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Abstract

Background and aims: There are very limited studies that have 
investigated the influence of environmental barium exposure on 
non-alcoholic fatty liver disease (NAFLD) in the general adult 
population. The purpose of the present paper was to examine any 
correlation between urinary barium levels (UBLs) and the risk of 
NAFLD.

Patients and methods: A total of 4,556 participants aged ≥ 20 
years were recruited from the National Health and Nutritional 
Survey. NAFLD was defined as the U.S. fatty liver index (USFLI) 
≥ 30 in the absence of other chronic liver disease. Multivariate 
logistic regression was conducted to inspect the correlation between 
UBLs and the risk of NAFLD.

Results: The outcome of adjusting covariates revealed a positive 
correlation between the natural log -transformed UBLs (Ln-UBLs) 
and the risk of NAFLD (OR: 1.24, 95%CI: 1.12-1.37, P<0.001). 
After dividing Ln-UBLs into quartiles, the participants in the 
highest quartile exhibited a 1.65-fold (95% CI: 1.26-2.15) increased 
likelihood of having NAFLD in contrast with the bottom quartile 
in the full model, and a distinct trend across the quartiles could be 
found (P for trend<0.001). Moreover, in the interaction analyses, 
it was further observed that the association between Ln-UBLs 
and NAFLD was modified by gender and was noticeably more 
pronounced in males (P for interaction =0.003).

Conclusions: Our findings provided evidence of a positive 
correlation between UBLs and the prevalence of NAFLD. 
Furthermore, this association changed across gender and was more 
pronounced in males. Nevertheless, our finding requires further 
confirmation with prospective cohort studies in the future. (Acta 
gastroenterol. belg., 2023, 86, 298-305).
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kidney disease, therefore elevating the risk of these 
diseases (5,6,7). The pathogenesis of NAFLD remains 
poorly elucidated till date. Lifestyle modifications and 
genetic factors are well-recognized risk factors for 
NAFLD (8). However, these traditional risk factors 
do not account for the sharp increase in prevalence 
of NAFLD. Recent investigations have revealed that 
environmental exposures can significantly contribute to 
the development and progression of NAFLD (9,10).

Barium, an alkaline earth metal, is the 14th most 
common element on the Earth’s crust with the density 
of around 500 ppm. Barium compounds are applied 
in a wide spectrum of industrial processes, such as 
production of oil and drilling muds and manufacture of 
plastics, paints, rubber, cosmetics, and pharmaceuticals 
(11,12). In recent years, the public has developed an 
increased awareness about the potential environmental 
and the health hazards caused from exposure to barium 
as a growing use of barium-containing products in our 
daily life. It is estimated that in the U.S. alone, more than 
150,000 individuals are constantly exposed to barium at 
a level higher than the limit of 2 mg/L proposed by the 
Environmental Protection Agency (13). In the general 
population, exposure to barium occurs primarily through 
the contaminated food and drinking water, however in 
rarer occasions, this could result from air or skin contact 
in the workplace that contains barium (14-15). Barium 
exposure has been reported to be toxic to humans. For 
instance, individuals with acute barium poisoning suffer 
from respiratory and cardiac arrest (16,17). Prolonged 
barium exposure has the potential to cause muscular 
weakness (18), cardiovascular malfunction (19), and 
congenital defects in neonates (20-21). Nevertheless, the 
specific effects of barium on human health are not well 
characterized.

