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Abstract: Liver fibrosis represents the consequences of chronic liver injury. Individuals with alcoholic
or nonalcoholic liver diseases are at high risk of magnesium deficiency. This study aimed to evaluate
the association between magnesium and calcium intakes and significant liver fibrosis, and whether
the associations differ by alcohol drinking status. Based on the National Health and Nutrition
Examination Survey (NHANES) 2017-2018, the study included 4166 participants aged >18 years
who completed the transient elastography examination and had data available on magnesium intake.
The median liver stiffness of 8.2 kPa was used to identify subjects with significant fibrosis (>F2).
The age-adjusted prevalence of significant fibrosis was 12.81%. Overall total magnesium intake
was marginally associated with reduced odds of significant fibrosis (p trend = 0.14). The inverse
association of total magnesium intake with significant fibrosis was primarily presented among those
who had daily calcium intake <1200 mg. There were no clear associations for significant fibrosis with
calcium intake. Findings suggest that high total magnesium alone may reduce risk of significant
fibrosis. Further studies are needed to confirm these findings.
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1. Introduction

Chronic liver disease is a substantial worldwide problem [1]. Its major consequence is
accumulation of extracellular matrix within the liver, leading to the development of cir-
rhosis, liver failure, or even liver cancer [2]. Nonalcoholic steatohepatitis (NASH), chronic
hepatitis C infection, and alcohol abuse are the main causes of liver fibrosis in Western coun-
tries [2]. NASH is a subtype of nonalcoholic fatty liver disease (NAFLD) [3]. As the most
common liver disease in the world [4], NAFLD is considered as the hepatic manifestation
of metabolic syndrome [3] and is associated with obesity and type 2 diabetes [5]. Previous
studies have also shown that liver fibrosis stage is associated with long-term outcomes
of patients with NAFLD [6]. Inflammation, oxidant stress, and insulin resistance not only
play critical roles in the progression of hepatic fibrosis in NAFLD patients [2], but they can
occur and stimulate liver fibrosis among patients with hepatitis C or B infection [2,7] or
alcoholic liver diseases [2,8].

Magnesium status is closely linked with liver function and may be related to the etiol-
ogy of chronic liver disease. In the liver, mast cells contribute to liver fibrosis [9]; animal
studies have shown that low-magnesium diet increases the levels of mRNA known to be
expressed by mast cells in the liver and induce the emergence of mast cells around portal
triads of the liver in Sprague-Dawley rats [9]. An in vivo study showed that extracellular
magnesium deficiency modulates the expression levels of molecules related to oxidative
stress/antioxidant response in HepG2 human hepatoma cells [10]. Serum magnesium
concentration is also significantly low in patients with alcoholic steatosis, nonalcoholic
steatosis, or NASH [11,12]. Previous studies found that chronic alcohol consumption leads
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to a decrease in liver magnesium content, while deficient magnesium levels in alcoholic
liver disease patients, in turn, disrupt normal metabolism and lead to greater lipid deposi-
tion in the liver [13]. Recent studies suggest that high magnesium intake may be associated
with reduced risk of fatty liver disease [14] and mortality due to liver disease, particularly
among those with fatty liver disease or alcoholic drinkers [15]. Animal studies have shown
that magnesium deficiency induces inflammatory response [16]; randomized controlled
trials further report that magnesium treatments significantly decrease concentrations of
C-reactive protein (CRP) among patients with metabolic syndrome [17] or high risk of in-
flammation [18]. Randomized controlled trials also show that magnesium supplementation
improves insulin sensitivity in patients with type 2 diabetes or non-diabetic individuals
with insulin resistance [19-21].

