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Abstract
Metabolic-associated fatty liver disease (MAFLD) has been proposed to replace the term non-alcoholic fatty liver disease (NAFLD) in 2020. The asso-
ciation between micronutrients and MAFLD has not been reported. Therefore, this study aims to explore the association between micronutrients intake
and MAFLD. This was a cross-section study based on the National Health and Nutrition Examination Survey (NHANES). The dietary intake of copper,
zinc, iron, and selenium was evaluated using the 24-h dietary recall interview. Logistic regression analysis was used to explore the association between
micronutrients and MAFLD, and the results were shown as odds ratio (OR) with 95 % confidence intervals (CIs). A total of 5976 participants were finally
included for analysis, with 3437 participants in the MAFLD group. After adjusting potential confounders, copper intake at quartile Q3 (OR = 0⋅68, 95 %
CI 0⋅50, 0⋅93) and Q4 (OR = 0⋅60, 95 % CI 0⋅45, 0⋅80) was found to be associated with lower odds of MAFLD. Iron intake at Q2 (OR = 0⋅64, 95 % CI
0⋅45, 0⋅92) and Q3 (OR = 0⋅61, 95 % CI 0⋅41, 0⋅91) was associated with the lower odds of MAFLD. Our findings found that high intake of copper and
adequate intake of iron were associated with MAFLD, which may provide guidance for the management of MAFLD.
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Introduction

Metabolic-associated fatty liver disease (MAFLD) is a condi-
tion of excessive accumulation of fat in the liver in combin-
ation with metabolic dysfunction presenting as overweight or
obesity and insulin resistance.(1) MAFLD was proposed by
an international panel in 2020 to replace the term ‘non-
alcoholic fatty liver disease (NAFLD)’.(2) The introduction of
MAFLD helps overcome the limitations of NAFLD that
coexistences of NAFLD with other liver diseases and
arguments in the recommended limit of alcohol consump-
tion.(3–5) Compared to NAFLD, the definition of MAFLD
is more inclusive in the aetiology of fatty liver diseases and
more practical to identify more patients at risk of liver disease
progression.(6,7) MAFLD affects more than a third of the

global population, and the overall prevalence ranges from
32⋅94 to 44⋅95 %.(8) MAFLD has been one of the main rea-
sons for hepatocellular carcinoma and cirrhosis, and also asso-
ciated with an increased risk of cardiovascular diseases.(9)

Therefore, the prevention and treatment of MAFLD is
important in the clinic.
Dietary intervention has been reported to play an important

role in the management of MAFLD since there are no
approved pharmacological treatment.(10,11) Evidence has
shown that oxidative stress, insulin resistance, and lipid metab-
olism disturbances are associated with the progression of fatty
liver diseases.(12) Micronutrients, such as copper, zinc, iron,
and selenium, are essential nutrients for human health and
are involved in glucose, lipid, protein metabolism, and
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antioxidant processes.(13,14) Some studies have reported the
association between micronutrients and NAFLD.(13,14) Chen
et al. have found that hepatic copper concentration was
lower in NAFLD patients.(14) Fathi et al. have reported that
zinc supplementation contributed to improve insulin resistance
and oxidative stress status in NAFLD patients.(12) Iron was
found to be increased in NAFLD patients.(15) Wang et al.
have found that serum selenium >130 μg/l was associated
with the higher odds of NAFLD.(16) Currently, there are no
studies reporting the association between micronutrients and
MAFLD.
Therefore, this study aims to explore the association

between micronutrients and MAFLD using data from the
National Health and Nutrition Examination Survey
(NHANES).

Methods

Study design and data source

This was a cross-section study, and data were extracted from
the NHANES 2017–2020, which was a nationally representa-
tive, complex, and multistage probability survey of the US
civilian non-institutionalised population conducted by the
National Center for Health Statistics.(17) Participants in the
NHANES were interviewed at home and underwent standar-
dised physical examinations at a mobile examination centre
(MEC).(17) During the interview, self-reported information
for demographics, socioeconomic status, health conditions,
health behaviours, and routine healthcare sites were obtained.(17)

The physical examinations consisted of medical, dental, and
physiologic measurements, and laboratory tests administered
by highly trained medical personnel.(17) The survey has been
approved by the National Center for Health Statistics Ethics
Review Board, and written informed consent has been provided
by each participant.(17)

Study population

This study included participants aged ≥18 years old, with liver
ultrasound transient elastography examination, and with two
24-h dietary recalls for micronutrients intake. Individuals
with unusually low or high total energy intake (<500 or
>5000 kcal/d for female, <500 or >8000 kcal/d for
male)(18) or missing data on key covariates were excluded.

Micronutrients

The dietary intake of copper, zinc, iron, and selenium was
assessed by the 24-h dietary recall interview using the
Agriculture Automated Multiple-Pass Method, which col-
lected an accurate and detailed list of all foods and bev-
erages consumed by a person within 24 h (midnight to
midnight).(19) Two 24-h dietary recall interviews were per-
formed, with the first one performed in the MEC and the
second one performed by telephone 3–10 d later.(20) In
this study, we used the average value of the two 24-h dietary
recall for the intakes of micronutrients (copper, zinc, iron,

and selenium), and divided these micronutrients according
to the quartile (Q).
The appropriate dietary weights were used for dietary data

analyses. The participants in the NHANES database were
selected based on a national probability design. To increase
the number of participants for specific demographic groups,
a multistage, unequal probability of selection design was imple-
mented. When an analysis used the smaller sample with com-
pleted dietary data on Day 1 and Day 2, a set of adjusted
weights (WTDR2DPP) was used. According to the content
per 1000 kcal, copper intake was divided into Q1
(≤0⋅43 mg), Q2 (0⋅43–0⋅53 mg), Q3 (0⋅53–0⋅69 mg), and
Q4 (>0⋅69 mg). Zinc intake was divided into Q1
(≤3⋅98 mg), Q2 (3⋅98–4⋅82 mg), Q3 (4⋅82–5⋅94 mg), and
Q4 (>5⋅94 mg). Iron intake was divided into Q1
(≤5⋅19 mg), Q2 (5⋅19–6⋅19 mg), Q3 (6⋅19–7⋅57 mg), and
Q4 (>7⋅57 mg). Selenium intake was divided into Q1
(≤43⋅09 mcg), Q2 (43⋅09–53⋅02 mcg), Q3 (53⋅02–
64⋅31 mcg), and Q4 (>64⋅31 mcg).

