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Abstract

Evidence from previous studies has shown that exposure to cadmium (Cd) is associated with cardiovascular disease, kidney
disease, and osteoporosis, but the effects of Cd on liver toxicity in adolescents are unclear. The data of 4411 adolescents who
participated in the US The National Health and Nutrition Examination Survey (NHANES) during 1999-2016 was analyzed.
Liver function was indicated by the levels of alanine aminotransferase (ALT) and aspartate amino transferase (AST). The
associations between the levels of urinary Cd and liver function were evaluated using multivariate logistic regression mod-
els adjusted for covariates. The results showed that the odds ratios of ALT and AST in the highest quartiles of urinary Cd
were 1.40 (95% confidence interval [CI], 1.07-1.82) and 1.64 (95% CI, 1.10-2.44), respectively, compared with the lowest
quartiles, which were similar to using urinary creatinine as the covariate. We also found linear regression of associations of
urinary Cd with elevated ALT and AST levels in boys. In addition, one augmented urinary Cd concentration unit (Log,)
was associated with a 0.04-mg/dL increase in C-reactive protein and a 0.53-mg/dL decrease in HDL cholesterol in the fully
adjusted model. Our results add novel evidence that exposure to Cd might be positively associated with indicators of liver
injury, indicating the potential toxic effect of Cd exposure on the adolescent liver. Further confirmatory studies are needed.
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Introduction

Over the past decades, the prevalence of liver disease in
adolescents has increased, placing a great burden on the
health care system. It is necessary to better understand the
risk factors for liver function to provide information for dis-
ease control and prevention in the future (Williams et al.
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alanine aminotransferase (ALT) activity to fatty liver and
steatohepatitis, which can progress to more serious manifes-
tations such as cirrhosis and hepatocellular carcinoma (Lazo
et al. 2013; Liu et al. 2014; Rinella 2015). Alcoholic liver
disease and viral hepatitis, mainly caused by hepatitis B and
C, are also common liver diseases among adolescents. Early-
stage liver disease is frequently asymptomatic, and there is a
need to identify modifiable risk factors that can be targeted
for primary prevention (Hadzic et al. 2017). Some of the
more commonly observed risk factors for liver injury include
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genetic factors, unhealthy lifestyles, viral hepatitis infection,
hepatic cancer, and metabolic disorders. In addition, accu-
mulating evidence suggests that environmental pollution and
chemicals may also contribute to abnormal liver function
(Weng et al. 2020; Zhao et al. 2020). Gallo observed that
two kinds of serum perfluoroalkyl acid concentrations were
positively correlated with serum ALT levels (Gallo et al.
2012). Yu et al. found that exposure to phthalates might be
adversely associated with markers of liver injury (Yu et al.
2021). However, to date, there are few studies on the rela-
tionship between cadmium (Cd) exposure and liver function
in adolescents.

Cd is a widespread industrial and environmental pollutant
that mainly comes from various human production activities,
such as mining, smelting, fuel burning, waste incineration,
and metal recovery (Li et al. 2018; Sall et al. 2020; Wu
et al. 2019). Due to extremely high soil-plant transfer rates,
the population was exposed to Cd mainly through contami-
nated food, water, and cigarette smoke (Dennis et al. 2021;
Li et al. 2019; Zhao et al. 2016). Because of its stability and
permeation, Cd is not rapidly eliminated from the human
body, which makes it easy to accumulate in the body and
causes harmful health consequences (Wu et al. 2019). In
this sense, evidence from epidemiological studies has dem-
onstrated that environmental exposure to Cd, even at low
levels, results in the development of cardiovascular disease
(Xu et al. 2021b), kidney disease (Hagedoorn et al. 2020),
and osteoporosis (Ma et al. 2021). In addition, exposure to
Cd inhibits liver detoxification enzymes and leads to liver
dysfunction, as the liver plays a crucial role in the detoxifica-
tion of pollutants, including Cd (Xiong et al. 2020). Studies
have shown that Cd is hepatotoxic to mice, zebrafish, and
hens (Gao et al. 2018; Wang et al. 2017; Zhu et al. 2020).
However, whether human exposure to Cd could induce liver
function disorder remains unclear. Given that exposure lev-
els and pharmacokinetics in humans differ from those in
animals, epidemiological studies are needed to assess the
relationship between cadmium exposure and human liver
function.

