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Abstract

Purpose Using data from the National Health and Nutrition Examination Survey (NHANES) and employing Controlled
Attenuation Parameter (CAP) measures, this study explores the correlation between vitamin E (VE) intake and hepatic
steatosis and its impact on different subsets.

Materials and methods We selected 5757 participants with CAP data from the 2017-2020 NHANES dataset. Daily
VE intake was assessed by a 24-hour dietary recall. Hepatic fat content was quantified using transient elastography
to measure CAP Stratified multivariable regression analysis investigated relationships in different subsets, and a
generalized additive model identified nonlinear relationships and thresholds.

Results After adjusting for confounders, higher VE intake correlated with lower CAP levels. Subgroup analyses

and tests for interaction revealed a significantly stronger negative correlation between VE intake and CAP in obese
individuals. Further analysis indicated a curvilinear relationship between VE intake and the severity of liver fat
degeneration in both the general study population and the obese subgroup, demonstrating a threshold effect. In
the general population, VE intake below the threshold (6.58 mg/day) is positively correlated with CAP levels, whereas
intake above this threshold shows a negative correlation. For obese individuals, the threshold is set at 7.37 mg/day,
above which the negative correlation with CAP is even more pronounced.

Conclusion Our study revealed a negative correlation between VE intake and hepatic fat content, highlighting the
potentially crucial role VE plays in obese fatty liver patients. Importantly, we identified threshold effects of VE intake
in both general and obese populations. Our results support clinical nutritional interventions, personalized dietary
guidance, and the development of drugs to combat fatty liver.

Keywords VE, Hepatic Steatosis, Obesity, Threshold, NHANES

*Correspondence:

Xingxing Chen

chenxing1819@126.com

'Department of Ultrasound, The First People’s Hospital of Xiaoshan
District, Hangzhou, Zhejiang 311200, PR. China

’Department of Comprehensive Ward, The First People’s Hospital of
Xiaoshan District, Hangzhou, Zhejiang 311200, PR. China

*Department of Clinical Research, The First People’s Hospital of Xiaoshan
District, Xiaoshan Affiliated Hospital of Wenzhou Medical University, No.
199 South Shixin Road, Hangzhou, Zhejiang 311200, PR. China

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12986-024-00830-y&domain=pdf&date_stamp=2024-7-28

Chen et al. Nutrition & Metabolism (2024) 21:57

Introduction

The global prevalence of fatty liver disease has risen in
sync with the obesity epidemic, affecting an estimated
25% of the global population [1]. Fatty liver is character-
ized by the accumulation of fat droplets within liver cells,
known as hepatic steatosis (HS) [2]. HS can progress to
liver cirrhosis, liver cancer, or liver failure, depending on
various factors, inflammation, and fibrosis resulting from
this condition [3]. Therefore, early diagnosis and preven-
tion of hepatic steatosis are crucial.

Non-invasive methods for diagnosing and quantifying
hepatic steatosis have become increasingly important in
clinical practice due to the limitations and risks associ-
ated with liver biopsy [4]. Certain biomarkers provide
valuable information about liver function and damage,
with levels typically elevated in individuals with fatty
liver disease [5]. However, these biomarkers are not spe-
cific. Additionally, non-invasive imaging techniques such
as liver ultrasound, computed tomography (CT), and
magnetic resonance imaging (MRI) are widely used for
detecting hepatic steatosis [6, 7], but they cannot provide
quantifiable indicators. Controlled Attenuation Param-
eter (CAP) stands out as another non-invasive method in
assessing hepatic steatosis. Integrated into transient elas-
tography, CAP measures liver stiffness while quantifying
liver fat content, offering an early, reliable, and effective
assessment of hepatic steatosis without the need for a
liver biopsy [7, 8].

