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Purpose: To determine the association between dietary antioxidant sources and
non-alcoholic fatty liver disease (NAFLD).

Methods: In this observational study, we utilized NHANES 2017-2020 data
to identify the factors associated with NAFLD in dietary antioxidant sources
via weighted multivariate logistic regression models. Then, Mendelian
randomization (MR) was applied to investigate the effect of dietary antioxidant
sources on NAFLD at the genetic level.

Results: Of the six dietary sources of antioxidants, only vitamin E (Vit E) was
significantly associated with NAFLD (OR =0.98; 95% CI: 0.97-0.99; p = 0.001).
Upon adjusting for all covariates, it was determined that the highest quartile
of dietary Vit E intake was associated with a decreased NAFLD occurrence
compared with the lowest quartile of dietary Vit E intake (p <0.001). The
results of IVW-MR analysis revealed an association between Vit E and NAFLD
(OR=0.028; p =0.039).

Conclusion: Our research indicates a negative and linear relationship between
daily vitamin E intake and NAFLD.

KEYWORDS

dietary sources of antioxidant, non-alcoholic fatty liver disease, NHANES, vitamin E,
Mendelian randomization

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver
conditions worldwide. Studies suggest that the prevalence of NAFLD is more than 30% among
adults in the United States and China (1, 2). Based on its histological type, NAFLD can be classified
into two types: non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH), and
NASH primarily arises from the advancement of NAFL (3, 4). At present, end-stage liver disease
triggered by NAFLD is the primary reason for liver transplantation, accounting for 8.4% of liver
transplant cases in Europe and 17.38% in the United States (5, 6). This has been showing an
increasing trend each year. NAFLD imposes a significant strain on global public health. Therefore,
determining ways to effectively prevent or ameliorate NAFLD is urgently warranted.

Options for the pharmacological treatment of NAFLD are limited; however, evidence
suggests the effectiveness of resmetirom in treating NASH (7, 8). Nevertheless, it has not yet
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received clinical approval. Therefore, the current treatment for
NAFLD mainly involves lifestyle intervention and management of
comorbidities. Oxidative stress is defined as an imbalance between
oxidant production in the body and cellular antioxidant defenses; this
ultimately leads to cellular dysfunction and tissue damage, and is an
important mechanism in the development of NAFLD (9-11).
Oxidative stress can cause increased expression of IREla and ATF4,
which leads to increased autophagy and activation of hepatic stellate
cells (12). The exogenous antioxidants can modulate the damage
caused by oxidative stress by neutralising reactive oxygen species
(13). Many studies on mice have revealed that NAFLD incidence can
be decreased by controlling oxidative stress (14-16). So, we conjecture
that there is a possible correlation between the intake of exogenous
antioxidants in the daily diet and the onset of NAFLD. Vitamin A (Vit
A), vitamin C (Vit C), vitamin E (Vit E), carotenoids, selenium and
zinc are common exogenous antioxidants found in our daily diet.
Dietary antioxidant sources intervene in hepatic metabolism through
multiple metabolic pathways. Vit A can inhibit fatty acid oxidation in
the liver (17). Xie ZQ’s study showed that increased serum levels of
Vit C reduced the risk of NAFLD (18). Furthermore, Panera et al.
have reported that exogenous Vit E supplementation can ameliorate
NAFLD-induced liver fibrosis (19). Reduced serum zinc levels can
lead to increased hepatic fibrosis in NAFLD patients (20). Dietary
selenium consumption can reduce oxidative stress in hepatocytes by
enhancing the synthesis of selenoprotein P1 (21). These evidence
suggest that there may be some association between antioxidants and
NAFLD. After consulting relevant literature, we discovered a lack of
studies investigating the relationship between dietary intake of
exogenous antioxidants and NAFLD.

In this study, we plan to identify exogenous antioxidants in the
daily diet related to NAFLD. Then further analyze the relationship
between these selected antioxidants and NAFLD.

Methods
Study population

All data were derived from The National Health and Nutrition
Examination Survey (NHANES). The ethics review board of the
National Center for Health Statistics approved the NHANES survey
protocol, with all participants providing written informed consent
before the survey. We selected participants between 2017 and 2020.
The exclusion criteria were as follows: (1) age < 20 years, (2) absence of
complete dietary data, and (3) incomplete follow-up data.

Exposure and outcomes

Two nonconsecutive 24 h dietary recall interviews were conducted
to collect information on the intake of NHANES dietary sources of
exogenous antioxidants. Subsequently, the data were converted into
estimates of nutrient intake via the Food and Nutrient Database for
Dietary Studies of the United States Department of Agriculture. Vit A,
Vit C, Vit E, carotenoids, selenium, and zinc are the primary
exogenous antioxidants ingested in the daily diet. Based on the
NHANES questionnaire results, we determined the intake of dietary
sources for each participant.
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To further investigate the overall effect of antioxidants from
multiple dietary sources, the composite dietary antioxidant index
(CDAI) for each participant in NHANES was calculated based on
their dietary records. The CDALI represents a composite score of the
above six dietary antioxidant intakes. CDAI calculations follow a
previously established and validated methodology (22), as follows:

LI
CADlzzu

i=1 4

xj is the daily intake of each antioxidant, ; is the mean value of x;,
and S; is the standard deviation of u; (23). NAFLD was defined in this
study as a Controlled Attenuation Parameter (CAP) score of
>248dB/m in the absence of alcoholism and liver disease (24).
Participants with NAFLD were defined as NAFLD group and patients
without NAFLD were defined as No NAFLD group.