In this study, we investigated whether magnesium intake is associated with the
prevalence of liver fibrosis in adults. Previous studies have examined the association
of calcium intake with type 2 diabetes [22]; however, few studies have investigated the
role of calcium intake in relation to liver fibrosis [23]. Calcium intake may interact with
intake of magnesium in the development of many chronic diseases including fatty liver
disease and prediabetes [14]. Therefore, we hypothesized that intake of calcium may also
be associated with risk of liver fibrosis. To test this hypothesis, we examined the association
between calcium intake and liver fibrosis and investigated whether the associations varied
by alcohol drinking status among US adults utilizing data from the National Health and
Nutrition Examination Survey (NHANES) conducted in 2017 and 2018.

2. Materials and Methods
2.1. Study Population

This study utilized data from one cycle of the National Health and Nutrition Exam-
ination Survey (NHANES) conducted between 2017 and 2018 in which liver ultrasound
transient elastography examination was performed. The NHANES is an ongoing survey
program designed to assess health and nutrition in a nationally representative sample of
the non-institutionalized US population. A detailed description of the study design has
been published elsewhere [24]. The survey is maintained and administered by the National
Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention
(CDC) [24]. In 2017-2018, 9254 persons completed the interview. In our study, participants
who were aged less than 19 years at time of the survey and did not complete the liver
ultrasound transient elastography examination were excluded (N = 4262). Pregnant or lac-
tating females, participants with unreliable dietary data or autoimmune liver disease, and
participants with missing data for magnesium, calcium intake, or confounders (age, sex,
race/ethnicity, education, body mass index (BMI), high-density lipoprotein (HDL) choles-
terol) were further excluded from the analyses (N = 826). As a result, 4166 participants
were included in the final analysis. All participants provided written informed consent and
the NCHS Research Ethics Review Board approved the survey protocol (Protocol #2011-17,
2018-01).

2.2. Ascertainment of Outcomes

In the 2017-2018 cycle of NHANES, transient elastography measurements were con-
ducted in the NHANES Mobile Examination Center (MEC) by trained health technicians,
using FibroScan®model 502 V2 Touch equipped with a medium or extra-large probe.
Briefly, transient elastography is a widely used and validated technique to quantitatively
assess tissue stiffness. It is considered as a reliable, non-invasive method to assess liver
fibrosis [25,26]. All participants aged 12 years and over were eligible with exclusion for
participants who were unable to lie down on the exam table, pregnant at the time of their
exam, had an implanted electronic medical device, or were wearing a bandage or had
lesions on the site where measurements would be taken. Only participant with complete
exams (i.e., fasting time of at least 3 h, 10 or more complete stiffness measures, and a liver
stiffness interquartile range /median <30%) were included in the current analysis. Several
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meta-analyses [25,27] and a recent prospective study [28] analyzed, assessed, and reported
optimal stiffness cutoff values to define different stages of fibrosis among subjects with
NAFLD. The transient elastography cutoff values of 8.2, 9.7, and 13.6 (Kpa) were used to
define METAVIR (Meta-analysis of Histological Data in Viral Hepatitis) fibrosis stage F2,
F3, and F4 fibrosis, respectively [25,28]. A median liver stiffness of 8.2 (kPa) was used to
define cases of significant fibrosis (>F2).

2.3. Assessments of Nutrient Intake

Details of the protocol and dietary information collection methods have been de-
scribed previously [29]. Briefly, daily dietary intake information was obtained through 24-h
recall interviews and a 30-day dietary supplement questionnaire. Two 24-h recalls were
conducted for each participant in NHANES 2017-2018. The first dietary recall was collected
in person by trained interviewers in the NHANES MEC and the second dietary recall was
completed by trained interviewers via telephone 3-10 days after the MEC interview [29].
To keep intake information consistent, only the in-person dietary recall for all participants
was used in the current analysis. Total intakes of magnesium, calcium, and other nutrients
were calculated by summing intake from foods and dietary supplements.