MAFLD assessment

MAFLD was defined by the presence of hepatic steatosis on
ultrasound transient elastography examination, and simultan-
eously accompanied by one of the following three criteria:
(1) overweight/obesity, (2) type 2 diabetes mellitus (T2DM),
or (3) metabolic dysregulation.(21)

Significant hepatic steatosis was defined by the controlled
attenuation parameter (CAP) >248 dB/m.(22,23)

Overweight/obesity was defined as body mass index (BMI)
≥25 kg/m2.(24)

Diabetes was defined as fasting blood glucose (FBG)
≥7⋅0 mmol/l, glycated haemoglobin (HbA1c) ≥6⋅5 %, self-
reported diabetes which was diagnosed by medical profes-
sionals or taking diabetes drugs.(25)

Metabolic dysregulation was defined as the presence of two or
more of the following metabolic abnormalities in individuals
with lean/normal weight: (1) waist circumference ≥102 cm
in men and ≥88 cm in women; (2) blood pressure ≥130/
85 mmHg or receiving antihypertensive medication treatment;
(3) serum triglycerides (TG) ≥150 mg/dl (1⋅70 mmol/l) or
receiving specific drug treatment; (4) high-density lipoprotein
cholesterol (HDL-C) <40 mg/dl (1⋅0 mmol/l) for men and
<50 mg/dl (1⋅3 mmol/l) for women or receiving specific
drug treatment; (5) prediabetes: FBG at 100–125 mg/dl
(5⋅6–6⋅9 mmol/l), or 2-h post-load glucose level at 140–
199 mg/dl (7⋅8–11⋅0 mmol/l), or HbA1c at 5⋅7–6⋅4 % (39–
47 mmol/mol); (6) a score of Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR) ≥2⋅5; and
(7) high-sensitivity C-reactive protein (hsCRP) >2 mg/l.(21)

Covariates

The covariates in this study involved data on demographics,
physical examinations, living habits, comorbidities, laboratory
values, and micronutrient supplements.
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Demographic data included age, gender, race, education level,
marital status, and poverty-to-income ratio (PIR; ≤1⋅0, 1⋅0–
2⋅0, >2⋅0, and unknown).
Physical examinations included waist-to-height ratio (WHtR)
and body mass index (BMI). BMI was calculated as body
weight (kg)/height (m)2 and divided into <25 and/or
≥25 kg/m2.
Living habits included drinking, smoking, and physical
activity (<450 MET⋅min/week, ≥450 MET⋅min/week, and
unknown).
Comorbidities included diabetes, hypertension, dyslipidaemia,
cardiovascular disease (CVD), hepatitis B virus, and hepatitis
C virus. Hypertension was defined as systolic blood pressure
(SBP) ≥140 mmHg, or diastolic blood pressure (DBP)
≥90 mmHg, or self-reported hypertension, or self-reported
use of antihypertensive medications.(26) Dyslipidaemia was
defined as total cholesterol (TC) ≥200 mg/dl, triglyceride
(TG) ≥150 mg/dl, low-density lipoprotein cholesterol
(LDL-C) ≥130 mg/dl, high-density lipoprotein cholesterol
(HDL-C) ≤40 mg/dl, self-reported hypercholesterolaemia, or
undergoing lipid-lowering therapy(27)

Laboratory values included alanine aminotransferase (ALT),
alkaline phosphatase (ALP), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), gamma-glutamyl trans-
aminase (GGT), lactate dehydrogenase (LDH), uric acid,
total bilirubin, and platelet.
Micronutrient supplements included copper supplement, zinc
supplement, iron supplement, and selenium supplement. The
intake of copper, zinc, iron, and selenium from supplements
were assessed using the dietary supplement questionnaire.

Statistical analysis

The continuous data were described as mean (standard error)
(SE), and differences between the two groups were compared
using an independent samples t test. The counting data were

described as number and percentage [n (%)], and differences
between the two groups were compared using a chi-square
test. The missing data were processed using multiple imput-
ation, and sensitivity analysis was performed before and after
the imputation. The missing data on PIR and physical activity
were divided into ‘Unknown’, and the missing data on copper
supplement, zinc supplement, iron supplement, and selenium
supplement were divided into ‘Missing’ because of the above
variables with a large proportion of missing values
(Supplementary Table S1).
Logistic regression analysis was used to explore the associ-

ation between micronutrients intake (copper, zinc, iron, and
selenium) and MAFLD, and the results were shown as odds
ratio (OR) with 95 % confidence intervals (CIs). To screen
covariates, variables with statistical significance in the univari-
ate logistic regression were included in the multivariate logistic
regression. Through stepwise regression, age, gender, race,
BMI, WHtR, diabetes, hypertension, dyslipidaemia, ALT,
BUN, GGT, and uric acid were screened out. Model 1 was
the unadjusted model; Model 2 was adjusted for age, gender,
race, BMI, WHtR, diabetes, hypertension, dyslipidaemia,
ALT, BUN, GGT, and uric acid. Model 3 was additionally
adjusted for copper intake, zinc intake, iron intake, and selen-
ium intake based on Model 2. Subgroup analysis was per-
formed based on age, gender, diabetes, hypertension,
dyslipidaemia, BMI, and hepatitis. The statistical analysis was
performed using SAS 9.4 (SAS Institute Inc., Cary, NC,
USA), and P < 0⋅05 was considered as statistical significance.

