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This study explored relationship between concentrations of perchlorate, nitrate, and thiocyanate

and serum liver function markers using data from 3366 adults in the 2013-2018 National Health

and Nutrition Examination Survey (NHANES) of the United States. Generalized linear model (GLM),
restricted cubic spline (RCS) regression model, and quartile g-computation (Qgcomp) regression
model were used to assess the relationship. The median concentrations of perchlorate, nitrate, and
thiocyanate in urine were 2.33, 42,900, and 1060 ng/mL. The median concentrations for serum liver
function indicators were albumin (ALB, 4.2 g/dL), alkaline phosphatase (ALP, 67 IU/L), aspartate
aminotransferase (AST, 22 U/L), alanine aminotransferase (ALT, 20 U/L), globulin (GLB,2.9 g/dL),
gamma-glutamyl transferase (GGT, 20 IU/L), lactate dehydrogenase (LDH, 132 |U/L), total bilirubin
(TBIL, 0.5 mg/dL), total protein (TP, 7.1 g/dL). Adjusted GLM results showed perchlorate was positively
correlated with AST and ALT, but negatively with ALP, GLB, GGT, LDH, and TP. Nitrate correlated
positively with ALB, AST and ALT, and negatively with GLB and GGT. Thiocyanate was positively
correlated with ALP, and negatively with AST, ALT, GLB, LDH, TBIL, and TP. RCS analysis, adjusted

for confounders, revealed non-linear relationships for perchlorate with LDH, TBIL, and TP (P-

overall <0.0001, P-nonlinear <0.05), for thiocyanate with ALB, ALP, ALT, and TBIL (P-overall <0.0001,
P-nonlinear <0.05). Qgcomp results suggested that exposure to these chemicals was negatively
correlated with GLB, TBIL and TP. The study found complex correlations between chlorate, nitrate and
thiocyanate concentrations and serum liver function indices.
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The sources of perchlorate, nitrate, and thiocyanate can be broadly divided into two categories: natural and
anthropogenic sources. Perchlorate is primarily derived from volcanic activity and the impact of extreme
climatic conditions'. In industrial applications, it is commonly used as a key component in rocket fuel, fireworks,
and gunpowder. Additionally, perchlorates were commonly detected in food and drinking water?3. Nitrate
can be formed through plant uptake and microbial nitrification processes*. The main anthropogenic sources
of nitrate are the use of nitrate-based fertilizers in agriculture®. Furthermore, nitrates and nitrites are widely
used as food additives in processed meats to extend their shelf life®”. The combustion of fossil fuels, as well
as the composting of domestic sewage and waste, can also contribute to nitrate formation®°. Thiocyanates are
closely associated with metabolic processes in plants and animals!?. Cruciferous plants contain precursors to
thiocyanates, which can also be produced through human metabolism'!. Thiocyanates are used in a variety of
industrial applications, including fuels, pesticides, and pharmaceuticals'2. It was also present in the combustion
of fossil fuels and tobacco smoke®’.

Numerous studies have reported the effects of perchlorate, nitrate, and thiocyanate exposure on human
health. Some of these studies have highlighted adverse impacts on various bodily systems, particularly the
endocrine, immune, cardiovascular, and nervous systems“‘ls, However, there are also studies suggesting
potential beneficial effects of exposure to these substances, likes chronic kidney disease!®. Despite the growing
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body of research on their overall health effects, the specific impact of these chemicals on liver function remains
underexplored, and research in this area is still limited.

Existing studies primarily confirm the association between perchlorate, nitrate, and thiocyanate and
non-alcoholic fatty liver disease (NAFLD). An epidemiological study has shown that these environmental
pollutants are positively associated with the risk of NAFLD?. There are also experimental studies indicating
that perchlorate induces the development of NAFLD in the developing threespine stickleback?!. A study has also
found that higher nitrate intake may be associated with a reduced likelihood of NAFLD?2. This contradictory
result suggests the complexity of the biological effects of these environmental chemicals. However, the effects of
these environmental chemicals on conventional liver function indicators have not been systematically studied.
Liver function indicators are important criteria for clinically assessing liver health.

