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ARTICLE INFO ABSTRACTS
Keywords: Background: Sugar intake has been identified as a risk factor for incident dementia; however, the role of genetic
Dementia susceptibility in such association remains unclear.

Non-free sugar intake
Genetic susceptibility
Gut microbiota
Cohort

Methods: This cohort study involved 158,408 participants from the UK Biobank to explore the effect of genetic
susceptibility on the association between dietary sugar intake and dementia risk. Data on sugar intake were
evaluated using repeated web-based 24-hour dietary recalls. Polygenic risk scores (PRS) for sugar metabolism
(Triglyceride Glucose, TyG), gut microbiota, and disease susceptibility (Alzheimer’s disease) were generated
based on genome-wide association studies.

Results: Over a median follow-up period of 9.94 years, 1,219 dementia cases (0.7%) were documented. There
were significant positive dose-response relationships between sugar intake and dementia risk (non-free sugar:
HR, 95% CI, guartile 4 VS. Quartile 1 = 1.26, 1.04-1.52; free sugar: 1.43, 1.20-1.70). Genetic susceptibility, including
TyG-PRS, gut microbiota, and disease susceptibility, showed a combined effect on the association between sugar
intake and dementia risk. Notably, significant interactions were observed between sugar intake, PRS for Rumi-
nococcaceae UCG-014 and dementia, as well as between free sugar, PRS for Oscillospira and dementia. Partici-
pants with lower PRS of Ruminococcaceae UCG-014, or higher PRS of Oscillospira, posed a higher risk of dementia
due to sugar intake.

Conclusion: Both free and non-free sugar intake are independent risk factors for dementia incidence. The role of
genetic susceptibility among such association cannot be ignored. These results underscore the importance of
personalized nutritional interventions targeting both dietary habits and genetic risk profiles in dementia pre-
vention strategies.

1. Background 55 million individuals with approximately 10 million new cases annu-
ally [1]. By 2050, this number is projected to rise to 152 million [2].
Dementia poses a great global health challenge, currently affecting With the aging population, the prevalence of dementia is expected to
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double approximately every five years between 2019 and 2050,
particularly among individuals aged 85 years and above [2], making it
one of the leading contributors of disability and dependency among
older adults [3]. Despite recent advances in the treatment of Alzheimer’s
disease (AD) showing clinical potential [4], primary prevention through
dietary regulation remains critical [5].

Excessive intake of sugar, particularly free sugar (all mono-
saccharides and disaccharides added to foods by manufacturers, cooks,
or consumers, as well as sugars occurring naturally in honey, syrups, and
unsweetened fruit juices), has been linked to an increased incidence of
noncommunicable diseases such as obesity, diabetes [6], and neurode-
generative disorders [7-10]. Moreover, intake of non-free sugar has also
been reported to have adverse effects on dementia [10], despite its
demonstrated benefits for cardiovascular diseases (CVDs) [11] and
reduction of liver fat [12]. Furthermore, the gut microbiota-brain axis
(GMBA) has emerged as a potential target for modulating brain health
[13]. The "gut microbiome" is the largest repository of microbes in the
human body, containing about 10'* species [14]. These gut microbes
play important roles in physiological homeostasis and metabolism,
promoting the development of the immune system, vitamin production,
and nutrient absorption, and have been demonstrated to be involved in
the onset of neurodegenerative diseases (such as glucose and fat meta-
bolism and insulin sensitivity) [15,16].

On the other hand, it has been widely accepted that dementia de-
velops at the complex intersection of environmental factors and
inherited predisposition [17]. Research from Genome-Wide Association
Studies (GWASs) has recently identified a growing number of genetic
variations associated with the risk of dementia, with heritability esti-
mates spanning 13 %—80 % across different populations [18]. Notably,
emerging evidence has demonstrated that a favorable lifestyle is asso-
ciated with a decreased risk of dementia among individuals with high
genetic risk [19]. Therefore, exploring modifiable risk factors for de-
mentia needs to consider an individual’s inherent genetic susceptibility.
However, limited studies reported the role of disease susceptibility
among the association between sugar intake and dementia risk. What'’s
more, the genetic susceptibility of sugar metabolism and gut microbiota
may also influence the risk of dementia, along with sugar intake.

To address these knowledge gaps, the current study aimed to pro-
spectively explore the long-term associations of both non-free sugar and
free sugar intake with dementia risk, and furtherly investigated whether
genetic susceptibility of sugar metabolism, gut microbiota, and disease
susceptibility play a role in such association based on the UK Biobank, a
large-scale prospective cohort study involving approximately half

valid 24-hour dietary assessments

Participants who have at least one
(N'=210,433)
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million participants.
2. Methods
2.1. Study design and population

The UK Biobank is an extensive cohort involving over 500,000 in-
dividuals aged 37-73 years from across England, Scotland, and Wales.
The detailed information about the structure and demographics of the
UK Biobank can be found in previous studies [20,21].