Results

Participants’ characteristics

A total of 9693 participants from the NHANES (2017–2020)
were extracted in this study. Of these, 1376 participants with-
out liver ultrasound transient elastography examination and
1752 participants without two 24-h dietary recalls for micronu-
trients intake were excluded. Of the remaining 6565 partici-
pants, 89 participants with unusually low or high total
energy intake and 500 participants missing information of
key covariates were excluded. Finally, 5976 participants were
included for analysis, with 3437 participants diagnosed as
MAFLD (Fig. 1). The results were consistent before and
after imputation (all P> 0⋅05) (Supplementary Table S2).
Table 1 shows the characteristics of included participants.

Among all the included participants, 2918 (49⋅18 %) were
male and the mean age was 48⋅16 years. There were significant
differences between the MAFLD group and the non-MAFLD
group in copper intake, age, gender, race, education level,
marital status, BMI, WHtR, smoking, physical activity, dia-
betes, hypertension, dyslipidaemia, CVD, TC, TG, HDL-C,
LDL-C, ALT, ALP, AST, BUN, GGT, LDH, uric acid, and
copper supplement. Supplementary Fig. S1 demonstrates the
quartile level of the intake of the four micronutrients in the
daily diet. The quartile levels of daily copper intake were
≤0⋅80 mg, 0⋅80–1⋅08 mg, 1⋅08–1⋅39 mg, and >1⋅39 mg,
respectively. The quartile levels of daily zinc intake were
≤7⋅14 mg, 7⋅14–9⋅62 mg, 9⋅62–13⋅07 mg, and >13⋅07 mg,Fig. 1. Flowchart of participant’s selection.
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Table 1. Baseline characteristics of enrolled participants

Variables Total (n 5976) Non-MAFLD (n 2539) MAFLD (n 3437) Statistics P

Copper intake, mg/1000 kcal, n (%) χ2 = 10⋅05 0⋅018
Q1 (≤0⋅43) 1720 (24⋅99) 729 (23⋅51) 991 (26⋅19)
Q2 (0⋅43–0⋅53) 1382 (24⋅99) 566 (22⋅63) 816 (26⋅90)
Q3 (0⋅53–0⋅69) 1439 (25⋅01) 582 (25⋅59) 857 (24⋅55)
Q4 (>0⋅69) 1435 (25⋅01) 662 (28⋅28) 773 (22⋅36)

Zinc intake, mg/1000 kcal, n (%) χ2 = 2⋅00 0⋅572
Q1 (≤3⋅98) 1689 (24⋅99) 717 (24⋅33) 972 (25⋅52)
Q2 (3⋅98–4⋅82) 1480 (24⋅92) 647 (25⋅26) 833 (24⋅65)
Q3 (4⋅82–5⋅94) 1443 (25⋅06) 585 (24⋅13) 858 (25⋅81)
Q4 (>5⋅94) 1364 (25⋅03) 590 (26⋅28) 774 (24⋅02)

Iron intake, mg/1000 kcal, n (%) χ2 = 5⋅74 0⋅125
Q1 (≤5⋅19) 1608 (24⋅94) 651 (22⋅55) 957 (26⋅87)
Q2 (5⋅19–6⋅19) 1428 (25⋅06) 610 (25⋅03) 818 (25⋅08)
Q3 (6⋅19–7⋅57) 1481 (25⋅00) 660 (27⋅45) 821 (23⋅01)
Q4 (>7⋅57) 1459 (25⋅01) 618 (24⋅97) 841 (25⋅04)

Selenium intake, mcg/1000 kcal, n (%) χ2 = 0⋅83 0⋅843
Q1 (≤43⋅09) 1481 (24⋅98) 639 (25⋅42) 842 (24⋅63)
Q2 (43⋅09–53⋅02) 1567 (25⋅02) 644 (24⋅19) 923 (25⋅69)
Q3 (53⋅02–64⋅31) 1470 (24⋅97) 639 (25⋅25) 831 (24⋅75)
Q4 (>64⋅31) 1458 (25⋅03) 617 (25⋅14) 841 (24⋅94)

Age, years, Mean (SE) 48⋅16 (0⋅63) 43⋅92 (0⋅81) 51⋅59 (0⋅58) t =−10⋅43 <0⋅001
Gender, n (%) χ2 = 21⋅62 <0⋅001
Male 2918 (49⋅18) 1138 (43⋅24) 1780 (53⋅98)
Female 3058 (50⋅82) 1401 (56⋅76) 1657 (46⋅02)

Race, n (%) χ2 = 13⋅72 0⋅001
Non-Hispanic White 2173 (63⋅43) 884 (64⋅26) 1289 (62⋅75)
Non-Hispanic Black 1657 (11⋅22) 818 (13⋅17) 839 (9⋅64)
Others 2146 (25⋅36) 837 (22⋅57) 1309 (27⋅61)

Education level, n (%) χ2 = 9⋅46 0⋅009
Below high school 934 (9⋅09) 359 (7⋅71) 575 (10⋅20)
High school graduate 1408 (26⋅58) 580 (24⋅74) 828 (28⋅06)
College or above 3634 (64⋅34) 1600 (67⋅55) 2034 (61⋅74)

Marital status, n (%) χ2 = 89⋅71 <0⋅001
Married/living with partner 3475 (62⋅52) 1374 (56⋅47) 2101 (67⋅40)
Widowed/divorced/separated 1337 (17⋅70) 529 (16⋅78) 808 (18⋅45)
Never married 1164 (19⋅78) 636 (26⋅76) 528 (14⋅15)

PIR, n (%) χ2 = 1⋅72 0⋅633
≤1⋅0 971 (11⋅38) 432 (11⋅58) 539 (11⋅22)
1⋅0–2⋅0 1327 (16⋅22) 549 (15⋅42) 778 (16⋅86)
>2⋅0 2998 (63⋅39) 1269 (64⋅34) 1729 (62⋅62)
Unknown 680 (9⋅01) 289 (8⋅66) 391 (9⋅30)

