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Background and Aims: Dietary fatty acid composition is associated with non-
alcoholic fatty liver disease (NAFLD). Few evidence had identified a clear role of
dietary fatty acid composition of typical diet in NAFLD. We aimed to investigate the
relationship between dietary patterns and NAFLD in populations with typical diets
and to explore the effect of fatty acid composition in dietary patterns on NAFLD.

Methods: Principal component analysis was used to identify 4 dietary patterns in
UK Biobank participants. Logistic regression was used to estimate the association
between dietary patterns and NAFLD. Mediation analysis was performed to evaluate
the extent to which the relationship between dietary patterns and NAFLD was
explained by dietary fatty acid combinations, as surrogated by serum fatty acids
measured by nuclear magnetic resonance.

Results: A dietary fatty acid pattern (DFP1) characterized by "PUFA enriched
vegetarian” was negatively associated with NAFLD risk. Serum fatty acids were
significantly associated with DFP1 and NAFLD. Mediation analysis showed SFA (27.8%,
p<0.001), PUFA (25.1%, p<0.001), -6 PUFA (14.3%, p<0.001), LA (15.6%, p<0.001) and
DHA (10%, p<0.001) had a significant indirect effect on the association between DFP1
and NAFLD. A dietary pattern characterized by “PUFA enriched carnivore” (DFP2) was
not associated with NAFLD risk.

Conclusion: A “PUFA enriched vegetarian” dietary pattern with increased LA and DHA,
may be beneficial for the treatment or prevention of NAFLD, while a “PUFA enriched
carnivore” dietary pattern may not be harmful to NAFLD.

NAFLD, dietary pattern, dietary fatty acids, polyunsaturated fatty acids, liver fat content

1. Introduction

The metabolic disease nonalcoholic fatty liver disease (NAFLD) is becoming the most common
chronic liver disease worldwide (1). Globally, about 25-30% of adults and about 15% of children
develop NAFLD (2). NAFLD increases the risk of further developing liver cirrhosis or hepatocellular
carcinoma (HCC) (3, 4). Unhealthy dietary patterns (such as increased caloric intake, especially
glucose, fructose, and saturated fat) and sedentary behavior have been shown to increase liver fat
content, which has contributed to the development of NAFLD (5).
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Dietary intake is considered to be a modifiable risk factor for
NAFLD (6). Previous studies have identified that isoenergetic diets with
different fatty acid compositions affect the accumulation of hepatic fat
differentially (7, 8). The previous results identified the beneficial effects
of PUFA and the harmful effects of SFA on NAFLD/hepatic fat (9-11).
However, the designed fatty acid intake in most experiments far
exceeded typical diets in the real world, resulting in poor application to
normal healthy populations (12).

Studies on dietary patterns established according to typical dietary
populations may be more beneficial to provide practicable clinical
strategies on diet (13). The vast majority of current research studying the
role of dietary patterns on NAFLD has been designed using food groups,
while only a small number of studies were performed using nutrient
intakes (14-16). Using nutrient intakes to identify dietary patterns
enables the understanding of key biological processes and makes it
easier to compare results between different populations (17). Dietary fat
composition is an important manifestation of nutrient-based dietary
patterns, but there has been few study revealed the effects of the dietary
fat composition of nutrient-based dietary patterns on NAFLD/hepatic
fat content. Addressing the effects of fatty acid composition in different
dietary patterns on NAFLD will promote the development of dietary
treatment strategies for NAFLD. A previous study has revealed the fatty
acid composition in serum as a useful marker for dietary fatty acid
intake (18), making it feasible to measure the effect of dietary fatty acid
composition on NAFLD in large cohorts.

Here, we performed nutrient-based dietary pattern analysis using
the UK Biobank cohort to investigate the association between dietary
fatty acid patterns and NAFLD in a typical dietary population. We also
test whether serum fatty acids mediate the relationship between dietary
fatty acid patterns and NAFLD.

2. Methods
2.1. Participants and sample exclusion

The UK Biobank (UKB) cohort comprised more than 500,000
participants aged 40-69 from the UK population during 2006-2010
(19). These participants provided extensive genetic and phenotypic data.
The UKB collected dietary information in about 210,000 participants
through a web-based 24-h recall questionnaire, Oxford WebQ' (20).
Participants with atypical diet, unreliable energy intake (<500
or>3,500kcal/day for women and <800 or >4,000 kcal/day for men),
incomplete phenotype (nutrients, BMI, income, and education), HBV/

1 www.ceu.ox.ac.uk/research/oxford-webq

Abbreviations: NAFLD, nonalcoholic fatty liver disease; HCC, hepatocellular carcinoma;
HBV, Hepatitis B virus; HCV, Hepatitis C virus; SFA, saturated fatty acid; MUFA,
monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; w-3 PUFA, omega-3
PUFA; o-6 PUFA, omega-6 PUFA; LA, linoleic Acid; AA, arachidonic acid; DHA,
Docosahexaenoic Acid; PCA, principal component analysis; DFP, dietary fat intake
patterns; WL-PDFF, whole liver proton density fat fraction; PDFF, proton density fat
fraction; BMI, body mass index; GSH, glutathione; GGT, y-glutamyltransferase; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase;
APOA, apolipoprotein A; APOB, apolipoprotein B; TC, total cholesterol; TG, triglycerides;
LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.
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HCYV infection, liver-related disease (hemochromatosis, viral hepatitis,
Wernicke’s disease, and Wilson disease), liver damage drugs use, alcohol
use and alcoholic diseases were excluded (Supplementary Table S1).
Ultimately 93,399 unrelated individuals of European ancestry were used
for further analysis.