In the current cohort study, a dietary questionnaire with credible
energy intake (defined as >0-20 MJ/day for males, >0-18 MJ/day for
females) was considered valid [22]. The baseline was defined as the time
when participants completed the first valid 24-hour recall dietary
questionnaire. Among 210,433 participants who had at least one valid
24-hour recall dietary assessment, we excluded (1) those who had de-
mentia at baseline (n = 94) and (2) those with missing data on covariates
(n = 51,931). Finally, 158,408 participants remained in the final anal-
ysis (Fig 1).

2.2. Assessment of sugar intake

The Oxford WebQ questionnaire, an online tool for assessing dietary
intake over a 24-hour period, was utilized to collect dietary information
[23]. The initial round was conducted for participants recruited between
2009 and 2010 at assessment centers. Individuals who submitted a
verifiable email address during the recruitment process were subse-
quently extended an invitation to partake in 24-hour dietary evaluations
spanning from February 2011 to April 2012. The intake of non-free
sugar, free sugar, and other nutrients was derived from the average of
> one (maximum of five) 24-hour dietary assessments, calculated by
multiplying the content of food items and beverages by the frequency of
intake using UK Nutrient Databank food composition tables [23]. The
primary exposure of interest was the percentage of total energy intake
from non-free sugar and free sugar. For further analyses, the percentages
were categorized into quartiles.

2.3. Assessment of dementia

Dementia cases were identified by the Hospital Episode Statistics for
England, Scottish Morbidity Records for Scotland, and Patient Episode
Database for Wales. The incident and prevalent dementia cases were
determined by utilizing International Classification of Diseases, 10th

(
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Exclude individuals with dementia at enrollment (N = 94) ]

Follow-up participants
(N=210,339)

Participants included in sample for
main analyses
(N =158,408)

Fig 1. Flowchart for the selection of the study population.
Abbreviations: BMI, body mass index; TDI, Townsend Deprivation Index.
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Revision (ICD-10) (F00, FO00, FO01, F002, FO09, G30, G300, G301,
G308, G309, F01, FO10, FO11, FO12, FO13, F018, F019, 1673, F020,
G310, A810, FO2, F021, F022, F023, F024, F028, FO3, F051, F106,
G311, G318), present in hospital inpatient data and death registry re-
cords. The identification of dementia-related deaths was accomplished
by linking the data to the death registry. The follow-up time was
analyzed starting at the baseline date and ending at the dementia
diagnosis, censoring date, or death (up to May 2021), whichever came
first.

2.4. The polygenic risk score (PRS) for sugar metabolism and gut
microbiota

The triglyceride-glucose (TyG) index represents a robust surrogate
marker for evaluating insulin resistance (IR) and overall glucose meta-
bolism, calculated through the logarithmic transformation of fasting
triglyceride (TG) and fasting plasma glucose (FPG) concentrations. This
composite biomarker has demonstrated significant clinical utility in
predicting the development of metabolic dysregulation and associated
pathological consequences. Thus, we built a weighted polygenic risk
score as an instrumental variable for TyG using independent genetic
variants (linkage disequilibrium R? < 0.2 and a 500 kb clustering win-
dow) with P < 5 x 1078 at a genome-wide level in large numbers of
individuals from European-descent populations [24]. Overall, 192 ge-
netic variants were selected, and 21 SNPs were excluded due to a high
R2. The remaining 171 SNPs were all independent of each other (i.e.
linkage equilibrium) and were used to construct the PRS. The PRS for
each participant was calculated by summing the number of risk alleles
and was weighted by the corresponding effect size (f-coefficients)
derived from the GWAS study. The following equation was applied: PRS
= f}1 X SNP; + 5 X SNP;3 + --- + f3, x SNP, [25]. The characteristics of
the SNPs associated with sugar metabolism were listed in Supplemen-
tary Table 1.

The PRS for gut microbiota was derived from the largest GWAS meta-
analysis published to date conducted by the MiBioGen consortium [26].
The study coordinated 16S rRNA gene sequencing profiles and geno-
typing data from 24 cohorts. Most participants were of European
ancestry (N = 13,266). Among them, the taxonomic level of genus was
the lowest; 131 genera (including 12 unknown genera) were identified,
and the average abundance was more than 1 %. We built weighted PRS
for genus-level gut microbes using independent genetic variants (linkage
disequilibrium R%?<0.001 and a 10,000 kb clustering window) with P <
1 x 107 at a genome-wide level in large numbers of individuals from
European-descent populations. Single-nucleotide polymorphisms
(SNPs) with a minor allele frequency of < 0.01, ambiguous SNPs with
non-concordant alleles, and palindromic SNPs were excluded. The
remaining SNPs were all independent of each other (i.e., linkage equi-
librium) and were used to construct the PRS. The PRS for each partici-
pant was calculated by summing the number of risk alleles and was
weighted by the corresponding effect size (f-coefficients) derived from
the GWAS study. The following equation was applied: PRS = §; xSNP;
+p5 x SNPy + -+ + p, x SNP, [25]. The characteristics of the SNPs
associated with genus-level gut microbes were listed in Supplementary
Table 2.