Covariates

Based on the participant-related data contained in the NHANES
database, we selected the following variables as covariates: sex, age,
education, BMI, smoking history, diabetes history, fasting blood
glucose, red blood cell count (RBC), hemoglobin A1C (HbA1C),
lymphocyte count (LN), neutrophil count (NEUT), platelet count
(PLT), hemoglobin (Hb), white blood cell count (WBC), C-reactive
protein (CRP), Alaninetransaminase (ALT), Alaninetransaminase
(AST), and blood lipids.

Mendelian randomization

Based on the results of the cross-sectional study, antioxidants
associated with NAFLD were selected as the exposure factor. Single
nucleotide polymorphisms (SNPs) closely associated with specific
exogenous antioxidants and with correlations satisfying p <5x10~°
were selected as instrumental variables (IVs). We used r*<0.001 and
kb >10,000 as linkage disequilibrium thresholds to ensure the
independence of IV (25). To quantify the strength of the genetic tool,
SNP with F-statistic less than 10 are excluded. Inverse variance
weighted (IVW) was used as the primary method for MR analysis.
Furthermore, MR-Egger regression, weighted median, and other
IVW-complementing methods were used. Cochran’s Q test was used
to assess heterogeneity among SNPs, whereas MR-Egger regression
intercepts were used to assess horizontal pleiotropy. A leave-one-out
analysis was performed to estimate the potential effect of individual
SNPs on the causal relationship between NAFLD and associated
antioxidant intake. Figure 1 illustrates the flow chart of MR analysis.

Statistical analysis

R (4.2.2) was used to perform statistical analysis. A p-value of
<0.05 was considered a statistically significant difference. Continuous
variables were expressed using mean (standard deviation), whereas
categorical variables were expressed using #n (%). For continuous
variables, group comparisons were conducted using the student ¢-test.
In contrast, the chi-square test was used for categorical variables.
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FIGURE 1
Mendelian randomization flow chart.
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FIGURE 2
The participant selection flow chart.

Logistic regression models were utilized to analyze the relationship
between exogenous antioxidants and NAFLD. The covariates in the
crude model were not adjusted, and model 1 comprised all covariates.
Restricted cubic splines analysis was used to determine if a non-linear
relationship exists between antioxidant intake and NAFLD.

Results
Baseline characteristics
This study included 3,817 respondents, of which 1926 (50.5%)

were males and 1891 (49.5%) were females. Figure 2 illustrates the
detailed flowchart. Table 1 presents the baseline demographic
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characteristics. The NAFLD and the No NAFLD groups exhibited
significant differences in age, race, education level, body mass index,
hypertension prevalence, and diabetes prevalence (p <0.05 for all).
Patients with NAFLD exhibited higher age, education level, and
prevalence of diabetes and hypertension.

Association of exogenous antioxidants and
NAFLD

Table 2 summarizes the results of logistic regression analysis.
Among the six exogenous antioxidants included in this study, only
Vit E was noted to be associated with NAFLD occurrence (OR=0.98;
95% CI: 0.97-0.99; p =0.001).

frontiersin.org


https://doi.org/10.3389/fnut.2024.1447524
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Yue et al. 10.3389/fnut.2024.1447524

TABLE 1 Baseline demographic characteristics.

Variables Total (n = 3,817) NAFLD (n =1898) No NAFLD (n =1919)
Age, years 51.0+16.8 52.1+16.2 49.9+17.3 <0.001
Gender, n (%) 0.202
Female 1891 (49.5) 960 (50.6) 931 (48.5)
Male 1926 (50.5) 938 (49.4) 988 (51.5)
Race/Ethnicity, n (%) <0.001
Mexican American 641 (16.8) 318 (16.8) 323 (16.8)
Other Hispanic 469 (12.3) 192 (10.1) 277 (14.4)
Non-Hispanic White 1,370 (35.9) 695 (36.6) 675 (35.2)
Non-Hispanic Black 759 (19.9) 384 (20.2) 375 (19.5)
Other race 989 (25.9) 483 (25.4) 506 (26.4)
Education level, n (%) <0.001
<9years 352 (9.2) 140 (7.4) 212 (11)
9-11years 406 (10.6) 192 (10.1) 214 (11.2)
Senior high schools or GED 871 (22.8) 437 (23) 434 (22.6)
Some college or associate degree 1,199 (31.4) 646 (34) 553 (28.8)
Colleges or above 989 (25.9) 483 (25.4) 506 (26.4)
BMI, n (%) <0.001
<25 Kg/m? 733 (19.2) 223 (11.7) 510 (26.6)
>25 Kg/m? 3,084 (80.8) 1,675 (88.3) 1,409 (73.4)
Smoke, 1 (%) 0.15
Yes 1,631 (42.7) 789 (41.6) 842 (43.9)
No 2,186 (57.3) 1,109 (58.4) 1,077 (56.1)
Hypertension, n (%) <0.001
Yes 1,528 (40.0) 829 (43.7) 699 (36.4)
No 2,289 (60.0) 1,069 (56.3) 1,220 (63.6)
Diabetes, n (%) <0.001
Yes 685 (17.9) 389 (20.5) 296 (15.4)
No 3,132 (82.1) 1,509 (79.5) 1,623 (84.6)
WBC, 1000 cells/uL 6.9+2.7 6.9+2.0 6.9+3.2 0.738
LN, 1000 cells/uL 2.1+19 2.1+0.7 2.1+2.6 0.504
NEUT, 1000 cells/uL 40+1.6 40+1.6 40+15 0.238
RBC, 1000 cells/uL 4.8+0.5 4.8+0.5 4.8+0.5 0.039
Hb, g/dL 14.2+1.5 14.2+1.5 14.1£1.5 0.002
PLT, 1000 cells/uL 238.7+61.8 243.5+62.0 234.0£61.2 <0.001
CRP, mg/L 4.4+8.0 4.8+8.1 4.1£7.9 0.005
ALT, U/L 249+15.8 24.7+15.8 25.1+15.8 0.372
AST, U/L 23.9+18.0 222+12.8 25.6+21.9 <0.001
Glu, mmol/L 6.4+23 6.6+2.3 6.3+2.3 <0.001
HbAlc, % 59+1.3 6.0+£1.3 59+1.3 <0.001
TC, mg/dL 49+1.1 49+1.1 49+1.1 0.087
HDL, mg/dL 1.4+0.4 1.3+0.4 1.4+0.5 <0.001
TG, mg/dL 1.3+0.8 14+0.8 12+0.7 <0.001
LDL, mg/dL 2.9+0.9 2.9+0.9 29+0.9 0.692
Vit A, pg 584.9+562.9 589.2+527.7 580.7+£595.8 0.639
(Continued)
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TABLE 1 (Continued)
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Variables Total (n = 3,817) NAFLD (n =1898) No NAFLD (n =1919)