2.2. Dietary fat intake patterns

The total quantity consumed of each food or beverage for each
participant was calculated by multiplying the portion size by the amount
consumed per portion. The nutrient intakes were calculated by
multiplying the total quantity consumed by the composition of nutrients
in the food or beverage. The majority of portion sizes was defined from
Food portion sizes (21), and nutrient composition in food or beverages
was defined from McCance and Widdowson’s Composition of Foods (22).
Fiber intake was estimated using the Englyst method (23). We calculated
MUFA intake by subtracting SFA and PUFA from total fat intake (24).

These participants were invited to complete the Oxford WebQ 5
times between 2009 and 2012, and the average nutrient intake was
calculated in participants who completed two or more 24-h dietary
assessments. Daily nutrients intake was firstly measured as the average
intake per 1,000kcal of total energy intake. Dietary fat intake depends
on other nutrients intake, thus we also included other nutrients in
subsequent analysis. Given the high correlation between different
nutrient intake phenotypes, we performed a principal component
analysis (PCA) for nutrient intake data in the UKB cohort. Nutrients
intake phenotypes were grouped into a smaller number of uncorrelated
underlying factors, also known as dietary patterns. The number of
factors (dietary patterns) was retained based on the following criteria:
eigenvalues >1, Cattell scree test, and interpretability of the factors.
Varimax rotation was performed to generate uncorrelated and
interpretable dietary patterns, which were named according to dietary
fat intake characteristics. Factor scores were calculated for each
participant, with higher scores closer to the corresponding dietary
pattern. To examine the differences in characteristics according to
different dietary fat intake patterns (DFPs) quartiles, analysis of variance
(continuous data) and logistic regression analyzes (categorical data)
were undertaken.

2.3. Non-alcoholic fatty liver disease
definitions

The whole liver proton density fat fraction (WL-PDFF) was got
from magnetic resonance images of 42,891 participants in UK Biobank
(UK Biobank project 71,668). WL-PDFF had a high correlation with
previous PDFF measurement (25). NAFLD was diagnosed by
WL-PDFF > 5%, while healthy controls were defined as WL-PDFF <5%.

2.4. Observational study

Multivariate linear regression analysis was used to examine the
cross-sectional association between DFPs and NAFLD, 4 hepatic
enzymes (GGT, AST, ALT, and ALP), 6 lipid-related biomarkers (APOA,
APOB, TC, TG, LDL-C, and HDL-C) or 247 serum metabolic
biomarkers (generated by Nightingale Health and provided by the
UKB). Two models have been applied in our analysis: the

frontiersin.org


https://doi.org/10.3389/fnut.2023.1117626
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://www.ceu.ox.ac.uk/research/oxford-webq

Tian et al.

minimum-adjustment model and the fully-adjusted model. In the
minimally adjusted model, we adjusted for age, gender, and BMJ; in the
fully adjusted model, we further adjusted for sedentary time, exercise,
income, and education. Details of the covariate coding can be found in
the Supplementary text. FDR p <0.05 was used as the significance level
in each model.

2.5. Mediation analysis

Mediation analysis was performed to assess whether the effect of
DFP on NAFLD was mediated by the serum metabolic biomarkers. The
mediation analysis aimed to quantify the effect of exposure on the
outcome (natural indirect effect, NIE) mediated by mediating variables
(exposure — mediating variable — outcome). In our study, the total
effect of DFP on NAFLD was decomposed into estimates of the natural
direct effect (NDE) of DFP (not mediated by metabolic biomarkers)
and the NIE of DFP (mediated by metabolic biomarkers). The
proportion of mediation (PM) was calculated using the following
formula (26):

M = MORNIE 1009
(l}’l ORNIE +In ORNDE)

Mediator models were adjusted for age, gender, and BMI. For all
mediated models, confidence intervals of 95% (95% CI) were calculated
by non-parametric bootstrap with 1,000 replications.

2.6. Statistical analysis

PCA was performed using the “psych” package of R (version 2.1.6, June
18,2021) (27). Multivariate logistic/linear regression analyzes were performed
using R software (version 4.0.2).> Mediation analysis was performed using the
“medflex” package of R (version 0.6-7, August 3, 2020) (28).

3. Results

3.1. Dietary fat intake patterns in a typical
dietary population

Characteristic profiling for the typical dietary participants in UK
biobank revealed that the majority of the participants were middle aged
(56.8+7.8y), more females than males (52.7% vs. 47.3%), and overweight
(average BMI 26.9 + 4.6 kg/m?), with sedentary hours of 3.7+ 1.9h per
day. Liver fat content was moderate (4.1 +3%), with a NAFLD prevalence
0f 18.3% (Supplementary Table S2). We conducted PCA using a total of
19 nutrients (Supplementary Table S3). Four dietary patterns were
identified in typical dietary participants (Supplementary Table 54).
These 4 dietary patterns explained 63% of the total variance and were
named according to each dietary patterns fat intake characteristics
(Figure 1). Supplementary Table S5 provides sample characteristics
according to quartiles of different DFPs.