2.4. Assessments of Covariates

In the NHANES, race/ethnicity was categorized by using survey questions on race
and Hispanic origin: non-Hispanic White referring to whites who are not of Hispanic
origin; non-Hispanic Black referring to blacks without Hispanic origin; Hispanic refer-
ring to all Hispanics regardless of race; non-Hispanic Asian including Asians without
Hispanic origin; and Other Race including American Indians or Alaska Natives, Native
Hawaiians or other Pacific Islanders, and multiracial persons. The amount of daily alcohol
beverage consumption was also collected in the 24-h recalls. Daily alcohol consumption
was categorized into non-drinkers (0 g), low (<31.32 g), and high (>31.32 g) based upon
the median daily alcohol intake among non-cases. Body mass index (BMI, measured
weight/ heightz) was classified into three categories: <25.0, 25.0-29.9, and >30.0, categories
of under/normal weight, overweight, and obesity, respectively. Based on Physical Activity
Guidelines recommendation of at least 75 min of vigorous or 150 min of moderate physical
activity in a typical week [30], participants were classified into physically inactive (no), less
active (<the recommendation), and active (>the recommendation). Participants with type 2
diabetes were identified as having any of the following: (1) hemoglobin A1C concentration
>6.5% [31] or (2) self-report of diabetes diagnosis. Participants with hepatitis B or C virus
(HBV or HCV) infection were identified by positive testing results [32,33] or self-report
of hepatitis B or C infection. Participants were asked whether they had ever smoked
>100 cigarettes in their lifetime and whether they smoked currently to identify current
and former smokers. Participants were defined as former smokers if they did not smoke
currently but had ever smoked >100 cigarettes in the past. Blood high-density lipoprotein
(HDL) cholesterol was measured based on standard laboratory methods.

2.5. Statistical Analysis

All statistical analyses were conducted in SAS 9.4 software (SAS Institute, Cary, NC,
USA) using the “Survey” procedure to estimate variance after incorporating the complex,
multistage, clustered probability sampling design of the NHANES [34]. Characteristics
and covariates were compared between those with and without significant fibrosis us-
ing Rao-Scott chi-square test for categorical variables and Student’s ¢-test for continuous
variables. The age-adjusted prevalence of significant fibrosis was estimated, stratified by
race/ethnicity and age groups using the 2000 US Census as the standard population. Logis-
tic regressions were used to estimate odds ratios (ORs) and 95% confidence intervals (95%
ClIs) for associations between magnesium intake and significant fibrosis. Dietary and total
magnesium and calcium intake were categorized into quartiles based on intakes among
non-cases, using the lowest category as the reference. Potential confounders included in
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analyses were gender, race/ethnicity, education, BMI status, alcohol intake status, physical
activity status, HCV infection status, and medical history of diabetes. Age and HDL, as well
as daily intakes of total energy, calcium, magnesium, fiber, and phosphate, were included
as continuous variables for adjustment in models. We also assessed potential confounding
by smoking and HBV status, and these factors did not alter point estimates by >10% and
were excluded from the final models. Tests for dose-response relationship were estimated
by fitting models with exposure variables included as continuous variables.

Stratified analyses by gender, calcium:magnesium intake ratio (<2.62, >2.62, according
to physiological range of the ratio and previous reports on the ratio in the US popula-
tion [14,35]; the second quartile of the ratio in our population was used as the cut-point),
daily calcium intake (<1200 mg or >1200 mg), daily alcohol drinking status (no, yes),
and race/ethnicity were further conducted. Possible interaction between magnesium or
calcium intake and potential effect modifiers were examined in the logistic regression
model by evaluation of multiplicative interactions. All reported p-values are two-sided
with statistical significance evaluated at 0.05.

3. Results

Table 1 summarizes selected characteristics by significant liver fibrosis status. A total
of 628 participants presented >F2 liver fibrosis, with age-adjusted prevalence of 12.81%.
Compared to participants without significant fibrosis, those with >F2 fibrosis were older,
more likely to be male, obese, and physically inactive, and had a history of HCV infection
or diabetes, lower HDL level, and higher total energy intake.