Vit C, mg 78.7+91.6 80.4+96.8 77.0+86.1 0.249
Vit E, mg 8.8+6.1 9.146.3 85458 <0.001
Se, ug 114.7+68.1 113.7+70.6 115.6465.5 0377
Zn, mg 10.8+12.2 10.9+16.2 10.6%6.0 0471
Carotenoid, pg 2267.5+4282.5 2334.3+43435 2201.6+4221.4 0.339

WBC, white blood cell count; LN, lymphocyte count; NEUT, neutrophil count; RBC, red blood cell count; Hb, hemoglobin; PLT, platelet count; CRP, C-reactive protein; ALT,

alaninetransaminase; AST, alaninetransaminase; Glu, fasting blood glucose; HbAlc, hemoglobin A1C; TC, total cholesterol; HDL, high density lipoprotein; TG, triglyceride; LDL, low density

lipoprotein; Vit A, vitamin A; Vit C, vitamin C; Vit E, vitamin E.

Association between Vit E and NAFLD

To investigate the correlation between Vit E and NAFLD, two
weighted models were constructed. The results are summarized in
Table 3. The crude model’s findings showed that a daily intake of Vit
E in the Q4 range reduced the likelihood of developing NAFLD by
26% (OR=0.74; 95% CI: 0.62-0.89; p =0.001). After we adjusting for
all covariates in model 1, we noted that Vit E intake in Q3 (OR=0.78;
95% CI: 0.63-0.96; p=0.019) and Q4 (OR=0.63; 95% CI: 0.5-0.79;
p<0.001) was significantly associated with a reduced risk of
NAFLD. Using a restricted cubic spline plot, we further analyzed the
relationship between Vit E intake and NAFLD and noted a linear
relationship (p=0.124; Figure 3).

Subgroup analysis of the association
between Vit E and NAFLD

In males, Q3 doses of Vit E reduced NAFLD incidence by 32%
(OR=0.68; 95% CI: 0.52-0.89; p =0.006), and Q4 doses by 41%
(OR=0.59; 95% CI: 0.46-0.77; p <0.001). After adjusting for
covariates, these effects were amplified. However, no significant
reduction was observed in females.

For participants over 50 years, Q3 (OR=0.73; 95% CI: 0.57-0.94;
p =0.013) and Q4 (OR=0.59; 95% CI: 0.46-0.76; p <0.001) doses
significantly reduced NAFLD risk, even after covariate adjustment. No
reduction was found in those under 50years. Table 4 and Figure 4
summarize the results.

MR analysis

Genome-wide association study (GWAS) statistics for NAFLD
were obtained from a genome-wide meta-analysis predominantly
comprising European populations, which was conducted by Ghodsian
etal. (26). GWAS data for Vit E supplementation were collected from
UK Biobank: ukb-a-463. Based on the selection criteria for SNPs, 24
SNPs were ultimately included to investigate the association between
Vit E intake and NAFLD (Supplementary Table S1). IVW analysis
revealed a causal connection between Vit E supplementation and
NAFLD risk (OR=0.028; p=0.039). Analysis of scatter and funnel
plots suggested a relatively balanced sample selection, with no evident
bias (Figures 5, 6). IVW and MR-Egger regression analyses indicated
that Cochran’s Q statistic was 17.313 (p=0.794) and 17.312 (p=0.746),
respectively. This suggests the absence of heterogeneity among SNPs.
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TABLE 2 Association of dietary antioxidants and NAFLD.

Dietary antioxidants OR (95% ClI) P

Vitamin A 1.00 (1.00 ~ 1.00) 0.639
Vitamin C 1.00 (1.00 ~ 1.00) 0.250
Vitamin E 0.98 (0.97~0.99) 0.001
Selenium 1.00 (1.00 ~ 1.00) 0378
Zinc 1.00 (0.9 ~ 1.00) 0.482
Carotenoid 1.00 (1.00 ~ 1.00) 0.339

OR, odds ratio; CI, confidence interval.

Leave-one-out analysis revealed that upon removing any one SNP, the
results of the remaining SNPs consistently fell on the same side of the
invalid line. This verifies the robustness of the results of the MR

analysis (Supplementary Figure S1).

