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Abstract

Background The independent and interactive associations of abdominal obesity and fatty
acids with the risk of microvascular diseases (MVDs) are still unclear.
MethodsWeconductedaprospective cohort studyof 88,571participants aged40-69years
from the UK Biobank. Plasma fatty acids were quantified at baseline using high-throughput
nuclear magnetic resonance spectroscopy and were analyzed in quartiles, with the lowest
quartile of each fatty acid subtype as the reference. Cox regression models were employed
to assess the associations between fatty acid levels and incidentMVDs, with adjustment for
relevant covariates.
Results Over a median follow-up of 13.7 years, higher levels of total polyunsaturated fatty
acids (PUFAs), n-3 PUFAs, and n-6 PUFAs are associated with a significantly lower risk of
MVDs. The hazard ratios (HRs) for the highest versus lowest quartile (Q4 vs. Q1) are 0.81
(95% CI: 0.75-0.87), 0.89 (95% CI: 0.83-0.96), and 0.85 (95% CI: 0.79-0.91), respectively.
Conversely, higher levels of saturated andmonounsaturated fatty acids are associated with
ahigher risk ofMVDs. Furthermore, anantagonistic additive interaction is observedbetween
n-3 PUFAs and abdominal obesity (RERI: −0.14, 95% CI: −0.25- −0.03).
Conclusion Higher plasma PUFAs are associated with a lower risk of MVDs. Furthermore,
the association between n-3 PUFAs and a lower risk of MVDs is more pronounced among
individuals with abdominal obesity. These findings contribute to the limited prospective
evidence on the associations between plasma-specific fatty acids and MVDs.

Microvascular diseases (MVDs), including neuropathy, nephropathy, and
retinopathy, are characterized by structural and functional abnormalities in
small blood vessels, contributing to substantial global morbidity and
mortality1–3. The rising prevalence of MVDs parallels the escalating burden
of obesity and metabolic disorders, underscoring the need to identify
modifiable risk factors4,5.

Abdominal obesity, quantifiedbywaist-to-hip ratio (WHR), is a robust
predictor of diabetic MVDs6,7. Epidemiological studies conducted on dia-
betic cohorts have consistently shown associations between WHR-defined
abdominal obesity and the incidence ofMVDs8–10.Moreover, emerging data

from the UK Biobank indicated that WHR-defined central obesity, even in
individuals with body mass index (BMI) in the standard range, elevates
MVDs risk across glycemic strata11. Similarly, Singaporean studies have
demonstrated sex-specific relationships between WHR and the severity of
retinopathy in type 2diabetes patients12.However, current evidence remains
confined to diabetic or prediabetic subgroups, with limited generalizability
to broader populations. To address this limitation, recent analyses of over
8,000 participants in the Southeast China cohort extended these observa-
tions, identifying standard-weight central obesity (defined by WHR) as an
independent predictor of MVDs across glycemic strata13. Despite these
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Plain language summary

Microvascular diseases (like kidney or nerve
issues from small blood vessel damage) are
common, and obesity and fatty acids may
affect their risks. We studied 88,571 people
over 13.7 years to see how belly fat, also
termed abdominal obesity (measured by the
ratio of waist over hip circumference) and
blood fatty acids relate to microvascular
diseases risk. We found that higher levels of
polyunsaturated fatty acids lowered
microvascular diseases risk, while saturated
andmonounsaturated fattyacids raised it. For
people with abdominal obesity, n-3 PUFAs
were especially protective. These findings
suggest that public health strategies should
emphasize the intake of n-3 fatty acids and
the management of belly fat, particularly for
individuals at risk of microvascular diseases.
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advances, critical gaps were left in understanding the generalizability of the
relationships between WHR-defined obesity metrics and the incident risks
of MVDs across broader demographics.

Beyond adipositymetrics, metabolic intermediates like fatty acidsmay
provide complementary insights into themodulation of microvascular risk.
Fatty acids, pivotal mediators of metabolic and inflammatory pathways, are
categorized into saturated (SFAs), monounsaturated (MUFAs), and poly-
unsaturated (PUFAs)14.While extensive researchhas explored the impact of
fatty acids on cardiovascular diseases (CVD), their specific associationswith
MVDs remain less understood. Recent studies have increasingly focused on
the role of fatty acid types inMVDs development, though evidence remains
inconsistent. For example, a multinational cohort study of 11,140 indivi-
duals with type 2 diabetes reported no associations of SFAs, MUFAs, or
PUFAs with microvascular complications after multivariable adjustment15.
In contrast, aChinese cohort study identified an inverse associationbetween
MUFAs and diabetic retinopathy severity in diabetic populations16.
Meanwhile, emerging data suggest protective associations of PUFAs with
diabetic nephropathy and diabetic retinopathy17–20. These discrepancies
highlight the need for more research on the subtype-specific associations of
fatty acids with MVDs. Notably, it is plausible that the association between
plasma fatty acids and MVDs risk may be modified by the presence of
abdominal obesity. However, evidence evaluating the interactions between
these fatty acids and abdominal obesity in the context of MVDs risk within
population-based cohorts remains limited.