Of note, there were a few quantitative analyses of 
the relationship between barium exposure and NAFLD. 
Specifically, a prior study exhibited that barium could 
accumulate in the liver and cause inflammation, further 
contributing to the development of NAFLD (22). 
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Introduction

 Non-alcoholic fatty liver disease (NAFLD) is 
attributable to over-accumulation of hepatic lipids in 
individuals without any habit of alcohol over-consumption 
or other causative factors for secondary hepatic steatosis 
(1). In recent decades, NAFLD has rapidly become a 
major contributor to liver diseases globally, which affects 
more than one-third of the population. In the U.S., the 
prevalence of NAFLD is estimated to be around 25% 
(2) and is expected to rise to more than 100 million by 
2030 (3). This rapid rise is particularly concerning as 
NAFLD not only frequently progresses into secondary 
complications including liver cirrhosis and hepatocellular 
carcinoma but also is the second leading reason for liver 
transplantation in the U.S. (4). In addition, NAFLD 
tightly correlates to major extrahepatic diseases, like 
colorectal cancer, cardiovascular disease, and chronic 
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in the present paper was granted by the National Center 
for Health Statistics of the Centers for Disease Control 
and Prevention Institutional Review Board, and written 
informed consent was obtained from every participant. 
The data from the six distinct cycles of the NHANES 
between 2005 and 2016 were pooled for this study.      

The detailed information about the survey, examina-
tion, and laboratory procedures is accessible on the 
internet (www.cdc.gov/nchs/nhanes/). A total of 60,936 
participants were initially identified but only the 
participants aged 20 years and over were recruited. In 
addition, our study further excluded 20,087 participants 
due to availability of incomplete information for the 
calculation of the United States fatty liver index (USFLI), 
9,242 participants with missing urinary barium data, 88 
participants with positive hepatitis B surface antigen 
and/or hepatitis C virus antibodies, 117 participants 
with a history of heavy alcohol consumption (over 10 
g per day for women and over 20 g per day for men), 
and 90 pregnant participants. Ultimately, 4,556 eligible 
participants were included in this study. The workflow of 
the study design has been demonstrated in figure 1. 

Measurement of urinary barium levels

The targeted independent variable in our study 
was urinary barium levels (UBLs). In the 2005-2016 

Ananda et al. also reported that patients with barium 
poisoning experienced mild fatty changes in the liver 
(23). Moreover, recent studies have demonstrated 
that chronic barium exposure was linked to metabolic 
disorders, including insulin resistance and obesity (24-
26), which can induce multiple comorbidities, including 
NAFLD (27). Additionally, urinary barium can be used 
to evaluate the degree of barium exposure in humans 
through various routes, which has been used in biological 
monitoring research (28,29). Thus, it is warranted to 
discuss the potential effect of barium on NAFLD.

Hence, this study investigated the correlation between 
urinary barium levels (UBLs) and the risk of NAFLD in a 
large cross-sectional population of adults in the U.S. with 
the use of data from the National Health and Nutrition 
Examination Survey (NHANES) between 2005 and 
2016. 

Materials and Methods

Study design and population

The nutritional and health status of the general 
U.S. population can be well-represented through the 
NHANES survey which provides a comprehensive 
information using a multistage and complex probability 
sampling design. The prior approval of the protocols used 

Figure 1.—  Flow chart of the designed study.
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(HDL)-cholesterol. The urinary creatinine level was also 
included as a potential covariate to account for urinary 
dilution (33). Triglycerides, total cholesterol, LDL-
cholesterol and direct HDL-cholesterol were measured 
enzymatically. Urinary creatinine was analyzed using 
a Jafférate reaction measured with Beckman Synchron 
CX3 clinical analyzer and Roche/Hitachi Modular P 
chemistry analyzer. 

A diagnosis of diabetes mellitus (DM) was made 
when the fasting blood glucose level ≥126 mg/dl, or 
glycated hemoglobin levels ≥ 6.5%. The participants 
who self-reported to have DM and those currently 
taking anti-diabetic medications were also categorized 
as DM patients. In addition, history of hypertension was 
established based on the self-reported medical history of 
the past diagnosis, current use of prescription drugs for 
hypertension, a diastolic blood pressure ≥ 80 mmHg and/
or systolic blood pressure ≥ 140 mmHg. 

Statistical analysis

The continuous variables were expressed as mean 
± standard deviation (SD) or median (interquartile 
ranges) when their data were skewed distribution. The 
categorical variables were summarized as frequency 
(percentage). The Mann-Whitney (skewed distribution), 
independent t (normal distribution), and Pearson chi-
squared (categorical variables) test was performed 
for comparisons between individuals with or without 
NAFLD, as appropriate.