Currently, there are no approved drugs for directly
treating fatty liver disease. Research indicates that life-
style changes, such as weight loss and a healthy diet,
are effective interventions [9-11]. However, success-
ful weight loss is challenging and even more difficult
to maintain, with only about 20% of obese individuals
achieving long-term weight loss [12]. Because it is dif-
ficult to change the lifestyle and diet of most patients,
pharmacological approaches to reversing hepatic ste-
atosis are being hotly discussed. The fat-soluble vitamin
E (VE) shows potential in treating non-alcoholic steato-
hepatitis (NASH) and non-alcoholic fatty liver disease
(NAFLD) due to its anti-inflammatory, anti-apoptotic,
and antioxidant properties [13-15]. VE supplementa-
tion is advised for NASH patients without diabetes that
has been biopsy-verified according to guidelines from
the American Association for the Study of Liver Diseases
[16] and the European Association for the Study of the
Liver [17]. However, there is currently a lack of evidence
supporting the link between VE and early hepatic ste-
atosis, as well as its role in other subgroups of fatty liver
patients, particularly in obese populations.

Therefore, this study’s design is based on utilizing data
from the National Health and Nutrition Examination
Survey (NHANES) from 2017 to 2020, a large nationally
representative sample. The study aims to investigate the
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correlation between vitamin E intake and hepatic steato-
sis using controlled attenuation parameter measures and
its impact on different subsets.

Materials and methods

Statement of ethics

This study received approval from the National Center
for Health Statistics Research Ethics Review Board, with
each participant providing consent.

Study population

To ensure nationwide representation, NHANES, an
extensive, continuous cross-sectional survey in the US,
employs stratified, multistage, clustered random sam-
pling to gather diet and health data from the entire
population [18]. Of the 15,560 participants in the 2017—
2020 NHANES cycle, 9698 had available CAP data. We
excluded 2451 participants who tested positive for hepa-
titis B antigen, hepatitis C antibody, or hepatitis C RNA,
799 with significant alcohol consumption (4 or more
drinks daily), 514 lacking VE intake data, and 117 par-
ticipants with unreliable dietary intake (total energy <800
or >4200 kcal/day in men and <600 or >3500 kcal/day
in women). Ultimately, the study included 5757 partici-
pants. Figure 1 presents the flowchart of sample selection.

Variables

This study focused on VE intake as the exposure vari-
able. Daily dietary intake data were gathered via 24-hour
recall interviews and a 30-day dietary supplement ques-
tionnaire. For each NHANES 2017-2020 participant, two
24-hour recalls were conducted. The first dietary recall
was performed in person at the NHANES Mobile Exami-
nation Centers (MEC), and the second via telephone by
trained interviewers 3-10 days post-MEC interview.
The United States Department of Agriculture’s Food and
Nutrient Database for Dietary Studies was the source of
information on nutrient intakes, including VE [19]. The
total amount of VE consumed per day from food and
dietary supplements was determined.

The outcome variable, CAP, was measured using the
FibroScan® 502 V2 Touch, equipped with liver ultraso-
nography transient elastography. This device measures
CAP by recording ultrasonic attenuation, indicative of
hepatic steatosis and liver fat content.

We primarily referred to previous research literature
[20-23] and data from the NHANES database to include
potential confounding variables that may affect the
exposure variables and outcome variables. Categorical
variables such as gender, race/ethnicity, education level,
marital status, smoking habit, diabetes, hypertension, and
cholesterol levels were included in our study. Age, income
to poverty ratio, body mass index (BMI), y-glutamyl
transpeptidase (GGT), aspartate aminotransferase
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15560 participants examined
in NHANES 2017-2020
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9698 participants

A 4

5862 excluded: CAP data not available

7247 participants

v

2451 excluded: HBV or HCV

v

6448 participants

v

799 excluded: significant alcohol intake

5934 participants
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514 excluded: VE intake data not available

v

5757 participants included
in the final analysis

v

177 excluded: unreliable dietary intake

Fig. 1 Flowchart of participant selection. NHANES, National Health and Nutrition Examination Survey; CAP, controlled attenuation parameter; VE, vitamin

E

(AST), alanine aminotransferase (ALT), serum albumin,
serum creatinine, and uric acid were among the continu-
ous factors in our study. Other nutrients as confounding
factors including vitamin A, alpha-carotene, beta-car-
otene, beta-cryptoxanthin, lycopene, lutein, vitamin C,
vitamin D, vitamin K, protein, total sugar, dietary fiber,
total fat and moisture. You may find detailed information
about CAP, VE intake, and other variables at http://www.
cdc.gov/nchs/nhanes/.