Accordingly, this study addresses these gaps by investigating them in a
large population-based cohort: (1) independent associations of WHR-
defined abdominal obesity and plasma fatty acid subtypes with incident
MVDs; and (2) interactions between abdominal obesity and fatty acid
profiles in modulating microvascular risks. Overall, our findings provide
insights into precision prevention strategies targeting adiposity and dietary
lipid composition, thereby significantly informing public health strategies.
Here, we found that higher n-3 PUFAs are associated with a lower risk of
MVDs, particularly in abdominally obese individuals, whereas SFAs and
MUFAs are associated with a higher risk of MVDs.

Methods
Data sources and variables
This study utilized data from the UK Biobank. A comprehensive list of all
variables used, including their corresponding UK Biobank field IDs and
descriptions, is provided in Supplementary Data 1.

Study populations
We used data from the UK Biobank (application number 90831), a large
prospective cohort recruited over 500,000 participants aged 40-69 years
between 2006 and 2010 from 22 assessment centers throughout the UK.
More detailed descriptions of the UK Biobank have been reported
previously21.

This study included 117,687 participants who had complete data on
plasma fatty acids, waist circumference (WC), and hip circumference. We
then excluded those with cancer (n = 11,340), CVD (n = 4811), MVDs
(n = 947), andmissing covariates (n = 12,018), leaving88,571participants to
analyze the associations. Details of the inclusion and exclusion criteria are
depicted in Supplementary Fig. 1.

The UK Biobank study was approved by the North West Multicentre
Research Ethics Committee. All participants signed informed consent
before participation.

Assessment of abdominal obesity
WHR was used as a proxy to define abdominal obesity. We classified par-
ticipants as abdominally obese based on the cut-offs ofWHRrecommended
byWorld Health Organization (>0.85 for women and >0.90 for men)22. All
anthropometric measurements were performed by trained clinical staff
following standardized protocols23.

Assessment of plasma fatty acids
Approximately 120,000 plasma samples were randomly selected from the
baseline collection (2006–2010). These samples were analyzed in Night-
ingale Health’s blood biomarker analysis platform based on a high-
throughput nuclearmagnetic resonance (NMR) spectroscopy between June
2019 andApril 2020. Thedetailed protocols of theNightingaleHealthNMR
biomarker platform and quality control process have been described pre-
viously (https://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=3001)24,25. The
primary exposures were specific plasma fatty acids, including SFAs,
MUFAs, total PUFAs, n-3PUFAs, andn-6PUFAs,whichwere expressedas
percentages of total plasma fatty acids (% TFA). The biological stability of
the plasma biomarker has been validated in a repeat assessment (n = 5000)
between 2012 and 2014. The correlation coefficient between plasma fatty
acids measured at baseline and those measured at the repeat assessment
ranged from 0.5 to 0.6 (https://biobank.ndph.ox.ac.uk/showcase/refer.cgi?
id=3003).

Ascertainment of MVDs
In this study, outcomes of interest were MVDs, including nephropathy,
retinopathy, and neuropathy, which were identified through linkage with
hospital inpatient admission. Supplementary Table 1 provided the Inter-
national Classification of Diseases codes (ICD-10) used to define MVDs.
The time to event was calculated from the date of attending the assessment
center to the occurrence of MVDs events (nephropathy, retinopathy, or
neuropathy), death, loss of follow-up, or the end of follow-up (i.e., October
31, 2022), whichever came first.

Covariates
The following variables were considered as potential confounding factors
based on published literature26,27. Age was calculated as the difference
between the date of birth and the date of baseline assessment. Socio-
demographic covariates were measured by touchscreen questionnaires or
verbal interviews, including sex (female ormale), ethnicity (white or others),
and education level (no qualification, any other qualification, and university
degree or above). Deprivation Index, a score representing the deprivation of
the participant’s neighborhood as a reflection of their socioeconomic
position, was calculated based on a participant’s postcode and analyzed as a
continuous variable.

Lifestyle covariates were also measured by touchscreen questionnaires
or verbal interviews.Diet scorewas assessed based onmeeting at least two of
three healthy dietary targets related to food types: (1) ≤3 servings/week of
red meat and ≤1 serving/week of processed meat; (2) ≥2 servings/week of
fish including at least one with oily fish; (3) ≥5 servings/day of fruits and
vegetables28. Regular exercise was defined as engaging in ≥150min/week of
moderate activity or 75min/week of vigorous activity per week (or an
equivalent combination), or moderate activity at least 5 days a week or
vigorous activity at least 3 days a week (≥10min continuously at a time)29.
Furthermore, alcohol intake (never, previous, current, and <3 times/week,
and current and ≥3 times/week), and smoking status (never, previous, and
current) were also included as covariates.