Discussion

Studies have confirmed a close association between exogenous
antioxidants and the occurrence and development of various diseases
(27, 28). However, studies on the association between consuming
exogenous antioxidants from dietary sources and NAFLD are limited.
NAFLD progression is intricately associated with dietary patterns
(29). In the absence of effective pharmacological interventions for
NAFLD, we aimed to explore potential treatment modalities for
NAFLD by improving lifestyle habits and dietary changes, among
other factors.

Our study is the first attempt to utilize NHANES data to
investigate the correlation between exogenous antioxidant intake and
NAFLD and to establish the association between them at the genetic
level via MR analysis. By analyzing exogenous antioxidants from the
six common dietary sources included in this study, we discovered that
only Vit E intake is significantly associated with the risk of developing
NAFLD (p<0.05). Vit E, an essential nutrient for the human body,
comprises the benzodihydropyran structure and exhibits a-tocopherol
bioactivity. It belongs to a class of substances primarily found in
various plants (30). In addition, Vit E acts as a chain-breaking
antioxidant, combating free radicals and scavenging them (31).

Oxidative stress may fundamentally affect NAFLD progression,
with a strong correlation between excessive reactive oxygen species
generation and NAFLD-associated hepatocyte death (32). Moreover,
oxidative stress can increase the levels of IL-2, TNE and IL-2, which
may contribute to hepatic fibrosis (33, 34). Exogenous Vit E
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TABLE 3 Association between Vit E and NAFLD.

Characteristics Crude model Model 1

OR (95% ClI) Adj. OR (95% Cl)
Vit E 0.98 (0.97 ~0.99) 0.001 0.97 (0.96~0.98) <0.001
Categorical Vit E
Q1 Ref Ref
Q2 1.04 (0.87~1.24) 0.7 1.01 (0.83~1.23) 0.89
Q3 0.84 (0.7~1.01) 0.063 0.78 (0.63 ~ 0.96) 0.019
Q4 0.74 (0.62 ~ 0.89) 0.001 0.63 (0.5~0.79) <0.001

Ref, reference. Crude model: none variables were adjusted. Model 1: adjusted for all variables.
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FIGURE 3
The dose—response relationship between vitamin E and the prevalence of NAFLD.

supplementation can inhibit JNK-mediated inflammatory signaling Several studies have indicated a close relationship between Vit E
pathways to attenuate inflammation levels in patients with NAFLD  and NAFLD. To determine into the correlation between the intake of
(35). Vit E supplementation, as demonstrated in a study by Bai Y etal.,  various amounts of Vit E and NAFLD, we developed two distinct
was found to activate the AMPK pathway and reduce oxidative stress, ~ models. Both models revealed that the risk of NAFLD was significantly
resulting in improved NAFLD in rats (36). decreased (p <0.05) with Vit E intake up to Q3 and Q4. Sanyal AJ et al.
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TABLE 4 Subgroup analysis for the association between Vit E and NAFLD.

Crude model
OR (95% Cl)

Characteristics

10.3389/fnut.2024.1447524

Model 1

Adj. OR (95% ClI)

Male

Q1 Ref Ref

Q2 0.83 (0.63~1.09) 0.184 0.76 (0.56 ~1.03) 0.078
Q3 0.68 (0.52~0.89) 0.006 0.59 (0.44 ~0.81) 0.001
Q4 0.59 (0.46~0.77) <0.001 0.49 (0.71~0.88) <0.001
P for trend <0.001 <0.001

Female

Q1 Ref Ref

Q2 1.22 (0.96 ~1.55) 0.103 1.18 (0.91 ~ 1.54) 0.215
Q3 0.99 (0.78 ~1.27) 0.963 0.90 (0.68~1.21) 0.495
Q4 0.92 (0.71~1.20) 0.555 0.72 (0.51 ~1.00) 0.050
P for trend 0.369 0.031

Age<50years

Q1 Ref Ref

Q2 1.16 (0.89 ~1.50) 0.270 1.07 (0.80 ~ 1.43) 0.650
Q3 0.98 (0.75~1.27) 0.881 0.89 (0.66 ~1.21) 0.462
Q4 0.90 (0.70~1.17) 0.433 0.81 (0.58~1.13) 0.207
P for trend 0.230 0.126

Age>50years

Q1 Ref Ref

Q2 0.92 (0.72~1.18) 0.519 0.97 (0.74~1.28) 0.839
Q3 0.73 (0.57 ~0.94) 0.013 0.68 (0.51~0.92) 0.011
Q4 0.59 (0.46 ~0.76) <0.001 0.49 (0.35~0.68) <0.001
P for trend <0.001 <0.001

Ref, reference. Crude model adjusted for: none. Model 1 adjusted for: all variables.

have suggested that the daily supplementation of 8001U of Vit E can
be used to treat NAFLD (37). Therefore, increasing exogenous Vit E
intake may be an effective measure to prevent NAFLD development.

Subgroup analyses revealed a significant association between Vit
E and NAFLD in men and those older than 50 years (p < 0.05), but not
in women and those younger than 50years (p>0.05). Studies have
revealed that the dietary patterns of men are dominated by
“convenience, red meat, and alcohol,” which often results in oxidative
stress and chronic inflammation in the body (38-41). At the same
time women produce higher levels of oestrogen which can act as an
antioxidant (42). Therefore, in male patients, supplementing Vit E is
more essential to decrease oxidative stress in the body and
subsequently decrease NAFLD risk. Vit E can efliciently enhance
age-related disruption of immune and inflammatory reactions (43).
In the present study, we suggested that Vit E can effectively decrease
NAFLD risk in the elderly population. Hemild H’s findings showed
that a daily intake of 50 mg of vitamin E reduced the risk of pneumonia
by 67% in older people, but did not have the same effect in younger
people (44). Study has shown that aging causes elevated levels of
reactive oxygen species in the body (45), which promotes oxidative
stress. Therefore, age can serve as a determining factor in assessing the
need for Vit E, and additional studies are warranted to substantiate

Frontiers in Nutrition

this. Although studies on using Vit E for treating NAFLD are available,
critical evidence to support the use of Vit E as a key measure for
treating and preventing NAFLD is lacking.