Statistical analysis

We utilized a weighted variance estimation technique
to tackle notable fluctuations in our dataset. A weighted
multivariate linear regression model was employed to
investigate the correlation between VE intake and CAP.
For categorical data, the weighted x2 test was utilized to
evaluate group differences, and for continuous variables,
the weighted linear regression model was employed.
The subgroup analysis involves using stratified multiple
regression analysis. Furthermore, we conduct interac-
tion analysis to examine their interplay, where Pfor
interaction below 0.05 indicates statistically significant
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differences between subgroups. The data were cat-
egorized into subgroups based on various classification
variables. Continuous variables were converted into cat-
egorical ones. For instance, age (<45 years; 45—60 years;
>60 years), income to poverty ratio (<2; =2), BMI (Non-
obesity <30 kg/m?; obesity>30 kg/m?). A combination of
smooth curve fits and generalized additive models were
utilized to investigate the nonlinear relationship between
CAP and VE intake. After nonlinearity was identified, we
used a recursive method to identify the inflection point
in the connection between VE intake and CAP, and on
either side of this point, we applied a two-piecewise lin-
ear regression model. All analyses were conducted using
R (http://www.Rproject.org) and EmpowerStats (http://
www.empowerstats.com), considering a Pvalue<0.05 as
statistically significant.

Results

A total of 5757 participants were included in our analy-
sis, with the weighted characteristics of the participants
subclassified based on VE intake quartiles (Q1: <4.43 mg/
day; Q2: 4.44-6.83 mg/day; Q3: 6.83-9.99 mg/day; and
Q4: >10.00 mg/day), as shown in Table 1. Those in the
highest quartile (Q4) tended to be older, more often male,
non-Hispanic White, more educated, married/partnered,
and had a higher income-to-poverty ratio compared to
those in the lowest quartile (Q1). Several biomarkers
and nutrients differ across various quartile groups, with
higher intake groups typically showing increased levels.
A few characteristics like BMI, hypertensive state, GGT,
serum albumin and CAP did not differ significantly by
quartile.

Table 2 shows the results of multivariable linear regres-
sion analyses examining the association between dietary
VE intake and controlled attenuation parameter (CAP).
Three models were tested with progressive adjustment
for potential confounders. In Model 1 without adjust-
ment, a higher VE intake was associated with higher CAP
levels, though not significantly. In Model 2 adjusting for
demographics, every 1 mg/day increase in VE intake was
associated with a 0.59 dB/m lower CAP (95% CI: -0.93
to -0.25, P=0.0006). Further adjusting clinical factors in
Model 3 slightly strengthened this negative correlation,
with every 1 mg/day linked to a 0.85 dB/m lower CAP
(95% CI: -1.30 to -0.40, P=0.0002). After converting VE
intake from a continuous variable to a categorical vari-
able, compared to the reference lowest intake quartile
Q1, Q4 showed a significant lower CAP in Model 3 (-9.59
dB/m, 95% CI: -16.87 to -2.31, P=0.0099).

Figure 2 details stratified analyses of the association
between dietary VE intake and CAP. After adjusting for
confounding factors in the study, in the non-obese group,
there is no significant correlation between increased
VE intake and fatty liver as defined by CAP values. In
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contrast, among obese individuals, a significant inverse
relationship exists between VE intake and hepatic steato-
sis. Additionally, the relationship between VE intake and
CAP varies significantly across different BMI categories
(Pfor interaction=0.0436). This implies that for every
1 mg/day increase in VE intake, CAP decreases by 0.64
dB/m more in the obesity group (f=-0.89) compared to
the non- obesity group(pf=-0.25).