The blood biochemical data in the UK Biobank, including markers
such as creatinine, were measured in its ISO 17025-accredited central
laboratory using enzymatic methods on Beckman Coulter AU5800 analy-
zers. The estimated glomerular filtration rate (eGFR) was calculated from
serum creatinine according to Chronic Kidney Disease Epidemiology
Collaboration equation30. To ensure accuracy and standardization, the
original creatinine values (in µmol/L) were recalibrated to be traceable to
standardized reference methods, as recommended by the Chronic Kidney
Disease Epidemiology Collaboration, by dividing by a factor of 88.4 to
convert to mg/dL prior to the eGFR calculation. Hypertension was defined
as systolic pressure ≥140mmHg, diastolic pressure ≥90mmHg, use of
medications for blood pressure or self-reported or diagnosed by a doctor31.
History of type 2 diabetes was identified using a previously developed
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algorithm forUKBiobankdata,which incorporates self-reporteddiagnoses,
medication use, age at diagnosis, ethnicity-specific cut-offs, and insulin
usage to distinguish type 2 diabetes from other types32. Dyslipidemia was
derived from the UK Biobank dataset of “first occurrences” (Field ID
130814) containingdata obtained fromprimary care data, hospital inpatient
records, death registers, and self-reported medical conditions.

Statistical and reproducibility
The baseline characteristics of participants, categorized by WHR, were
presented as mean (standard deviation, SD) for continuous variables and
frequencies (percentages) for categorical variables.

The independent associationsof abdominal obesity and fatty acidswith
MVDs were tested using the Cox proportional hazards regression, with
results presented asHRs and 95%CI. The proportional hazards assumption
was verified by evaluating the Schoenfeld residuals. Participants without
abdominal obesity and those in the lowest quartile (Q1) of each fatty acid
were used as the reference groups, respectively.Model 1was adjusted for age
(continuous), sex (male/female), ethnicity (White/others), education level
(no qualification/any other qualification/university degree or above), and
deprivation index (continuous). Model 2 was additionally adjusted for
dietary score (meeting <2 targets/≥2 targets), alcohol intake (never/pre-
vious/current, <3 times per week/current, ≥3 times per week), smoking
status (never/previous/current), and physical activity (inactive/active), with
the addition of abdominal obesity (yes/no; for fatty acid analyses only) in
models where fatty acids were the exposure.Model 3 was adjusted asModel
2 plus eGFR (continuous), dyslipidemia (yes/no), hypertension (yes/no),
and type 2 diabetes (yes/no).

To explore whether WHR would modify the associations between
plasma fatty acids and MVDs, stratification analyses by WHR were con-
ducted to investigate the associations of fatty acids with incidentMVDs. To
quantify the additive interactions, each fatty acid was transformed into a
binary variable based on its median value. The additive interaction was
quantified by calculating the relative excess risk of interaction (RERI),
attributable proportion due to the interaction (AP), and synergy index (SI),
after adjustment with covariates in Model 3. The RERI represents the
absolute risk attributable to additive interaction, and the absence of inter-
action is indicated by RERI = 0. Values of RERI > 0, AP > 0, and
SI > 1 suggest a synergistic interaction, meaning the combined effects of
abdominal obesity and fatty acids exceed the sum of their individual effects.
The 95% confidence intervals for these metrics were estimated using the
delta method33.

We also conducted several sensitivity analyses to ensure the robustness
of our findings. Firstly, to further explore the relationship between plasma
fatty acids and specificmicrovascular complications, we conducted analyses
stratified by nephropathy, neuropathy, and retinopathy. Secondly, we per-
formed stratified analyses by sex and age to evaluate if these factors modify
the relationship between plasma fatty acids and MVDs risk. Thirdly, we
conducted further stratified analyses by BMI and WC to explore the
potential confounding associations of general and abdominal obesity on the
observed associations. Fourth, to assess whether the observed associations
are attenuatedby reverse causation,we excluded those cases occurring in the
first two years of follow-up. Fifth, to address the potential residual con-
founding by fish oil supplementation, we further adjusted for the supple-
mentation status from the baseline questionnaire. Sixth, considering that
C-reactiveprotein (CRP) couldbe apotential confounderor amediator, and
the current main models treated CRP as a mediator and therefore did not
adjust for it, we conducted an additional sensitivity analysis adjusting for
CRP as a confounder. Seventh, we performed analysis with imputing
missing data of covariates using multiple imputations with a chained
equation to test the robustness of the current findings. All analyses were
conducted using R software (version 4.3.2, R Foundation for Statistical
Computing, Vienna, Austria), primarily utilizing the dplyr, interactionR,
and survival packages. All tests were two-sided, andP < 0.05was considered
statistically significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Baseline characteristics of participants
The baseline characteristics of the 88,571 participants, stratified by WHR,
are shown in Table 1. The mean age was 55.8 (SD 8.1) years, and 47,459
(53.6%) of the participants were female. Of the participants, 42,017 (47.4%)
metWHR criteria for abdominal obesity. Compared to individuals without
abdominal obesity, those with abdominal obesity exhibited a higher
deprivation index (−1.3 ± 3.1 vs.−1.6 ± 2.9,P < 0.001) and lower adherence
to dietary targets (46.7% vs. 57.0%, meeting ≥2 targets, P < 0.001). Plasma
fatty acids analysis revealed that participantswithout abdominal obesity had
lower levels of SFAs at 33.7 (SD1.7) andMUFAs at 22.5 (SD2.3), but higher
levels of PUFAs at 43.8 (SD3.1), compared to thosewith abdominal obesity.

