46.4%)
3285 (42.8%)
827 (10.8%)

2186 (28.3%)
3961 (51.3%)
1578 (20.4%)
2692 (2908)

3876 (50.3%)

11.68 (2.44)
4.85(0.84)
0.53 (0.23)
0.23 (0.09)
4.32(0.72)
3.26 (0.72)

41.97 (3.90)
4.56 (1.62)
2.03 (0.70)
37.41 (3.63)
28.00 (3.46)

4608 (62.6%)
2749 (37.4%)

2874 (37.6%)
2857 (37.3%)
1921 (25.1%)

<0.001
<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
0.001

<0.001

0.443
<0.001

0.003
<0.001
0.158
0.968
<0.001
<0.001

<0.001
<0.001
0.085

<0.001
<0.001
<0.001

<0.001
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Table 1 (continued)

Variables Total (N=440,750) Non-dementia (N=432,982) Dementia (N=7768) p value
Fruit intake, servings/day, N (%)° <0.001
<20 151,939 (35.0%) 149,561 (35.0%) 2378 (31.4%)

2.0-3.9 206,276 (47.5%) 202,748 (47.5%) 3528 (46.6%)

>4.0 76,175 (17.5%) 74,507 (17.5%) 1668 (22.0%)

Vegetable intake, servings/day, N (%)" <0.001
<20 294,224 (68.3%) 289,431 (68.3%) 4793 (64.5%)

2.0-3.9 122,667 (28.4%) 120,355 (28.4%) 2312 (31.1%)

>4.0 14,094 (3.3%) 13,766 (3.3%) 328 (4.4%)

Processed meat intake, times/week, N (%) <0.001
<2 302,424 (68.9%) 297,346 (69.0%) 5078 (65.9%)

>2 136,386 (31.1%) 133,764 (31.0%) 2622 (34.1%)

Red meat intake, times/week, N (%) & 0.001
<2 214,327 (49.2%) 210,732 (49.2%) 3595 (47.3%)

>2 221,525 (50.8%) 217,521 (50.8%) 4004 (52.7%)

Vitamin supplementation, N(%) 139,035 (32.0%) 136,513 (32.0%) 2522 (33.5%) 0.005
Mineral supplementation, N (%) 119,887 (27.5%) 117,599 (27.5%) 2288 (30.3%) <0.001

p values are derived using Student’s ¢ test, Mann—Whitney U test, or chi-squared test

SD standard deviation, APOE apolipoprotein E, BMI body mass index, MET metabolic equivalent task, CVD cardiovascular disease,
PUFA polyunsaturated fatty acids, DHA docosahexaenoic acid, LA linoleic acid

“Education level is categorized as higher (college/university degree or other professional qualification) or lower

®Alcohol drinking is categorized as non-drinker (never or special occasions only), low to moderate drinker (once a month to four
times a week), or heavy drinker (daily or almost daily)

“Physical activity includes walking, moderate, and vigorous activity
dCVD includes heart attack, angina, stroke, and high blood pressure
Fruit intake includes fresh fruit intake and dried fruit intake. Amount per serving refers to 1 piece fresh fruit or 5 pieces dried fruit

fVegetable intake includes cooked vegetable intake and salad/raw vegetable intake. Amount per serving refers to 3 heaped table-

spoons

£Red meat includes beef, lamb/mutton, and pork

all p<0.001) (Fig. 2). When analyzing percent-
ages of total fatty acids, five PUFA measures also
showed significant inverse associations with inci-
dent dementia after additional adjustment for
plasma concentration of total fatty acids (total
PUFAs: HR [95% CI]=0.87 [0.82-0.92], p <0.001;
omega-3 PUFAs 0.95 [0.91-1.00], p=0.048; DHA
0.95 [0.90-0.99], p=0.022; omega-6 PUFAs
0.89 [0.83-0.94], p<0.001; LA 0.89 [0.85-0.94],
p<0.001). These results were statistically robust
after applying models 2 and 3 (eTable 4) or exclud-
ing participants who occurred dementia in the first
2 years of follow-up (eTable 5). In stratified analy-
ses according to baseline age, higher plasma con-
centrations of omega-3 PUFAs and DHA were
associated with decreased risk of all-cause demen-
tia among older participants (age > 65 years) but not

among younger individuals (eTable 6). When strati-
fying participants by sex and APOE &4 status, no
significant interactions were found (eTables 7-9).
As for the relations with dementia subtypes, higher
plasma levels of total PUFAs, omega-6 PUFAs,
and LA were associated with lower risks for both
AD and VD, while no significant associations of
omega-3 PUFAs and DHA with dementia subtypes
were observed (eTable 10).