In this study, we analyzed the association between Cd and
liver function in adolescents using NHANES data. Based
on these results, urine Cd concentration is considered to be
an indicator of long-term exposure to Cd (Li et al. 2021a).
We used urinary Cd as an indicator of Cd exposure in vivo.
The relationships between urinary Cd and indicators of liver
function, including ALT and AST, were analyzed by logistic
regression. In addition, a sex-stratified analysis was con-
ducted to explore whether the association between urinary
Cd and ALT and AST was different in boys and girls. Fur-
thermore, we investigated whether there were differences
in urinary Cd and lipid parameters and CRP and explained
the mechanism of elevated urinary Cd and ALT and AST
at the epidemiological level. Our study suggests that one

of the causes of abnormal liver function may be increased
cadmium. The results of our current cross-sectional study
can reveal the association between the increase in cadmium
and the increase in liver enzymes, which provides a basis
for subsequent cohort studies and possible randomized con-
trolled studies.

Methods
Study population

Our study sample included adolescents aged 13 to 19 years
old who participated in the 1999-2016 National Health and
Nutrition Examination Survey (NHANES). NHANES was
a population-based cross-sectional survey conducted by the
CDC’s National Center for Health Statistics. The survey con-
tains data on the diet, nutritional status, health, and health
behaviors of noninstitutionalized US civilians (Ahluwalia
et al. 2016). The NCHS Institutional Review Board approved
the NHANES Agreement and obtained a signed informed
consent form. We excluded those who did not test for urinary
Cd, those who did not test for liver function (ALT), and
those who were pregnant. After further excluding partici-
pants with missing covariate data listed in Table 1, a total
of 3958 adolescents were eligible for urinary Cd analysis.

Detection method of Cd

Urine samples were collected and then subpacked, stored,
and transported to multiple laboratories for analysis, which
was performed in accordance with the operation manual:
https://www.cdc.gov/nchs/data/nhanes/2017-2018/manuals/
2017_MEC_Laboratory_Procedures_Manual.pdf. During
the NHANES survey period from 1999 to 2000, the detec-
tion limit of urinary Cd was 0.01 pg/L and the LOD was
0.042 pg/L from 2001 to 2004. From 2005 to 2010, the LOD
was 0.030 pg/L; the LOD was 0.056 pg/L in 2011-2012
and 0.036 pg/L in 2013-2014. For study participants whose
urine Cd concentration was less than the detection limit, the
results were replaced by a value equal to the square root of
the detection limit divided by 2. The file data (CDC official
website, https://www.cdc.gov/nchs/data/nhanes/1999-2000/
labmethods/lab06_met_lead_and_Cd.pdf, etc.) were used by
adjusting the urine creatinine to illustrate urine diluted at
present.

Blood biochemical analysis
Serum alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) levels were detected by a Beckman-

Coulter DXH800 instrument. According to the NASPGHAN
guidelines (Goldner &Lavine 2020), ALT levels >26 U/L in
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Table 1 Demographic and clinical characteristics of the study population from NHANES 1999 to 2016

Cadmium/creatinine (mg/g) Q1<0.005 Q2 0.005-0.008 Q3 0.008-0.012 Q4>0.012 P value
N 1103 1103 1103 1102

Age (years) 153+2.2 154+22 155423 157+24 0.002
Gender n (%) <0.001
Boys 657 (28.3%) 626 (27.0%) 588 (25.4%) 447 (19.3%)

Girls 446 (21.3%) 477 (22.8%) 515 (24.6%) 655 (31.3%)

Race, n (%) <0.001
Mexican American 284 (21.3%) 307 (23.1%) 338 (25.4%) 402 (30.2%)

Other Hispanic 97 (31.6%) 81 (26.4%) 55 (17.9%) 74 24.1%)

Non-Hispanic White 370 (32.3%) 300 (26.2%) 279 (24.4%) 197 (17.2%)

Non-Hispanic Black 280 (21.8%) 341 (26.5%) 340 (26.4%) 326 (25.3%)

Other race — including multi-racial 72 (21.2%) 74 (21.8%) 91 (26.8%) 103 (30.3%)

Serum cotinine category, n (%) 0.002
<LOD 249 (31.1%) 197 (24.6%) 188 (23.4%) 168 (21.0%)

LOD-10 739 (24.1%) 770 (25.1%) 776 (25.3%) 786 (25.6%)

>10 114 (21.8%) 132 (25.3%) 134 (25.7%) 142 (27.2%)

Missing 1(6.3%) 4 (25.0%) 5(31.3%) 6 (37.5%)