The liver is a vital organ in the human body, performing essential physiological functions such as
detoxification, metabolism, and synthesis. It is vulnerable to a variety of diseases influenced by factors such
as diet, lifestyle, environmental pollution, and viral infections?>. Common liver conditions include cirrhosis,
non-alcoholic fatty liver disease, liver cancer, and chronic hepatitis. As modern society progresses, the burden
of these diseases has steadily increased, posing a significant threat to individual health and placing considerable
economic and social pressure on countries worldwide??. Liver diseases typically develop over time, as a result of
accumulated long-term damage. In the early stages, changes in liver function indicators can often provide early
signs of liver health. By monitoring liver function and detecting abnormal indicators early, potential liver issues
can be identified in a timely manner, allowing for effective intervention and preventive measures to prevent
further disease progression. Therefore, paying close attention to changes in liver function, particularly in the
early stages, is crucial for the prevention of liver diseases.

The primary objective of this study is to investigate the relationship between exposure to perchlorate, nitrate,
and thiocyanate, and liver function indicators in humans. By assessing the potential risks these chemicals pose
to liver health, this study aims to provide a scientific foundation for future public health strategies and disease
prevention efforts. Given the growing concerns over environmental pollution, understanding how to effectively
protect liver health and reduce the incidence of liver diseases is of significant practical importance.

Results

Descriptive statistical analysis.

Table S1 demonstrates the general situation of urinary perchlorate, nitrate, thiocyanate and serum liver function
indices. The median concentrations of perchlorate, nitrate, and thiocyanate were 2.33, 42,900, and 1060 ng/mL,
respectively. Median concentrations of ALB, ALP, AST, ALT, GLB, GGT, LDH, TBIL, and TP were 4.2 g/dL, 67
TU/L, 22 U/L, 20 U/L, 2.9 g/dL, 20 TU/L, 132IU/L, 0.5 mg/dL, and 7.1 g/dL, respectively.

Figure S1 shows the Spearman correlations for perchlorate, nitrate, and thiocyanate. The correlation
coefficients of perchlorate with nitrate and thiocyanate were 0.59 and 0.25, respectively. The correlation
coefficient of nitrate with thiocyanate was 0.41.

Table 1 presents the general characteristics of the participants in this study. A total of 3366 individuals were
included, with a mean age of 49.23 £17.32 years. The sample consisted of 51.96% males and 48.04% females. In
terms of education level, 17.59% had less than a high school education, 24.12% had completed high school, and
58.29% had attended college or received higher education. Ethnic distribution was as follows: 14.32% Mexican
Americans, 9.77% other Hispanics, 42.19% non-Hispanic whites, 20.2% non-Hispanic blacks, and 13.52% from
other ethnic groups. The mean BMI was 29.62 +7.09 kg/m?, while the mean family poverty-income ratio (PIR)
was 2.62 + 1.63. The average serum cotinine level was 63.23 +137.40 ng/mL. Additionally, 58.05% of participants
were substance users and 15.98% of the participants had a drinking habit. The percentage of participants
suffering from hypertension and diabetes was 36.51% and 12.92%, respectively.

Association of urinary perchlorate, nitrate, and thiocyanate exposure with serum liver
function index levels