Association of abdominal obesity and plasma fatty acids with
incident MVDs
During a median follow-up of 13.7 years, 6737 MVDs were recorded. Of
these, 2692 occurred in participants without abdominal obesity at baseline,
and 4045 occurred in those with abdominal obesity. The proportional
hazards assumption was met by evaluation using the Schoenfeld residuals.
The abdominal obesity was significantly associated with a higher risk of
MVDs (HR:1.20, 95% CI 1.13–1.26), compared with those without
abdominal obesity (Supplementary Table 2). The associations of fatty acids
with incidentMVDs events are shown inTable 2. Participants in the highest
quartile (Q4) of SFAs had an 11% higher risk of MVDs (HR: 1.11, 95% CI:
1.04–1.19), compared to the Q1 (Ptrend = 0.006). Similarly, Q4 of MUFAs
was associated with a 17% higher risk of MVDs (HR: 1.17, 95% CI:
1.09–1.26) (Ptrend < 0.001).

As shown in Table 2, higher levels of total PUFAs, n-3 PUFAs, and n-6
PUFAs were conversely associated with a lower risk of MVDs. The total
PUFAs in the Q4 was associated with a 19% risk reduction (HR: 0.81, 95%
CI: 0.75–0.87; Ptrend < 0.001), while n-3 and n-6 PUFAs showed 11% (HR:
0.89, 95% CI: 0.83–0.96; Ptrend = 0.003) and 15% (HR: 0.85, 95% CI:
0.79–0.91; Ptrend = 0.001) reductions, respectively.

Stratification analyses by abdominal obesity
To further explore the relationship between plasma fatty acids and MVDs,
we conducted stratified analyses based onWHR (Fig. 1 and Supplementary
Table 4). The associations between MUFAs and MVDs seemed more evi-
dent among participants without abdominal obesity (HR: 1.24, 95% CI:
1.10–1.39) than among those with abdominal obesity (HR: 1.12, 95% CI:
1.00–1.25). In contrast, the protective associations of total PUFAs (HR: 0.79,
95%CI: 0.72–0.88) and n-3 PUFAs (HR: 0.86, 95%CI: 0.78–0.94) appeared
more pronounced among participantswith abdominal obesity, although no
significant multiplicative interaction was observed.

Additive interaction of fatty acids and abdominal obesity on
MVDs risk
Wefurther assessed additive interactions between fatty acids and abdominal
obesity on the risk of MVDs (Table 3). An antagonistic additive association
was observed for n-3 PUFAs (RERI: −0.14, 95% CI: −0.25 to −0.03; AP:
−0.12, 95% CI:−0.22 to−0.03; SI: 0.49, 95%CI: 0.31–0.79), indicating that
the protective association of n-3 PUFAs with incident MVDs appeared
more pronounced among participants with abdominal obesity. No additive
interactions were detected for SFAs, MUFAs, total PUFAs, or n-6 PUFAs.

Sensitivity analyses
To ensure the robustness of our results, we conducted several sensitivity
analyses. First, SFAs and MUFAs showed positive associations with
nephropathy and neuropathy, whereas inverse associations were observed
for total PUFAs and n-6 PUFAs with both conditions, and for n-3 PUFAs
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with nephropathy alone. No fatty acid subtype was significantly associated
with retinopathy (Supplementary Data 2). Second, stratified analyses by sex
and age showed that while the inverse associations ofMUFAs, total PUFAs,
and n-6 PUFAs with risks of MVDs were significantly modified by age
(Pinteraction < 0.005) and the association of total PUFAs withMVDs differed
by sex (Pinteraction = 0.03), sensitivity analyses replacingWHRwithBMI and
WC revealed no significant modification of the relationships between these
fatty acids and microvascular risks (Supplementary Data 3). Furthermore,
the primaryfindingswere not substantially altered by excluding the first two
years of follow-up (SupplementaryTable 5), additionally adjustment forfish
oil supplementation (Supplementary Table 6), or CRP (Supplementary
Table 7), and performing a complete-case analysis without imputing
missing covariate data (Supplementary Table 8).