Considering the highly skewed distribution of UBLs, 
the natural log transformed urinary barium levels (Ln-
UBLs) were employed for the further analysis. The 
multiple logistic regression models were applied to inspect 
the possible correlation between UBLs and NAFLD. 
Model I left unadjusted and Model II was adjusted for 
age, gender, race, education level, family PIR; Model 
III was further adjusted for BMI, hypertension, DM, 
total cholesterol, triglyceride, LDL-cholesterol, direct 
HDL-cholesterol, smoking status, urinary creatinine. 
Moreover, a generalized additive model with a spline 
smoothing function was employed to characterize the 
shape of the correlation between UBLs and NAFLD. 

The stratified and interaction analyses were also 
conducted based on age groups (20-44, 44-60, ≥60 
years), sex, race, family PIR, education level, smoking 
status, BMI, hypertension, and DM. Statistical package 
R (version 3.6.3) and EmpowerStats software (X&Y 
Solutions Inc., Boston, MA) were adopted for all the 
conducted analyses. A two-tailed P value less than 0.05 
represented a statistical significance.

Results

Basic characteristics of the participants

According to the exclusion and inclusion criteria, 
4,556 participants were enrolled eventually for detailed 

NHANES, the samples of urine were processed, stored, 
and transported to the Centers for Disease Control and 
Prevention in Atlanta for analysis. The inductively 
coupled plasma-mass spectrometry was used for the 
quantification of UBLs. The NHANES Laboratory/
Medical Technologists Procedures Manual contains 
the detailed procedure for the measurement. The limit 
of detection (LOD) for urinary barium varied based on 
NHANES cycles, from 0.06 µg/L to 0.12 µg/L. The 
percentage of the participants with urinary measures at or 
above the LOD in the present study was 94.6%, and those 
below the LOD were substituted with the square root of 
the detection limit divided by 2 according to NHANES 
analysis guidelines. 

Definition of NAFLD

NAFLD is defined based on the U.S. fatty liver index 
(USFLI). USFLI is a non-invasive diagnostic index 
which has been extensively used for the detection of 
liver diseases (30,31,32). This index incorporates race, 
age, waist circumference, γ-glutamyltransferase, fasting 
insulin and glucose levels. The USFLI is calculated as 
described below: USFLI = (e−0.8073 * non-Hispanic black + 0.3458 * 

Mexican American + 0.0093 * age + 0.6151 * log
e
(GGT) + 0.0249 * waist circumference + 

1.1792 * log
e
(insulin) + 0.8242 * log

e
(glucose) − 14.7812)/(1 + e−0.8073 * non-

Hispanic black + 0.3458 * Mexican American + 0.0093 * age + 0.6151 * log
e
(GGT) + 

0.0249 * waist circumference + 1.1792 * log
e
(insulin) + 0.8242 * log

e
(glucose) − 14.7812) 

* 100. The subjects with USFLI score of ≥ 30 could be 
assumed to have NAFLD (30).

Covariates

The different covariates based on known confounders 
from the prior literature and clinical experience were 
included. The various socio-demographic variables of 
sex, age, race/ethnicity, the family poverty-to-income 
ratio (PIR) and education level were obtained based on the 
questionnaires. Race/ethnicity was categorized into four 
distinct groups as Non-Hispanic White, Non-Hispanic 
Black, Mexican American, and Other Race. Family PIR 
was calculated as the annual household income divided 
by the federal poverty level and categorized into poverty 
(PIR≤1) and above the poverty threshold (PIR>1). 
In addition, educational attainment was recorded as 
below/above high school level or high school level. The 
smoking status was grouped into self-reported never 
smokers (smoking less than 100 cigarettes), former 
smokers (smoking more than 100 cigarettes in the past 
but not smoking at present), and current smokers. 