GLM

Table 2 presents the generalized linear model (GLM) results for the associations between urinary perchlorate,
nitrate, and thiocyanate levels with serum liver function indices. In the unadjusted model, perchlorate was
negatively associated with ALP (B = —0.021, 95% CI —-0.035, —0.007), GLB ( = —0.020, 95% CI -0.027, —0.013),
LDH (p=-0.011, 95% CI -0.021, -0.001), and TP (p = —0.009, 95% CI -0.012, —0.006), and positively correlated
with AST ($=0.016, 95% CI 0.001, 0.031). Nitrate was negatively correlated with ALP (B = -0.027, 95% CI
-0.045, -0.010), GLB (p = -0.020, 95% CI -0.029, —0.011) and GGT (p = —0.108, 95% CI —0.146, —0.070),
and positively correlated with ALB (f=0.010, 95% CI 0.005, 0.015), AST (f=0.021, 95% CI 0.002, 0.041).
Thiocyanate was positively correlated with ALP (=0.013, 95% CI 0.004, 0.023), and negatively correlated with
AST (B =-0.032, 95% CI —0.043, —0.022), ALT (B = -0.032, 95% CI -0.047, -0.017), GLB (p = —0.006, 95% CI
-0.011, —0.002), TBIL (P = -0.047, 95% CI —0.063, —0.031), and TP (p = —0.003, 95% CI —0.005, —0.001). In the
adjusted model, the positive correlations were strengthened for perchlorate with ALT (=0.040, 95% CI 0.019,
0.061) and for nitrate with ALT ($=0.048, 95% CI 0.021, 0.075). The negative association between nitrate and
ALP was attenuated (B = —0.003, 95% CI —-0.021, 0.014).

RCS

Figure 1 illustrates the results of restricted cubic spline regression model (RCS) examining the relationship
between perchlorate levels and serum liver function markers after adjusting for covariates. A non-linear and
U-shaped relationship was observed between perchlorate and LDH (P-overall <0.0001, P-nonlinear=0.007),
TBIL (P-overall <0.0001, P-nonlinear =0.001), and TP (P-overall <0.0001, P-nonlinear =0.047). There may be a
linear relationship between perchlorate and both ALB and AST (P-overall <0.0001, P-nonlinear =0.947).
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Characteristics Mean + SD/number (%)
Age(years) 49.23+17.32
<60 2276(67.62%)
>60 1090(32.38%)
Gender

Male 1749(51.96%)
Female 1617(48.04%)
Education level

Below high school 592(17.59%)
High school 812(24.12%)
University and above 1962(58.29%)
Race

Mexican American 482(14.32%)
Other Hispanic 329(9.77%)
Non-Hispanic White 1420(42.19%)
Non-Hispanic Black 680(20.2%)
Other Race (multiracial) | 455(13.52%)
BMI (kg/m?) 29.62+7.09
<25 896(26.62%)
25t029.9 1091(32.41%)
=30 1379(40.97%)
Family PIR 2.62+1.63
<131 1135(33.72%)
1.31 to 3.50 1141(33.9%)
>3.50 1090(32.38%)
Serum cotinine (ng/mL) | 63.23+137.40
<0.011 1083(32.17%)
>0.011 2283(67.83%)
Drug use

Yes 1954(58.05%)
No 1412(41.95%)
Drink

Yes 538(15.98%)
No 2828(84.02%)
Hypertension

Yes 1229(36.51%)
No 2137(63.49%)
Diabetes

Yes 435(12.92%)
No 2821(83.81%)
Borderline 110(3.27%)

Table 1. The general characteristics of the participant subjects included in the study.

Figure 2 presents the results of the RCS model examining the relationship between nitrate levels and serum
liver function markers, adjusted for covariates. There may be a linear relationship between nitrate and TP (P-
overall <0.0001, P-nonlinear =0.9998).

Figure 3 presents the results of the RCS model examining the relationship between thiocyanate levels
and serum liver function markers, adjusted for covariates. A non-linear, inverted U-shaped relationship was
observed between thiocyanate and ALB (P-overall<0.0001, P-nonlinear=0.005), ALP (P-overall<0.0001,
P-nonlinear=0.009), ALT (P-overall<0.0001, P-nonlinear<0.0001), and TBIL (P-overall<0.0001, P-
nonlinear <0.0001).