Observational studies are often affected by confounding factors;
however, MR can analyze the relationship between exposure factors
and outcomes while decreasing the effect of confounding factors (46).
Based on the conclusions drawn from the cross-sectional study,
we further validated the relationship between Vit E intake and NAFLD
using MR analysis. [IVW-MR analysis revealed an association between
Vit E intake and NAFLD. Furthermore, it revealed that Vit E intake
decreases NAFLD risk. The results of observational studies and MR
analyses support the idea that Vit E supplementation decreases
NAFLD risk. Combined with the findings of other related studies
(47-49), we hypothesize that Vit E intervenes in NAFLD development
primarily by regulating oxidative stress, inflammatory responses, gene
expression, and cell signaling. However, the specific molecular
mechanism underlying the role of Vit E in NAFLD remains unclear.
Therefore, additional experiments are warranted to verify this.

In our study, we analyzed the common exogenous antioxidants
in the daily diet and finally observed that Vit E can effectively
decrease NAFLD risk. This provides some reference for treating
and preventing NAFLD in clinical settings. Our study is the first to
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FIGURE 4

Forest plot demonstrates the risk association between different doses of dietary sources of vitamin E and NAFLD across various subgroups.

use a cross-sectional design combined with MR analysis to explore
the relationship between dietary antioxidant sources and
NAFLD. The combination of both research methods provided
more convincing results. However, our study still has some
limitations that should be acknowledged. First information on the
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intake of exogenous antioxidants was obtained from the 24 h diet
recall in the questionnaire, resulting in possible bias from the real
situation. Second, owing to the absence of age- and sex-stratified
GWAS data, we could not use MR analyses to validate the
association between Vit E intake and NAFLD across sex and age
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found in cross-sectional studies. The subjects of the MR study were
all Europeans, so we cannot be sure whether similar results can
be obtained in other populations. In addition, MR analysis is a
statistical method study and cannot elucidate the intrinsic
pathogenesis, thus further relevant clinical and experimental
validation is needed.

Conclusion

Our research indicates a negative and linear relationship between
daily vitamin E intake and NAFLD. Furthermore, Mendelian
randomization results imply a connection between daily
consumption of vitamin E and the occurrence of NAFLD. The
recommended supplemental dose of vitamin E remains to
be determined.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: NHANES.

Ethics statement

The studies involving humans were approved by National
Center for Health Statistics. The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

ZY: Conceptualization, Data curation, Investigation, Software,
Validation, draft.  ZJ:
Conceptualization, analysis,

Visualization, Writing -

original
Data curation, Formal Project
administration, Supervision, Writing - review & editing. LQ:
Conceptualization, Funding acquisition, Investigation, Methodology,
Resources, Supervision, Writing - review & editing. LL:
Conceptualization, Data curation, Formal analysis, Methodology,
Project administration, Writing - review & editing. XQ: Data curation,
Formal analysis, Methodology, Writing - review & editing. KH:

Conceptualization, Data curation, Funding acquisition, Investigation,

References

1. Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The
diagnosis and management of nonalcoholic fatty liver disease: practice guidance from
the American Association for the Study of Liver Diseases. Hepatology. (2018) 67:328-57.
doi: 10.1002/hep.29367

2. Zhou ], Zhou E, Wang W, Zhang XJ, Ji YX, Zhang P, et al. Epidemiological features
of NAFLD from 1999 to 2018 in China. Hepatology. (2020) 71:1851-64. doi: 10.1002/
hep.31150

3. Bence KK, Birnbaum MJ. Metabolic drivers of non-alcoholic fatty liver disease. Mol
Metab. (2021) 50:101143. doi: 10.1016/j.molmet.2020.101143

4. Huang F, Lyu B, Xie E, Li E Xing Y, Han Z, et al. From gut to liver: unveiling the
differences of intestinal microbiota in NAFL and NASH patients. Front Microbiol. (2024)
15:1366744. doi: 10.3389/fmicb.2024.1366744

Frontiers in Nutrition

10

10.3389/fnut.2024.1447524

Project administration, Resources, Software, Visualization, Writing
- review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The following
funds are acknowledged for their financial support of this study: Anhui
Provincial Department of Education Provincial Quality Engineering
Project (2022zyxwjxalkl52), Scientific Research Program of Anhui
Provincial Health Commission (AHW]J2023BAc10051), Anhui Provincial
Department of Education Key Teaching and Research Program
(2021jyxm1623), Scientific Research Program of Anhui Provincial Health
Commission (AHW]J2023A30179), and Scientific Research Program of
‘Wuhu Municipal Health Commission (WHW]2023y044).