2.5. Assessment of covariates

Potential confounding variables were evaluated using the baseline
questionnaire, which included information on comorbidities, de-
mographics, physical, lifestyle characteristics, and family history of
dementia. The identification of previous occurrences of comorbidities,
including cardiovascular disease, diabetes, and hypertension, was based
on either the self-reporting of medical conditions or the utilization of
ICD-10 codes in hospital inpatient records. Standardized techniques
were employed to gather physical measurements and biological speci-
mens, and these procedures have been previously described and
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validated [27]. Demographic, physical, and lifestyle characteristics,
including age, sex, race, education level, average total household in-
come before tax, Townsend Deprivation Index (TDI), smoking status,
alcohol drinking status, and family history of dementia, were all
collected by self-administered touchscreen survey and interview at
recruitment. Physical activity was evaluated in metabolic equivalent
(MET) minutes per week for all activities using a short-form interna-
tional physical activity questionnaire [28]. Anthropometric indices (e.
g., height and weight) were calculated by trained and experienced staff
during the initial visit at the assessment center. Body mass index (BMI)
was calculated by weight in kilograms divided by the square of height in
meters.

2.6. Statistical analyses

The baseline characteristics of participants were described by the
highest and lowest quartiles of the percentage of energy intake of non-
free sugar and free sugar. Continuous and categorical variables were
expressed as means (standard deviations) and numbers (proportions),
respectively. The cause-specific competing risk model was performed to
determine the hazard ratios (HRs) and 95% confidence intervals (CIs)
for the associations of non-free and free sugar intake with dementia risk,
while treating deaths before dementia development as competing risks
and censoring. The linear trend was tested by using the median values of
each quartile for non-free and free sugar intake (per 5 % energy in-
crease) as continuous values. Restricted cubic splines were performed to
flexibly model the associations between non-free and free sugar intake
(continuous variables) and dementia risk, and the minimum Akaike
information criterion was used to choose optimal knots. The reference
point was 10 % of total energy intake for non-free and free sugar
following World Health Organization guidelines [29]. Three sets of
models were fitted. Model 1 was the crude model. Model 2 was adjusted
for age at recruitment (years), sex (male, female), race (white,
non-white), education (college or university degree, high school,
below), average total household income before tax (< £18,000, £18,
000-£52,000, > £52,000), TDI (continuous), physical activity (MET,
continuous), tobacco intake status (never, previous, and current),
alcohol intake status (never, previous, and current), protein and fat
intake (percentage of energy intake), and total energy intake (kcal/day,
continuous). Model 3 was additionally adjusted for variables in model 2,
plus hypertension history (yes, no), diabetes history (yes, no), CVD
history (yes, no), and family history of dementia (yes, no). Model 3 was
also mutually adjusted for non-free sugar intake and free sugar intake.

To examine potential modifying effects, we additionally repeated
analyses stratified by age (< 60 or > 60 years), sex (male or female), BMI
(< 250r > 25 kg/mz), physical activity (below or above the median
value), history of diabetes (yes or no), and history of hypertension (yes
or no). P-value for interactions between these stratifying factors and
sugar intake were calculated by entering their multiplication terms in
model 3. The robustness of our findings was examined in sensitivity
analyses by (i) excluding dementia cases within the first 2 years of
follow-up to reduce the possibility of reverse causation; (ii) restricting to
participants who had completed > 2 dietary assessments to minimize
the effects of random error and within-person variability; (iii) using
absolute intake of non-free and free sugar (g/day) as exposures; (iv)
using the ratio dividing non-free sugar intake or free sugar intake by
total carbohydrate intake (%) as exposures; and (v) using Fine and
Gray’s model to estimate the sub-distribution HRs (95% CIs) of incident
dementia with the intake of sugar.

Furthermore, we investigated the PRS of sugar metabolism, gut
microbiota, and disease susceptibility of dementia in the association
between sugar intake and incident dementia, respectively. To explore
the role of microbiota abundance on the association of sugar intake and
dementia risk, valid data were selected from 119 kinds of gut micro-
biota’s PRS with false discovery rate (FDR) estimation [30,31]. As re-
ported elsewhere, we additionally considered the PRS of total relative
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abundance of gut microbial taxa [32] as a covariate in the sensitivity
analysis. Finally, the modifying effects of the valid gut microbiota’s PRS
on the association between sugar intake and dementia risk were
assessed. To assess for modifying effects between the disease suscepti-
bility and the intake of non-free and free sugars on dementia risk, the
standard released version of PRS for AD from the UK-Biobank was used
to evaluate the disease susceptibility. Detailed information on the PRS
can be found elsewhere [33].