Qgcomp

Figure 4 illustrates the results of the mixed-effects analysis assessing the impact of perchlorate, nitrate, and
thiocyanate on serum liver function indices, as evaluated by quartile g-computation (Qgcomp) regression model
analysis. Mixed exposure to perchlorate, nitrate, and thiocyanate was negatively correlated with GLB, TBIL and
TP.
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‘ Perchlorate Nitrate Thiocyanate
Model 1
ALB | —0.001(-0.005, 0.003) 0.010(0.005, 0.015) —0.001(-0.004, 0.001)
ALP | —0.021(-0.035, —0.007) | —0.027(~0.045, —0.010) | 0.013(0.004, 0.023)
AST | 0.016(0.001, 0.031) 0.021(0.002, 0.041) —0.032(-0.043, -0.022)
ALT | 0.011(-0.012, 0.033) 0.004(-0.025, 0.033) | —0.032(-0.047, -0.017)
GLB | -0.020(-0.027, -0.013) | —0.020(~0.029, —0.011) | —0.006(~0.011, —0.002)
GGT | -0.023(-0.053, 0.007) | —0.108(-0.146, —0.070) | 0.018(—0.001, 0.038)
LDH | -0.011(-0.021, -0.001) | —0.010(=0.023, 0.003) | —0.007(-0.014, 0.001)
TBIL | —0.015(-0.039, 0.009) 0.007(-0.024, 0.038) | —0.047(-0.063, —0.031)
TP -0.009(-0.012, -0.006) | —0.003(-0.007, 0.001) | —0.003(-0.005, —0.001)
Model 2
ALB | 0.002(-0.001, 0.006) 0.007(0.002,0.012) —0.002(-0.004,0.001)

ALP

-0.027(-0.041, -0.013)

-0.003(-0.021, 0.014)

0.011(0.002,0.021)

AST

0.027(0.012, 0.042)

0.038(0.019,0.058)

—0.034(-0.045, —0.024)

(

(

(
ALT | 0.040(0.019, 0.061) 0.048(0.021,0.075) ~0.030(~0.045, -0.016)
GLB | -0.018(~0.025, -0.011) | —0.017(~0.026, —0.009) | —0.009(0.014, —0.005)
GGT | -0.001(-0.030,0.027) | —0.038(~0.075, —0.002) | 0.013(-——0.006,0.033)
LDH | -0.015(0.025, —0.005) | 0.002(=0.011,0.015) | —0.003(~0.010, 0.004)
TBIL | —0.010(-0.034,0.013) | 0.007(-0.023,0.038) | —0.037(~0.053, —0.021)
TP | —0.006(~0.009, —0.003) | —0.004(~0.007,0.001) | —0.005(~0.007, —0.003)

Table 2. The relationship between urinary perchlorate, nitrate, and thiocyanate corrected for urinary
creatinine and serum liver function indices (B, 95% CI). Model 1: Unadjusted GLM. Model 2: GLM
was adjusted for age, gender, education, race, BMI, family PIR, serum cotinine levels, drug use, drink,

hypertension, and diabetes.
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Fig. 1. The results of the RCS of urinary perchlorate in relation to serum liver function indices. The model
was adjusted for age, gender, education, race, BMI, family PIR, serum cotinine levels, drug use, drink,
hypertension, and diabetes.
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Fig. 2. The results of the RCS of urinary nitrate in relation to serum liver function indices. The model
was adjusted for age, gender, education, race, BMI, family PIR, serum cotinine levels, drug use, drink,

hypertension, and diabetes.
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Fig. 3. The results of the RCS of urinary thiocyanate in relation to serum liver function indices. The model
was adjusted for age, gender, education, race, BMI, family PIR, serum cotinine levels, drug use, drink,

hypertension, and diabetes.
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Fig. 4. The correlation results of the qgcomp of urinary perchlorate, nitrate and thiocyanate with serum liver
function indices. The model was adjusted for age, gender, education, race, BMI, family PIR, serum cotinine
levels, drug use, drink, hypertension, and diabetes.

Stratified analysis

Tables S2 and S3 demonstrate the results of the GLM grouped by gender and age after adjusting for relevant
confounders. Overall, the correlation between serum liver function indicators and perchlorate, nitrate, and
thiocyanate was enhanced in females and in participants aged < 60 years. Table S4 demonstrates the results of the
stratified analysis using serum cotinine levels as a grouping criterion. Participants with serum cotinine<0.011
ng/mL showed enhanced correlations with perchlorate and nitrate and weakened correlations with thiocyanate.
In contrast, participants with serum cotinine >0.011 ng/mL showed little change in the correlation of liver

function indices with these chemicals.