Discussion
ThisUKBiobank cohort studydemonstrated that elevatedplasmaSFAs and
MUFAs were independently associated with an increased risk of MVDs,
whereas total PUFAs were protective. Notably, an antagonistic additive
interaction between n-3 PUFAs and abdominal obesity was observed in

relation to MVDs risk. These findings highlight the importance of inte-
grating abdominal adiposity management with dietary fatty acid modula-
tion in strategies for the prevention of MVDs.

Unlike previous studies, this population-based cohort investigated
plasma fatty acid levels and their associations with microvascular compli-
cations in the general population34,35. Our findings demonstrate that ele-
vated plasma SFAs are significantly associated with higher risks of
both neuropathy and nephropathy (Supplementary Data 2). However,
regarding retinopathy, our results indicated that SFAs did not have a sig-
nificant association, which was inconsistent with previous findings in spe-
cific subgroups36,37. This discrepancy may reflect the heterogeneity in
metabolic status, disease progression, and mechanisms of microvascular
damage across different populations. For example, diabetic patients, due to
their chronic hyperglycemia, may be more sensitive to the metabolic
abnormalities of SFAs, thereby increasing the risk of retinopathy38. In
contrast, in the general population, SFAs may primarily affect the micro-
vasculature of the nerves and kidneys through other pathways, such as
inflammation or endothelial dysfunction, with a weaker impact on the
retina39.

Table 1 | Baseline characteristics of the participants stratified by WHRa

Characteristic Overall WHR P

Without abdominal obesity With abdominal obesity

Sample size 88571 46554 42017

Age 55.8 (8.1) 54.8 (8.2) 56.9 (7.8) <0.001

Female 47459 (53.6%) 33618 (72.2%) 13841 (32.9%) <0.001

Deprivation index −1.4 (3.0) −1.6 (2.9) −1.3 (3.1) <0.001

White 84351 (95.2%) 44536 (95.7%) 39815 (94.8%) <0.001

Education level, n (%) <0.001

No qualification 12888 (14.6%) 5370 (11.5%) 7518 (17.9%)

Any other qualification 44854 (50.6%) 23160 (49.7%) 21694 (51.6%)

University degree or above 30829 (34.8%) 18024 (38.7%) 12805 (30.5%)

Dietary score, n (%) <0.001

Meeting <2 targets 42383 (47.9%) 20007 (43.0%) 22376 (53.3%)

Meeting ≥2 targets 46188 (52.1%) 26547 (57.0%) 19641 (46.7%)

Smoking status, n (%) <0.001

Never 49602 (56.0%) 28610 (61.5%) 20992 (50.0%)

Previous 29958 (33.8%) 13874 (29.8%) 16084 (38.3%)

Current 9011 (10.2%) 4070 (8.7%) 4941 (11.8%)

Alcohol intake, n (%) <0.001

Never 3392 (3.8%) 1812 (3.9%) 1580 (3.8%)

Previous 2852 (3.2%) 1430 (3.1%) 1422 (3.4%)

Current, <3 times/week 42321 (47.8%) 22943 (49.3%) 19378 (46.1%)

Current, ≥3 times/week 40006 (45.2%) 20369 (43.8%) 19637 (46.7%)