Figures 3 and 4 use smooth curve fitting and general-
ized additive models to show the non-linear relationship
between VE intake and CAP in both the general study
population and the obese subgroup. In these groups,
the relationship between VE intake and CAP exhibits a
threshold effect. As shown in Tables 3 and 4, We used a
two-part linear regression model to identify these thresh-
olds, found at 6.58 mg/day and 7.37 mg/day for the gen-
eral and obese populations, respectively. Statistical tests
comparing standard linear models with the two-part
models confirm the presence of these thresholds (P-val-
ues are 0.023 and 0.006, respectively). In the general study
population, when VE intake is below 6.58 mg/day, there
is no significant correlation with CAP (p=0.79, 95% CI:
-0.45 to 2.04, P=0.2110). Above this threshold, however,
increasing VE intake correlates negatively with CAP; for
every additional 1 mg/day of VE, CAP decreases by 0.86
dB/m (95% CI: -1.24 to -0.49, P<0.0001) (Table 3). In the
obese subgroup, VE intake shows no significant correla-
tion with CAP when below 7.37 mg/day (f=1.41, 95% CL:
-0.36 to 3.18, P=0.1175). Above this level, a strong nega-
tive correlation emerges, with a greater effect than in the
general population. Here, each additional 1 mg/day of VE
intake results in a CAP decrease of 1.57 dB/m (95% CI:
-2.26 to -0.89, P<0.0001) (Table 4).

Discussion
This study utilized data from the National Health and
Nutrition Examination Survey in the United States,
employing controlled attenuation parameters to quanti-
tatively measure liver fat content. It examined the rela-
tionship between VE intake and liver steatosis, including
its impact across different demographic subgroups. After
adjusting for various potential confounding factors,
the research, using a weighted multivariable regression
model, found a significant correlation between high VE
intake and reduced liver fat accumulation. Further analy-
sis showed a threshold effect of VE on liver steatosis in
the general population, identified at 6.58 milligrams per
day. Below this threshold, VE intake was positively cor-
related with fatty liver; above it, the correlation was nega-
tive. Notably, in the obese population, this threshold was
higher, at 7.37 milligrams per day, with a stronger nega-
tive correlation with fatty liver above this threshold.

Our findings align with previous research, suggest-
ing VE’s protective effect against liver steatosis. A study
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Table 1 Weighted characteristics of the study population based on dietary VE intake quartiles

VE intake (mg/day) Total Q1 (<4.43, Q2(4.44-6.83, Q3(6.83-9.99, Q4 (>10.00, Pvalue
(N=5757) N=1376) N=1482) N=1477) N=1422)
Age (years) 44.98+20.14 42.36+20.97 44.71+£20.54 44.94+20.26 47.29+18.71 <0.0001
Gender (%) <0.0001
Men 47.26 37.03 46.00 48.57 55.01
Women 52.74 62.97 54.00 5143 44.99
Race/Ethnicity (%) <0.0001
Mexican American 9.73 10.95 10.88 932 8.12
Other Hispanic 744 1044 7.06 0.84 6.06
Non-Hispanic White 62.82 59.07 60.86 63.33 67.00
Non-Hispanic Black 11.13 11.27 11.23 12.65 943
Other Race 8.90 8.28 9.97 7.86 9.39
Education level (%) <0.0001
Less than high school 10.24 15.45 11.13 8.79 743
High school 27.92 33.87 29.02 30.26 20.78
More than high school 61.79 50.68 59.86 60.95 7179
Marital status (%) <0.0001
Married/Living with Partner 64.24 55.83 64.61 64.19 69.70
Widowed/Divorced/Separated 18.93 24.14 19.03 17.55 16.60
Never married 16.82 20.03 16.35 18.26 13.69
Income to poverty ratio 3.16+£1.63 2.68+1.63 3.09+£1.62 321£1.63 3.52+£1.56 <0.0001
BMI (kg/mz) 29.29+7.44 28.86+7.63 29.13+£6.89 29.58+7.62 29.50+7.60 0.0406
Smoked at least 100 cigarettes in life (%) 0.0019
Yes 3863 43.25 39.60 36.13 3691
No 61.37 56.75 60.40 63.87 63.09
Diabetes (%) 0.0009
Yes 10.84 10.90 12.85 8.18 11.55
No 86.73 86.65 84.87 88.68 86.58
Borderline 243 245 227 3.14 1.88
Hypertension (%) 0.0966
Yes 32.00 30.69 3477 30.96 3153
No 68.00 69.31 65.23 69.04 68.47
High cholesterol level (%) 0.0068
Yes 34.40 31.39 34.44 3323 3764
No 65.60 68.61 65.56 66.77 62.36
AST (IU/L) 21.00+10.34 2040+12.18 20.74+£10.72 20.76+8.49 21.92+10.07 0.0008
ALT (IU/L) 21.52+14.66 20.01+£1542 2096+ 14.42 21.70+£14.56 2298+ 14.21 <0.0001
GGT (IU/L) 26.18+29.75 26.26+34.36 26.35+32.84 2636+27.17 2580+25.25 0.9535
Serum albumin (g/L) 4122+£3.22 4126339 41.18+£3.26 41.29+3.14 41.15+£3.11 0.6429
Serum creatinine (mg/dl) 0.85+0.30 081+0.28 0.86+0.26 0.86+0.35 0.87+0.28 <0.0001
Uric acid (mg/dl) 528+1.37 510+1.35 536+145 532+1.35 532+1.32 <0.0001
Vitamin A (mcg/day) 554.70£465.11 32230+£526.27 462.50+305.54 576.85+345.92 796.21+519.71 <0.0001
Alpha-carotene (mcg/day) 353.23+£829.38 157.57+350.65 269.98+536.30 380.76+766.72 537.06+£121247  <0.0001
Beta-carotene (mcg/day) 202497+3141.63 87933+132191 1470.26+2017.14 2185.63+283853 3258.08+4516.16 <0.0001
Beta-cryptoxanthin(mcg/day) 75.10+£148.16 43.05+118.12 67.58+138.59 82.67 +£145.08 98.22+172.81 <0.0001
Lycopene(mcg/day) 4878.15+£6232.33 2504.66+2882.05 4081354503096 5177.68+5839.07 6874.70+8211.04 <0.0001
Lutein (mcg/day) 1354494227794 54661+659.79  97252+134001 1437.37+1939.12 224552+3454.53 <0.0001
Vitamin C(mg/day) 66.99+62.35 36.30+39.62 54.91+4878 70.65+58.89 97.94+75.06 <0.0001
Vitamin D(mcg/day) 3.87+3.74 243+2.39 339+3.03 3924328 534+4.89 <0.0001
Vitamin K(mcg/day) 108.66+£121.73  46.49+40.50 82.06+71.68 118.08+107.57 171.69+171.39 <0.0001
Protein (g/day) 72.19+32.04 46.08+22.35 64.12+£22.93 77.23+26.54 94.73+33.06 <0.0001
Total sugar (g/day) 91.61+55.32 63.84+43.64 83.85+£5141 99.50+£56.27 112.34+55.59 <0.0001
Dietary fiber (g/day) 14.87+£8.28 8.34+446 12294537 15.75+£641 21394934 <0.0001