Associations of intakes of magnesium and calcium with the odds of significant fibrosis
are presented in Table 2. After adjustment for intakes of energy, fiber, phosphates and total
calcium, age, race/ethnicity, gender, and other potential confounders, total magnesium
intake was marginally associated with lower odds of significant fibrosis (OR = 0.53, 95%
CIL, 0.35-1.10; p trend = 0.14). When examining dietary magnesium intake, no significant
association was observed. Neither dietary nor total intake of calcium was associated with
odds of significant fibrosis.

We further conducted stratified analyses for total magnesium intake by the ratio of
calcium:magnesium intake (Table 3). Among those with a high calcium:magnesium intake
ratio (>2.62), participants who consumed high total magnesium tended to have lower odds
of significant fibrosis; however, the association was not statistically significant. Among
those with a low calcium:magnesium intake ratio (<2.62), the pattern suggested a positive
association between high magnesium intake and odds of significant fibrosis. Again, the as-
sociation was not statistically significant, possibly due to a smaller sample size in this strata.
In addition, there was no significant interaction between calcium:magnesium ratio and
intake of magnesium. On the other hand, among those who had a daily total calcium intake
<1200 mg, compared to those with the lowest quartile intake, participants with total mag-
nesium intake at the highest quartile had reduced odds of significant fibrosis (OR = 0.35,
95% CI, 0.16-0.77; p trend = 0.02). The test for interaction between magnesium intake and
calcium intake was not significant (p interaction = 0.44). No significant interactions were
found between magnesium intake and other potential effect modifiers including daily
alcohol drinking status (p interaction = 0.38) and gender (p interaction = 0.75). However,
the reduced odds of significant fibrosis in relation to high total magnesium intake tended
to be stronger in non-drinkers (OR = 0.45, 95% CI, 0.18-1.09; p trend = 0.09) and males
(OR =0.47, 95% CI, 0.23-0.99; p trend = 0.12). Similarly, we found the inverse association of
total magnesium intake with odds of significant fibrosis only among non-Hispanic whites
(OR = 0.34, 95% CI, 0.12-0.98 the highest vs. the lowest quartile; p trend = 0.10) (data not
shown). No clear associations were observed among other racial /ethnic groups, possibly
due to smaller sample sizes for these racial/ethnic groups. Again, no significant interaction
was found for total magnesium intake and race/ethnicity.
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Table 1. Participant characteristics by significant liver fibrosis status, National Health and Nutrition
Examination Survey (NHANES) 2017-2018.