Regular exercise, n (%) 46664 (52.7%) 25412 (54.6%) 21252 (50.6%) <0.001

eGFR 91.6 (12.8) 92.5 (12.6) 90.6 (13.0) <0.001

Hypertension 46822 (52.9%) 19664 (42.2%) 27158 (64.6%) <0.001

Dyslipidemia 10753 (12.1%) 3623 (7.8%) 7130 (17.0%) <0.001

Type 2 diabetes 3813 (4.3%) 619 (1.3%) 3194 (7.6%) <0.001

Plasma fatty acids

SFAs (% TFA) 34.0 (1.9) 33.7 (1.7) 34.3 (2.1) <0.001

MUFAs (% TFA) 23.4 (2.6) 22.5 (2.3) 24.4 (2.6) <0.001

Total PUFAs (% TFA) 42.6 (3.7) 43.8 (3.1) 41.3 (3.9) <0.001

n-3 PUFAs (% TFA) 4.4 (1.6) 4.5 (1.6) 4.3 (1.5) <0.001

n-6 PUFAs (% TFA) 38.2 (3.6) 39.3 (3.0) 37.0 (3.8) <0.001
aAll variables measured at baseline are presented as mean (SD) or number (%).
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In contrast to the consistent observational data linkingdietary intake of
MUFAs to a lower risk of CVD and mortality40,41, the present study found
that higher plasma levels of MUFAs were associated with a higher risk of
MVDs in the general population. One possible explanation for this paradox
lies in the dietary sources of MUFAs. Emerging evidence critically distin-
guishes plant-derived MUFAs (MUFA-Ps, e.g., from olive oil and nuts)
from animal-derived MUFAs (MUFA-As, e.g., from red meat, full-fat
dairy). MUFA-Ps are associated with a lower risk of coronary heart disease,
particularly when substituting saturated fats or refined carbohydrates,
whereasMUFA-As showno such benefit andmay even increase risk30. This
interpretation is further supported by our supplementary data on weekly
food consumption (SupplementaryTable 3). Specifically, participants in the
highest plasma MUFAs quartile reported higher consumption of red and
processed meats and lower intake of fruits and vegetables than those in the
Q1, which may provide evidence for the need to differentiate between
dietary sources of MUFAs when evaluating their associations with vascular
outcomes. Therefore, our findings challenge the simplistic view of MUFAs
as a uniformly beneficial nutrient. We suggest that in a general population,

elevated plasmaMUFAs likely serves as a biomarker of a diet high in animal
fats and low inplant foods, explaining its associationwithhigherMVDs risk.
This underscores that the health impact of fatty acids cannot be evaluated in
isolation but must be considered within the context of overall dietary pat-
terns and specific food sources.

Previous studies have mostly focused on the independent associations
between fatty acids and subtypes of MVDs, without considering the
potential modifying effects of obesity status on these associations42,43. Given
the clinical importance of understanding exposure effects across different
risk strata, we specifically investigated potential effects between fatty acids
and abdominal obesity on MVDs risk. In the present study, we observed a
significant inverse association between plasma n-3 PUFAs levels and the
overall risk ofMVDs.Participants in theQ4ofn-3PUFAshadan11% lower
risk of MVDs compared to those in the Q1 (HR: 0.89, 95% CI: 0.83–0.96).
Further analysis revealed tissue-specific associations: n-3 PUFAs were
inversely associated with nephropathy (Q4 vs. Q1: HR 0.81, 95% CI
0.73–0.90), whereas no significant associations were observed for neuro-
pathy or retinopathy. This finding aligns with a recent pooled analysis of 19

Table 2 | Associations between plasma fatty acids and incidence of MVDsa

Variable Range (% TFA) Cases/N HR (95% CI)

Model 1 Model 2 Model 3

SFAs

Q1 <32.74 1560/22159 Reference Reference Reference

Q2 32.74-33.87 1572/22148 0.98 (0.92–1.05) 0.99 (0.92–1.06) 0.99 (0.92–1.06)

Q3 33.88-35.12 1670/22130 1.01 (0.94–1.08) 1.01 (0.94–1.09) 1.03 (0.96–1.11)

Q4 > 35.12 1935/22134 1.14 (1.06–1.22) 1.10 (1.02–1.17) 1.11 (1.04–1.19)

Ptrend <0.001 0.09 0.006

MUFAs

Q1 <21.53 1245/22154 Reference Reference Reference

Q2 21.53–23.12 1425/22151 1.08 (1.00–1.16) 1.02 (0.95–1.10) 1.00 (0.92–1.08)

Q3 23.13–25.06 1798/22137 1.31 (1.22–1.41) 1.19 (1.10–1.28) 1.08 (1.00–1.16)

Q4 >25.06 2269/22129 1.70 (1.58–1.83) 1.46 (1.36–1.58) 1.17 (1.09–1.26)

Ptrend <0.001 <0.001 <0.001

Total PUFAs

Q1 <40.46 2250/22148 Reference Reference Reference

Q2 40.46–43.11 1740/22133 0.77 (0.72–0.82) 0.81 (0.76–0.86) 0.86 (0.81–0.92)

Q3 43.12–45.21 1480/22143 0.69 (0.64–0.73) 0.76 (0.71–0.81) 0.86 (0.80–0.92)

Q4 >45.21 1267/22147 0.62 (0.57–0.66) 0.70 (0.65–0.75) 0.81 (0.75–0.87)

Ptrend <0.001 <0.001 <0.001

n-3 PUFAs

Q1 <3.35 1541/22136 Reference Reference Reference

Q2 3.35–4.19 1660/22141 0.98 (0.91–1.05) 1.00 (0.93–1.07) 0.96 (0.90–1.03)

Q3 4.19–5.19 1748/22138 0.95 (0.89–1.02) 0.99 (0.93–1.06) 0.94 (0.88–1.01)

Q4 >5.19 1788/22156 0.86 (0.80–0.92) 0.93 (0.86–0.99) 0.89 (0.83–0.96)

Ptrend <0.001 0.052 0.003

n-6 PUFAs

Q1 <36.11 2276/22144 Reference Reference Reference

Q2 36.11–38.70 1791/22138 0.79 (0.74–0.84) 0.83 (0.78–0.88) 0.90 (0.84–0.96)

Q3 38.70–40.74 1500/22149 0.73 (0.68–0.77) 0.79 (0.74–0.84) 0.90 (0.84–0.96)