2 https://www.r-project.org/
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DFP1 was defined as “low fat and high PUFA 1, characterized by
low total dietary fat intake (30.55% of total energy) and a high
proportion of PUFA (20.56%). The highest intake group (DFP1-Quartile
4) has low SFA and MUFA intake and high PUFA intake compared to
the lowest intake group (DFP1-Quartile 1). DFP2 was defined as “low
fat and high PUFA 2 characterized by low total dietary fat intake
(32.73% of total energy) and a slightly low proportion of PUFA (18.28%).
There was no significant difference in dietary fat between the highest
intake group (DFP2-Quartile 4) and the lowest intake group (DFP2-
Quartile 1). DFP3 was defined as “high fat and high SFA,” characterized
by high total dietary fat intake (38.19% of total energy) and a high
proportion of SFA (41.83%). Compared with the lowest intake quartile
(DFP3-Quartile 1), the highest intake group (DFP3-Quartile 4) has a
high tendency for SFA and MUFA intake, with little change in PUFA
intake. DFP4 was defined as “high fat and high PUFA” characterized by
high total dietary fat intake (38.19% of total energy) and a high
proportion of PUFA (22.5%). The highest intake group (DFP4-Quartile
4) tended to consume more unsaturated fats than the lowest intake
group (DFP4-Quartilel).

3.2. Observational association between
dietary fat intake patterns and non-alcoholic
fatty liver disease

The multivariate logistic regression minimum-adjustment model
showed that only DFP1 was significantly associated with NAFLD [OR
(95%CI): 0.82 (0.78-0.87), FDR p=2.92x107"], and this association
remained significant (FDR p<0.05) in the fully-adjusted model
(Figure 2A; S5).
multivariate linear models revealed that DFP1 was significantly
associated with all 12 NAFLD-related traits included in our study
(Supplementary Table S6). DFP1 was positively associated with AST
(#=0.1, FDR p=6.93x107"), and negatively associated with the rest of
NAFLD-related traits (Liver Fat f=—0.22; BMI f=—-0.3; GGT f=—1.64;
ALT p=-0.11; ALP p=-0.58; Apolipoprotein A f=-0.01;
Apolipoprotein B f#=—0.01; Cholesterol f=—0.04; TC f=-0.03; LDL-C
f=—0.03; HDL-C =—0.004). As a sensitivity analysis, we also tested
these associations using fully-adjustment multivariate linear models

Supplementary Table Minimum-adjustment

(Supplementary Table S6). All associations remained significant except
ALT (f=-0.02, FDR p=0.65; Figure 2B).

3.3. Observational association between
dietary fat intake patterns, non-alcoholic
fatty liver disease and serum metabolic
biomarkers

Minimum-adjustment multivariate linear models revealed DFPs
were highly correlated with serum fatty acids, consistent with their
dietary fatty acid compositions (Figure 3A). DFP1 was negatively
correlated with SFA and MUFA, and positively associated with -6
PUFA (8=0.22, FDR p=1.98x10"2) and -3 PUFA (8=0.15, FDR
Pp=3.00x107*). Interestingly, DFP1 was also negatively correlated with
the ©-6 PUFA to -3 PUFA ratio. DFP2 was similar to DFP1 in dietary
fatty acid composition while different in serum fatty acids association.
Although DFP2 was also positively correlated with serum PUFA
(#=0.26, FDR p=8.17x107%), it was positively correlated with ®-3
PUFA ($=0.32, FDR p=2.11x 10"***) and negatively correlated with ®-6
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FIGURE 1
Characteristics of Dietary fat intake patterns (DFPs). (A) Loadings of DFPs. The x-axis is the various nutrients, and the y-axis is the PCA factor loadings of
those nutrients. DFPs, Dietary fat intake patterns. (B) Dietary fat intake characteristics of DFPs. The x-axis is quartiles of DFPs, and the y-axis is mean value of
dietary fat intake. (C) Dietary fatty acid composition for the fourth quartile (highest intake) population. The percentage of total energy from dietary fatty
acids was placed in the middle.

PUFA (f=-0.06, FDR p=8.17x107%). DFP3 was positively correlated
with serum SFA, which is consistent with the dietary fatty acid
composition. The association between DFP4 and serum fatty acids was
also consistent with the dietary fatty acid composition, with a negative
correlation with serum SFA and a positive association with PUFA.

To further explore the mechanisms in which DFP1 affects NAFLD,
we investigated the association between DFP1 and serum metabolic
markers (Supplementary Table 57). A total of 188 serum metabolic
markers were significantly associated with DFP1, with serum fatty acids
being the most significant markers (Figure 3B). We also investigated the
association between NAFLD and serum metabolic markers
(Supplementary Table 58). A total of 184 serum metabolic markers were
significantly associated with NAFLD, with serum fatty acids also being
the most significant (Figure 3C). SFA and MUFA were associated with
increased risk of NAFLD, while o-6 PUFA [OR (95%CI): 0.86 (0.84,
0.89), FDR p=2.65x 102" and LA [OR (95%CI): 0.86 (0.83, 0.89), FDR
p=2.54x10""] were correlated with lower risk of NAFLD. No
association between ®-3 PUFA and NAFLD was observed, but DHA
[OR (95%CI): 0.7 (0.59, 0.82), FDR p=4.04x107°] was negatively
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associated with NAFLD. As a sensitivity analysis, we also analyzed liver
fat content rather than NAFLD. Liver fat was significantly positively
associated with SFA and MUFA, and negatively associated with -6
PUFA, LA, and DHA, which is consistent with the association between
NAFLD and serum fatty acids (Supplementary Figure S1). 142 serum
metabolic markers including 11 fatty acid markers were significantly
associated with both DFP1 and NAFLD (Supplementary Table S9).
DFP1-associated serum fatty acids were significantly associated with low
liver fat content and NAFLD risk, implicating that DFP1 is likely to
protect NAFLD by regulating serum fatty acids.