The analyses were stratified by PRS (TyG-PRS, gut microbial-PRS, or
dementia-PRS) categories (high PRS: > median value; low PRS: < me-
dian value), and the product term of non-free or free sugar with PRS was
included in the multivariate-adjusted models. To further evaluate the
joint associations of sugar (non-free or free) intake and genetic suscep-
tibility, we classified participants into eight groups according to the
categories of PRS and the quartiles of sugar intake. The HRs (95% CIs) of
incident dementia in different groups were estimated and compared to
those with low risk of PRS and in the lowest quartile of sugar intake. The
HRs (95% Cls) were estimated using Model 3 and further adjusted for
the first 10 genetic principal components and the genotyping batch.

All statistical analyses were conducted using SAS software version
9.4 (SAS Institute Inc., Cary, NC, USA). Two-sided P values < 0.05 were
recognized as statistically significant.

3. Results
3.1. Characteristics of participants

After a median follow-up period of 9.94 years, a total of 1,219 de-
mentia cases were documented among 158,408 dementia-free partici-
pants. Participant characteristics based on the lowest and highest
quartiles of non-free and free sugar intake are presented in Table 1. The
findings revealed that individuals with elevated levels of non-free sugar
intake were more likely to be women, older, experiencing higher levels
of deprivation, having higher levels of education and income, non-

Table 1
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smokers, and showing higher carbohydrate intake but lower fat, pro-
tein, and total energy intake. In contrast, participants with higher intake
of free sugar tended to be younger men, experiencing higher levels of
deprivation, possessing lower levels of education and higher levels of
income, as well as smokers. Additionally, they showed higher total en-
ergy and carbohydrate intake, but lower fat and protein intake.

3.2. Association between dietary sugar intake and incident dementia

In the multivariable cause-specific competing risk model, both non-
free sugar and free sugar intake were positively associated with the risk
of incident dementia (both P for trend < 0.01) (Table 2). Compared with
participants in the lowest quartile of non-free and free sugar intake,
those in the highest quartile had adjusted HRs (95% CIs) 1.26 (1.04,
1.52) and 1.43 (1.20, 1.70) for dementia, respectively. The adjusted HRs
(95% CIs) for dementia per 5 % increase in energy from non-free and
free sugar intake were 1.10 (1.04, 1.16) and 1.16 (1.10, 1.23), respec-
tively. Moreover, using a restricted cubic spline curve, there was no
evidence for a nonlinear association between non-free sugar intake and
dementia risk (Supplementary Fig 1A). Conversely, a significant
nonlinear relationship (P for nonlinearity = 0.038) was observed for free
sugar intake and incident dementia risk (Supplementary Fig 1B). The
risk of dementia remained relatively flat until free sugars constituted
approximately 10 % of total energy, after which it started to increase
rapidly. In the sensitivity analyses, the results were generally consistent
with the main results when we (i) included BMI as a covariate (Sup-
plementary Table 3); (ii) excluded dementia cases within the first 2
years of follow-up (Supplementary Table 4); (iii) restricted the analysis
to participants who had completed > 2 dietary assessments (Supple-
mentary Table 5); (iv) used absolute intake of free and non-free sugar
(g/day) as exposures (Supplementary Table 6); (v) used the ratio by
dividing free sugar intake or non-free sugar intake by total carbohydrate
intake (%) as exposures (Supplementary Table 7); and (vi) used Fine
and Gray’s model instead of the cause-specific competing risk model

Baseline characteristics according to the lowest and highest quartiles of non-free sugar and free sugars intake (n = 158,408).

Characteristics Total Non-free sugar intake Free sugar intake
Quartile 1 Quartile 4 Quartile 1 Quartile 4
No. of participants 158,408 39,602 39,602 39,602 39,602
Intake of sugars of interest (% energy intake) 6.3 (1.7) 21.3(5.0) 5.4(1.9) 19.3 (4.7)
Sociodemographic factors
Age at recruitment (years) 55.7 (8.0) 53.8 (8.1) 57.1 (7.6) 55.9 (7.8) 55.2 (8.2)

Female sex, n (%)
White ethnicity, n (%)

82,304 (52.0)
144,248 (91.1)

15,021 (37.9)
36,157 (91.3)

26,392 (66.6)
35,675 (90.1)

23,585 (59.6)
35,578 (89.8)

17,430 (44.0)
36,010 (90.9)

Townsend deprivation index -1.6 (2.9) -1.3(3.0) -1.7 (2.8) -1.5(2.9) -1.4 (3.0)

College or university degree, n (%) 24,950 (15.8) 5493 (13.9) 6577 (16.6) 6702 (16.9) 5581 (14.1)

Income > 52,000 EUR, n (%) 23,194 (14.6) 5396 (13.6) 6648 (16.8) 5730 (14.5) 6807 (17.2)
Lifestyle and dietary information

BMI (kg/m?) 26.9 (4.6) 27.5 (4.6) 26.6 (4.6) 27.1 (4.8) 26.9 (4.5)

Current smoker, n (%) 12,488 (7.9) 5328 (13.5) 1811 (4.6) 2992 (7.6) 4185 (10.6)