Characters o Ze6328) - =l\§’:(;38) p-Value
Age (years) 52.4 (1.36) 47.7 (0.68) <0.01
Sex, n (%) * <0.01
Male 371 (58.8) 1698 (48.1)
Female 257 (41.2) 1840 (51.9)
Race/ethnicity, n (%) * 0.44
Non-Hispanic White 230 (65.3) 1501 (64.5)
Non-Hispanic Black 161 (11.8) 950 (10.2)
Hispanic 158 (15.4) 956 (15.1)
Non-Hispanic Asian 53 (3.4) 549 (5.4)
Other races ! 26 (4.1) 210 (4.8)
Education, n (%) * 0.03
Less than high school 131 (11.2) 637 (10.0)
High school 156 (31.9) 852 (27.3)
Some college 229 (35.4) 1147 (30.2)
College graduate 112 (21.5) 902 (32.5)
BMI group, n (%) * <0.01
<25 89 (13.3) 975 (28.4)
25-30 130 (18.0) 1200 (32.8)
>30 409 (68.7) 1363 (38.8)
Physical activity level, n (%) * <0.01
Active 142 (22.8) 961 (30.5)
Less active 107 (22.2) 792 (26.5)
Inactive 379 (54.9) 1785 (43.0)
Smoking status, n (%) * 0.14
Never 327 (51.7) 2050 (57.9)
Former 186 (30.8) 842 (24.9)
Current 115 (17.4) 646 (17.2)
Daily alcohol drinking status, 073
n (%) ’
Non-drinkers 499 (73.2) 2785 (74.2)
Low drinkers (<31.32 g) 63 (12.1) 399 (13.2)
High drinkers (>31.32 g) 66 (14.7) 354 (12.6)
History of diabetes, n (%) <0.01
Yes 239 (32.3) 622 (11.8)
Having HBV infection, n (%) 0.09
Yes 43 (3.9) 231 (3.8)
Having HCV infection, n (%) <0.01
Yes 48 (7.7) 64 (1.9)
Laboratory features
HDL (mmol/L) 1.3 (0.03) 1.4 (0.01) <0.01
Median CAP (dB/m) 306.8 (4.36) 258.9 (2.07) <0.01
Median stiffness (kPa) 13.8 (0.54) 4.7 (0.04) <0.01
Daily intake of nutrients
Total energy (kcal) 2325.6 (45.30) 2176.3 (18.39) 0.01
Dietary calcium (mg) 1005.9 (36.95) 968.5 (14.34) 0.33
Dietary magnesium (mg) 310.7 (11.8) 304.9 (4.28) 0.57
Total calcium (mg) 1101.1 (37.81) 1061.4 (17.27) 0.33
Total magnesium (mg) 329.3 (16.91) 329.8 (6.00) 0.97

1 Values shown are mean and (standard error); * unweighted frequency counts and weighted percentages shown.
1 Other races include American Indian or Alaska Native, Native Hawaiian or other Pacific Islander, and multiracial
persons.
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Table 2. Associations between intakes of magnesium and calcium and odds of significant liver
fibrosis, NHANES 2017-2018.

Daily Intake of Liver Fibrosis Status Model 1 Model 2
Nutrients (mg) Yes No OR(95%CD!  OR (95% CI)2
Dietary magnesium
Q7 <205.93 190 996 Referent Referent
Q5 205.93-279.12 154 866 0.74 (0.51-1.06) 0.73 (0.50-1.06)
Q3 279.13-375.20 143 857 0.96 (0.60-1.54) 0.87 (0.49-1.54)
Q4 > 37521 141 819 0.99 (0.67-1.45) 0.70 (0.35-1.38)
Ptrend 0.77 0.47
Total magnesium intake
Qq <212.99 189 1009 1.00 1.00
Q, 212.99-294.38 162 861 0.70 (0.52-0.95) 0.70 (0.51-0.97)
Q3 294.39-400.26 134 853 0.91 (0.56-1.47) 0.70 (0.38-1.28)
Q4 >400.27 143 815 0.85 (0.54-1.34) 0.53 (0.25-1.10)
Ptrend 0.74 0.14
Dietary calcium
Q1 <574.06 183 1047 Referent Referent
Q, 574.06-855.22 153 893 1.41 (0.86-2.32) 1.54 (0.97-2.45)
Q3 855.23-1238.68 160 822 1.22 (0.84-1.77) 1.14 (0.77-1.67)
Q4 >1238.69 132 776 1.29 (0.85-1.96) 1.03 (0.59-1.79)
Ptrend 0.31 0.77
Total calcium intake
Qq <628.54 177 1051 1.00 1.00
Q; 628.54-945.25 170 883 1.41 (0.86-2.32) 1.50 (0.97-2.33)
Q3 945.25-1356.52 146 823 1.19 (0.76-1.84) 1.10 (0.72-1.68)
Q4 > 1356.53 135 781 1.23 (0.78-1.94) 1.14 (0.71-1.84)
Ptrend 0.53 0.99

! Adjusted for age; 2 further adjusted for gender, race/ethnicity, education, BMI, physical activity status, HCV
infection status, status of diabetes, HDL level, and intakes of total energy, alcohol, fiber, and phosphate. Intakes of
calcium and magnesium are mutually adjusted.