3.4. Mediation analysis of dietary fat intake
patterns and non-alcoholic fatty liver
disease

To further explore the causal relationship between DFPs and NAFLD,
we used mediation analysis to assess whether the effect of DFP1 on NAFLD
was mediated by serum fatty acids. Eleven serum fatty acid markers both

04 frontiersin.org
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FIGURE 2

Observational association between DFPs with NAFLD and NAFLD
related traits. (A) Observational association between DFPs with
NAFLD. (B) Observational association between DFP1 with NAFLD
related traits. OR, odds ratio.

significantly associated with DFP1 and NAFLD were included in the
mediation analysis. Eight serum fatty acid markers showed an indirect
effect (NIE p<0.05, Supplementary Table S10). Among them, SFA, PUFA,
®-6 PUFA, LA, and DHA explained 27.8%, 25.1%, 14.3%, 15.6%, and 10%
of the total effect of DFP1 on NAFLD, respectively (Figure 4).

Although the remaining 3 DFPs were not significantly associated with
NAFLD, we also used mediation analysis to avoid ignoring the effect of
the dietary fat combination on NAFLD due to the masking effect of other
nutrients (Supplementary Table S10). In DFP2, only LA showed a
marginal significant indirect effect on NAFLD [OR (95%CI): 1.12 (1.01,
1.23), p=0.02], while indirect effects of MUFA, PUFA, w-3 PUFA, and
DHA were not consistent with total effect (Figure 4), implying that the
partial effect of DFP2 was masked. No serum fatty acids showed an
indirect effect in the association between DFP3/DFP4 and NAFLD.

4. Discussion

To our best knowledge, this is the best powered study of the effect
of daily dietary patterns on NAFLD, which is diagnosed by precise
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MRI-PDFF measurements. In this study, typical dietary patterns were
inferred from the questionnaire that surveyed in general population, of
which the results are better transferable into clinical dietary suggestions.
As simple liver steatosis can be reverted by dietary intervention, our
result could be informative for future clinical management of
NAFLD patients.

Decomposing dietary patterns using principal component analysis
has been proven to be successful in revealing the contribution of
nutrient components to disease risk (29). In our study, 4 dietary fat
patterns were identified, of which 3 patterns (DFP1-3) explained 51%
variance of interpersonal food intake and were identical to the patterns
identified in a previous study (17).

DFP1 was the only dietary fat pattern associated with a reduced
risk of NAFLD. DFP1 is characterized by low total energy intake,
low total dietary fat intake and a high proportion of PUFA,
consistent with beneficial dietary fatty acid in anti-NAFLD diet (6).
DFP1 has shown a good weight loss effect, which is beneficial in
reducing inflammation, metabolic disorders, insulin resistance and
other adverse effects caused by obesity (30). Furthermore, the
significant association of DFP1 with liver enzymes and lipid
biomarkers suggests that DFP1 may even be associated with the
improvements in liver function. DFP1 can reduce the level of
glutathione (GSH) degrading enzyme GGT, which indicates that
DEFP1 has the potential to increase antioxidant levels through GSH
(31). DFP1 was also negatively correlated with the liver injury
marker ALT, which also indicated a protective effect on the liver.
The blood lipid control ability exhibited by DFP1 may be related to
the elevated plasma LDL-C clearance and the improvement of lipid
metabolism. Although the specific mechanisms underlying these
effects of DFP1 shall be clarified in future studies, the potential
mechanisms for anti-NAFLD are discussed in the following.

The source of food may modify the effect of dietary fat on the risk
of NAFLD. Vegetarian diet was associated with reduced risk of NAFLD
(32-34). In our study, DFP1 and DFP2 were similar in terms of dietary
fat. However, DFP1 was associated with reduced NAFLD risk, possibly
attributed to the vegetable-origin of the food. In fact, the major nutrients
of DFP1, e.g., dietary fiber, potassium, folate, carotene, vitamin C, B6,
and E, were mostly enriched in vegetables and fruits (35, 36). The benefit
of vegetarian diet is also supported by previous studies from diverse
populations (14-16), indicating the generalizability of vegetarian food
in the management of NAFLD patients.

Although the benefit of vegetarian diet has been demonstrated,
the effects of separate fatty acids remain unclear. Our mediation
analysis showed that around one fourth of the beneficial effects of
DEFP1 could be mediated by PUFA intake, with the assumption that
serum PUFA level surrogates dietary PUFA intake (18). PUFA has
been shown to reduce liver fat, through the activation of PPARs to
promote fatty acid oxidation (37, 38) and anti-inflammatory effects
(39, 40). However, it is important to distinguish the opposite
inflammatory-regulating effects of w-3 PUFA and w-6 PUFA. -6
PUFA-derived
proinflammatory (41, 42). Inflammation of visceral adipose tissue
leads to ectopic deposition of fat in the liver (NAFLD), which is
further exacerbated by the upregulation of nuclear factor-xB

eicosanoids  were  generally  considered

(NF-xB) (43). Conversely, ®-3 PUFA can exert an anti-inflammatory
effect by regulating the subunit abundance of NF-xB (44). DFP1, by
increasing w-3 PUFA, also improved the ®-6/w-3 ratio, which was
thought to reduce NAFLD risk (45, 46). Interestingly, we also found
that the mediating effect of LA, one of w-6 PUFA, was associated
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with a reduced risk of NAFLD, and the mediator proportion of ®-6
PUFA was smaller than that of LA. This appears to result from the
risk effect of non-LA w-6 PUFA with NAFLD (12). Several potential
mechanisms could explain the observed findings. Unlike w-6 PUFA-
derived eicosanoids, LA does not increase inflammation even at
high doses (47). However, LA is partially converted in vivo to
arachidonic acid (AA), which has long been recognized as a
pro-inflammatory fatty acid. Therefore, it is likely that the
pro-inflammatory effects exhibited by w-6 including AA partially
offset the anti-NAFLD effect of LA. In addition, LA may reduce the

Frontiers in Nutrition

risk of NAFLD by reducing ceramides, which may play a role
through de novo hepatic lipogenesis (DNL) in diet-induced NAFLD
(9, 48).