Discussion
This study investigated the association between urinary concentrations of perchlorate, nitrate, and thiocyanate,
and serum liver function indices in a representative sample of U.S. adults. After adjusting for confounding factors,
we found that perchlorate was positively correlated with AST and ALT, while negatively correlated with ALP,
GLB, LDH, and TP. Nitrate showed positive correlations with ALB, AST and ALT, and negative correlations with
GLB, and GGT. Thiocyanate was positively correlated with ALP, while negatively correlated with AST, ALT, GLB,
TBIL, and TP. We observed a nonlinear relationship between perchlorate and LDH, TBIL and TP, with U-shaped
curve. We also identified a potential linear relationship between perchlorate and both ALB and AST. Similarly,
we observed a potential linear relationship between nitrate and TP. An inverted U-shaped nonlinear relationship
was found between thiocyanate and ALB, ALT, and TBIL, while it was U-shaped with ALP. Additionally, mixed
exposure to perchlorate, nitrate, and thiocyanate was negatively correlated with GLB, TBIL, and TP.

The present study revealed the complex association of perchlorate, nitrate and thiocyanate with liver function
indices through three statistical models. The results suggest a complex and non-linear association between
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these environmental chemicals and liver function indices. The differences among the three statistical models
were mainly reflected in that the GLM established the direction of the underlying associations, the RCS model
identified significant nonlinear dose-response relationships, and the Qgcomp model quantified the synergistic
effects of mixed exposures. These findings provide evidence from multiple perspectives for the association of
environmental chemicals with liver function and also emphasize the need to consider both nonlinear dose
effects and synergistic effects of multiple pollutants in environmental health risk assessment.

As an endocrine disruptor, perchlorate primarily originates from dietary exposure?®. Previous studies have
revealed an association between perchlorate and metabolic function in humans. Perchlorate can impair thyroid
function, increase the risk of metabolic syndrome and diabetes, and reduce bone density in humans!%-26-28,
However, perchlorate has also been shown to benefit kidney function and is negatively associated with overweight
or obesity in children'®?. There are fewer studies on the effects of perchlorate on the liver. An animal study found
that perchlorate induced the development of non-alcoholic fatty liver disease in spiny dogfish, characterized by
hepatocellular hypertrophy and the formation of large lipid vacuoles that displaced the nucleus from the center
of the cell?!. Our results, after adjusting for confounders, showed that perchlorate was positively associated with
AST and ALT, while negatively associated with ALP, GLB, LDH, and TP. Additionally, perchlorate exhibited
a non-linear relationship with most liver function indices. This suggests that perchlorate’s effects on the liver
are complex. Our cross-sectional study highlights the population-level relationship between perchlorate and
liver function, offering insights for future research, although the underlying mechanisms warrant further
investigation.

Similarly, nitrates are primarily formed through dietary exposure. Nitrates are widely used as food additives.
Additionally, many green leafy vegetables are rich in nitrate precursors. These precursors are metabolized by the
body to produce nitrates. Some animal studies and clinical research have shown that nitrates may have beneficial
effects on human health. Incorporating moderate nitrates into the diet can help lower blood pressure, improve
endothelial function, enhance exercise capacity, and exert antidiabetic effects®*-3%. Urinary nitrates also showed
a negative correlation with obesity*. Chronic dietary nitrate is beneficial in improving the progression of
hepatic steatosis in mice®®. However, some studies have also found that urinary nitrates may have harmful health
effects, such as a positive correlation with eczema®. The results of this study indicated that nitrate was positively
correlated with ALB, AST and ALT, but negatively correlated with GLB, and GGT. Additionally, a potential linear
relationship between nitrate and TP was observed. However, further research is needed to better understand the
complex effects of nitrates on various health parameters and to clarify the underlying mechanisms.