Q4 >40.74 1170/22140 0.66 (0.61–0.70) 0.72 (0.67–0.78) 0.85 (0.79–0.91)

Ptrend <0.001 <0.001 0.001
aPtrend was calculated by assigningmedian values to each quartile and treating it as a continuous variable in themodels to test for a linear association across categories. All statistical tests were two-sided.
“Cases” refers to the number of incident MVDs cases within each quartile, and “N” represents the total number of participants in that quartile.
Model 1: adjusted for age, sex, ethnicity, deprivation index, and education level.
Model 2: adjusted for model 1 plus dietary score, alcohol, smoking status, physical activity.
Model 3: adjusted for model 2 plus eGFR, dyslipidemia, hypertension, and type 2 diabetes.
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cohorts, which indicated that higher levels of marine-derived n-3 PUFAs
were associated with a reduced risk of chronic kidney disease and a slower
decline in renal function44.However, consensuson the renoprotective effects
of n-3 PUFAs remains elusive. For instance, some studies have reported no
clear protective effects of n-3 fatty acids on renal function in patients with
type 2 diabetes45. A 36-month cohort study of patients with type 2 diabetic
nephropathy also found that dietary n-3 PUFAs intake was not associated
with a renoprotective benefit46. These seemingly contradictory results sug-
gest that the observed associations of n-3 PUFAs may be influenced by
various factors, including population characteristics, disease stage, and the
form of intervention. Although our study did not find significant associa-
tions between n-3 PUFAs and retinopathy or neuropathy, this does not
entirely preclude their potential role. The development of microvascular
complications is tissue-specific, and different organs may exhibit funda-
mental differences in their response to fatty acidmetabolism. The kidney, as
a highly perfused organ, might be more sensitive to the potential anti-
inflammatory and endothelial actions of n-3 PUFAs, which may underlie
the stronger association observed. Furthermore, plasma n-3 PUFAs levels
reflect the combined outcome of long-term dietary intake and endogenous
metabolism, and their associations may be modulated by other dietary
components, genetic background, and the stage of complications.

Mechanistically, n-3 PUFAs possess multiple biological effects,
including lipid regulation, blood pressure reduction, antithrombotic effects,
anti-inflammatory, and cardiovascular protective actions47. These

properties are particularly important in the context of obesity, as chronic
low-grade inflammation associated with obesity is a significant risk factor
for metabolic CVDs48. Studies have shown that n-3 PUFAs, through their
antioxidant and anti-inflammatory effects, can reduce cardiac autonomic
sympathetic nerve activity in rats, thereby lowering cardiovascular risk49. In
vitro and human studies further indicate thatω-3 PUFAs help reduce levels
of pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α, which are
typically elevated in obesity50. Overall, numerous prospective studies and
meta-analyses suggest that n-3 PUFAs supplementation may significantly
reduce coronary heart disease risk by 15–25%, with the specific magnitude
varying according to study population and design51.

Notably, we also identified a significant antagonistic additive interac-
tionbetweenn-3PUFAsandabdominal obesity on the riskofMVDs (RERI:
−0.14, 95%CI:−0.25 to−0.03). This suggests that higher n-3 PUFAs levels
may partially offset the microvascular risks associated with obesity among
individuals with abdominal obesity. This finding holds important clinical
implications, indicating that increasing n-3 PUFAs levels might help alle-
viate the burden of microvascular complications in abdominally obese
individuals. The protective mechanisms of n-3 PUFAs may involve their
anti-inflammatory properties, improvement of endothelial function, reg-
ulation of lipid metabolism, and inhibition of oxidative stress, among
others52. In the development of microvascular complications such as dia-
betic nephropathy, chronic low-grade inflammation and endothelial dys-
function are key pathological processes53,54. N-3 PUFAs can promote
inflammation resolution and improve vascular reactivity through metabo-
lites like resolvins and protectins, thereby exerting protective effects55,56. It is
noteworthy that the protective effects of n-3 PUFAs was more pronounced
in the abdominally obese group in our study, possibly because this subgroup
generally exhibits a stronger inflammatory state andmore severe metabolic
disturbances, allowingn-3PUFAs to exert a greatermodulating effect in this
high-risk subset.

When interpreting our findings, a critical consideration is the differ-
ential relationship between dietary intake and circulating plasma levels
across fatty acid subtypes. This has direct bearing on the translation of our
results into dietary guidance. Plasma phospholipid levels of long-chain n-3
PUFAs are considered robust biomarkers of their dietary intake, as endo-
genous synthesis is limited in humans57,58. This biological rationale
strengthens the inference that higher plasma n-3 PUFAs, associated with
lower MVDs risk, reflect beneficial dietary intake, thereby supporting the
inclusion of fatty fish or n-3 supplements. In contrast, the interpretation of
plasma SFAs and MUFAs is more complex. Their circulating

Fig. 1 | Associations of fatty acids with incident MVDs stratified by WHR.
Stratification was based on waist-to-hip ratio (WHR), with abdominal obesity
defined as WHR > 0.85 for women and WHR > 0.90 for men. The study included
46,554 participants without abdominal obesity and 42,017 participants with
abdominal obesity. Panels display hazard ratios (HRs) for MVDs across quartiles of

a SFAs, bMUFAs, c total PUFAs, d n-3 PUFAs, and e n-6 PUFAs. Points indicate
HRs derived from Cox proportional hazards models, and error bars represent 95%
confidence intervals. The regression analysis was adjusted for age, sex, ethnicity,
deprivation index, education level, dietary score, alcohol, smoking status, physical
activity, eGFR, dyslipidemia, hypertension, and type 2 diabetes.