The effect of PUFA diet could be offset by the intake of red
meat. DFP2 was enriched with protein, vitamins B6, B12, D, and
iron, which likely represents red meat, poultry, and fish
enriched diet. Red meat intake was positively associated with
NAFLD risk (49, 50). As a result, the reason why PUFA-rich, DFP2
was not associated with NAFLD risk, can possibly be attributed to
the offsetting effect of high meat consumption. The beneficial
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FIGURE 4
Results of the mediation analysis. Serum fatty acids mediates the
relationship between DFPs and NAFLD. OR, odds ratio of mediation
effect. Proportion of mediator, proportion of the effect of DFP on
NAFLD that goes through fatty acids.

effects of PUFA intake included increasing w-3 PUFA and decreasing
of SFA and w-6/w-3 PUFA ratio. However, these effects may
be masked by the deleterious effects of heme iron, resulting in an
insignificant association between DFP2 and NAFLD (51). Our
results suggested a diverse diet characterized by red meat intake may
not increase NAFLD risk.

There were limitations in our study. First, our basis study design
is a cross-sectional epidemiological study which is not suitable for
causal relationship inference. The mediating effects of serum fatty
acids only provide evidence for the effect of diet patterns. As such,
these results should be considered preliminary. Large controlled
studies are needed to confirm these findings. Second, hepatic fat,
lipids, and nutrient data were not measured at a single visit, thus
uncertainty exists in the interpretation of our results. Third, MUFA
intake was calculated from 20 nutrients provided by UK Biobank
resources for the current analysis. The MUFA intake obtained by this
method incorporates the amount of total glycerol and trans fatty
acids, which may result in an overestimation of MUFA intake.
Therefore, it is necessary to further confirm our findings with better
defined nutrients data.

In conclusion, our findings reveal that dietary fatty acids
establish a crucial bridge between diet and NAFLD. The treatment
of simple liver steatosis may benefit from a PUFA enriched
vegetarian diet by increasing the intake of LA and DHA. “PUFA
enriched carnivore” diet, representing a more common diet with
high dietary adherence and food variety, is not associated with the
risk of NAFLD. Our study provides valuable lifestyle guidance for
the prevention and treatment of NAFLD.

Frontiers in Nutrition

10.3389/fnut.2023.1117626

Data availability statement

The original contributions presented in the study are included in the
article/Supplementary material, further inquiries can be directed to the
corresponding author.

Ethics statement

Ethics approval for the UK Biobank study was obtained from the
North West Centre for Research Ethics Committee (11/NW/0382). The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

AT and PC designed the study. PC contributed to the acquisition of
the UKB data. AT analyzed the data and wrote the first draft of the
manuscript. AT and ZS performed the statistical analysis. AT, PC, ZS,
MZ,]JL, and XP interpreted the results. All authors revised the manuscript
and approved the submission.

Funding

This work was supported by the “Changbai Mountain Scholar”
Distinguished Professor Awarding Program of the Department of
Education of Jilin Province, China.

Acknowledgments

This study used the UK Biobank resources under the application
number 71668.

Conflict of interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as
a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fnut.2023.1117626/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnut.2023.1117626
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2023.1117626/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2023.1117626/full#supplementary-material

Tian et al.

References

1. Younossi, Z, Tacke, F, Arrese, M, Chander Sharma, B, Mostafa, I, Bugianesi, E, et al.
Global perspectives on nonalcoholic fatty liver disease and nonalcoholic Steatohepatitis.
Hepatology. (2019) 69:2672-82. doi: 10.1002/hep.30251

2. Cicero, AFG, Colletti, A, and Bellentani, S. Nutraceutical approach to non-alcoholic
fatty liver disease (NAFLD): the available clinical evidence. Nutrients. (2018) 10:1153. doi:
10.3390/nu10091153

3. Huang, DQ, El-Serag, HB, and Loomba, R. Global epidemiology of NAFLD-related
HCC: trends, predictions, risk factors and prevention. Nat Rev Gastroenterol Hepatol.
(2021) 18:223-38. doi: 10.1038/541575-020-00381-6

4. Simon, TG, Roelstraete, B, Sharma, R, Khalili, H, Hagstrom, H, and Ludvigsson, JE.
Cancer risk in patients with biopsy-confirmed nonalcoholic fatty liver disease: a
population-based cohort study. Hepatology. (2021) 74:2410-23. doi: 10.1002/hep.31845

5. Stefan, N, Haring, HU, and Cusi, K. Non-alcoholic fatty liver disease: causes,
diagnosis, cardiometabolic consequences, and treatment strategies. Lancet Diabetes
Endocrinol. (2019) 7:313-24. doi: 10.1016/52213-8587(18)30154-2

6. Hodson, L, Rosqvist, F, and Parry, SA. The influence of dietary fatty acids on liver fat
content and metabolism. Proc Nutr Soc. (2020) 79:30-41. doi: 10.1017/50029665119000569

7. Parry, SA, and Hodson, L. Influence of dietary macronutrients on liver fat
accumulation and metabolism. ] Investig Med. (2017) 65:1102-15. doi: 10.1136/
jim-2017-000524

8. Yki-Jarvinen, H, Luukkonen, PK, Hodson, L, and Moore, JB. Dietary carbohydrates
and fats in nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol. (2021)
18:770-86. doi: 10.1038/s41575-021-00472-y