BMI, n (%) χ2 = 635⋅84 <0⋅001
<25 kg/m2 1469 (26⋅22) 1240 (51⋅83) 229 (5⋅52)
≥25 kg/m2 4507 (73⋅78) 1299 (48⋅17) 3208 (94⋅48)

WHtR, n (%) χ2 = 523⋅29 <0⋅001
<0⋅5 898 (16⋅86) 835 (35⋅79) 63 (1⋅56)
≥0⋅5 5078 (83⋅14) 1704 (64⋅21) 3374 (98⋅44)

Drinking, n (%) χ2 = 0⋅54 0⋅462
No 513 (6⋅86) 236 (7⋅33) 277 (6⋅48)
Yes 5463 (93⋅14) 2303 (92⋅67) 3160 (93⋅52)

Smoking, n (%) χ2 = 4⋅76 0⋅029
No 3470 (58⋅32) 1541 (61⋅02) 1929 (56⋅13)
Yes 2506 (41⋅68) 998 (38⋅98) 1508 (43⋅87)

Physical activity, n (%) χ2 = 32⋅70 <0⋅001
<450 MET⋅min/week 522 (7⋅50) 209 (6⋅41) 313 (8⋅38)
≥450 MET⋅min/week 4041 (73⋅71) 1818 (79⋅03) 2223 (69⋅41)
Unknown 1413 (18⋅80) 512 (14⋅56) 901 (22⋅22)

Diabetes, n (%) χ2 = 155⋅29 <0⋅001
No 4764 (84⋅82) 2319 (94⋅94) 2445 (76⋅64)
Yes 1212 (15⋅18) 220 (5⋅06) 992 (23⋅36)

Hypertension, n (%) χ2 = 167⋅02 <0⋅001
No 3024 (58⋅17) 1614 (73⋅43) 1410 (45⋅84)
Yes 2952 (41⋅83) 925 (26⋅57) 2027 (54⋅16)

Dyslipidaemia, n (%) χ2 = 520⋅36 <0⋅001
No 1825 (31⋅82) 1129 (46⋅25) 696 (20⋅16)
Yes 4151 (68⋅18) 1410 (53⋅75) 2741 (79⋅84)

CVD, n (%) χ2 = 30⋅77 <0⋅001

Continued
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Table 1. Continued

Variables Total (n 5976) Non-MAFLD (n 2539) MAFLD (n 3437) Statistics P

No 5316 (91⋅26) 2326 (94⋅50) 2990 (88⋅64)
Yes 660 (8⋅74) 213 (5⋅50) 447 (11⋅36)

Hepatitis B virus, n (%) χ2 = 0⋅41 0⋅524
No 5906 (98⋅84) 2507 (98⋅69) 3399 (98⋅96)
Yes 70 (1⋅16) 32 (1⋅31) 38 (1⋅04)

Hepatitis C virus, n (%) χ2 = 0⋅77 0⋅381
No 5862 (98⋅39) 2484 (98⋅17) 3378 (98⋅57)
Yes 114 (1⋅61) 55 (1⋅83) 59 (1⋅43)

TC, mg/dl, Mean (SE) 187⋅80 (1⋅27) 183⋅28 (1⋅19) 191⋅40 (1⋅68) t =−4⋅74 <0⋅001
TG, mg/dl, Mean (SE) 142⋅17 (3⋅36) 106⋅69 (2⋅54) 170⋅31 (3⋅91) t =−17⋅05 <0⋅001
HDL-C, mg/dl, Mean (SE) 53⋅53 (0⋅46) 58⋅69 (0⋅47) 49⋅43 (0⋅61) t = 13⋅24 <0⋅001
LDL-C, mg/dl, Mean (SE) 109⋅02 (1⋅30) 104⋅68 (1⋅29) 112⋅56 (1⋅97) t =−3⋅57 0⋅001
ALT, U/l, Mean (SE) 22⋅83 (0⋅34) 18⋅95 (0⋅53) 25⋅96 (0⋅44) t =−9⋅52 <0⋅001
ALP, IU/l, Mean (SE) 74⋅81 (0⋅61) 70⋅62 (1⋅05) 78⋅20 (0⋅58) t =−6⋅46 <0⋅001
AST, U/l, Mean (SE) 22⋅08 (0⋅28) 21⋅15 (0⋅51) 22⋅84 (0⋅33) t =−2⋅65 0⋅014
BUN, mg/dl, Mean (SE) 14⋅91 (0⋅16) 14⋅40 (0⋅15) 15⋅32 (0⋅18) t =−6⋅23 <0⋅001
GGT, IU/l, Mean (SE) 29⋅27 (0⋅60) 22⋅44 (0⋅66) 34⋅78 (0⋅93) t =−10⋅14 <0⋅001
LDH, IU/l, Mean (SE) 155⋅37 (1⋅19) 151⋅71 (1⋅14) 158⋅32 (1⋅55) t =−4⋅38 <0⋅001
Uric acid, mg/dl, Mean (SE) 5⋅37 (0⋅03) 4⋅92 (0⋅05) 5⋅74 (0⋅03) t =−13⋅67 <0⋅001
Total bilirubin, mg/dl, Mean (SE) 0⋅48 (0⋅01) 0⋅48 (0⋅01) 0⋅47 (0⋅01) t = 0⋅92 0⋅365
Platelet, 1000 cells/ul, Mean (SE) 245⋅53 (1⋅90) 244⋅03 (2⋅72) 246⋅75 (2⋅04) t =−0⋅97 0⋅339
Copper supplement, n (%) χ2 = 4⋅49 0⋅034
Yes 1212 (21⋅84) 494 (20⋅09) 718 (23⋅26)
Missing 4764 (78⋅16) 2045 (79⋅91) 2719 (76⋅74)