Fish oil supplementation was associated with lower
risk of incident dementia

Basically adjusted for covariates in model 1, fish oil
supplement users had a 7% lower risk of developing
all-cause dementia compared with non-users (Fig. 2).
In the fully adjusted model (model 3), the correlation
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Exposures HR (95% Cl) Pvalue
Plasma PUFA concentrations
Total PUFAs —a— 0.85(0.81-0.89)  <0.001
Omega-3 PUFAs —a— 0.90 (0.86-0.95) <0.001
Docosahexaenoic Acid 0 0.92 (0.87-0.96) <0.001
Omega-6 PUFAs —a— 0.86 (0.82-0.90)  <0.001
Linoleic Acid [ — 0.86 (0.82-0.90) <0.001
Plasma PUFA proportions (% of total fatty acids)
Total PUFAs —a— 0.87 (0.82-0.92) <0.001
Omega-3 PUFAs —a— 0.95 (0.91-1.00) 0.048
Docosahexaenoic Acid f—a— 0.95 (0.90-0.99) 0.022
Omega-6 PUFAs | — 0.89 (0.83-0.94) <0.001
Linoleic Acid ] 0.89 (0.85-0.94) <0.001
Fish oil supplementation
Fish oil users vs non-users —a— 0.93 (0.89-0.97) 0.002
08 09 1 11

Fig. 2 Associations of plasma PUFA levels and fish oil sup-
plementation with dementia risk. Plasma PUFA concentrations
and proportions were standardized to Z values. Results were
adjusted for age, sex, education, and APOE &4 status (model

between fish oil supplementation and decreased risk
of incident dementia remained significant (HR [95%
CI]=0.94 [0.89-0.99], p=0.014) (eTable 11). The
trends of results were not changed largely in sensitivity
analyses (eTable 12). In mediation analyses, the rela-
tionship between fish oil supplementation and demen-
tia was partially mediated by plasma n-3 PUFA levels
(omega-3 PUFAs: proportion of mediation=57.99%;
DHA: proportion of mediation=56.95%, Fig. 3).

We also conducted subgroup analyses according to
several potential risk factors (eFigure 1). The results sug-
gest that relationships between fish oil supplementation
and decreased risk of all-cause dementia were stronger
among older participants (p for interaction <0.001), men
(p for interaction=0.033), APOE &4 non-carriers (p for
interaction=0.013), and those who intake oily fish less
frequently (p for interaction=0.012). For the associa-
tions with dementia subtypes, fish oil supplementation
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Hazard Ratio (HR)

1). For plasma PUFA proportions, results were further adjusted
for absolute concentration of total fatty acids. PUFA, polyun-
saturated fatty acids; CI, confidence interval

was significantly associated with lower risk of VD, but
not AD (eTable 13).

Associations of plasma PUFA levels and fish oil
supplementation with peripheral immunity

After full adjustment, plasma n-3 PUFA levels and fish
oil supplementation showed significant inverse associ-
ations with neutrophils, the main components of innate
immunity. Similar findings were observed in the cor-
relation with ratios of innate immunity over adaptive
immunity, including NLR and SII. On the contrary, we
found that plasma n-3 PUFA levels and fish oil supple-
mentation were positively related to lymphocytes, the
core adaptive immunity components. Similar results
were observed for LMR (eTables 14-18).
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Fig. 3 Mediation analysis of the relationship between fish oil
supplementation and dementia. The relationship between fish
oil supplementation and dementia was partially mediated by
plasma concentrations of omega-3 PUFAs, docosahexaenoic

Associations of plasma PUFA levels and fish oil
supplementation with brain structure