9. Rosgqyist, E, Kullberg, J, Stahlman, M, Cedernaes, ], Heurling, K, Johansson, HE, et al.
Overeating saturated fat promotes fatty liver and Ceramides compared with
polyunsaturated fat: a randomized trial. ] Clin Endocrinol Metab. (2019) 104:6207-19. doi:
10.1210/jc.2019-00160

10. Rosqyvist, F, Iggman, D, Kullberg, ], Cedernaes, J, Johansson, HE, Larsson, A, et al.
Overfeeding polyunsaturated and saturated fat causes distinct effects on liver and visceral
fat accumulation in humans. Diabetes. (2014) 63:2356-68. doi: 10.2337/db13-1622

11. Bjermo, H, Iggman, D, Kullberg, ], Dahlman, I, Johansson, L, Persson, L, et al. Effects
of n-6 PUFAs compared with SFAs on liver fat, lipoproteins, and inflammation in
abdominal obesity: a randomized controlled trial. Am J Clin Nutr. (2012) 95:1003-12. doi:
10.3945/ajcn.111.030114

12. Makela, TNK, Tuomainen, TP, Hantunen, S, and Virtanen, JK. Associations of serum
n-3 and n-6 polyunsaturated fatty acids with prevalence and incidence of nonalcoholic
fatty liver disease. Am J Clin Nutr. (2022) 116:759-70. doi: 10.1093/ajcn/nqac150

13. Hu, FB. Dietary pattern analysis: a new direction in nutritional epidemiology. Curr
Opin Lipidol. (2002) 13:3-9. doi: 10.1097/00041433-200202000-00002

14. Salehi-Sahlabadi, A, Teymoori, F, Ahmadirad, H, Mokhtari, E, Azadi, M, Seraj, SS,
et al. Nutrient patterns and non-alcoholic fatty liver disease in Iranian Adul: a case-control
study. Front Nutr. (2022) 9:977403. doi: 10.3389/fnut.2022.977403

15. Van Tien, N, Arisawa, K, Uemura, H, Imaeda, N, Goto, C, and Katsuura-Kamano, S.
Association between nutrient patterns and fatty liver index: baseline survey of the Japan
multi-institutional collaborative cohort study in Tokushima. Japan ] Epidemiol. (2022)
32:376-83. doi: 10.2188/jea.JE20200447

16. Mazidi, M, Ofori-Asenso, R, and Kengne, AP. Dietary patterns are associated with
likelihood of hepatic steatosis among US adults. ] Gastroenterol Hepatol. (2020) 35:1916-22.
doi: 10.1111/jgh.15076

17. Watson, S, Woodside, JV, Winning, L, Wright, DM, Srinivasan, M, and McKenna, G.
Associations between self-reported periodontal disease and nutrient intakes and nutrient-
based dietary patterns in the UK biobank. J Clin Periodontol. (2022) 49:428-38. doi:
10.1111/jcpe. 13604

18. Hodson, L, Skeaff, CM, and Fielding, BA. Fatty acid composition of adipose tissue
and blood in humans and its use as a biomarker of dietary intake. Prog Lipid Res. (2008)
47:348-80. doi: 10.1016/j.plipres.2008.03.003

19. Bycroft, C, Freeman, C, Petkova, D, Band, G, Elliott, LT, Sharp, K, et al. The UK
biobank resource with deep phenotyping and genomic data. Nature. (2018) 562:203-9. doi:
10.1038/541586-018-0579-z

20. Liu, B, Young, H, Crowe, FL, Benson, VS, Spencer, EA, Key, T]J, et al. Development
and evaluation of the Oxford WebQ, a low-cost, web-based method for assessment of
previous 24 h dietary intakes in large-scale prospective studies. Public Health Nutr. (2011)
14:1998-2005. doi: 10.1017/5S1368980011000942

21. Ministry of Agriculture Food. Food Portion Sizes. London: HMSO (1993).

22. Finglas, PM, Roe, MA, Pinchen, HM, Berry, R, Church, SM, Dodhia, SK, et al.
McCance and Widdowson's the Composition of Foods. Seventh Summary ed. Cambridge:
Royal Society of Chemistry (2015).

23. Englyst, HN, and Cummings, JH. Improved method for measurement of dietary fiber
as non-starch polysaccharides in plant foods. ] Assoc Off Anal Chem. (1988) 71:808-14.

24. Ho, FK, Gray, SR, Welsh, P, Petermann-Rocha, F, Foster, H, Waddell, H, et al.
Associations of fat and carbohydrate intake with cardiovascular disease and mortality:
prospective cohort study of UK biobank participants. BMJ. (2020) 368:m688. doi: 10.1136/
bmj.m688

Frontiers in Nutrition

10.3389/fnut.2023.1117626

25. Wilman, HR, Kelly, M, Garratt, S, Matthews, PM, Milanesi, M, Herlihy, A, et al.
Characterisation of liver fat in the UK biobank cohort. PLoS One. (2017) 12:e0172921. doi:
10.1371/journal.pone.0172921

26. Almgvist, C, Ekberg, S, Rhedin, S, Fang, E, Fall, T, and Lundholm, C. Season of birth,
childhood asthma and allergy in a nationwide cohort-mediation through lower respiratory
infections. Clin Exp Allergy. (2020) 50:222-30. doi: 10.1111/cea.13542

27. Revelle, W. (2008). Psych: Procedures for personality and psychological research. Available
at: https://cran.r-project.org/src/contrib/Archive/psych/ (Accessed June 18, 2021).