 Other demographic data including height, weight, 
waist circumference and blood pressures were 
recorded in the mobile examination center by trained 
doctors under a standard procedure. Body mass index 
(BMI)≥30 was regarded as obesity according to the 
CDC guideline. The laboratory covariates included 
triglycerides, total cholesterol, low-density lipoprotein 
(LDL)-cholesterol and direct high-density lipoprotein 
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exception of the family PIR. The subjects affected with 
NAFLD tended to be older, were more likely to be males, 
and mainly belonged to Mexican American ethnicity. 
There was a greater prevalence among patients with 

data analysis in our study. Table 1 demonstrates the 
comparison of the various basic characteristics of 
participants with and without NAFLD, which showed 
significant differences between the groups, with the 

Table 1. — Basic characteristics of the study population

Characteristics Participants without NAFLD Participants with NAFLD P-value
Number of participants 3022 1534
Age[Mean ± SD] (year) 47.71 ± 17.79 52.79 ± 16.62 <0.001
Age (n, %) <0.001
<40 1140 (37.72%) 383 (24.97%)
>=40, <60 1006 (33.29%) 539 (35.14%)
>=60 876 (28.99%) 612 (39.90%)
Gender (n, %) <0.001
Male 1412 (46.72%) 868 (56.58%)
Female 1610 (53.28%) 666 (43.42%)
Race (n, %) <0.001
Mexican American 351 (11.61%) 362 (23.60%)
Non-Hispanic White 1336 (44.21%) 686 (44.72%)
Non-Hispanic Black 708 (23.43%) 180 (11.73%)
Other Race 627 (20.75%) 306 (19.95%)
Education level (n, %) <0.001
Less than high school 687 (22.73%) 492 (32.07%)
High school 679 (22.47%) 357 (23.27%)
Above high school 1656 (54.80%) 685 (44.65%)
Family PIR (n, %) 0.071
PIR<1 579 (19.16%) 319 (20.80%)
PIR>=1 2218 (73.40%) 1079 (70.34%)
Missing 225 (7.45%) 136 (8.87%)
Smoking status (n, %) <0.001
Current 752 (24.88%) 343 (22.36%)
Former 605 (20.02%) 451 (29.40%)
Never 1665 (55.10%) 740 (48.24%)
BMI[Mean ± SD] (kg/m2) 26.41 ± 5.07 33.79 ± 6.78 <0.001
BMI (n, %) <0.001
<30 2416 (79.95%) 496 (32.33%)
>=30 606 (20.05%) 1038 (67.67%)
Waist circumference [Mean ± SD] (cm) 92.18 ± 12.30 112.20 ± 14.52 <0.001
Hypertension (n, %) <0.001
No 2015 (66.68%) 699 (45.57%)
Yes 1007 (33.32%) 835 (54.43%)
Diabetes mellitus (n, %) <0.001
No 2718 (89.94%) 1025 (66.82%)
Yes 304 (10.06%) 509 (33.18%)
Total cholesterol [Mean ± SD] (mg/dL) 192.31 ± 41.66 196.65 ± 42.31 <0.001

Direct HDL-Cholesterol [Mean ± SD] (mg/dL) 57.28 ± 16.09 46.45 ± 12.34 <0.001
Triglycerides[Median (IQR)] (mg/dL) 89.00 (64.00-124.00) 144.00(103.00-206.00) <0.001
LDL-cholesterol [Mean ± SD] (mg/dL) 113.98 ± 35.27 116.26 ± 34.66 0.038
Urinary creatinine [Mean ± SD]  (mg/dL) 118.31 ± 70.82 126.82 ± 73.46 <0.001
Barium[Median (IQR)] (ug/L) 1.04 (0.54-1.93) 1.17 (0.62-2.31) <0.001
Fasting glucose[Mean ± SD] (mg/dL) 100.27 ± 22.71 123.73 ± 48.06 <0.001
Fasting insulin[Median (IQR)] (pmol/L) 43.68 (29.54-61.19) 112.74 (81.44-157.80) <0.001
GGT [Median (IQR)] (U/L) 17.00 (13.00-23.00) 28.00 (20.00-44.00) <0.001
NAFLD: Nonalcoholic Fatty Liver Disease; PIR: poverty-to-income ratio; BMI: Body Mass Index; IQR: interquartile range; GGT: γ-glutamyltransferase.
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and the risk of NAFLD. The impact of Ln-UBLs on the 
risk of NAFLD was more significant in males (OR = 
1.40) than in females (OR = 1.06).