Acknowledgments

The efforts
gratefully acknowledged.

of each author on this manuscript are

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.2024.1447524/
full#supplementary-material

5. Haldar D, Kern B, Hodson J, Armstrong MJ, Adam R, Berlakovich G, et al.
Outcomes of liver transplantation for non-alcoholic steatohepatitis: a European liver
transplant registry study. ] Hepatol. (2019) 71:313-22. doi: 10.1016/j.jhep.2019.04.011

6. Cholankeril G, Wong R], Hu M, Perumpail RB, Yoo ER, Puri P, et al. Liver
transplantation for nonalcoholic steatohepatitis in the US: temporal trends and
outcomes. Dig Dis Sci. (2017) 62:2915-22. doi: 10.1007/s10620-017-4684-x

7. Harrison SA, Bashir M, Moussa SE, McCarty K, Pablo Frias J, Taub R, et al. Effects
of Resmetirom on noninvasive endpoints in a 36-week phase 2 active treatment
extension study in patients with NASH. Hepatol Commun. (2021) 5:573-88. doi:
10.1002/hep4.1657

8. Harrison SA, Bashir MR, Guy CD, Zhou R, Moylan CA, Frias JP, et al. Resmetirom
(MGL-3196) for the treatment of non-alcoholic steatohepatitis: a multicentre,

frontiersin.org


https://doi.org/10.3389/fnut.2024.1447524
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2024.1447524/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1447524/full#supplementary-material
https://doi.org/10.1002/hep.29367
https://doi.org/10.1002/hep.31150
https://doi.org/10.1002/hep.31150
https://doi.org/10.1016/j.molmet.2020.101143
https://doi.org/10.3389/fmicb.2024.1366744
https://doi.org/10.1016/j.jhep.2019.04.011
https://doi.org/10.1007/s10620-017-4684-x
https://doi.org/10.1002/hep4.1657

Yue et al.

randomised, double-blind, placebo-controlled, phase 2 trial. Lancet. (2019) 394:2012-24.
doi: 10.1016/S0140-6736(19)32517-6

9. Fois AG, Paliogiannis P, Sotgia S, Mangoni AA, Zinellu E, Pirina P, et al. Evaluation
of oxidative stress biomarkers in idiopathic pulmonary fibrosis and therapeutic
applications: a systematic review. Respir Res. (2018) 19:51. doi: 10.1186/512931-018-0754-7

10. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of
NAFLD development and therapeutic strategies. Nat Med. (2018) 24:908-22. doi:
10.1038/s41591-018-0104-9

11. Takaki A, Kawai D, Yamamoto K. Multiple hits, including oxidative stress, as
pathogenesis and treatment target in non-alcoholic steatohepatitis (NASH). Int ] Mol
Sci. (2013) 14:20704-28. doi: 10.3390/ijms141020704

12. Hernandez-Gea V, Hilscher M, Rozenfeld R, Lim MP, Nieto N, Werner S, et al.
Endoplasmic reticulum stress induces fibrogenic activity in hepatic stellate cells through
autophagy. ] Hepatol. (2013) 59:98-104. doi: 10.1016/j.jhep.2013.02.016

13. Meulmeester FL, Luo ], Martens LG, Mills K, van Heemst D, Noordam R.
Antioxidant supplementation in oxidative stress-related diseases: what have we learned
from studies on alpha-tocopherol. Antioxidants (Basel). (2022) 11:2322. doi: 10.3390/
antiox11122322

14.JiY, Gao Y, Chen H, Yin Y, Zhang W. Indole-3-acetic acid alleviates nonalcoholic
fatty liver disease in mice via attenuation of hepatic lipogenesis, and oxidative and
inflammatory stress. Nutrients. (2019) 11:2062. doi: 10.3390/nu11092062

15. Pereira E, Araujo BP, Rodrigues KL, Silvares RR, Martins CSM, Flores EEI, et al.
Simvastatin improves microcirculatory function in nonalcoholic fatty liver disease and
downregulates oxidative and ALE-RAGE stress. Nutrients. (2022) 14:716. doi: 10.3390/
nul4030716

16. Zhang JK, Zhou XL, Wang XQ, Zhang JX, Yang ML, Liu YP, et al. Que Zui tea
ameliorates hepatic lipid accumulation and oxidative stress in high fat diet induced
nonalcoholic fatty liver disease. Food Res Int. (2022) 156:111196. doi: 10.1016/j.
foodres.2022.111196

17.Zhu S, Zhang ], Zhu D, Jiang X, Wei L, Wang W, et al. Adipose tissue plays a major
role in retinoic acid-mediated metabolic homoeostasis. Adipocytes. (2022) 11:47-55. doi:
10.1080/21623945.2021.2015864

18. Xie ZQ, Li HX, Tan WL, Yang L, Ma XW, Li WX, et al. Association of Serum
Vitamin C with NAFLD and MAFLD among adults in the United States. Front Nutr.
(2021) 8:795391. doi: 10.3389/fnut.2021.795391

19. Panera N, Braghini MR, Crudele A, Smeriglio A, Bianchi M, Condorelli AG, et al.
Combination treatment with Hydroxytyrosol and vitamin E improves NAFLD-related
fibrosis. Nutrients. (2022) 14:3791. doi: 10.3390/nul14183791

20. Hafez A, Anwar Rashed S, Amin YA, Hemdan SB, et al. Decreased serum zinc,
selenium, and vitamin E as possible risk factors of hepatic fibrosis in non-alcoholic fatty
liver disease. Nutr Health. (2022) 22:2601060221103032. doi: 10.1177/02601060221103032

21. Wang Y, Liu B, Wu P, Chu Y, Gui S, Zheng Y, et al. Dietary selenium alleviated
mouse liver oxidative stress and NAFLD induced by obesity by regulating the KEAP1/
NREF2 pathway. Antioxidants (Basel). (2022) 11:349. doi: 10.3390/antiox11020349