BMI (kg/m?) 24.8+6.4 24.3+6.1 23.7+5.9 23.5+5.8 <0.001
PIR category, n (%) <0.001
<1 290 (22.3%) 305 (23.4%) 338 (26.0%) 369 (28.3%)

>=1 742 (26.8%) 709 (25.6%) 679 (24.6%) 636 (23.0%)

Missing 71 (20.7%) 89 (26.0%) 86 (25.1%) 97 (28.3%)

Physical activity, n (%) <0.001
Never 429 (28.9%) 380 (25.6%) 317 (21.3%) 361 (24.3%)

Moderate 238 (26.9%) 209 (23.6%) 217 (24.5%) 221 (24.9%)

Vigorous 412 (21.2%) 491 (25.2%) 542 (27.9%) 500 (25.7%)

Missing 24 (25.5%) 23 (24.5%) 27 (28.7%) 20 (21.3%)

ALT levels 20.2+16.7 19.6£12.7 19.5+14.8 19.3+13.3 0.161
ALT category, n (%) 0.543
Elevated 168 (25.8%) 169 (26.0%) 148 (22.7%) 166 (25.5%)

AST levels 24.0+9.7 242+10.2 243+11.6 23.7+9.3 0.221
AST category, n (%) 0.920
Elevated 55 (24.6%) 53 (23.7%) 56 (25.0%) 60 (26.8%)

The continuous variables are presented as mean and standard deviation

Q, quartile; LOD, limit of detection; BMI, body mass index; PIR, income-to-poverty ratio; ALT, alamine aminotransferase; AST, aspartate

transaminase

male adolescents and >22 U/L in female adolescents were
defined as elevated ALT. The AST detection lines were 37
U/L. If the value was greater than or equal to this value, the
level increased.

Other covariables

Many covariates were assessed as potential confound-
ers, including age, sex, race/ethnicity, physical activity,
alcohol consumption, smoking, and poverty income ratio
(PIR). Racial/ethnic categories were “Mexican American,”
“Other Hispanic,” “Non-Hispanic white,” “Non-Hispanic
Black,” and “Other race.” Physical activity was classified as
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never, occasionally, and often. We used the income poverty
ratio to infer poverty status; if the ratio was < 1, individu-
als were classified as below the poverty level according to
a previous study (Noor et al. 2018). In modeling urinary
Cd, urinary creatinine (Cr) concentration (mg/dL) was
further considered a confounding factor (Kim et al. 2018).
Serum cotinine concentration and BMI were considered
potential confounding factors in the sensitivity analysis.
Due to active and passive smoking exposures, while the
questionnaire only reflects active smoking, serum cotinine
was used to reflect the subjects’ smoking exposure. Partici-
pants were assessed for exposure to environmental tobacco
smoke (ETS) by measuring serum cotinine, a metabolite of
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nicotine. The unexposed group was defined as having serum
cotinine below the detection limit; the low-exposure group
was whose serum cotinine level was between the detection
limit and 10 ng/mL; and the high-exposure group was whose
cotinine level was above 10 ng/mL. BMI was calculated by
dividing the measured weight (kg) by the measured height
squared (m?). In addition, we selected factors related to liver
function, such as physical activity (Ahluwalia et al. 2016),
drinking (Le Dare et al. 2019), smoking (Wannamethee
&Shaper 2010), family income (Hu et al. 2020), and BMI
(Li et al. 2020), as covariates, and they were adjusted in
statistical analysis to reduce the impact of these factors on
the results.

Statistical analysis

The values are expressed as the mean (+ standard devia-
tion) or number (percentage) for continuous variables and
categorical variables, respectively. The Mann—Whitney U
test was used to test continuous data by group, and the com-
parison of categorical variables was performed by the chi-
square test or Fisher’s exact test. We also investigated the
association of urinary Cd with ALT and AST levels by sex.
Multivariate logistic regression models were used to calcu-
late odds ratios (ORs) and corresponding 95% confidence
intervals (CIs) to determine the liver function parameters
associated with urinary Cd according to quartiles, and the
lowest quartile was regarded as the reference group. SAS
software, version 9.2, was used for all of the statistical anal-
yses. A value of P<0.05 (two-sided) indicates statistical
significance.