Zinc supplement, n (%) χ2 = 0⋅04 0⋅842
Yes 1525 (27⋅31) 650 (27⋅13) 875 (27⋅45)
Missing 4451 (72⋅69) 1889 (72⋅87) 2562 (72⋅55)

Iron supplement, n (%) χ2 = 0⋅00 0⋅973
Yes 886 (15⋅66) 369 (15⋅64) 517 (15⋅69)
Missing 5090 (84⋅34) 2170 (84⋅36) 2920 (84⋅31)

Selenium supplement, n (%) χ2 = 0⋅89 0⋅345
Yes 1186 (21⋅70) 488 (20⋅71) 698 (22⋅50)
Missing 4790 (78⋅30) 2051 (79⋅29) 2739 (77⋅50)

mean (SE), mean (standard error); MAFLD, metabolic-associated fatty liver disease; PIR, poverty-to-income ratio; BMI, body mass index; WHtR, waist-to-height ratio; CVD, car-

diovascular disease; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ALT, alanine aminotransferase;

ALP, alkaline phosphatase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; GGT, gamma-glutamyl transaminase; LDH, lactate dehydrogenase.

Table 2. Association between micronutrients intake and metabolic-associated fatty liver disease

Micronutrients

Model 1 Model 2 Model 3

OR (95 % CI) P OR (95 % CI) P OR (95 % CI) P

Copper intake, mg/1000 kcal

Q1 (≤0⋅43) Ref Ref Ref

Q2 (0⋅43–0⋅53) 1⋅07 (0⋅80–1⋅42) 0⋅644 0⋅90 (0⋅63–1⋅31) 0⋅581 0⋅91 (0⋅65–1⋅28) 0⋅577
Q3 (0⋅53–0⋅69) 0⋅86 (0⋅65–1⋅13) 0⋅270 0⋅67 (0⋅49–0⋅91) 0⋅013 0⋅68 (0⋅50–0⋅93) 0⋅018
Q4 (>0⋅69) 0⋅71 (0⋅55–0⋅91) 0⋅009 0⋅58 (0⋅43–0⋅78) 0⋅001 0⋅60 (0⋅45–0⋅80) 0⋅001

Zinc intake, mg/1000 kcal

Q1 (≤3⋅98) Ref Ref Ref

Q2 (3⋅98–4⋅82) 0⋅93 (0⋅73–1⋅18) 0⋅538 0⋅95 (0⋅69–1⋅31) 0⋅744 0⋅97 (0⋅70–1⋅33) 0⋅831
Q3 (4⋅82–5⋅94) 1⋅02 (0⋅82–1⋅26) 0⋅851 1⋅10 (0⋅83–1⋅45) 0⋅495 1⋅14 (0⋅82–1⋅57) 0⋅421
Q4 (>5⋅94) 0⋅87 (0⋅68–1⋅11) 0⋅249 0⋅76 (0⋅58–0⋅99) 0⋅040 0⋅81 (0⋅61–1⋅08) 0⋅149

Iron intake, mg/1000 kcal

Q1 (≤5⋅19) Ref Ref Ref

Q2 (5⋅19–6⋅19) 0⋅84 (0⋅62–1⋅13) 0⋅243 0⋅63 (0⋅44–0⋅91) 0⋅016 0⋅64 (0⋅45–0⋅92) 0⋅016
Q3 (6⋅19–7⋅57) 0⋅70 (0⋅53–0⋅92) 0⋅014 0⋅59 (0⋅40–0⋅85) 0⋅006 0⋅61 (0⋅41–0⋅91) 0⋅018
Q4 (>7⋅57) 0⋅84 (0⋅65–1⋅09) 0⋅177 0⋅73 (0⋅52–1⋅02) 0⋅066 0⋅84 (0⋅59–1⋅20) 0⋅318

Selenium intake, mcg/1000 kcal

Q1 (≤43⋅09) Ref Ref Ref

Q2 (43⋅09–53⋅02) 1⋅10 (0⋅88–1⋅36) 0⋅397 0⋅92 (0⋅67–1⋅27) 0⋅614 0⋅96 (0⋅70–1⋅30) 0⋅766
Q3 (53⋅02–64⋅31) 1⋅01 (0⋅79–1⋅30) 0⋅925 0⋅85 (0⋅60–1⋅19) 0⋅327 0⋅89 (0⋅63–1⋅26) 0⋅506
Q4 (>64⋅31) 1⋅02 (0⋅79–1⋅32) 0⋅851 0⋅94 (0⋅65–1⋅35) 0⋅726 1⋅06 (0⋅71–1⋅57) 0⋅779

Ref, reference; OR, odds ratio; CI, confidence interval.

Model 1: unadjusted model.

Model 2: adjusted for age, gender, race, BMI, WHtR, diabetes, hypertension, dyslipidaemia, ALT, BUN, GGT, and uric acid.

Model 3: adjusted for copper intake (not for copper intake analysis), zinc intake (not for zinc intake analysis), iron intake (not for iron intake analysis), and selenium intake (not for

selenium intake analysis) based on Model 2.
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respectively. The quartile levels of daily iron intake were
≤9⋅28 mg, 9⋅28–12⋅45 mg, 12⋅45–16⋅81 mg, and >16⋅81 mg,
respectively. The quartile levels of daily selenium intake were
≤77⋅30 mcg, 77⋅30–103⋅62 mcg, 103⋅62–136⋅19 mcg, and
>136⋅19 mcg, respectively.