22. Wright ME, Mayne ST, Stolzenberg-Solomon RZ, Li Z, Pietinen P, Taylor PR, et al.
Development of a comprehensive dietary antioxidant index and application to lung
cancer risk in a cohort of male smokers. Am ] Epidemiol. (2004) 160:68-76. doi: 10.1093/
aje/kwh173

23.Yu YC, Paragomi P, Wang R, Jin A, Schoen RE, Sheng LT, et al. Composite dietary
antioxidant index and the risk of colorectal cancer: findings from the Singapore Chinese
health study. Int ] Cancer. (2022) 150:1599-608. doi: 10.1002/ijc.33925

24. Zhang X, Heredia NI, Balakrishnan M, Thrift AP. Prevalence and factors associated
with NAFLD detected by vibration controlled transient elastography among US adults:
results from NHANES 2017-2018. PLoS One. (2021) 16:€0252164. doi: 10.1371/journal.
pone.0252164

25. Chen R, Liu H, Zhang G, Zhang Q, Hua W, Zhang L, et al. Antioxidants and the
risk of stroke: results from NHANES and two-sample Mendelian randomization study.
Eur ] Med Res. (2024) 29:50. doi: 10.1186/s40001-024-01646-5

26. Ghodsian N, Abner E, Emdin CA, Gobeil E, Taba N, Haas ME, et al. Electronic
health record-based genome-wide meta-analysis provides insights on the genetic
architecture of non-alcoholic fatty liver disease. Cell Rep Med. (2021) 2:100437. doi:
10.1016/j.xcrm.2021.100437

27.Qi X, Jha SK, Jha NK, Dewanjee S, Dey A, Deka R, et al. Antioxidants in brain
tumors: current therapeutic significance and future prospects. Mol Cancer. (2022)
21:204. doi: 10.1186/s12943-022-01668-9

28.Kolarzyk E, Skop-Lewandowska A, Jaworska J, Ostachowska-Gasior A,
Krzeszowska-Rosiek T. Dietary intake of antioxidants and fats in the context of coronary

Frontiers in Nutrition

11

10.3389/fnut.2024.1447524

heart disease prevention among elderly people. Ann Agric Environ Med. (2018) 25:131-6.
doi: 10.5604/12321966.1233574

29. Petermann-Rocha F, Wirth MD, Boonpor J, Parra-Soto S, Zhou Z, Mathers JC,
et al. Associations between an inflammatory diet index and severe non-alcoholic fatty
liver disease: a prospective study of 171,544 UK biobank participants. BMC Med. (2023)
21:123. doi: 10.1186/512916-023-02793-y

30. Violi E, Nocella C, Loffredo L, Carnevale R, Pignatelli P. Interventional study with
vitamin E in cardiovascular disease and meta-analysis. Free Radic Biol Med. (2022)
178:26-41. doi: 10.1016/j.freeradbiomed.2021.11.027

31. Miyazawa T, Burdeos GC, Itaya M, Nakagawa K, Miyazawa T. Vitamin E:
regulatory redox interactions. [UBMB Life. (2019) 71:430-41. doi: 10.1002/iub.2008

32. Mantena SK, King AL, Andringa KK, Eccleston HB, Bailey SM. Mitochondrial
dysfunction and oxidative stress in the pathogenesis of alcohol- and obesity-induced
fatty liver diseases. Free Radic Biol Med. (2008) 44:1259-72. doi: 10.1016/j.
freeradbiomed.2007.12.029

33. Chen Z, Tian R, She Z, Cai J, Li H. Role of oxidative stress in the pathogenesis of
nonalcoholic fatty liver disease. Free Radic Biol Med. (2020) 152:116-41. doi: 10.1016/j.
freeradbiomed.2020.02.025

34. Paradies G, Paradies V, Ruggiero FM, Petrosillo G. Oxidative stress, cardiolipin
and mitochondrial dysfunction in nonalcoholic fatty liver disease. World ] Gastroenterol.
(2014) 20:14205-18. doi: 10.3748/wjg.v20.i39.14205

35. Demirel-Yalciner T, Sozen E, Ozaltin E, Sahin A, Ozer NK. Alpha-tocopherol
supplementation reduces inflammation and apoptosis in high cholesterol mediated
nonalcoholic steatohepatitis. Biofactors. (2021) 47:403-13. doi: 10.1002/biof.1700

36.Bai Y, Li T, Liu J, Wang Y, Wang C, Ju S, et al. Aerobic exercise and vitamin E
improve high-fat diet-induced NAFLD in rats by regulating the AMPK pathway and
oxidative stress. Eur | Nutr. (2023) 62:2621-32. doi: 10.1007/s00394-023-03179-9

37. Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass NM, et al.
Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl ] Med. (2010)
362:1675-85. doi: 10.1056/NEJM0a0907929

38. Sprake EF, Russell JM, Cecil JE, Cooper R], Grabowski P, Pourshahidi LK, et al.
Dietary patterns of university students in the UK: a cross-sectional study. Nutr J. (2018)
17:90. doi: 10.1186/s12937-018-0398-y

39. Zelber-Sagi S, Ivancovsky-Wajcman D, Fliss Isakov N, Webb M, Orenstein D,
Shibolet O, et al. High red and processed meat consumption is associated with non-
alcoholic fatty liver disease and insulin resistance. ] Hepatol. (2018) 68:1239-46. doi:
10.1016/j.jhep.2018.01.015