Results
Characteristics of the participants
Of all of the adolescents assessed, 52.55% were boys and

47.45% were girls. The sample included 30.17% Mexican
Americans, 6.96% other Mexicans, 25.98% non-Hispanic

whites, 29.17% non-Hispanic blacks, and 7.7% other races
(n=4411). Table 1 shows the basic characteristics of the
study population. Subjects with high total urine Cd levels
were more likely to be females and non-Mexican blacks,
as were those with low family PIR and vigorous exercise
(both trends P<0.001). The mean ALT concentrations for
all subjects were 20.2+16.7, 19.6+12.7, 19.5+14.8, and
19.3 +13.3. The mean AST concentrations were 24.0+9.7,
24.2+10.2,24.3+11.6, and 23.7+9.3.

Relationship between urinary Cd level and ALT
and AST

Table 2 shows that ALT and AST levels are affected by age,
race, and sex. After adjustment for all covariables, urine
Cd concentration was positively correlated with ATL (OR
for Q4 v. Q1:1.40, 95% CI 1.07, 1.82, P for trend =0.002)
and AST (OR for Q4 v. Q1:1.64, 95% CI 1.10, 2.44, P for
trend =0.002). For the purpose of rigor, urinary creatinine
was used as a covariable, and the results are shown in Sup-
plementary Table S1. The correlations of urinary Cd con-
centration with ATL (OR for Q4 vs. Q1: 1.60, 95% CI 1.14,
2.23, P=0.001) and AST (OR for Q3 vs. Q1: 1.60, 95% CI
1.03,2.51, P for trend=0.001, OR for Q4 vs. Q1: 1.99, 95%
C1 1.20, 3.32, P for trend =0.001) were positive, similar to
the results with urinary creatinine as the denominator, sug-
gesting that our results are reliable.

Association between urinary Cd levels and ALT AST
continuity variables

Since sex has an effect on ALT AST (Bussler et al. 2018),
we analyzed Cd and continuous ALT AST for stratification
at the same time. The results are shown in Table 3. We found
that Cd and ALT and AST were positively correlated in the
total population and in boys. In boys, Cd and ALT and AST
results were f for 1.45 (95% CI 0.51, 2.40, P=0.003) and
B for 1.06 (95% CI 0.37, 1.75, P=0.003, respectively). For
girls, p was 0.57 (95% CI 0.18, 1.32, P=0.134) and  was
0.32 (95% CI 0.22, 0.87, P=0.249). At the same time, we

Table 2 Multivariable

. R Q1 Q2 Q3 Q4 P for trend
associlations Of urlnary
cadmium with elevated ALT ALT
and AST levels in adolescents Model I Ref 100(0.79,127) 087068, 1.11)  0.98(0.77,125)  0.840
from 1999 t0 2016 ode eference . 79, 1. . .68, 1. . 77, 1. )
Model 2 Reference  1.14(0.89, 147)  1.09(0.84,142)  1.40(1.07,1.82)  0.002
AST
Model | Reference  0.97 (0.66, 1.44)  1.08(0.73,1.56) 134 (091,197  0.031
Model2  Reference  1.05(0.70,1.55)  122(0.82,1.81) 164 (110,2.44)  0.002

Model 1: adjusted for age, race, and gender. Model 2: model 1 plus physical activity, BMI, PIR category,

and serum cotinine category

Q, quartile; BMI, body mass index; ALT, alamine aminotransferase; AST, aspartate transaminase
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Table 3 Linear regression of associations of urinary cadmium with
elevated ALT and AST levels in adolescents from 1999 to 2016

Model 1 Model 2
Beta (95% CI) P value Beta (95% CI) P value
ALT Total —-0.35(-0.97, 0.269  0.85(0.25, 1.46) 0.006
0.27)
Boys 0.26 (-0.72, 0.606  1.45(0.51,2.40) 0.003
1.23)
Girls 0.31 (=045, 0418 0.57 (-0.18, 0.134
1.07) 1.32)
AST Total 0.05 (—0.40, 0.829  0.68 (0.24,1.12) 0.003
0.49)
Boys 0.78 (0.10, 1.47) 0.025 1.06 (0.37,1.75) 0.003
Girls 0.36 (—0.18, 0.189  0.32(-0.22,0.87) 0.249

0.90)

Model 1: adjusted for age and race. Model 2: model 1 plus physical
activity, BMI, PIR category, and serum cotinine category

ClI, confidence interval; ALT, alamine aminotransferase; AST, aspar-
tate transaminase

present scatter plot results of ALT and AST fitting and Cd
fitting for boys (Fig. 1). Previous reports have suggested
that Cd may have a nonlinear dose—response relationship
(Sun et al. 2019). Our results suggest that Cd does not
have a nonlinear relationship with ALT (Supplementary
Fig. S1, P-nonlinearity =0.155, and P-overall =0.0005) or
AST (Supplementary Fig. S2, P-nonlinearity =0.559, and
P-overall =0.0009) in boys.