Total fat (g/day) 77.82+3551 4346+17.10 66.44+21.92 84.85+24.98 107.83+37.08 <0.0001
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Table 1 (continued)

VE intake (mg/day) Total Q1 (<4.43, Q2 (4.44-6.83, Q3(6.83-9.99, Q4(>10.00, Pvalue
(N=5757) N=1376) N=1482) N=1477) N=1422)

Moisture (g/day) 251434+1186.16 1882.96+£1016.96 2382.18+1129.46 2577.97+109825 3058.73+£1178.52 <0.0001

CAP (dB/m) 261.47+63.70 257.69+62.82 262.46+63.94 263.70+65.62 261.27 +62.08 0.0900

Mean £SD for continuous variables: the Pvalue was calculated by the weighted linear regression model. (%) for categorical variables: the Pvalue was calculated by

the weighted chi-square test

Table 2 Multivariable regression to assess the association of dietary VE intake (mg/day) with controlled attenuation parameter (dB/m)

Model
B (95% ClI) Pvalue

Model 2
B (95% Cl) Pvalue

Model 3
B (95% Cl) Pvalue

VE intake (mg/day)

VE intake categories
Q1 (<4.43 mg/day)
Q2 (4.44-6.83 mg/day)
Q3 (6.83-9.99 mg/day)
Q4 (>10.00 mg/day)

-0.08 (-0.40, 0.24) 0.6396

Reference

4.77 (-0.10, 9.64) 0.0548
6.01(1.21,10.81) 0.0142
3.58(-1.20, 8.36) 0.1422

-0.59 (-0.93, -0.25) 0.0006 -0.85 (-1.30, -0.40) 0.0002
Reference

-0.60 (-6.30, 5.09) 0.8362
-1.72 (-7.70,4.25) 0.5722
-9.59 (-16.87,-2.31) 0.0099

Reference

0.83 (-4.62,6.28) 0.7657
1.89 (-3.38,7.16) 04814
-5.04 (-10.35,0.28) 0.0636

Model 1: no covariates were adjusted
Model 2: age, gender, and race/ethnicity were adjusted