Thiocyanates are commonly found in glycosidic cyanide-rich plants, such as cruciferous vegetables.
The effects of thiocyanates on the human body remain a subject of ongoing controversy. Some studies have
suggested that thiocyanates may trigger allergic inflammation. Urinary thiocyanate has also been linked to
the prevalence of cardiovascular diseases®. Thiocyanates have also been associated with an increased risk of
metabolic syndrome and arthritis in adults'®?. Higher levels of thiocyanate have also been associated with
improved kidney function'®. And high levels of thiocyanate have also been shown to improve long-term survival
in patients with acute myocardial infarction®”. In addition, thiocyanates have a protective effect on the respiratory
tract®®. It has been demonstrated that thiocyanate can be oxidized in the body, leading to the production of
significant amounts of cyanate®. Cyanate can disrupt hepatic lipid metabolism through oxidative stress,
potentially resulting in liver damage?’. An animal study showed that thiocyanate also affects the expression of
metallothionein in rats and the intrinsic distribution of essential elements in the liver, thereby affecting cellular
activity*!. The results of this study revealed that, after adjusting for confounders, thiocyanate was positively
correlated with ALP, but negatively correlated with AST, ALT, GLB, TBIL, and TP. Although all of these studies
suggest an effect of thiocyanate with the liver, more experimental studies are still needed to confirm it.

In the present study, exposure to a mixture of perchlorate, nitrate, and thiocyanate was found to be negatively
correlated with GLB, TBIL, and TP. Previous studies have shown a positive correlation between a mixture of
urinary perchlorate, nitrate and thiocyanate and non-alcoholic fatty liver disease (OR =1.06, 95%CI 1.02,1.11)%.
This suggests that the effects on the liver as a mixture are controversial However, no consistent beneficial or
detrimental effects were observed for the other indicators. In addition, this study stratified gender, age and serum
cotinine levels. The results showed a stronger correlation between environmental compounds and serum liver
function parameters in females and individuals aged < 60 years. This phenomenon may be related to differences
in factors such as gender differences, body composition, and lifestyle habits. For example, females may differ
from males in metabolism and detoxification, and the younger age group is usually more metabolically active
and therefore may respond more significantly to environmental compounds. In addition, the results of this study
showed that the correlation between liver function indicators and thiocyanate was attenuated in participating
subjects with serum cotinine concentrations<0.011 ng/mL. In this study, participants with serum cotinine
concentrations < 0.011 ng/mL were considered as non-smokers. The tobacco smoke contains cyanide, which can
be converted to thiocyanate in the body, leading to a possible increase in thiocyanate levels in the body as a result
of inhalation of tobacco smoke!?. Therefore, reducing tobacco exposure may help to reduce the accumulation of
thiocyanates and thus may mitigate their potential effects on liver function.

The present study aimed to investigate the correlation between urinary perchlorate, nitrate, and thiocyanate
levels and liver function indices using a national sample population. Various statistical methods were employed,
yielding meaningful results. However, there are some limitations to this study. Firstly, as a cross-sectional study,
it cannot establish causality. Secondly, being primarily a correlational study, its findings were not validated
through animal experiments or population-based cohort studies.

Conclusion
In conclusion, this study examined the correlation between urinary perchlorate, nitrate, and thiocyanate levels
and liver function markers in an adult population in the United States, revealing significant associations.
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Opverall, exposure to perchlorate, nitrate, and thiocyanate may have adverse effects on liver health. Therefore, it
is important to raise awareness and implement measures to mitigate the potential health risks associated with
exposure to these substances. In addition, since this study was a cross-sectional investigation, the ability to
confirm causality was weak, and therefore more cohort studies are needed to validate these correlations.