Association between microelements intake and odds of
MAFLD

In the unadjusted model, we found that copper intake in the
Q4 (OR = 0⋅71, 95 % CI 0⋅55, 0⋅91) and iron intake in
the Q3 (OR = 0⋅70, 95 % CI 0⋅53, 0⋅92) was associated with
the lower odds of MAFLD compared to the reference
group. After adjusting age, gender, race, BMI, WHtR, diabetes,
hypertension, dyslipidaemia, ALT, BUN, GGT, and uric acid,
copper intake (Q3: OR = 0⋅67, 95 % CI 0⋅49, 0⋅91; Q4: OR =
0⋅58, 95 % CI 0⋅43, 0⋅78) and iron intake (Q2: OR = 0⋅63,
95 % CI 0⋅44, 0⋅91; Q3: OR = 0⋅59, 95 % CI 0⋅40, 0⋅85)
were found to be associated with the lower odds of
MAFLD than that in the Q1. Further adjusting copper intake
(not for copper intake analysis), zinc intake, iron intake (not
for iron intake analysis), and selenium intake, similar results
were found (copper intake in the Q3: OR = 0⋅68, 95 % CI
0⋅50, 0⋅93; copper intake in the Q4: OR = 0⋅60, 95 % CI
0⋅45, 0⋅80; iron intake in the Q2: OR = 0⋅64, 95 % CI 0⋅45,
0⋅92; iron intake in the Q3: OR = 0⋅61, 95 % CI 0⋅41, 0⋅91).
A statistical difference was not found in the association
between zinc intake and selenium intake and the odds of
MAFLD (all P> 0⋅05) (Table 2).

Subgroup analyses

Table 3 shows the results of subgroup analyses. In age sub-
groups, the negative association between copper intake and
MAFLD was found in patients with age <60 years (Q4:
OR = 0⋅56, 95 % CI 0⋅40, 0⋅79). Moderate intake of iron
was found to be associated with the lower odds of MAFLD
in patients with age <60 years (Q3: OR = 0⋅60, 95 % CI
0⋅37, 0⋅99) and with age ≥60 years (Q2: OR = 0⋅58, 95 %
CI 0⋅35, 0⋅97).
In gender subgroups, high copper intake was found to be

associated with the lower odds of MAFLD in male (Q3:
OR = 0⋅51, 95 % CI 0⋅30, 0⋅87; Q4: OR = 0⋅56, 95 % CI
0⋅32, 0⋅96) and female (Q4: OR = 0⋅68, 95 % CI 0⋅50,
0⋅94). Iron intake at moderate level was associated with the
lower odds of MAFLD in female (Q2: OR = 0⋅57, 95 % CI
0⋅37, 0⋅87; Q3: OR = 0⋅66, 95 % CI 0⋅46, 0⋅93).
In diabetes subgroups, higher copper intake was associated

with the lower odds of MAFLD in patients with diabetes (Q2:
OR = 0⋅37, 95 % CI 0⋅24, 0⋅59) and without diabetes (Q3:
OR = 0⋅64, 95 % CI 0⋅46, 0⋅88; Q4: OR = 0⋅62, 95 % CI
0⋅45, 0⋅85). Moderate iron intake was associated with the
lower odds of MAFLD in patients without diabetes (Q2:
OR = 0⋅65, 95 % CI 0⋅44, 0⋅97; Q3: OR = 0⋅61, 95 % CI
0⋅40, 0⋅92).
In hypertension subgroups, the odds of MAFLD were lower

with the increase of copper intake in patients with hyperten-
sion (Q2: OR = 0⋅60, 95 % CI 0⋅40, 0⋅90; Q3: OR = 0⋅61,

95 % CI 0⋅39, 0⋅94; Q4: OR = 0⋅58, 95 % CI 0⋅39, 0⋅86)
and without hypertension (Q4: OR = 0⋅60, 95 % CI 0⋅38,
0⋅95). Also, the lower odds of MAFLD with the moderate
intake of iron was found in patients with hypertension (Q2:
OR = 0⋅57, 95 % CI 0⋅43, 0⋅74) and without hypertension
(Q3: OR = 0⋅54, 95 % CI 0⋅31, 0⋅92).
In dyslipidaemia subgroups, the negative association

between higher intake of copper (Q4: OR = 0⋅56, 95 % CI
0⋅37, 0⋅85) or moderate intake of iron (Q2: OR = 0⋅63,
95 % CI 0⋅45, 0⋅88) and MAFLD was found in dyslipidaemia
patients.
In BMI subgroups, higher intake of copper (Q3: OR = 0⋅68,

95 % CI 0⋅49, 0⋅94; Q4: OR = 0⋅61, 95 % CI 0⋅44, 0⋅85) and
moderate intake of iron (Q2: OR = 0⋅64, 95 % CI 0⋅44, 0⋅94;
Q3: OR = 0⋅59, 95 % CI 0⋅37, 0⋅92) were found to be asso-
ciated with the lower odds of MAFLD in patients with BMI
≥25 kg/m2.
In hepatitis subgroups, higher intake of copper (Q3: OR =

0⋅67, 95 % CI 0⋅48, 0⋅94; Q4: OR = 0⋅59, 95 % CI 0⋅45, 0⋅79)
and moderate intake of iron (Q2: OR = 0⋅65, 95 % CI 0⋅44,
0⋅95; Q3: OR = 0⋅63, 95 % CI 0⋅42, 0⋅97) were correlated
with the lower odds of MAFLD in patients without hepatitis.