Model 3: age, gender, race/ethnicity, education level, marital status, income to poverty ratio, body mass index, smoking behavior, and the existence of diabetes,
hypertension, and high cholesterol level, aspartate aminotransferase, alanine aminotransferase, y- glutamyl transpeptidase, serum albumin, serum creatinine, uric
acid, vitamin A, alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, lutein, vitamin C, vitamin D, vitamin K, protein, total sugar, dietary fiber, total fat and

moisture were adjusted

using medical phenotype (PheCodes) from the UK Bio-
bank (UKB) indicated that increased dietary VE might
protect against NAFLD and other diseases [24]. Experi-
mental studies have shown that supplementing with VE
can reduce oxidative stress in NASH model mice, lower
serum transaminase levels, and mitigate liver steato-
sis [25, 26]. In humans, VE has been used as a stand-
alone treatment or in combination with other drugs for
NAFLD or NASH. Some studies have shown its effective-
ness in reducing serum alanine transaminase levels and
NASH, though it has not shown improvement in fibrosis.
Our study sheds light on VE'’s role in early-stage liver ste-
atosis in chronic liver diseases and suggests its potential
in preventing and treating liver diseases [13, 14, 27, 28].

Vitamin E, a natural antioxidant, primarily works by
alleviating oxidative stress in fatty liver disease, thereby
reducing liver steatosis [28, 29]. It also has lipid peroxi-
dation repair and anti-apoptotic effects, mitigating cell
damage caused by peroxidized lipids in fatty acids [30].
Studies indicate that fatty liver patients exhibit reduced
expression of hepatic lipid transport proteins, such as
CD36 and triglyceride transport proteins. VE can rec-
tify this aberrant expression, thus aiding in the secretion
and clearance of hepatic fatty acids [31]. Moreover, VE
increases the expression of hepatic inositol phospho-
lipids, promoting the production and secretion of very
low-density lipoprotein (VLDL) and alleviating fatty liver
disease [32].

Interestingly, our study found that VE’s protective
effect is most pronounced in obese populations. Simi-
lar results were observed in another study examining
VE intake’s impact on NAFLD development in high-risk

subpopulations [24]. It was found that in cases with Type
2 Diabetes (T2D), increased VE intake had a more sig-
nificant protective effect against NAFLD, especially in
overweight patients. This suggests that VE works syner-
gistically with obesity and fatty liver, enhancing its effi-
cacy. These findings offer new insights for developing
treatments for fatty liver in different populations and
suggest new hypotheses for future research in various
subgroups.

To our knowledge, our study might be the first to pro-
pose a threshold effect of VE on liver steatosis. Thresh-
old points were identified in both the general and specific
populations (obese individuals), at 6.58 milligrams/day
and 7.37 milligrams/day, respectively. This indicates that,
in clinical interventions, a certain threshold of VE intake
might be necessary to maximize its protective effect on
the liver.

This study has several strengths. First, we used nation-
ally representative and reliable data from the National
Health and Nutrition Survey. Second, we employed a
non-invasive early quantification indicator called CAP
to assess liver fat content, enhancing measurement
accuracy and clinical reproducibility. Additionally, we
conducted a stratified multivariable regression analysis
to explore relationships between different subgroups,
contributing to a more comprehensive understanding of
the research findings. Most importantly, we identified
a nonlinear relationship and threshold effect between
vitamin E intake and the severity of liver fat degenera-
tion using generalized additive models. This study pro-
posed a threshold effect of vitamin E intake on hepatic
steatosis, offering crucial guidance for clinical nutrition
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Subgroup No. of patients B (95% CI) P for interaction
Age {years) 0.2403
<45 2820 e ] -0.93 (~1.45, -0.41)

45-60 1189 —— -0.31 (-0.85, 0.22)

>60 1748 —— -0.47 (-1.07, 0.14)

Gender 0.3434
Men 2733 — -0.42 (-0.86, 0.03)

Women 3024 —— -0.72 (-1.18, -0.28)