After multi-correction, plasma LA concentration was
positively related to volume of right entorhinal cor-
tex. Higher proportions of total PUFAs, omega-6
PUFAs, and LA were associated with larger corti-
cal volumes in superior, middle and inferior tempo-
ral gyrus, inferior parietal cortex, bankssts (banks of
superior temporal sulcus), precentral gyrus, parahip-
pocampal gyrus, pars orbitalis and medial orbito-
frontal cortex, as well as larger subcortical volumes
in pallidum (Fig. 4A and eTables 19-20). In addi-
tion, our diffusion tensor imaging (DTI) results
showed significant associations between plasma
PUFA levels and white matter microstructural integ-
rity. Higher plasma levels of total PUFAs, omega-6
PUFAs, and LA were related to higher FA and lower
MD values in the majority of white matter tracts,
including fornix, genu, body and tapetum of corpus
callosum, external capsule, cerebral peduncle, ante-
rior, superior and posterior corona radiata, posterior
thalamic radiation, superior longitudinal fasciculus,
superior fronto-occipital fasciculus, anterior limb,
and retrolenticular part of internal capsule (Fig. 4B

acid, total PUFAs, and omega-6 PUFAs. Results were adjusted
for age, sex, education, and APOE ¢4 status. PUFA, polyun-
saturated fatty acids; IE, indirect effect

and eTables 21-22). No significant association was
observed between fish oil supplementation and brain
structure (eTables 23-24).

Discussion

To our knowledge, this is the first prospective cohort
study concurrently investigating the associations
of PUFA biostatus (i.e., plasma concentrations and
proportions) and intake (i.e., fish oil supplementa-
tion) with risk of incident dementia. Our results sug-
gest that higher plasma PUFA levels and habitual use
of fish oil supplements were associated with lower
dementia risk and the relationship between fish oil
supplementation and dementia may be partially medi-
ated by plasma n-3 PUFA levels. We also observed
significant associations of plasma PUFA levels and
fish oil supplementation with peripheral immune
markers that were related to dementia risk [15], as
well as the positive associations of plasma PUFA lev-
els with brain gray matter volumes and white matter
microstructural integrity, suggesting they may affect
dementia risk by affecting peripheral immunity and
brain structure.
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Our findings on plasma PUFAs and fish oil supple-
mentation are in agreement with accumulating evidence
for a beneficial role of long-chain n-3 PUFA in cogni-
tive aging [9]. A recent longitudinal study reported that
higher levels of plasma omega-3 index (EPA+DHA)
were associated with lower risks for dementia and
related outcomes [6]. The Framingham Heart study,
during a mean follow-up of 9.1 years, observed that
participants in the top quartile of plasma DHA level
had half the risk of developing dementia compared with
those in the lower 3 quartiles [3]. A previous meta-anal-
ysis of circulating metabolites associated with general
cognitive ability and dementia also supported the evi-
dence that high DHA did have cognitive benefits [21].
Similarly, Liu et al. also examined the use of fish oil
supplements in the UK Biobank cohort, although with
a smaller sample size, and showed a potentially benefi-
cial association of fish oil supplementation with risk of
all-cause dementia among the elderly population [13].
Several potential mechanisms may explain the investi-
gated results, including the important role of n-3 PUFA
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in clearing amyloid-p (Ap) peptide, increasing neuro-
trophic and neuroprotective factors, and counteracting
neuro-inflammation in cognitive aging and dementia,
as well as DHA in synaptic plasticity and hippocampal
neurogenesis [22-24].