Table 3. Associations between intake of total magnesium and odds of significant fibrosis by gender,
calcium:magnesium ratio, intake of calcium, and daily alcohol drinking status, NHANES 2017-2018.

Total Magnesium
Intake (mg/Day)

Significant Liver Fibrosis

Yes No OR (95% CD ! p for Trend
Males
Q1 <212.99 97 357 1.00
Q) 212.99-294.38 88 368 0.58 (0.36-0.95)
Q3 294.39-400.26 84 449 0.67 (0.32-1.43)
Q4 > 400.27 102 524 0.47 (0.23-0.99) 0.12
Females
Q1 <212.99 92 652 1.00
Q; 212.99-294.38 74 493 0.77 (0.52-1.15)
Q3 294.39-400.26 50 404 0.65 (0.35-1.20)
Q4 > 400.27 41 291 0.63 (0.18-2.19) 0.36
p for interaction 0.75
Calcium:Magnesium ratio < 2.62
Q1 <212.99 46 320 1.00
Q; 212.99-294.38 61 274 1.83 (1.05-3.21)
Q3 294.39-400.26 56 333 1.33 (0.53-3.31)
Q4 > 400.27 70 436 0.70 (0.26-1.91) 0.44
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Table 3. Cont.

Total Magnesium Significant Liver Fibrosis
Intake (mg/Day) Yes No OR (95% CD ! p for Trend
Calcium:Magnesium ratio > 2.62
Q1 <212.99 143 689 1.00
Q; 212.99-294.38 101 587 0.52 (0.35-0.78)
Q3 294.39-400.26 78 520 0.59 (0.29-1.21)
Q4 > 400.27 73 379 0.59 (0.23-1.49) 0.29
p for interaction 0.30
Calcium < 1200 mg/day
Q1 <212.99 171 941 1.00
Q; 212.99-294.38 128 681 0.66 (0.46-0.96)
Q3 294.39-400.26 92 555 0.56 (0.29-1.10)
Q4 > 400.27 53 329 0.35 (0.16-0.77) 0.02
Calcium > 1200 mg/day
Q1 <212.99 18 68 1.00
Q) 212.99-294.38 34 180 0.71 (0.20-1.06)
Q5 294.39-400.26 42 298 0.53 (0.20-1.42)
Q4 >400.27 90 486 0.38 (0.16-1.43) 0.43
p for interaction 0.44
Daily alcohol drinking: No
Q1 <212.99 161 858 1.00
Q; 212.99-294.38 134 683 0.72 (0.49-1.06)
Q3 294.39-400.26 106 650 0.69 (0.39-1.24)
Qg > 400.27 98 594 0.45 (0.18-1.09) 0.09
Daily alcohol drinking: Yes
Q1 <212.99 28 151 1.00
Q; 212.99-294.38 28 178 0.60 (0.33-1.09)
Q3 294.39-400.26 28 203 0.57 (0.23-1.40)
Q4 > 400.27 45 221 0.68 (0.30-1.51) 0.51
p for interaction 0.51

! Adjusted for age, gender, race/ethnicity, education, BMI status, physical activity status, alcohol intake status,
HCYV infection status, HBV infection status, status of diabetes, HDL level, and intakes of total energy, fiber,
phosphate, and total calcium.

Intake of total calcium was not significantly associated with significant fibrosis in
both males and females (Table 4). No significant association or interaction was found for
total calcium intake in different groups of calcium:magnesium intake or alcohol drinking
status. The association between intake of calcium and significant fibrosis did not differ by
race/ethnicity.

Table 4. Associations between intake of total calcium and odds of significant fibrosis by gender,
calcium:magnesium ratio, and daily alcohol drinking status, NHANES 2017-2018.