Current alcohol drinker, n (%)
Physical activity (MET min/wk)

149,264 (94.2)
964.8 (1009.4)

37,981 (95.9)
926.1 (1023.8)

36,157 (91.3)
1035.4 (1027.0)

37,374 (94.4)
957.1 (991.5)

36,458 (92.1)
1001.5 (1067.9)

Total carbohydrate intake (% energy intake) 50.2 (8.5) 45.2 (8.7) 55.5 (7.5) 47.1 (9.5) 54.0 (7.7)
Total fat intake (% energy intake) 30.9 (6.6) 33.0(7.0) 27.7 (6.1) 31.9 (7.3) 29.4 (6.3)
Total protein intake (% energy intake) 16.2 (3.6) 15.6 (3.8) 16.9 (3.9) 17.9 (4.2) 14.6 (3.2)

Total energy intake (kal/day)
Comorbidity, n (%)

8669.4 (2395.8)

9312.1 (2623.3)

7769.5 (2160.1) 8090.7 (2345.4) 8948.0 (2528.3)

Cardiovascular disease 6776 (4.3) 1804 (4.6) 1718 (4.3) 1742 (4.49) 1869 (4.7)

Hypertension 81,326 (51.3) 20,503 (51.8) 20,389 (51.5) 20,460 (51.7) 20,377 (51.5)

Diabetes 8442 (5.3) 2093 (5.3) 2104 (5.3) 3262 (8.2) 1522 (3.8)
Laboratory indicators

LDL-C (mmol/L) 3.5(0.8) 3.6 (0.8) 3.5 (0.9) 3.5(0.9) 3.6 (0.8)

HDL-C (mmol/L) 1.5 (0.4) 1.4 (0.4) 1.5 (0.4) 1.5 (0.4) 1.4 (0.4)

Triglycerides (mmol/L) 1.7 (1.0) 1.8 (1.1) 1.6 (0.9) 1.6 (1.0) 1.8 (1.0)
Family history of dementia 20,543 (13.0) 4565 (11.5) 5526 (14.0) 5143 (13.0) 4920 (12.4)
Incident dementia 1219 (0.8) 241 (0.6) 369 (0.9) 280 (0.7) 366 (0.9)

Abbreviations: BMI, body mass index; hs-CRP, high-sensitive C-reactive protein; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein choles-
terol; MET, metabolic equivalent task; Q, quartile. Numbers are presented as means (standard deviation) unless otherwise specified as numbers (%).
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Table 2
Associations of non-free and free sugars consumption with incident dementia (n
= 158,408) *

Sugar intake Cases Model 1 ° Model 2 ¢ Model 3 ©
(%) HR (95% HR (95% HR (95%
CI) CI) CI)
Non-free sugar intakes (% energy intake)
Quartile
<8.62 % 241 Reference Reference Reference
(0.61)
>8.62%and <12.11 279 1.15 (0.97, 1.00 (0.84, 1.02 (0.85,
% (0.70) 1.36) 1.19) 1.21)
>12.11 % and 330 1.35 (1.15, 1.12 (0.94, 1.14 (0.96,
<16.32 % (0.83) 1.60) 1.33) 1.36)
>16.32 % 369 1.50 (1.28, 1.22(1.01, 1.26 (1.04,
(0.93) 1.76) 1.47) 1.52)
P-trend " <0.0001 0.02 <0.01
Continuous (per 5% 1.12 (1.08, 1.09 (1.03, 1.10 (1.04,
energy increase) 1.17) 1.15) 1.16)
Free sugar intakes (%
energy intake)
Quartile
<7.87 % 280 Reference Reference Reference
(0.71)
>7.87%and <11.08% 279 1.00 (0.84. 1.03 (0.87, 1.06 (0.90,
(0.70) 1.18) 1.22) 1.26)
>11.08 % and <14.78 294 1.05 (0.89, 1.07 (0.90, 1.11 (0.94,
% 0.74) 1.24) 1.26) 1.32)
>14.78 % 366 1.31 (1.12, 1.36 (1.14, 1.43 (1.20,
(0.92) 1.53) 1.62) 1.70)
P-trend ” <0.001 <0.001 <0.0001
Continuous (per 5 % 1.11 (1.06, 1.15 (1.09, 1.16 (1.10,
energy increase) 1.16) 1.21) 1.23)

Abbreviations: Cls, confidence intervals; HRs, hazard ratios.

# HRs and 95 % ClIs were calculated by the cause-specific competing risk
model.

b Test for trend based on variables containing the median value for each
quartile.

¢ Model 1 was the crude model.

4 Model 2 was adjusted for age at recruitment, sex, race, education level,
average total household income before tax, Townsend Deprivation Index,
physical activity, alcohol consumption status, smoking status, intakes of protein
and fat (percentage of energy intake), and total energy intake.

¢ Model 3 was adjusted for Model 2 + history of hypertension, diabetes, and
cardiovascular diseases, and family history of dementia (free sugar intake or
non-free sugar intake were mutually adjusted for each other).