Racefethnicity 0.1262
Mexican American 762 —_— . -1.15 (-2.26, -0.04)

Other Hispanic 581 " 0.59 (-0.84, 2.01)

Non-Hispanic White 2035 — -0.74 (-1.13, —0.36)

Non-Hispanic Black 1505 — —0.04 (-1.01, 0.94)

Other Race 874 —_— . 0.13 (-0.95, 1.22)

Education level 0.7534
Less than high school 802 —_— —-0.66 (-1.58, 0.26)

High school 1081 — -0.78 (—-1.47, -0.08)

More than high school 2581 —l— -0.48 (-0.87, -0.09)

Marital status 0.0777
Married/Living with Partner 2644 —— -0.34 (-0.73, 0.06)
Widowed/Divorced/Separated 1030 — -1.26 (—1.96, —0.55)

Never married 792 —_—— -0.62 (-1.45, 0.21)
Income—poverty ratio 0.3039
<2 2315 —— -0.29 (-0.92, 0.35)

>2 2725 —— -0.67 (-1.04, -0.29)

BMI 0.0436
Non-Obesity 3463 —l— -0.25 (-0.63, 0.12)

Obesity 2253 —— -0.89 (-1.38, -0.40)

Smoked at least 100 cigarettes in life 0.0532
Yes 1719 —— -0.22 (-0.70, 0.26)

No 3015 —— -0.84 (-1.27, -0.41)

Diabetes 0.2987
Yes 721 —— -1.20 (-2.12, -0.28)

No 4889 —— -0.45 (-0.81, -0.10)

Borderline 145 = —0.82 (-2.03, 0.40)

Hypertension 0.9603
Yes 1798 —— -0.58 (-1.11, -0.04)

No 3283 —— -0.56 (-0.96, -0.16)

High cholesterol level 0.1939
Yes 1687 —— -0.30 (-0.81, 0.22)

No 3369 —— -0.73 (-1.13, =0.32)

Fig.2 Subgroup analysis of the association between dietary VE intake (mg/day) with controlled attenuation parameter (dB/m). Age, gender, race/ethnic-
ity, education level, marital status, income to poverty ratio, body mass index, smoking behavior, and the existence of diabetes, hypertension, and high
cholesterol level, aspartate aminotransferase, alanine aminotransferase, y- glutamyl transpeptidase, serum albumin, serum creatinine, uric acid, vitamin
A, alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, lutein, vitamin C, vitamin D, vitamin K, protein, total sugar, dietary fiber, total fat and
moisture were adjusted. In the subgroup analyses, the model is not adjusted for the stratification variable itself

interventions and personalized dietary recommenda-
tions. Furthermore, we observed a more significant nega-
tive correlation in the obese population, yielding more
specific research results for this particular group.
Nevertheless, our study has limitations. Firstly, its
cross-sectional design precludes establishing causality,
only allowing for the identification of correlations. Sec-
ondly, VE intake data, based on 24-hour dietary recall,
may be subject to reporting bias and doesn't capture
the long-term effects of VE intake. Additionally, due
to the absence of dietary follow-up information in the
NHANES database, we are unable to investigate how
changes in dietary patterns might impact study out-
comes. Moreover, liver steatosis was defined using CAP
values in transient elastography, not through biologically

proven fatty liver, potentially introducing bias in assess-
ing the degree of liver steatosis. Finally, as our sample
exclusively comprises American participants, this might
limit the generalizability of our findings to international
populations. Furthermore, it is important to note that
while our study includes several secondary analyses that
provide valuable insights, we advise readers to interpret
these results with caution. These secondary analyses
should not be overgeneralized or considered universally
applicable. Further research is required to validate their
reliability and generalizability.
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Fig. 3 The association between vitamin E intake and controlled attenuation parameter. (a) Each black point represents a sample. (b) Solid rad line rep-
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level, marital status, income to poverty ratio, body mass index, smoking behavior, and the existence of diabetes, hypertension, and high cholesterol level,
aspartate aminotransferase, alanine aminotransferase, y- glutamyl transpeptidase, serum albumin, serum creatinine, uric acid, vitamin A, alpha-carotene,
beta-carotene, beta-cryptoxanthin, lycopene, lutein, vitamin C, vitamin D, vitamin K, protein, total sugar, dietary fiber, total fat and moisture were adjusted