Association of heavy metal Cd with blood lipids
and inflammatory indicators

Next, we discussed the associations of Cd with blood lipids
and inflammatory indicators. Table 4 shows that after adjust-
ing for all covariates, Cd was found to be associated with
increased blood C-reactive protein (0.04 mg/dL, P=0.006)
and decreased HDL cholesterol (—0.53 mg/dL, P=0.035).
There were no significant changes in triglycerides, LDL cho-
lesterol, or total cholesterol.

Discussion

The present study found that the heavy metal Cd is associ-
ated with the risk of liver damage, and long-term Cd expo-
sure (as assessed by urinary Cd levels) increases the risk of
elevated serum ALT and AST concentrations in adolescents.
In addition, Cd can increase CRP levels and decrease HDL
cholesterol levels, which could be the molecular mechanism
by which Cd causes elevated ALT and AST levels.

Our results showed that the increase in urinary Cd
concentrations in the total population of adolescents was

@ Springer

positively correlated with the increases in ALT and AST.
Previous exposure studies in Koreans showed that Cd expo-
sure was positively correlated with ALT and AST levels
(Park et al. 2021) and urinary Cd was positively correlated
with high serum AST and ALT concentrations (Kim et al.
2021). Additionally, no nonlinear associations of Cd with
AST and ALT were found, similar to our results. However,
these previous results were based on studies of adults and
did not account for gender differences in the study’s con-
tinuum variables. In addition, the sample selection of this
study was from 1999 to 2016, which is a longer span, so
more accurate conclusions can be obtained.

The cross-sectional design of this study made it impos-
sible to determine the causal relationships of urinary Cd
concentration with elevated ALT and AST. We cannot
explain the elevation of ALT and AST caused by urinary
Cd concentration. It is also possible that people with high
ALT and AST are more likely to have Cd accumulation.
Table 4 shows the relationship between Cd and blood lipids
and inflammatory indices. With increasing Cd concentra-
tions, CRP increased and HDL decreased, while triglyceride,
LDL, and total cholesterol did not change significantly. HDL
is known to be a class of lipids related to anti-inflammatory
and antioxidant activities.

Evidence from epidemiological studies demonstrated that
the downregulation of HDL cholesterol might play a signifi-
cant role in mediating Cd exposure-associated cardiovascu-
lar disease risk increases (Xu et al. 2021b). Correspondingly,
a 3-month treatment of rats with 2.0 mg/l CdCI2 in drinking
water resulted in a significant reduction in serum HDL cho-
lesterol (Samarghandian et al. 2015). Additionally, findings
from Ferguson et al. suggested that intraperitoneal injection
of 1 mg/kg body weight CdCl, for 21 days also resulted
in a significant 29% reduction in HDL-C levels compared
to the control values (Mantur et al. 2014), which supports
our study findings. In some previous animal studies, Cd
exposure was found to increase ALT and AST levels. Ado-
lescent mice were given a standard diet supplemented with
5 mg/kg bw CdCl, in normal saline by intragastric admin-
istration, resulting in elevated serum ALT and AST levels,
accompanied by the activation of inflammatory factors (Li
et al. 2021b). Moreover, in carp exposed to at least 100 pg
L/1 Cd for 30 days, ALT and AST levels increased and the
activity of AChE in plasma decreased, while oxidative stress
directly inhibited the activity of AChE (Banaee et al. 2019).
The decrease in antioxidant enzymes can increase oxidative
stress, which leads to an increase in liver injury (Salama
et al. 2019). The above evidence indicates that Cd can cause
hepatotoxicity, which is manifested as elevated ALT and
AST concentrations. The mechanism might be related to
the inflammatory response and the decrease in HDL-C.

Our results showed that Cd-induced increases in ALT
and AST were statistically significant and positively
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cadmium/urine creatinine (Log10— transform)
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correlated in boys. However, there was no significant dif-
ference between girls, suggesting that Cd-induced liver
damage might differ by sex. Previous epidemiological
studies have found that men exposed to Cd are more likely
to develop thyroid hormone abnormalities (Chung et al.
2019) and autism spectrum disorders (Dickerson et al.
2017). The results of this study suggested that men might
be more susceptible to Cd toxicity. One possible explana-
tion is that men exposed to Cd show more overall hyper-
methylation, while women show hypomethylation (Young
&Cai 2020). Exposure to Cd induced malignant transfor-
mation associated with global DNA hypermethylation