(Supplementary Table 9).

No significant heterogeneity across the majority of prespecified
subgroups for the association of sugar intake with dementia was
observed (P for interactions > 0.05 for most stratification factors)
(Supplementary Table 9). However, a significant interaction between
free sugar intake and age (P for interaction = 0.04) was noted. The
positive association of dementia risk with free sugar intake was slightly
more pronounced among younger participants (< 60 years).

3.3. Association between dietary sugar intake, genetic susceptibility, and
incident dementia

As shown in Supplementary Fig 2, there were no significant inter-
action effects between sugar intake and the TyG-PRS (both P for inter-
action > 0.05) on dementia risk. In the joint association analysis, the
highest hazard of dementia was observed among participants with high
TyG-PRS and in the highest quartile of sugar intake, with HRs (95% CIs)
of 1.45 (1.13, 1.86) for non-free sugar and 1.92 (1.50, 2.44) for free
sugar intake (Supplementary Fig 3).

Then, we investigated the modifying effect of gut microbiota on the
association of dementia risk with sugar intake. As outlined in Supple-
mentary Table 10, increased risk of dementia was positively associated
with Oscillospira PRS, but negatively linked to PRS of Ruminococcaceae
UCG-014 with adjustment of FDR. Moreover, as listed in Fig 2, a
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significant interaction effect was only observed between free sugar
intake and PRS of Oscillospira (P for interaction = 0.03); in other words,
individuals with high PRS of Oscillospira were more likely to develop
dementia with HRs (95% CIs) of 1.59 (1.25, 2.02). On the contrary, there
were significant interaction effects of Ruminococcaceae UCG-014-PRS on
the associations between non-free sugar and free sugar intake and de-
mentia risk (both P for interaction < 0.05). Those with high PRS of
Ruminococcaceae UCG-014 showed an increased risk of dementia (HRs,
95% ClIs: 1.68, 1.25-2.25 for non-free sugar intake; 1.61, 1.23-2.09 for
free sugar intake). In the joint association analysis, the highest hazard of
dementia was observed among participants with high PRS of Oscillospira
and in the highest quartile of sugar intake, with HRs (95% ClIs) of 1.34
(1.04, 1.72) for non-free sugar and 1.73 (1.37, 2.19) for free sugar intake
(Fig 3A). However, for Ruminococcaceae UCG-014, the highest hazard of
dementia was observed among participants with low PRS of Rumino-
coccaceae UCG-014 and in the highest quartile of sugar intake, with HRs
(95% ClIs) of 1.80 (1.38, 2.36) for non-free sugar and 1.64 (1.29, 2.09)
for free sugar intake (Fig 3B). After additionally adjusting for the total
relative abundance of gut microbial taxa, the results were still consistent
with the main results (data not shown).

The positive association between disease susceptibility and dementia
risk was confirmed in Supplementary Table 11. Compared with par-
ticipants with low dementia-PRS (< median value), those with high
dementia-PRS (> median value) had an adjusted HR (95% CI) of 2.30
(2.03, 2.60) for dementia. The associations of sugar intake with incident
dementia according to dementia-PRS are presented in Supplementary
Fig 4. There was a significant interaction effect of dementia-PRS on the
associations between non-free sugar intake and dementia risk (P for
interaction = 0.04). The positive association between non-free sugar
intake and dementia risk was observed only in the high dementia-PRS
subgroup (P for trend < 0.01), but not in the low dementia-PRS sub-
group (P for trend = 0.13). However, intake of free sugar was positively
associated with risk of dementia in both high and low dementia-PRS
subgroups, with no significant interaction of dementia-PRS detected (P
for interaction = 0.37). In the joint association analysis, the highest
hazard of dementia was observed among participants with high
dementia-PRS and in the highest quartile of sugar intake, with HRs (95%
CIs) of 2.59 (1.99, 2.38) for non-free sugar and 3.09 (2.38, 4.00) for free
sugar intake (Supplementary Fig 5).

4. Discussion

In the current cohort study of 158,408 participants from the UK
Biobank, we found that there is a synergistic effect of dietary sugar
intake and genetic susceptibility on incident dementia. This compre-
hensive analysis incorporated three dimensions of genetic susceptibility:
sugar metabolism, gut microbiota (represented by Ruminococcaceae
UCG-014 and Oscillospira PRS), and disease susceptibility. Intriguingly,
we provided the first evidence that individuals with high TyG-PRS, as
well as with low PRS of Ruminococcaceae UCG-014 or high PRS of
Oscillospira, demonstrate substantially heightened dementia risk when
consuming high-sugar diets.