—
O]
N

300
|

Controlled attenuated parameter(dB/m)

T T T T T
0 10 20 30 40

Vitamin E intake (mg/day)

—_
O

)

310
|

280
|

270
1

Controlled attenuated parameter(dB/m)

L s o  RTEN N 11RY AT S I
0 10 20 30 40
Vitamin E intake (mg/day)

Fig. 4 The association between vitamin E intake and controlled attenuation parameter in Obesity. (a) Each black point represents a sample. (b) Solid
rad line represents the smooth curve fit between variables. Blue bands represent the 95% of confidence interval from the fit. Age, gender, race/ethnic-
ity, education level, marital status, income to poverty ratio, smoking behavior, and the existence of diabetes, hypertension, and high cholesterol level,
aspartate aminotransferase, alanine aminotransferase, y- glutamyl transpeptidase, serum albumin, serum creatinine, uric acid, vitamin A, alpha-carotene,
beta-carotene, beta-cryptoxanthin, lycopene, lutein, vitamin C, vitamin D, vitamin K, protein, total sugar, dietary fiber, total fat and moisture were adjusted

Conclusions

Our study offers fresh insights into the relationships
between VE intake and hepatic steatosis. Leveraging a
large, nationally representative dataset and quantitative
CAP measures, we demonstrated a negative correlation
between VE intake and hepatic fat content. Importantly,
we identified a threshold effect of VE intake in both the

general population and obese subsets. This indicates that
a certain level of VE intake is necessary for maximizing
its protective effect on the liver. Notably, our findings
suggest VE’s role may be particularly significant in obese
patients with fatty liver. Overall, these results can assist
in clinical nutritional interventions, personalized dietary
guidance, and the development of drugs to reverse fatty
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Table 3 Threshold effect analysis of dietary VE intake (mg/day) on controlled attenuation parameter (dB/m) using the two-piecewise
linear regression model
controlled attenuation parameter

Adjusted B (95% Cl), Pvalue
-0.85 (-1.30, -0.40) 0.0002

Fitting by the standard linear model
Fitting by the two-piecewise linear model
Inflection point 6.58

VE intake <6.58 (mg/day) 0.79 (-045,2.04) 0.2110
VE intake >6.58 (mg/day) -0.86 (-1.24, -0.49) < 0.0001
Log likelihood ratio 0.023

Age, gender, race/ethnicity, education level, marital status, income to poverty ratio, body mass index, smoking behavior, and the existence of diabetes, hypertension,
and high cholesterol level, aspartate aminotransferase, alanine aminotransferase, y- glutamyl transpeptidase, serum albumin, serum creatinine, uric acid, vitamin A,
alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, lutein, vitamin C, vitamin D, vitamin K, protein, total sugar, dietary fiber, total fat and moisture were
adjusted

Table 4 Threshold effect analysis of dietary VE intake (mg/day) on controlled attenuation parameter (dB/m) in obesity using the two-
piecewise linear regression model
controlled attenuation parameter
Obesity

Fitting by the standard linear model
Fitting by the two-piecewise linear model
Inflection point 737

VE intake <7.37 (mg/day) 141 (-0.36,3.18) 0.1175
VE intake >7.37(mg/day) -1.57 (-2.26,-0.89) < 0.0001
Log likelihood ratio 0.006

Age, gender, race/ethnicity, education level, marital status, income to poverty ratio, smoking behavior, and the existence of diabetes, hypertension, and high
cholesterol level, aspartate aminotransferase, alanine aminotransferase, y- glutamyl transpeptidase, serum albumin, serum creatinine, uric acid, vitamin A, alpha-
carotene, beta-carotene, beta-cryptoxanthin, lycopene, lutein, vitamin C, vitamin D, vitamin K, protein, total sugar, dietary fiber, total fat and moisture were adjusted

Adjusted B (95% Cl), Pvalue

-0.95 (-1.47,-0.42) 0.0004

liver. Future research should validate these findings and
clarify VE’s role in the pathogenesis of NAFLD, as well
as its potential as an adjunctive treatment strategy, espe-
cially for high-risk obese populations.
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