Total Calcium Significant Liver Fibrosis
Intake (mg/Day) Yes No OR (95% CD ! p for Trend
Males
Qq < 62854 95 450 1.00
Q, 628.54-945.25 95 414 1.56 (0.96-2.54)
Qs 91 393 1.07 (0.70-1.63)

945.25-1356.52
Q4 > 1356.53 90 441 1.10 (0.58-2.07) 0.77
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Table 4. Cont.

Total Calcium Significant Liver Fibrosis
Intake (mg/Day) Yes No OR (95% CD ! p for Trend
Females
Qq <628.54 82 601 1.00
Q, 628.54-945.25 75 469 1.51 (0.77-3.00)
Q3
945.25-1356.52 55 430 1.23 (0.57-2.63)
Qg > 1356.53 45 340 1.37 (0.50-3.75) 0.64
p for interaction 0.99
Calcium:Magnesium ratio < 2.62
Q; <628.54 125 737 1.00
Q, 628.54-945.25 64 370 1.89 (0.93-3.83)
Q3
945 25-1356.52 32 181 2.40 (1.18-4.85)
Q4 > 1356.53 12 75 1.72 (0.32-9.20) 0.12
Calcium:Magnesium ratio > 2.62
Q7 <628.54 52 314 1.00
Q, 628.54-945.25 106 513 1.99 (0.69-2.09)
Q3
945 25-1356.52 114 642 0.82 (0.47-1.42)
Q4 > 1356.53 123 706 0.91 (0.46-1.81) 0.45
p for interaction 0.17
Daily alcohol drinking: No
Qq <628.54 151 837 1.00
Q, 628.54-945.25 139 695 1.29 (0.85-1.96)
Q3
945.25-1356.52 104 636 0.99 (0.69-1.42)
Q4 > 1356.53 105 617 0.92 (0.53-1.61) 0.51
Daily alcohol drinking: Yes
Qq <628.54 26 214 1.00
Q, 628.54-945.25 31 188 2.17 (0.66-7.12)
Q3
945.25-1356.52 42 187 1.50 (0.37-6.11)
Qg > 1356.53 30 164 2.40 (0.37-15.77) 0.51
p for interaction 0.59

! Adjusted for age, gender, race/ethnicity, education, BMI status, physical activity status, alcohol intake status,
HCV infection status, HBV infection status, status of diabetes, HDL level, and intakes of total energy, fiber,
phosphate, and total magnesium.

4. Discussion

Utilizing data from the recent NHANES cycle, a nationally representative sample of
the US general population, results suggested that there is an association between high
total magnesium intake and lower odds of significant liver fibrosis. Moreover, the inverse
association between magnesium intake and significant fibrosis appeared stronger among
males, non-Hispanic whites, subjects who had calcium intake <1200 mg per day, and
subjects who did not drink alcohol, although interactions were not statistically significant.
On the other hand, there was no association between calcium intake and significant fibrosis.

Our finding of the inverse association between total magnesium intake and significant
fibrosis is consistent with previous studies. Rodriguez-Hernandez et al. [36] reported a
positive association between low serum magnesium and risk of NASH in a study of obese
subjects. A recent study using data from NHANES III found a significant association of total
magnesium intake with reduced odds of fatty liver disease [14]. In particular, our results
suggest an inverse association between total magnesium intake and odds of significant
fibrosis among subjects who did not drink alcoholic beverages. Our novel findings are
consistent with previous results that serum magnesium concentrations were significantly
lower in individuals with NASH [12,36]. This finding is important because the prevalence
of NAFLD has been increasing steadily in the last three decades in the US with an estimated
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prevalence of 32% in adults [37]. Meanwhile, there are steady increases in the rates of
obesity and diabetes in the US [37], both of which are major risk factors of NAFLD [5].
It has been reported that 60% of American adults do not meet the Estimated Average
Requirement (EAR) for magnesium in NHANES 2001-2008 [38], and overweight/obese
adults had higher prevalence of inadequate intake of magnesium than normal-weight
adults [38,39]. Further large studies are needed to confirm the results.