Sugar intake, particularly free sugar intake, has been identified as a
risk factor for the onset and progression of dementia. Evidence from the
United States Women’s Health Initiative-Dietary Modification Trial and
the Rush Memory and Aging Project both reported a significant associ-
ation between excessive total sugar intake and dementia [34,35]. Spe-
cifically, an increase of 10 g per day in total sugar intake was associated
with a 1.3 %-1.4 % elevated risk of AD [35]. Studies from the United
States community-based Framingham Heart Study have further sup-
ported the closely association between dementia risk and higher intake
of sugar in beverages (HR: 2.80; 95% CI: 2.24, 3.50) [36] and artificially
sweetened soft drinks (HR: 2.20; 95% CI: 1.09, 4.45) [8]. Another study
based on 186,622 UK Biobank participants revealed a “J-shaped” asso-
ciation between increased sugar intake and dementia risk, with the
HR-nadir observed at 9 % total energy [10]. However, to the best of our
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Fig 2. Associations of sugar intake with incident dementia according to PRS of gut microbial (n = 158,408).

Abbreviations: Cls, confidence intervals; HRs, hazard ratios; PRS, polygenic risk score.

HRs and 95 % CIs were calculated by the cause-specific competing risk model with adjustments for age at recruitment, sex, ethnicity, education level, average total
household income before tax, Townsend Deprivation Index, physical activity, alcohol intake status, smoking status, intakes of protein and fat (percentage of energy
intake), total energy intake, history of hypertension, diabetes, and cardiovascular diseases, and family history of dementia.
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Fig 3. Joint associations of sugar intake and Oscillospira-PRS (A) or Ruminococcaceae UCG-014 -PRS (B) with incident dementia (n = 158,408).

Abbreviations: Cls, confidence intervals; HRs, hazard ratios; PRS, polygenic risk score.

HRs and 95% CIs were calculated by the cause-specific competing risk model with adjustments for age at recruitment, sex, ethnicity, education level, average total
household income before tax, Townsend Deprivation Index, physical activity, alcohol intake status, smoking status, intakes of protein and fat (percentage of energy
intake), total energy intake, history of hypertension, diabetes, and cardiovascular diseases, and family history of dementia.

knowledge, only one study from the UK reported a linear-shaped asso-
ciation between non-free sugar intake and dementia risk [10], consistent
with our findings. Subgroup analyses confirmed these associations
remained robust after adjustment for demographic and lifestyle cova-
riates, though the free sugar-dementia link exhibited particular promi-
nence in younger adults (< 60 years), likely reflecting their greater
consumption of processed sweets and beverages. Contrary to prevailing
assumptions about non-free sugars’ protective effects against cardio-
vascular disease [11,37], our data underscore their underappreciated
neurocognitive risks.

The pathophysiological mechanisms underlying sugar-induced

neurodegeneration remain incompletely characterized but appear
multifaceted. Free sugars include all monosaccharides and disaccharides
added to foods by the manufacturer, cook, or consumer, plus sugars
naturally present in honey, syrups, and unsweetened fruit juices. Non-
free sugars are made up of all sugars excluded from the definition of
free sugars, mostly naturally occurring in fruit, vegetables, and dairy
products, which are enclosed within plant cell walls or the food matrix,
requiring chewing or digestion in the intestines to be gradually released
[38]. Because free sugars are not encapsulated by the cell walls, they can
quickly enter the bloodstream and exert effects. On the one hand, studies
have demonstrated that the brain, as the most energy-hungry organ,
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relies heavily on a quarter-pound daily supply of glucose to produce the
ATP necessary for its function [39]. Animal models of dementia have
revealed that excessive intake of fructose, present in refined sugars such
as sucrose and high-fructose corn syrup, may contribute to dementia by
increasing central neuronal insulin resistance and amyloid deposition, a
factor linked to AD [40,41]. On the other hand, dementia, including AD,
is essentially an age-related disease where excessive sugar intake may
accelerate cellular aging through inflammatory responses and oxidative
stresses [42]. Despite the absence of a chemical difference between
non-free sugars and free sugars, further studies are needed to elucidate
the underlying mechanisms.

In addition, our findings suggested that genetic susceptibility is also
an important factor influencing the effect of sugar intake on dementia. In
the present study, we first explored it from three related aspects: sugar
metabolism, gut microbiota, and disease susceptibility. The TyG Index is
an economical and effective diagnostic tool for several medical condi-
tions. It not only reflects underlying insulin resistance but is also
considered a key factor in several metabolic disorders (including de-
mentia) [43]. Published meta-analyses have demonstrated that the TyG
Index is associated with an increased risk of dementia [43,44]. Consis-
tently, we found that individuals who consumed more sugar in their diet
and had a high PRS of TyG are more likely to develop dementia.

Then, we explored the interaction effect of dementia-PRS on such
associations. There was no significant interaction between dementia-
PRS and free sugar, but an interacting effect of dementia-PRS was
observed in the association between non-free sugar intake and dementia
risk. Specifically, individuals with high dementia-PRS showed an
increased dementia risk with non-free sugar intake. Moreover, the joint
effect analysis revealed that the highest hazard of dementia was
observed in individuals with high AD-PRS and the highest intake of free
sugar or non-free sugar intake. These results strongly suggest the
importance of controlling the quantity of free sugar and non-free sugar
intake, especially for individuals with a high hereditary risk of dementia.