-8 -6 -4 -2

cadmium/urine creatinine (Log10— transform)

(Arita &Costa 2009). Another study also showed that
cadmium exposure can increase Klotho methylation lev-
els, affecting the ability of the liver to synthesize proteins
(Yu et al. 2020). Another reason could be differences in
gene expression; many genes are upregulated in males
and downregulated in females, and misfolded proteins
increase reactive oxygen species production (Ba et al.
2017). In addition, genes responsible for Cd metabolism
could be mostly downregulated in males, allowing Cd to
accumulate in the body (Kadiene et al. 2020). In vivo, an
environmental dose of cadmium at the early stages of life
caused gut microbiota alterations, accelerated hepatic lipid
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Table 4 Multivariate analysis Model 1 Model 2

of the association of urinary

cadmium levels and mean Mean change (95% CI) P Mean change (95% CI) P

changes (95% CI) in blood
lipids with inflammation

Inflammation parameters (mg/dL)

parameters in adolescents C-reactive protein 0.02 (=0.01, 0.05) 0.103 0.04 (0.01, 0.07) 0.006
Blood lipids (mg/dL)
Triglyceride —3.79 (—8.55, 0.98) 0.119 —1.37 (- 6.06, 3.32) 0.567
LDL-cholesterol 0.91 (-0.86, 2.69) 0.313 1.52 (- 0.26, 3.30) 0.095
HDL-cholesterol 0.20 (-0.33,0.72) 0.460 —0.53 (—1.03,-0.04) 0.035
Total cholesterol —0.33 (—1.65, 0.98) 0.619 0.20 (- 1.13, 1.53) 0.763

Model 1: adjusted for age, race, and gender. Model 2: model 1 plus physical activity, BMI, PIR category,

and serum cotinine category

ClI, confidence interval

metabolism, and resulted in life-long metabolic conse-
quences in a sex-dependent manner (Ba et al. 2017). More-
over, Cd has also been reported to interact with sex hor-
mones (Nagata et al. 2005). These findings may partially
explain the sex differences in the associations between
urinary cadmium and liver function in adolescents.

Our study has some advantages. First, it is the first to
focus on the potential effects of Cd on liver function in
adolescents. Second, we included a wide range of liver
parameters and adjusted for factors that might influence Cd
exposure or liver parameters in adolescents. Third, from the
perspective of epidemiology, the relationships among uri-
nary Cd concentration, inflammatory markers, and blood
lipids in the human body were discussed, which could pro-
vide a possible molecular mechanism explaining the phe-
nomenon of elevated ALT and AST induced by Cd.

There are also some limitations to this study. First, the
cross-sectional design could not determine the causal rela-
tionship between urinary Cd concentrations and elevated
ALT and AST. However, the results from animal experi-
ments support the hypothesis that elevated Cd concentra-
tions increase ALT and AST levels. Second, compared with
the clinical diagnosis of nonalcoholic fatty liver disease
and other diseases, the clinical significance of elevated
ALT is not very clear and it is also affected by other fac-
tors. Although some covariates were adjusted, there were
still some unknowns that were not considered. Third, we
were unable to assess the effect of coexposure to environ-
mental toxicants on liver damage. In a previous study, Cd
and lead had both synergistic and antagonistic effects on
rat livers (Andjelkovic et al. 2019). Other covariates were
not adjusted, such as genetic factors. Genetic factors have
a great impact on liver function (Middelberg et al. 2007).
Future research needs to consider the interaction between
environmental factors and genetic factors. Fourth, mixed
chemical exposure also needs to be considered. A variety
of chemicals, such as polycyclic aromatic hydrocarbons,
are reported to be associated with liver function (Xu et al.
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2021a). The combined effects of a variety of chemicals need
to be considered in future research.

In summary, in this study, based on NHANES data, we
found that increasing levels of urinary Cd were positively
associated with elevated ALT and AST after adjustment for
various covariates. We also performed linear regression of
associations of urinary cadmium with elevated ALT and
AST levels in boys. The increased CRP level and decreased
HDL cholesterol level could be the intermediate pathways
for ALT and AST increases caused by Cd. An important
consideration, however, is that the sample in this study was
from the USA, where concentrations of Cd are lower than
in developing countries, such as China (Sun et al. 2016),
suggesting that even comparatively low concentrations of
Cd might affect liver function in adolescents. Further stud-
ies, such as longitudinal studies, are needed to confirm the
exact relationship between Cd and liver function and the
underlying mechanisms.
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