Previous studies have shown the importance of the balance between magnesium and
calcium in relation to their physiological functions. Calcium can directly or indirectly
compete with magnesium for (re)absorption in the intestine and kidney [40]. Clinical trials
consistently show that a high calcium and low or insufficient magnesium diet can interfere
with magnesium absorption, resulting in depressed absorption of magnesium [40,41].
In agreement with prior studies on fatty liver disease [14], our study found that total
magnesium intake was associated with reduced odds of significant liver fibrosis only
among those with daily calcium intake less than 1200 mg, suggesting that the beneficial
effects of magnesium could be suppressed when calcium intake is more than the Dietary
Reference Intakes (DRIs).

The inverse association between total magnesium intake and significant fibrosis was
limited among non-Hispanic whites in our study. Previous studies found that non-Hispanic
whites had higher magnesium intake than non-Hispanic blacks and Hispanics [39], which
may be in part due to disparities in socioeconomic status and educational attainment
between racial/ethnic groups. The relatively small number of minority participants still
limited our ability to detect weak associations in each minority group. Further studies are
needed to understand specific associations in minority populations.

The strengths of this study include using NHANES data with nationally representative
samples and a relatively large number of adults with transient elastography examination,
providing the power to detect weak associations. However, several limitations common to
observational studies should be mentioned. Due to the nature of cross-sectional studies,
the temporal sequences may not be clear. However, the suggested inverse association
between magnesium intake and significant fibrosis is consistent with previous findings on
the associations of magnesium intake with fatty liver disease [14], metabolic syndrome,
and insulin resistance [17,20,21]. Although the transient elastography measurement is
a widely used non-invasive method to assess liver fibrosis [25,26], it can be limited by
patient obesity, the presence of perihepatic ascites, and limited selection of an appropriate
sampling area [42]. However, the transient elastography has been shown as a validated
and reliable technique and has been recommended to discriminate significant (F > 2)
from non-significant fibrosis (FO-F1) by the World Federation for Ultrasound in Medicine
and Biology [42]. In addition, misclassification may have occurred in the analyses since
there is no well-defined cutoff for significant fibrosis utilizing the transient elastography
measurement. However, this misclassification is likely to be nondifferential. Alcohol
intake is an important risk factor for liver fibrosis; we adjusted for the amount of alcohol
intake based on the 24-h dietary recall due to the unavailability of data from the alcohol
use questionnaire (ALQ) in the NHANES 2017-18 cycle. Previous studies showed that
the frequency of participants consuming some amount of alcoholic beverages estimated
through the 24-h dietary recall was lower than the frequency of drinking some alcoholic
beverages at least once in the past one-year period obtained from the ALQ [43]. The residual
confounding by alcohol intake in this study may dilute or even mask the associations of
magnesium intake with liver fibrosis. The 24-h dietary recall used in NHANES has been
extensively evaluated [29]; however, the self-reported dietary recall is likely to have both
random and systematic errors, particularly in energy intake [44]. Moreover, recall bias from
self-reported diet may also exist [45]. Although multiple 24-h dietary recalls are used as the
gold standard measure in large-scale nutrition epidemiological studies, a one-time, 24-h
dietary recall may not capture long-term dietary exposures [29]. We adjusted for many
potential confounding factors including physical activity, daily alcohol drinking status,
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and several medical conditions associated with liver fibrosis, which enabled us to capture
the association more accurately.

In conclusion, our findings suggest that participants who had high intake of magne-
sium may have reduced odds of having significant liver fibrosis, whereas high intake of
calcium was not associated with change in risk. In particular, the inverse association may
be limited among those who had daily calcium intake less than 1200 mg and those who
did not drink alcohol. Further studies, such as prospective cohort studies, are warranted to
confirm the present results.
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