28. Steen, J, Loeys, T, Moerkerke, B, and Vansteelandt, S. Medflex: an R package for
flexible mediation analysis using natural effect models. J Stat Softw. (2017) 76:11. doi:
10.18637/jss.v076.i11

29. Wingrove, K, Lawrence, MA, and McNaughton, SA. A systematic review of the
methods used to assess and report dietary patterns. Front Nutr. (2022) 9:892351. doi:
10.3389/fnut.2022.892351

30. Polyzos, SA, Kountouras, ], and Mantzoros, CS. Obesity and nonalcoholic fatty liver
disease: from pathophysiology to therapeutics. Metabolism. (2019) 92:82-97. doi: 10.1016/j.
metabol.2018.11.014

31. Vairetti, M, Di Pasqua, LG, Cagna, M, Richelmi, P, Ferrigno, A, and Berardo, C.
Changes in glutathione content in liver diseases: an update. Antioxidants (Basel). (2021)
10:364. doi: 10.3390/antiox10030364

32. Mazidi, M, and Kengne, AP. Higher adherence to plant-based diets are associated
with lower likelihood of fatty liver. Clin Nutr. (2019) 38:1672-7. doi: 10.1016/j.
clnu.2018.08.010

33. Alferink, LJM, Erler, NS, de Knegt, RJ, Janssen, HLA, Metselaar, HJ, Darwish
Murad, S, et al. Adherence to a plant-based, high-fibre dietary pattern is related to
regression of non-alcoholic fatty liver disease in an elderly population. Eur J Epidemiol.
(2020) 35:1069-85. doi: 10.1007/s10654-020-00627-2

34. Kouvari, M, Tsiampalis, T, Kosti, RI, Naumovski, N, Chrysohoou, C, Skoumas, J, et al.
Quality of plant-based diets is associated with liver steatosis, which predicts type 2 diabetes
incidence ten years later: results from the ATTICA prospective epidemiological study. Clin
Nutr. (2022) 41:2094-102. doi: 10.1016/j.clnu.2022.07.026

35. Melse-Boonstra, A. Bioavailability of micronutrients from nutrient-dense whole
foods: zooming in on dairy, vegetables, and fruits. Front Nutr. (2020) 7:101. doi: 10.3389/
fnut.2020.00101

36. Mascolo, E, and Verni, F. Vitamin B6 and diabetes: relationship and molecular
mechanisms. Int ] Mol Sci. (2020) 21:3669. doi: 10.3390/ijms21103669

37.Wahli, W, and Michalik, L. PPARs at the crossroads of lipid signaling and
inflammation. Trends Endocrinol Metab. (2012) 23:351-63. doi: 10.1016/j.
tem.2012.05.001

38. Echeverria, E, Ortiz, M, Valenzuela, R, and Videla, LA. Long-chain polyunsaturated
fatty acids regulation of PPARs, signaling: relationship to tissue development and aging.
Prostaglandins Leukot Essent Fatty Acids. (2016) 114:28-34. doi: 10.1016/j.
plefa.2016.10.001

39. Chen, ZY, Liu, M, Jing, LP, Xiao, ML, Dong, HL, Chen, GD, et al. Erythrocyte
membrane n-3 polyunsaturated fatty acids are inversely associated with the presence and
progression of nonalcoholic fatty liver disease in Chinese adults: a prospective study. Eur
J Nutr. (2020) 59:941-51. doi: 10.1007/s00394-019-01953-2

40. Sergeant, S, Rahbar, E, and Chilton, FH. Gamma-linolenic acid, Dihommo-gamma
linolenic, eicosanoids and inflammatory processes. Eur ] Pharmacol. (2016) 785:77-86. doi:
10.1016/j.ejphar.2016.04.020

41. Marangoni, F, Agostoni, C, Borghi, C, Catapano, AL, Cena, H, Ghiselli, A, et al.
Dietary linoleic acid and human health: focus on cardiovascular and cardiometabolic
effects. Atherosclerosis. (2020) 292:90-8. doi: 10.1016/j.atherosclerosis.2019.11.018

42. Panigrahy, D, Gilligan, MM, Serhan, CN, and Kashfi, K. Resolution of inflammation:
an organizing principle in biology and medicine. Pharmacol Ther. (2021) 227:107879. doi:
10.1016/j.pharmthera.2021.107879

43. Scorletti, E, and Byrne, CD. Omega-3 fatty acids and non-alcoholic fatty liver disease:
evidence of efficacy and mechanism of action. Mol Asp Med. (2018) 64:135-46. doi:
10.1016/j.mam.2018.03.001

44. Siriwardhana, N, Kalupahana, NS, Fletcher, S, Xin, W, Claycombe, K],
Quignard-Boulange, A, et al. N-3 and n-6 polyunsaturated fatty acids differentially regulate
adipose angiotensinogen and other inflammatory adipokines in part via NF-kappaB-
dependent mechanisms. J Nutr Biochem. (2012) 23:1661-7. doi: 10.1016/j.
jnutbio.2011.11.009

45. Bogl, LH, Kaprio, ], and Pietilainen, KH. Dietary n-6 to n-3 fatty acid ratio is related
to liver fat content independent of genetic effects: evidence from the monozygotic co-twin
control design. Clin Nutr. (2020) 39:2311-4. doi: 10.1016/j.cInu.2019.10.011

46. da Silva-Santi, LG, Antunes, MM, Caparroz-Assef, SM, Carbonera, F, Masi, LN,
Curi, R, et al. Liver fatty acid composition and inflammation in mice fed with high-
carbohydrate diet or high-fat diet. Nutrients. (2016) 8:682. doi: 10.3390/nu8110682