40.Kim HG, Huang M, Xin Y, Zhang Y, Zhang X, Wang G, et al. The epigenetic
regulator SIRT6 protects the liver from alcohol-induced tissue injury by reducing
oxidative stress in mice. ] Hepatol. (2019) 71:960-9. doi: 10.1016/j.jhep.2019.06.019

41.Guo X, Yin X, Liu Z, Wang J. Non-alcoholic fatty liver disease (NAFLD)
pathogenesis and natural products for prevention and treatment. Int ] Mol Sci. (2022)
23:15489. doi: 10.3390/ijms232415489

42. Kim SY. Oxidative stress and gender disparity in cancer. Free Radic Res. (2022)
56:90-105. doi: 10.1080/10715762.2022.2038789

43. Meydani SN, Lewis ED, Wu D. Perspective: should vitamin E recommendations
for older adults be increased. Adv Nutr. (2018) 9:533-43. doi: 10.1093/
advances/nmy035

44. Hemild H. Vitamin E administration may decrease the incidence of pneumonia in
elderly males. Clin Interv Aging. (2016) 11:1379-85. doi: 10.2147/CIA.S114515

45. Korovesis D, Rubio-Tomés T, Tavernarakis N. Oxidative stress in age-related
neurodegenerative diseases: an overview of recent tools and findings. Antioxidants
(Basel). (2023) 12:131. doi: 10.3390/antiox12010131

46. Skrivankova VW, Richmond RC, Woolf B, Davies NM, Swanson SA, VanderWeele
TJ, et al. Strengthening the reporting of observational studies in epidemiology using
Mendelian randomisation (STROBE-MR): explanation and elaboration. BMJ. (2021)
375:n2233. doi: 10.1136/bmj.n2233

47. El Hadi H, Vettor R, Rossato M. Vitamin E as a treatment for nonalcoholic fatty liver
disease: reality or myth. Antioxidants (Basel). (2018) 7:12. doi: 10.3390/antiox7010012

48. Phung N, Pera N, Farrell G, Leclercq I, Hou JY, George J. Pro-oxidant-mediated
hepatic fibrosis and effects of antioxidant intervention in murine dietary steatohepatitis.
Int ] Mol Med. (2009) 24:171-80. doi: 10.3892/ijmm_00000220

49. Lavine JE, Schwimmer JB, van Natta M, Molleston JP, Murray KF, Rosenthal P,
et al. Effect of vitamin E or metformin for treatment of nonalcoholic fatty liver disease
in children and adolescents: the TONIC randomized controlled trial. JAMA. (2011)
305:1659-68. doi: 10.1001/jama.2011.520

frontiersin.org


https://doi.org/10.3389/fnut.2024.1447524
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(19)32517-6
https://doi.org/10.1186/s12931-018-0754-7
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.3390/ijms141020704
https://doi.org/10.1016/j.jhep.2013.02.016
https://doi.org/10.3390/antiox11122322
https://doi.org/10.3390/antiox11122322
https://doi.org/10.3390/nu11092062
https://doi.org/10.3390/nu14030716
https://doi.org/10.3390/nu14030716
https://doi.org/10.1016/j.foodres.2022.111196
https://doi.org/10.1016/j.foodres.2022.111196
https://doi.org/10.1080/21623945.2021.2015864
https://doi.org/10.3389/fnut.2021.795391
https://doi.org/10.3390/nu14183791
https://doi.org/10.1177/02601060221103032
https://doi.org/10.3390/antiox11020349
https://doi.org/10.1093/aje/kwh173
https://doi.org/10.1093/aje/kwh173
https://doi.org/10.1002/ijc.33925
https://doi.org/10.1371/journal.pone.0252164
https://doi.org/10.1371/journal.pone.0252164
https://doi.org/10.1186/s40001-024-01646-5
https://doi.org/10.1016/j.xcrm.2021.100437
https://doi.org/10.1186/s12943-022-01668-9
https://doi.org/10.5604/12321966.1233574
https://doi.org/10.1186/s12916-023-02793-y
https://doi.org/10.1016/j.freeradbiomed.2021.11.027
https://doi.org/10.1002/iub.2008
https://doi.org/10.1016/j.freeradbiomed.2007.12.029
https://doi.org/10.1016/j.freeradbiomed.2007.12.029
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://doi.org/10.3748/wjg.v20.i39.14205
https://doi.org/10.1002/biof.1700
https://doi.org/10.1007/s00394-023-03179-9
https://doi.org/10.1056/NEJMoa0907929
https://doi.org/10.1186/s12937-018-0398-y
https://doi.org/10.1016/j.jhep.2018.01.015
https://doi.org/10.1016/j.jhep.2019.06.019
https://doi.org/10.3390/ijms232415489
https://doi.org/10.1080/10715762.2022.2038789
https://doi.org/10.1093/advances/nmy035
https://doi.org/10.1093/advances/nmy035
https://doi.org/10.2147/CIA.S114515
https://doi.org/10.3390/antiox12010131
https://doi.org/10.1136/bmj.n2233
https://doi.org/10.3390/antiox7010012
https://doi.org/10.3892/ijmm_00000220
https://doi.org/10.1001/jama.2011.520

	Associations of dietary sources of antioxidant intake and NAFLD: NHANES 2017–2020 and Mendelian randomization
	Introduction
	Methods
	Study population
	Exposure and outcomes
	Covariates
	Mendelian randomization
	Statistical analysis

	Results
	Baseline characteristics
	Association of exogenous antioxidants and NAFLD
	Association between Vit E and NAFLD
	Subgroup analysis of the association between Vit E and NAFLD
	MR analysis

	Discussion
	Conclusion

	 References