Materials and methods

Study population

The National Health and Nutrition Examination Survey (NHANES) is a continuous, periodic national cross-
sectional survey conducted by the U.S. National Center for Health Statistics. Its primary aim is to assess the
health and nutritional status of both adults and children in the United States. The survey is conducted annually
using a representative sample, and further details can be found on its official website. This study is based on a
cross-sectional analysis, utilizing data from three NHANES survey cycles: 2013-2014, 2015-2016, and 2017-
2018. A total of 24,835 individuals participated in the survey from 2013 to 2018. After excluding perchlorate,
nitrate, thiocyanate, liver function indicators, covariates, and missing information on key questionnaires, as well
as participants with liver disease, 3366 adults (age ranged from 20 to 80 years) were still available for analysis
in this study. Figure 5 shows the inclusion exclusion process of specific study subjects. The study protocol was
approved by the National Center for Health Statistics (NCHS) Research Ethics Review Board.

Determination of perchlorate, nitrate and thiocyanate

Perchlorate, nitrate, and thiocyanate, which were used as independent variables in this study, were measured in
the urine of participating subjects. The experimental measurement data can be accessed on the NCHS website
(https://wwwn.cdc.gov/nchs/nhanes/default.aspx). Detailed information on the experimental assays can be
found on the NHANES laboratory protocol page. In brief, ion chromatography-electrospray tandem mass
spectrometry (IC-ESI-MS/MS) was employed to quantify nitrate, perchlorate, and thiocyanate in human urine.
This method used an IonPac AS 16 column with sodium hydroxide as the eluent for chromatographic separation.
The eluent was ionized via an electrospray interface to generate negative ions, which were then transferred to a
mass spectrometer. The concentration of each analyte was determined by comparing the relative response of the
analyte to a stable isotope-labeled internal standard, using the concentration of a known standard for calibration.
The detection rates for nitrate, perchlorate, and thiocyanate in the study were all above 99%. For values below
the detection limits, a substitution method was applied by dividing the detection value by the square root of 2.

Liver function indicators

In this study, indicators closely related to liver function were selected as observational variables from the
biochemical indicators database. The data for these indicators can be accessed on the NCHS website (https:/
/wwwn.cdc.gov/nchs/nhanes/default.aspx). The primary indicators included alanine aminotransferase (ALT),
albumin (ALB), alkaline phosphatase (ALP), aspartate aminotransferase (AST), globulin (GLB), gamma-
glutamyl transferase (GGT), lactate dehydrogenase (LDH), total bilirubin (TBIL), and total protein (TP). ALT
and AST are commonly associated with liver injury, while ALP, GGT, and TBIL are typically linked to biliary
obstruction. Additionally, ALB, GLB, and TP are closely related to the liver’s synthetic function. Detailed
laboratory procedures for measuring these biochemical parameters can be found on the NHANES website. The
quality control and quality assurance protocols of the specimen testing laboratories at NHANES strictly follow
the requirements of the Clinical Laboratory Improvement Act of 1988, thus ensuring consistent results for liver
function indicators. Values below the detection limit were replaced by dividing the test value by V2.

Covariates

The covariates for this study were selected based on prior literature. We identified potential confounders and
effect modifiers. The main covariates included age, gender (male, female), education level (less than high school,
high school, college and above), race (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic
black, and other races), body mass index (BMI), family poverty-income ratio (PIR), serum cotinine (continuous
variable), drug use, drink, hypertension, and diabetes.

Specifically, we obtained demographic information (age, gender, education level, ethnicity, and PIR) about
participants from demographic data in NHANES. This information was collected in participants’ homes by
trained professionals using a computer-assisted personal interview (CAPI) system. Participants BMI was
calculated by dividing weight (kg) by the square of height (m). Data were derived from physical examination
data. We classified BMI as normal weight (<25.0 kg/m?), overweight (25.0-29.90 kg/m?), and obese (>30.0 kg/
m?) according to World Health Organization criteria. PIR was divided into three groups (< 1.31, 1.31 to 3.50,
and >3.50). We obtained relevant lifestyle habits and health status of the participants through laboratory data
and self-reported questionnaire data. We used serum cotinine to assess participants’ environmental tobacco
smoke exposure. Serum cotinine was measured by isotope dilution high performance liquid chromatography/
atmospheric pressure chemical ionization tandem mass spectrometry (ID HPLC-APCI MS/MS).
Participants with serum cotinine concentrations<0.011 ng/mL were considered nonsmokers, and those with
concentrations>0.011 ng/mL were considered smokers (both active smokers and those exposed to secondhand
smoke). Considering the role of drugs in affecting the liver, we used participants’ drug use in the past month as a
covariate. The specific question was prescription medication taken in the past month. Participants who answered
yes were considered to have a history of medication suitability, and those who answered no were considered to
have no history of medication suitability. We categorized the participants as exposed or not to alcohol according
to the questionnaire question “Ever have 4/5 or more drinks every day”.We included diabetes as a covariate.
The specific question was “Ever told you have prediabetes” This categorized the participants into yes, no, and
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Participants of NHANES 2013-2018
(n=24835)