Discussion

This research provided fresh insight into the 
correlation between barium levels and NAFLD based on 
the data from the NHANES between 2005 and 2016. Our 
results unraveled that a positive correlation was observed 
between Ln-UBLs and the prevalence of NAFLD in 
the U.S. population and was influenced by gender. 
Specifically, higher Ln-UBLs were correlated with the 
elevated prevalence of NAFLD in males, whereas this 
correlation was weaker and insignificant in females. To 
the best of our knowledge, our study is the first to explore 
these associations in a nationally representative sample. 
These findings, although preliminary, may raise more 
attentions on the potential adverse effects of barium, 

NAFLD to be former smokers and have hypertension as 
well as DM. They had less than an education level of 
above high school; had lower direct HDL-cholesterol but 
higher waist circumference, BMI, serum triglycerides, 
total cholesterol, LDL-cholesterol, urinary creatinine, 
urinary barium, γ-glutamyltransferase, fasting insulin 
and fasting glucose.

Association of UBLs with NAFLD

Three multivariable regression models were generated 
to evaluate the independent influence of Ln-UBLs on the 
risk of NAFLD. As shown in table 2, an elevated risk of 
NAFLD was substantially correlated with the increased 
UBLs in the unadjusted (Model I) (OR: 1.17, 95%CI: 
1.09-1.24, P < 0.001), minimally adjusted (Model II) (OR: 
1.23, 95%CI: 1.15-1.32, P < 0.001), and fully adjusted 
models (Model III) (OR: 1.24, 95%CI: 1.12-1.37, P < 
0.001). After Ln-UBLs were divided into quartiles, the 
participants in the highest quartiles had a 1.65-fold (95% 
CI: 1.26-2.15) increased probability of having NAFLD in 
comparison to the bottom quartile in the full model, and 
a distinct trend across the quartiles could be found (P for 
trend<0.001). Since UBLs were a continuous variable, a 
smoothing function was further used to characterize the 
shape of the relationship between UBLs and the risk of 
NAFLD. As depicted in figure 2, the correlation between 
Ln-UBLs and the risk of NAFLD was linear and no 
threshold or saturation effect was observed. 

Stratified analysis by potential modifiers

Stratified analyses were further performed with 
logistic regression to identify whether the correlation 
of Ln-UBLs with NAFLD was robust in a specific 
population. All potential confounders were adjusted in 
the models, except for the confounders utilized for the 
stratification itself. The data demonstrated concurrent 
associations in age, race, family PIR, education level, 
smoking status, BMI, hypertension, and DM subgroups 
(P > 0.05). However, the interaction was significant in 
gender subgroups (P = 0.003), indicating that gender 
markedly modified the correlation between Ln-UBLs 

Model I
OR(95%CI) P value

Model II
OR(95%CI) P value

Model III
OR(95%CI) P value

Ln-UBLs (ug/L) 1.17 (1.09, 1.24) <0.001 1.23 (1.15, 1.32) <0.001 1.24 (1.12, 1.37) <0.001
Q1(0.04,0.55) Ref. Ref. Ref.
Q2(0.56,1.07) 1.06 (0.89, 1.27) 0.523 1.12 (0.93, 1.35) 0.226 1.23 (0.96, 1.57) 0.101
Q3(1.08,2.01) 1.12 (0.94, 1.34) 0.202 1.27 (1.05, 1.53) 0.012 1.23 (0.95, 1.58) <0.001
Q4(2.02-72.24) 1.44 (1.21, 1.72) <0.001 1.65 (1.37, 1.99) <0.001 1.65 (1.26, 2.15) <0.001
P for trend <0.001 <0.001 <0.001