More importantly, mounting evidence underscores the pivotal role of
dietary patterns in modulating gut microbial ecology, with profound
implications for disease pathogenesis [45]. At the gut level, sugar and
elevated blood sugar strongly influence the gut microbiota and gut
barrier by increasing permeability and susceptibility to infection [46].
Evidence from both human and animal studies has revealed that the
intake of non-caloric artificial sweeteners (a type of free sugar) enhances
the risk of glucose intolerance by influencing the composition and
function of the microbiota [47]. Another animal study reported that the
intake of sugary drinks during adolescence leads to alterations in the gut
microbiota, including an elevated abundance of two species in the genus
Parabacteroides (P. distasonis and P. johnsonii), which are inversely
associated with hippocampal function [48]. However, according to 119
kinds of gut microbial-PRS, we found that different gut microbial show
inconsistent effects on dementia. The Oscillospira emerged as a signifi-
cant risk factor, whereas Ruminococcaceae UCG-014 demonstrated pro-
tective effects. Both microbial PRS scores exhibited interactive effects
with dietary sugar consumption on dementia risk. The paradoxical na-
ture of Oscillospira warrants particular attention - while recognized as a
butyrate producer and potential next-generation probiotic candidate
[49], this bacterium has been implicated in the pathogenesis of type 2
diabetes [50], Parkinson’s disease [51], and dementia [52]. Supporting
our findings, animal models indicate that Oscillospira enrichment pre-
dicts activation of the farnesoid X receptor pathway, a known dementia
risk factor [52]. In contrast, although Ruminococcaceae UCG-014's
anti-obesity properties are well-documented [53], its neuroprotective
potential remains unexplored. We hypothesize that this bacterium may
confer cognitive benefits through enhanced dietary fiber fermentation,
yielding butyrate and other neuroprotective short-chain fatty acids that
mitigate p-amyloid accumulation and neuroinflammation [54-56].
Interestingly, it should be noted that Ruminococcaceae UCG-014 and
Oscillospira belong to the same genus Firmicute - Clostridia — Rumino-
coccaceae, which makes the two exhibit some similar physiological
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functions. Although previous evidence has shown that high sugar intake
could reduce the abundance of Ruminococcaceae UCG-014 and Oscil-
lospira in the intestine, thereby inhibiting butyric acid production and
affecting cognitive function [57,58]. However, the differential responses
of Ruminococcaceae UCG-014 and Oscillospira on the association between
dietary sugar intake and dementia demonstrated that beyond dietary
modulation of microbial abundance, the host’s genetically determined
microbial functional capacity represents an independent and critical
determinant of neurological outcomes. This finding fundamentally ad-
vances our understanding of diet-microbiome-brain interactions by
emphasizing the need to consider both environmental exposures and
host genetic factors in predictive models of neurodegeneration.

To the best of our knowledge, this study represents the first explo-
ration of the association between non-free sugar intake, genetic factors,
and incident dementia within a large and representative cohort.
Comprehensive subgroup and sensitivity analyses further confirmed the
robustness of the findings. Besides, based on previous studies, limiting
the intake of free sugars is good for health [59], while the harmful effects
of non-free sugar intake on health are not clear. Our findings, therefore,
have important public health value, offering new insights to prompt a
re-evaluation of the potential role of non-free sugar intake. Last but not
least, our findings indicate that the influence of genetic susceptibility on
the association between dietary sugar intake and dementia may help
identify the high-risk population and investigate the potential thera-
peutic target for mitigating the onset of dementia.

Several potential limitations should be acknowledged. First, reliance
on self-reported data regarding dietary patterns may introduce infor-
mation bias. To address this, we mitigated the issue by utilizing the
average dietary assessment of each individual over a 24-hour period and
further excluding implausible intake. Second, due to the inherent limi-
tations of an observational study design, residual confounders could not
be eliminated, although we did adjust for several potential confounders.
Third, this study primarily focused on the impact of the types of sugar
intake on dementia risk, and it remains unclear whether there are dis-
tinctions between non-free and free sugars in specific forms, such as
solid and liquid. Therefore, further research is still warranted. Fourth,
the UK Biobank consists largely of relatively healthy, affluent in-
dividuals who are predominantly white. As a result, our findings may
not be generalizable to the entire population. Fifth, given the fact that
feces are difficult to preserve and collect, the UK Biobank does not
include fecal samples in the research design; the PRS we calculated
could not represent the real profile of gut microbiota. Finally, our
findings provide clues for slowing the development of dementia by
improving the gut microbiota through diet, but given that the effects of
various foods on the gut microbiota are not fully understood, we cannot
make exact food recommendations.

5. ConclusionsIn summary, both non-free sugar and free sugar
intake are risk factors for the incidence of dementia, suggesting
that intake of non-free sugars should also be limited. What’s
more, genetic susceptibility may play a pivotal role in the
association between dementia risk and dietary sugar intake.
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