Exclusion of participants without: perchlorate,
thiocyanate, nitrate information
(n=16439)

Exclusion of participants without:Serum liver
function indices information
(n=2406)

Exclusion of participants with liver disease and
hepatitis
(n=226)

n=5764

Exclusion of participants with unknown drug use
and missing creatinine data
(n=7)

Exclusion of participants without covariate
information.
(n=1565)

=4192

Exclusion of participants with unknown history of
diabetes, hypertension and alcohol consumption
(n=826)

n=3366

Fig. 5. The specific selection process for inclusion in the study.

borderline. We also included hypertension as a covariate. The specific question on the questionnaire was “Ever
told you had high blood pressure” which categorized the participants as having or not having hypertension.

Statistical analyses

Descriptive analysis of general characteristics

For baseline characteristics of survey participants, we used meanzstandard deviation (SD) to describe
continuous variables that were normally or nearly normally distributed. We used frequencies or percentages
to describe categorical variable data. Quartiles (P,, P, , P..) were used to describe detected concentrations of
perchlorate, nitrate, thiocyanate, and serum liver function indicators. Next, we used spearman rank correlation
analysis to analyze the correlation between perchlorate, nitrate, and thiocyanate.

Association of urinary perchlorate, nitrate and thiocyanate with serum liver function indices

We adjusted the urinary perchlorate, nitrate, and thiocyanate concentrations according to the urinary creatinine
levels, taking into account the dilution effect of urine. To enhance the normality of the data, we treated the
corrected levels of perchlorate, nitrate, thiocyanate and each serum liver function index with natural logarithm

(In).
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Firstly, a GLM was constructed to investigate the association between urinary perchlorate, nitrate, thiocyanate
and the levels of each serum liver function indicator. The adjusted model included all covariates, mainly age,
gender, race, education, BMI, PIR, serum cotinine levels, drug use, and physical activity. Effects are expressed as
the model B-values and their corresponding 95% Cls.

Secondly, we used RCS regression model to investigate the dose-response and nonlinear relationships between
urinary perchlorate, nitrate, and thiocyanate and serum liver function indices. The three nodes of the RCS for
perchlorate, nitrate, and thiocyanate were located at the 25th, 50th, and 75th percentiles of their concentration
distributions. The reference value was set to the 50th percentile. All covariates were likewise incorporated in the
model.

Finally, we used Qgcomp regression model to explore the overall effect of urinary perchlorate, nitrate,
and thiocyanate as a mixture on the levels of each liver function indicator and the relative importance of the
individual components of the mixture. Qgcomp estimates the overall mixture effect by integrating its estimation
procedure with g-calculation. The model allows direct assessment of the effects of different independent variables
on the response variable. Because he avoids making claims about the combined effects before testing. The model
allows estimating the combined effects of the mixture and elucidating the positive or negative weights of each
component?2. In this study, the number of bootstrap iterations in the Qgcomp model was set to 10,000 and the
parameter q was set to 4. All covariates were likewise incorporated in the model.

In addition, in order to investigate potential interactions between serum liver function markers and urinary
perchlorate, nitrate, and thiocyanate, the present study utilized the GLM to stratify analyses by gender and age.
All covariates were likewise incorporated in the model.

Data availability
The datasets were available from NHANES 2013-2014, 2015-2016 and 2017-2018 (https://wwwn.cdc.gov/nchs
/nhanes/default.aspx).
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