Discussion

In this study, we extracted NHANES 2017–2020 data and
included 5976 eligible participants to evaluate the association
between dietary intake of micronutrients and the odds of
MAFLD. After adjusting the potential confounders, high
intake of copper (Q3 and Q4) and moderate intake of iron
(Q2 and Q3) were found to be associated with the low odds
of MAFLD. The association between high copper intake
and the low odds of MAFLD was also in patients with age
<60 years, in male and female, with or without diabetes,
with or without hypertension, with dyslipidaemia, and without
hepatitis.
Micronutrients have been reported to be deficient in patients

with liver diseases, which may damage metabolic processes.(28)

Copper is one of the essential components of the micronutri-
ents(29) and has been reported to be involved in the progres-
sion of fatty liver diseases.(30) NAFLD patients have 50 %
less hepatic copper content compared to subjects with unre-
lated liver injury.(31) TG level in the liver increasing to more
than 5 % of liver weight or volume may cause hepatic stea-
tosis.(32) Dietary copper has been reported to be associated
with the lipid metabolism,(33) and copper deficiency may
lead to hepatic steatosis and insulin resistance.(32) This present
study found that high intake of dietary copper was associated
with the low odds of MAFLD. There are several explanations
for this. First, higher intake of copper may exert an antioxidant
effect to reduce oxidative stress and decrease lipid synthesis,
which retards the progression of MAFLD.(34) Second, fatty
liver diseases are linked to insulin resistance,(35) higher intake
of copper may decrease hepatic steatosis and insulin
resistance.(31)

In this study, we also found the association between high
intake of copper and the low odds of MAFLD in patients in
male or female, with or without diabetes, with or without
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hypertension, indicating that the association between dietary
copper intake and MAFLD was not affected by gender, dia-
betes, and hypertension. Moreover, we found the negative
association between dietary copper intake and MAFLD in
patients with age <60 years, while no significant association
was found in patients with age ≥60 years. This may be
explained by that subjects with increased age (≥60 years)
were more likely to suffer from fatty liver diseases,(36) which
may weaken the association between dietary copper intake
and MAFLD. In addition, MAFLD was reported to be closely
associated with the dyslipidaemia.(37) Patients have an
increased risk of dyslipidaemia, and dyslipidaemia was the
major cause of death in MAFLD patients.(38) In this study,
we found that high intake of dietary copper was associated
with the low odds of MAFLD in patients with dyslipidaemia.
This may be explained by that the increased copper level in the
liver had a negative effect on dyslipidaemia,(33) thereby
decreasing the odds of MAFLD. We also found the negative

association between dietary copper intake and MAFLD in
patients without hepatitis, while this association has not been
explored in hepatitis patients due to the small sample size (n
199). In the future, more studies should be performed to
explore the association between copper intake and MAFLD
in hepatitis patients.
Iron plays an indispensable role in human physiology, and

participates in haeme biosynthesis, DNA biosynthesis, oxy-
gen transport, and citric acid cycle.(39) Both iron deficiency
and iron overload are detrimental to human health.(40,41)

Iron deficiency may lead to anaemia and fatigue, and iron
overload may lead to the formation of reactive oxygen spe-
cies which results in cellular dysfunctions and organ dam-
age.(40,41) Iron-loading is frequently found in chronic liver
diseases, and about one third of patients with fatty liver dis-
ease show iron homeostasis disturbance.(42) Serum ferritin
may aggravate MAFLD by some bacterial families in iron
metabolism, which might affect the microbiome composition

Table 3. Subgroup analysis for the association between micronutrients intake and metabolic-associated fatty liver disease

Subgroup Micronutrients OR (95 % CI)

Copper intake Q1 (≤0⋅43) Q2 (0⋅43–0⋅53) Q3 (0⋅53–0⋅69) Q4 (>0⋅69)
Age Age < 60 Ref 1⋅06 (0⋅67–1⋅66) 0⋅69 (0⋅46–1⋅05) 0⋅56 (0⋅40–0⋅79)**

Age ≥ 60 Ref 0⋅72 (0⋅40–1⋅27) 0⋅84 (0⋅61–1⋅15) 0⋅88 (0⋅55–1⋅40)
Gender Male Ref 0⋅93 (0⋅55–1⋅58) 0⋅51 (0⋅30–0⋅87)* 0⋅56 (0⋅32–0⋅96)*

Female Ref 0⋅93 (0⋅64–1⋅37) 0⋅92 (0⋅62–1⋅36) 0⋅68 (0⋅50–0⋅94)*
Diabetes No Ref 1⋅03 (0⋅70–1⋅52) 0⋅64 (0⋅46–0⋅88)** 0⋅62 (0⋅45–0⋅85)**

Yes Ref 0⋅37 (0⋅24–0⋅59)*** 1⋅12 (0⋅56–2⋅21) 0⋅49 (0⋅22–1⋅12)
Hypertension No Ref 1⋅28 (0⋅81–2⋅04) 0⋅75 (0⋅47–1⋅20) 0⋅60 (0⋅38–0⋅95)*

Yes Ref 0⋅60 (0⋅40–0⋅90)* 0⋅61 (0⋅39–0⋅94)* 0⋅58 (0⋅39–0⋅86)**
Dyslipidaemia No Ref 1⋅45 (0⋅84–2⋅51) 0⋅66 (0⋅40–1⋅08) 0⋅74 (0⋅39–1⋅42)

Yes Ref 0⋅77 (0⋅52–1⋅14) 0⋅69 (0⋅46–1⋅02) 0⋅56 (0⋅37–0⋅85)**
BMI <25 kg/m2 Ref 0⋅72 (0⋅28–1⋅89) 0⋅55 (0⋅22–1⋅38) 0⋅50 (0⋅21–1⋅20)

≥25 kg/m2 Ref 0⋅95 (0⋅65–1⋅39) 0⋅68 (0⋅49–0⋅94)* 0⋅61 (0⋅44–0⋅85)**
Hepatitis No Ref 0⋅91 (0⋅65–1⋅27) 0⋅67 (0⋅48–0⋅94)* 0⋅59 (0⋅45–0⋅79)***

Iron intake Q1 (≤5⋅19) Q2 (5⋅19–6⋅19) Q3 (6⋅19–7⋅57) Q4 (>7⋅57)
Age Age < 60 Ref 0⋅71 (0⋅45–1⋅14) 0⋅60 (0⋅37–0⋅99)* 0⋅96 (0⋅59–1⋅58)

Age ≥ 60 Ref 0⋅58 (0⋅35–0⋅97)* 0⋅70 (0⋅44–1⋅10) 0⋅76 (0⋅47–1⋅24)
Gender Male Ref 0⋅78 (0⋅46–1⋅32) 0⋅60 (0⋅34–1⋅06) 1⋅01 (0⋅61–1⋅68)