Table 2. — The association between urinary barium levels and NAFLD

Model I: Non-adjusted; Model II: adjusted for age, gender, race, education level, family PIR; Model III: adjusted for age, gender, race, education 
level, family PIR, BMI, hypertension, DM, smoke status, triglyceride, total cholesterol, LDL-cholesterol, Direct HDL-Cholesterol, urinary 
creatinine; Ln-UBLs: natural log transformed urinary barium levels; NAFLD: Non-alcoholic Fatty Liver Disease; BMI: Body Mass Index; OR: 
odds ratio; 95%CI: 95% confidence interval.

Figure 2. — The relationship between urinary barium levels 
(natural log -transformed) and the risk of NAFLD. A linear 
relationship between urinary barium levels and risk of 
NAFLD was observed after adjusting for age, gender, race, 
education level, family PIR, BMI, hypertension, DM, smoking 
status, triglyceride, total cholesterol, LDL-cholesterol, direct 
HDL-cholesterol, urinary creatinine; NAFLD: Non-alcoholic 
Fatty Liver Disease.
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has not been completely elucidated in the literature. 
Barium is involved in the regulation of inflammation and 
oxidative stress, which can be potentially involved in the 
pathogenesis of NAFLD. A prior animal study unveiled 
that barium exposure could enhance the levels of reactive 
oxygen species (ROS), including hydroxyl, hydrogen 
peroxide, and superoxide, while markedly decreasing the 
activity of liver antioxidants, such as catalase, superoxide 
dismutase, glutathione reductase, and glutathione 
peroxidase (34). The disturbance of the balance between 

especially its impact on NAFLD in male individuals. 
At present, there are few systematic studies on the 

effects of barium exposure on the liver. Mohammed et al. 
reported that oral administration of barium to rats elevated 
the levels of both aspartate transaminase and alanine 
transaminase, as well as infiltration of inflammatory cells 
and activation of hepatic stellate cells in the liver (22), 
illustrating that barium has potential toxicity to liver. 
However, the exact pathophysiology of barium-related 
hepatotoxicity and its correlation with the risk of NAFLD 

Figure 3. — Forest plots of the association between urinary barium levels and risk of NAFLD 
in the various subgroups. Adjusted for age, gender, race, education level, family PIR, BMI, 
hypertension, diabetes mellitus, smoking status, triglyceride, total cholesterol, LDL-cholesterol, 
direct HDL-cholesterol, urinary creatinine, except for the stratifying variable. BMI: Body Mass 
Index.
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levels might explain the interaction effect observed in 
our study. However, future research is merited to validate 
this speculation and to examine the various possible 
relationships among barium exposure, SHBG levels, and 
the risk of NAFLD.

Our study has several strengths worthy of note. (1) To 
the best of our knowledge, no prior research examining 
the correlation between urinary barium levels and 
NAFLD has been conducted previously. The present 
study is the first report to investigate this association. 
(2) The data of our study is primarily based on a large 
nationally representative survey in the US, which has 
strengthened its statistical credibility and reliability. (3) 
The stratification and interaction effect analyses in this 
study was able to make better use of data and could 
identify potential interactions with other variables.