Previously, only few studies have investigated the
relationships between n-6 PUFA and dementia and
reported inconsistent results [4, 7, 25]. The failed find-
ing of the correlation may be due to the limited sample
size and insufficient length of follow-up [4, 7]. In the
present study, we first reported that higher plasma lev-
els of omega-6 PUFAs and LA were significantly asso-
ciated with lower risks of incident all-cause and AD
dementia. Similar to our findings, the Chicago Health
and Aging Project observed the relationship between
high dietary intake of n-6 PUFAs and a significantly
reduced risk for AD dementia [25]. Since studies on
the relationship between n-6 PUFA and dementia
are scarce and discrepancies may result from sam-
ple heterogeneity and limited statistical power, future
research are needed for confirmation of our results.
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Fig. 4 Associations between plasma PUFA levels and brain
structure. A The volumes of cortical and subcortical regions
were positively correlated with plasma proportions of total
PUFAs, omega-6 PUFAs. and linoleic acid. B Top panel, the
heatmap shows the Bonferroni-corrected p values for the asso-
ciations between plasma PUFA levels and FA values of white
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yunsaturated fatty acids; FA, fractional anisotropy; MD, mean
diffusivity
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The impact of dietary PUFAs on the immune sys-
tem has been explored for decades, with special focus
on the n-3 PUFAs. Several investigations have shown
that n-3 PUFAs exert immunomodulatory activity,
either by targeting immune and non-immune cells
directly or by targeting the gut microbiome indirectly
[26]. This family of polyunsaturated fatty acids exerts
major alterations on the activation of cells from both
the innate and the adaptive immune system, although
the mechanisms for such regulation are diverse [27].
Moreover, our recent longitudinal research provided
clear evidence of the correlation between periph-
eral immunity and dementia, revealing that increased
adaptive immune markers were associated with lower
dementia risk, while increased innate immune mark-
ers were associated with higher dementia risk [15]. In
the present study, plasma PUFA levels and fish oil sup-
plementation were positively correlated with adaptive
immune markers (i.e., lymphocytes and LMR), which
were protective factors against dementia. On the con-
trary, higher plasma n-3 PUFA levels and habitual use
of fish oil supplements were significantly associated
with lower levels of innate immune markers (i.e., neu-
trophils, NLR, and SII) that were detrimental to demen-
tia. Taken together, we postulate that high plasma
PUFA levels (specifically n-3 PUFA) and fish oil sup-
plementation may protect against dementia partially
through the potential impact on peripheral immunity.

In neuroimaging analyses, we observed that the
increased plasma levels of total PUFAs, omega-6
PUFAs, and LA were significantly associated with
larger gray matter volumes in several dementia-related
brain regions [28], such as the temporal cortex, infe-
rior parietal cortex, medial orbitofrontal cortex, and
entorhinal cortex. Moreover, our DTI findings are in
accordance with the evidence from previous studies,
which suggest a positive correlation between PUFA
and white matter microstructural integrity [8, 29-33].
The mechanisms underlying the correlation may be
explained by the biophysiological roles of PUFA in
myelination and human brain white matter develop-
ment [34]. Previously, several studies have reported the
relationships between DTI-derived white matter indi-
ces and cognitive function [29, 35-37]. White matter
microstructural integrity was positively associated with
cognitive performance [29], while deficits in white
matter microstructure predicted cognitive decline
[36]. Collectively, higher plasma PUFA levels might

be related with decreased dementia risk via protective
effect on brain macrostructure and microstructure.

Our study has several major strengths. Firstly, all
analyses were based on a longitudinal cohort with
large sample size and long-term follow-up, which pro-
vided enough incident dementia cases and adequate
support from statistical power. Secondly, we compre-
hensively assessed the effect of PUFA on dementia in
terms of both biostatus and intake. We also acknowl-
edge some limitations. First, as plasma PUFA levels
can vary depending on recent dietary intake and other
factors, PUFA profiles of other tissues (e.g., adipose tis-
sue) or blood cells (e.g., erythrocytes) may better reflect
long-term PUFA status. Second, fish oil supplementa-
tion habits can change considerably over the months
and years. However, the stability and reliability of fish
oil use among UKB participants has been established
before [13]. Moreover, the lack of detailed information
on fish oil use, such as specific dose, frequency, and
duration, prevented us from assessing dose—response
relationships and appropriate duration of supplementa-
tion in the present study. Finally, the majority of UKB
participants are British, which may limit the generaliz-
ability of our results to other ethnicities. Therefore, con-
firmatory research in other populations is recommended.

In conclusion, our findings suggest that higher
plasma PUFA levels and habitual use of fish oil sup-
plements were associated with lower risk of incident
dementia, and that plasma n-3 PUFA levels partially
mediated the fish oil supplementation-dementia rela-
tionship. Furthermore, peripheral immunity and
brain structure may be involved in pathways linking
PUFAs/fish oil to dementia. This study provides pop-
ulation-based evidence to support the value of inter-
ventions to target PUFAs (specifically n-3 PUFAs) to
prevent dementia.
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