Female Ref 0⋅57 (0⋅37–0⋅87)* 0⋅66 (0⋅46–0⋅93)* 0⋅79 (0⋅50–1⋅26)
Diabetes No Ref 0⋅65 (0⋅44–0⋅97)* 0⋅61 (0⋅40–0⋅92)* 0⋅80 (0⋅55–1⋅18)

Yes Ref 0⋅57 (0⋅26–1⋅23) 0⋅61 (0⋅32–1⋅16) 1⋅03 (0⋅47–2⋅26)
Hypertension No Ref 0⋅72 (0⋅41–1⋅26) 0⋅54 (0⋅31–0⋅92)* 0⋅83 (0⋅51–1⋅34)

Yes Ref 0⋅57 (0⋅43–0⋅74)*** 0⋅76 (0⋅58–1⋅02) 0⋅88 (0⋅60–1⋅29)
Dyslipidaemia No Ref 0⋅64 (0⋅33–1⋅24) 0⋅77 (0⋅40–1⋅49) 1⋅30 (0⋅69–2⋅45)

Yes Ref 0⋅63 (0⋅45–0⋅88)** 0⋅56 (0⋅37–0⋅83)** 0⋅71 (0⋅48–1⋅06)
BMI <25 kg/m2 Ref 0⋅94 (0⋅38–2⋅28) 0⋅90 (0⋅47–1⋅72) 1⋅17 (0⋅51–2⋅69)

≥25 kg/m2 Ref 0⋅64 (0⋅44–0⋅94)* 0⋅59 (0⋅37–0⋅92)* 0⋅81 (0⋅55–1⋅20)
Hepatitis No Ref 0⋅65 (0⋅44–0⋅95)* 0⋅63 (0⋅42–0⋅97)* 0⋅89 (0⋅61–1⋅29)

OR, odds ratio; CI, confidence interval.

*P < 0⋅05, **P < 0⋅01, ***P < 0⋅001.
Age subgroup: adjusting gender, race, BMI, WHtR, diabetes, hypertension, dyslipidaemia, ALT, BUN, GGT, uric acid, copper intake (not for copper intake analysis), zinc intake,

iron intake (not for iron intake analysis), and selenium intake.

Gender subgroup: adjusting age, race, BMI, WHtR, diabetes, hypertension, dyslipidaemia, ALT, BUN, GGT, uric acid, copper intake (not for copper intake analysis), zinc intake,

iron intake (not for iron intake analysis), and selenium intake.

Diabetes subgroup: adjusting age, gender, race, BMI, WHtR, hypertension, dyslipidaemia, ALT, BUN, GGT, uric acid, copper intake (not for copper intake analysis), zinc intake,

iron intake (not for iron intake analysis), and selenium intake.

Hypertension subgroup: adjusting age, gender, race, BMI, WHtR, diabetes, dyslipidaemia, ALT, BUN, GGT, uric acid, copper intake (not for copper intake analysis), zinc intake,

iron intake (not for iron intake analysis), and selenium intake.

Dyslipidaemia subgroup: adjusting age, gender, race, BMI, WHtR, diabetes, hypertension, ALT, BUN, GGT, uric acid, copper intake (not for copper intake analysis), zinc intake,

iron intake (not for iron intake analysis), and selenium intake.

BMI subgroup: adjusting age, gender, race, WHtR, diabetes, hypertension, dyslipidaemia, ALT, BUN, GGT, uric acid, copper intake (not for copper intake analysis), zinc intake,

iron intake (not for iron intake analysis), and selenium intake.

Hepatitis subgroup: adjusting age, gender, race, BMI, WHtR, diabetes, hypertension, dyslipidaemia, ALT, BUN, GGT, uric acid, copper intake (not for copper intake analysis), zinc

intake, iron intake (not for iron intake analysis), and selenium intake.

No hepatitis indicated that the participants did not suffer from hepatitis B virus or hepatitis C virus. Hepatitis indicated that the participants suffer from one of the following: hepatitis

B virus and hepatitis C virus. Due to the number of participants with hepatitis being small (n 199), the analysis of the participants with hepatitis is not performed.
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and related transcriptomic features, thereby leading to liver
fat accumulation.(15) In addition, hepatic iron accumulation
may exacerbate hepatic insulin resistance and increase gluco-
neogenesis and lipogenesis by regulating the expression of
related mRNA.(43,44) The recommended iron intake ranges
from 8 to 18 mg/d for adults.(45) In this study, we found
that iron intake at Q2 (9⋅28–12⋅45 mg) and Q3 (12⋅45–
16⋅81 mg) was associated with the lower odds of MAFLD.
Iron intake at Q2 and Q3 was similar to the recommended
level. Our findings indicated the need of adequate intake of
iron for managing MAFLD.
This study explores the association between dietary micro-

nutrients and MAFLD using a representative sample size,
and adjusts the potential confounders to make the results
more reliable. However, there are several limitations in this
study. First, this is a cross-sectional study, which makes it dif-
ficult to determine a causal relationship. Second, data on
micronutrients intake are obtained using the 24-h dietary recall
method, which may exist recall bias and may not reflect a per-
son’s daily diet. Third, hepatic steatosis is diagnosed according
to the ultrasound transient elastography examination rather
than liver biopsy (the golden standard for the assessment of
hepatic steatosis). Fourth, due to the small sample size of
patients with hepatitis, we do not explore the association
between micronutrients intake and MAFLD in hepatitis
patients. Further studies should be performed to explore the
association between micronutrients intake and MAFLD in
this population.

Conclusion

In this study, we found that high intake of copper and mod-
erate intake of iron were associated with the low odds of
MAFLD. Our findings may indicate the importance of micro-
nutrients in MAFLD and provide guidance for the manage-
ment of MAFLD. Future prospective studies should be
performed to confirm these findings.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/jns.2023.99.
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