Table 3 | Additive interactions of different fatty acids and
abdominal obesity on incident MVDsa

Fatty acids RERI AP SI

SFAs 0.02 (−0.09, 0.13) 0.01 (−0.07, 0.10) 1.07 (0.70, 1.63)

MUFAs 0.07 (−0.04, 0.19) 0.06 (−0.03, 0.14) 1.32 (0.79, 2.19)

Total PUFAs 0.00 (−0.10, 0.10) 0.00 (−0.10, 0.10) 1.01 (0.15, 7.07)

n-3 PUFAs −0.14
(−0.25, −0.03)

−0.12
(−0.22, −0.03)

0.49 (0.31, 0.79)

n-6 PUFAs 0.00 (−0.10, 0.11) 0.00 (−0.10, 0.10) 1.00 (0.29, 3.45)
aData are presented as the point estimate (95% CI) for the additive interaction metrics. The
regression model was adjusted for age, sex, ethnicity, deprivation index, education level, dietary
score, alcohol, smoking status, physical activity, eGFR, dyslipidemia, hypertension, and type 2
diabetes. Reference group: participants without abdominal obesity and with fatty acid levels below
the median.
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concentrations are not only influenced by diet but are also significantly
affected by endogenousmetabolic processes59. Notably, de novo lipogenesis,
the synthesis of SFAs and MUFAs from carbohydrates, is upregulated in
conditions of excess energy intake and insulin resistance60. Consequently,
elevated plasma SFAs andMUFAs levelsmay serve as an integratedmarker
of both direct dietary intake and, perhaps more importantly, an underlying
dysmetabolic state driven by excessive carbohydrate consumption and
abdominal obesity. Therefore, while our data robustly link plasma fatty acid
profiles to MVDs risk, deriving specific intake recommendations for SFAs
and MUFAs is less straightforward. These findings underscore the
importance of focusing on overall dietary patterns to improve metabolic
health, rather than focusing solely on isolated nutrient targets. This
supports the specific recommendation of diets rich in PUFAs, particularly
n-3 PUFAs from foods like fatty fish, especially for individuals with
abdominal obesity.

Our current study boasts several strengths. For example, the fatty acids
data were derived from plasma rather than relying on estimated intakes
from dietary questionnaires, thereby enhancing the accuracy of exposure
assessment. Furthermore, the prospective population-based study design
reduces the likelihood of complications arising from reverse causality,
coupled with a large sample size, an extended follow-up duration, and
comprehensive information on potential confounding variables. The
robustness of our findings was further supported by the consistency of
associations across multiple sensitivity analyses. However, several study
limitationswarrant cautious interpretationof thefindings. First, the residual
confounding from unmeasured lifestyle factors (e.g., detailed dietary pat-
terns) still existed, although multiple covariates including lifestyle and diet
score were adjusted in the association analyses. Second, the generalizability
may also vary across ethnicities, as the cohort study of UK Biobank was
predominantly comprised of White ethnicity. Third, the single-timepoint
fatty acid measurements may introduce exposure assessment error and
restrict our ability to evaluatedietary variations ormetabolic changes during
the follow-up period. However, repeat measurements in a subset of parti-
cipants showed moderate correlations (0.5–0.6) between measurements
taken years apart, indicating stable dietary habits. Future studies are needed
to explore the influence of the long-term dynamics of fatty acid profiles
on MVDs.

Conclusions
This study found that SFAs andMUFAs were associated with a higher risk
of MVDs, whereas total PUFAs (particularly n-3 PUFAs) exhibited pro-
tective associations. Notably, higher n-3 PUFAs level demonstrated an
antagonistic interactionwith abdominal obesity, attenuating obesity-related
MVDs risk. These findings underscore the importance of integrating
abdominal adiposity control and modulation of dietary fatty acid compo-
sition into prevention strategies for MVDs.

Data availability
The UK Biobank data are protected by privacy regulations and governance
policies. Access to the raw data requires an application submitted directly to
the UK Biobank (www.ukbiobank.ac.uk). The datasets generated and/or
analyzed during the current study are available from the corresponding
author upon reasonable request. The source data for Fig. 1 are provided in
Supplementary Table 4.
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