However, certain limitations of this study should be 
recognized. Firstly, NHANES currently contains no data 
on liver biopsies and rare data on liver B-ultrasound. 
Hence, NAFLD was diagnosed with the USFLI, rather 
than ultrasonography or liver biopsy. However, it was 
previously validated that the USFLI had an area under 
the receiver-operating characteristic curve value of 
0.80 (95%CI: 0.77-0.83) for the detection of NAFLD 
in participants with USFLI scores ≥ 30 (45). Therefore, 
the use of the USFLI alone might cause the misdiagnosis 
of NAFLD. Secondly, patients in the current study were 
selected based on a negative diagnosis of NAFLD, 
which might introduce a potential bias of selection, 
because patients with chronic liver diseases, such as viral 
hepatitis and autoimmune hepatitis, were not excluded. 
Under such conditions, the prevalence of NAFLD might 
be overestimated, resulting in falsely higher calculated 
values. To avoid the miscalculation of NAFLD 
incidences, it is necessary to conduct further studies with 
the exclusion of patients with chronic liver diseases. 
Thirdly, barium exposure was quantified with urinary 
samples from individuals, yet the single measurement 
may not reflect long-term exposure or account for intra-
individual variability. Fourth, consistent with other 
observational studies, residual confounders may bias 
our analyses. In addition, our analyses were performed 
on the U.S. population. Thus, the findings may not be 
generalizable to populations in other regions.

To summarize, our findings established a positive 
correlation between urinary barium levels and NAFLD 
prevalence. In particular, this association was modified 
by gender and was noticeably more pronounced in males. 
Further research should be conducted to investigate 
the potential fundamental mechanisms through which 
barium exposure can increase the risk of NAFLD.
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ROS and antioxidants could expose the hepatocytes to 
oxidative stress and cause an overexpression of various 
proinflammatory cytokines such as TNF- α, IL-6 and IL-
1β in the liver (34). These cytokines, according to existing 
evidence, are primarily responsible for aggravating the 
hepatic inflammation and mediate both the onset and 
progression of NAFLD (35-37). Moreover, excessive 
ROS production could further induce a rapid decline in 
hepatocyte mitochondrial respiration (38). The normal 
mitochondrial metabolic function is important for the 
maintenance of hepatic lipid homeostasis. Conversely, 
mitochondrial dysfunction can reduce the efficiency of 
the tricarboxylic acid (TCA) cycle and ATP production, 
which eventually results in the uptake of metabolites by 
the liver for lipogenesis (39).   

Insulin resistance is another possible explanation for 
the effects of barium exposure on NAFLD, which is a 
key factor in both metabolic syndrome and NAFLD. 
A prior study proposed a close correlation between 
insulin resistance and barium exposure and that 
increased UBLs were closely correlated with impaired 
glucose tolerance and insulin resistance (26). At the 
molecular level, barium could substantially exacerbate 
hepatic gluconeogenesis and glucose production by 
competitively blocking the pump-mediated K+ transport 
in hepatic sodium-potassium ATPase, thereby rendering 
hepatocytes more vulnerable to insulin resistance (40). 
In addition, the pro-inflammatory cytokines (such as 
TNF-α) directly induced by barium can interfere with 
insulin signaling via the repression of insulin receptor 
substrate phosphorylation, which in turn can lead to 
the state of insulin resistance (41). Therefore, oxidative 
stress, mitochondrial dysfunction and barium-induced 
insulin resistance may account for the fundamental 
mechanisms of barium exposure and the risk of NAFLD. 
Despite these promising results, questions remain, and 
further research should be conducted.

Subsequently, subgroup and interaction analyses were 
carried out in the current study. An interaction was noted 
between the effect of barium on NAFLD and gender, 
which illustrated a markedly higher risk of NAFLD in 
men than in women subsequent to exposure to barium. 
However, the reasons behind the variable correlation 
between barium exposure and the risk of NAFLD among 
males and females remain unclear. A possible cause may 
be related to the different effects of barium exposure 
on sex hormones in different genders. As reported, sex-
hormone binding globulin (SHBG) is one of the main 
hormones in the body and low serum SHBG levels are 
thought to play a crucial role in the pathogenesis of 
NAFLD (42,43). Interestingly, Galloway et al. analyzed 
the relationship between barium and sex hormone levels 
in the U.S. population, which unravelled no significant 
association between urinary barium concentration 
and serum SHBG levels in females but a considerable 
association between barium exposure and SHBG down-
regulation in males (44). On this basis, we speculated 
that barium-induced gender-specific reduction of SHGB 
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