47.Johnson, GH, and Fritsche, K. Effect of dietary linoleic acid on markers of
inflammation in healthy persons: a systematic review of randomized controlled trials. J
Acad Nutr Diet. (2012) 112:1029-1041.e15. doi: 10.1016/j.jand.2012.03.029

frontiersin.org


https://doi.org/10.3389/fnut.2023.1117626
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/hep.30251
https://doi.org/10.3390/nu10091153
https://doi.org/10.1038/s41575-020-00381-6
https://doi.org/10.1002/hep.31845
https://doi.org/10.1016/S2213-8587(18)30154-2
https://doi.org/10.1017/S0029665119000569
https://doi.org/10.1136/jim-2017-000524
https://doi.org/10.1136/jim-2017-000524
https://doi.org/10.1038/s41575-021-00472-y
https://doi.org/10.1210/jc.2019-00160
https://doi.org/10.2337/db13-1622
https://doi.org/10.3945/ajcn.111.030114
https://doi.org/10.1093/ajcn/nqac150
https://doi.org/10.1097/00041433-200202000-00002
https://doi.org/10.3389/fnut.2022.977403
https://doi.org/10.2188/jea.JE20200447
https://doi.org/10.1111/jgh.15076
https://doi.org/10.1111/jcpe.13604
https://doi.org/10.1016/j.plipres.2008.03.003
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1017/S1368980011000942
https://doi.org/10.1136/bmj.m688
https://doi.org/10.1136/bmj.m688
https://doi.org/10.1371/journal.pone.0172921
https://doi.org/10.1111/cea.13542
https://doi.org/10.18637/jss.v076.i11
https://doi.org/10.3389/fnut.2022.892351
https://doi.org/10.1016/j.metabol.2018.11.014
https://doi.org/10.1016/j.metabol.2018.11.014
https://doi.org/10.3390/antiox10030364
https://doi.org/10.1016/j.clnu.2018.08.010
https://doi.org/10.1016/j.clnu.2018.08.010
https://doi.org/10.1007/s10654-020-00627-2
https://doi.org/10.1016/j.clnu.2022.07.026
https://doi.org/10.3389/fnut.2020.00101
https://doi.org/10.3389/fnut.2020.00101
https://doi.org/10.3390/ijms21103669
https://doi.org/10.1016/j.tem.2012.05.001
https://doi.org/10.1016/j.tem.2012.05.001
https://doi.org/10.1016/j.plefa.2016.10.001
https://doi.org/10.1016/j.plefa.2016.10.001
https://doi.org/10.1007/s00394-019-01953-2
https://doi.org/10.1016/j.ejphar.2016.04.020
https://doi.org/10.1016/j.atherosclerosis.2019.11.018
https://doi.org/10.1016/j.pharmthera.2021.107879
https://doi.org/10.1016/j.mam.2018.03.001
https://doi.org/10.1016/j.jnutbio.2011.11.009
https://doi.org/10.1016/j.jnutbio.2011.11.009
https://doi.org/10.1016/j.clnu.2019.10.011
https://doi.org/10.3390/nu8110682
https://doi.org/10.1016/j.jand.2012.03.029

Tian et al.

48.Xia, JY, Holland, WL, Kusminski, CM, Sun, K, Sharma, AX, Pearson, MJ, et al.
Targeted induction of Ceramide degradation leads to improved systemic metabolism
and reduced hepatic Steatosis. Cell Metab. (2015) 22:266-78. doi: 10.1016/j.
cmet.2015.06.007

49. Hashemian, M, Merat, S, Poustchi, H, Jafari, E, Radmard, AR, Kamangar, F, et al. Red
meat consumption and risk of nonalcoholic fatty liver disease in a population with low
meat consumption: the Golestan cohort study. Am ] Gastroenterol. (2021) 116:1667-75.
doi: 10.14309/2jg.0000000000001229

Frontiers in Nutrition 09

10.3389/fnut.2023.1117626

50. Noureddin, M, Zelber-Sagi, S, Wilkens, LR, Porcel, ], Boushey, CJ, Le Marchand, L, et al.
Diet associations with nonalcoholic fatty liver disease in an ethnically diverse population: the
multiethnic cohort. Hepatology. (2020) 71:1940-52. doi: 10.1002/hep.30967

51.He, K, Guo, LL, Tang, H, Peng, X, Li, ], Feng, S, et al. A freshwater fish-based
diet alleviates liver Steatosis by modulating gut microbiota and metabolites: a clinical
randomized controlled trial in Chinese participants with nonalcoholic fatty
liver disease. Am ] Gastroenterol. (2022) 117:1621-31. doi: 10.14309/
2jg.0000000000001885

frontiersin.org


https://doi.org/10.3389/fnut.2023.1117626
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.cmet.2015.06.007
https://doi.org/10.1016/j.cmet.2015.06.007
https://doi.org/10.14309/ajg.0000000000001229
https://doi.org/10.1002/hep.30967
https://doi.org/10.14309/ajg.0000000000001885
https://doi.org/10.14309/ajg.0000000000001885

	Associations between dietary fatty acid patterns and non-alcoholic fatty liver disease in typical dietary population: A UK biobank study
	1. Introduction
	2. Methods
	2.1. Participants and sample exclusion
	2.2. Dietary fat intake patterns
	2.3. Non-alcoholic fatty liver disease definitions
	2.4. Observational study
	2.5. Mediation analysis
	2.6. Statistical analysis

	3. Results
	3.1. Dietary fat intake patterns in a typical dietary population
	3.2. Observational association between dietary fat intake patterns and non-alcoholic fatty liver disease
	3.3. Observational association between dietary fat intake patterns, non-alcoholic fatty liver disease and serum metabolic biomarkers
	3.4. Mediation analysis of dietary fat intake patterns and non-alcoholic fatty liver disease

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

