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Objectives: Cadmium is widely used, leading to extensive environmental and occupational exposure. Unlike other organs, for which
the harmful and carcinogenic effects of cadmium have been established, the hepatotoxicity of cadmium remains unclear. Some stud-
ies detected correlations between cadmium exposure and hepatotoxicity, but others concluded that they were not associated. Thus,
we investigated the relationship between cadmium and liver damage in the general population.

Methods: In total, 11 838 adult participants from National Health and Nutrition Examination Survey 1999-2015 were included. Urinary
cadmium levels and the following liver function parameters were measured: alanine aminotransferase (ALT), aspartate aminotransfer-
ase (AST), gamma glutamyl transferase (GGT), total bilirubin (TB), and alkaline phosphatase (ALP). Linear and logistic regression anal-
yses were performed to assess the associations between urinary cadmium concentrations and each liver function parameter after ad-
justing for age, sex, race/ethnicity, annual family income, smoking status, alcohol consumption status, physical activity, and body
mass index.

Results: The covariate-adjusted results of the linear regression analyses showed significant positive relationships between log-trans-
formed urinary cadmium levels and each log-transformed liver function parameter, where beta+ standard error of ALT, AST, GGT, TB,
and ALP were 0.049£0.008 (p<0.001), 0.030£0.006 (p<0.001), 0.093£0.011 (p<0.001), 0.034£0.009 (p<0.001), and 0.040 £0.005
(p<0.001), respectively. Logistic regression also revealed statistically significant results. The odds ratios (95% confidence intervals) of
elevated ALT, AST, GGT, TB, and ALP per unit increase in log-transformed urinary cadmium concentration were 1.360 (1.210 to 1.528),
1.307 (1.149 to 1.486), 1.520 (1.357 to 1.704), 1.201 (1.003 to 1.438), and 1.568 (1.277 to 1.926), respectively.

Conclusions: Chronic exposure to cadmium showed positive associations with liver damage.
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can also occur through smoking cigarettes and consuming
contaminated water or food [2]. Cadmium is absorbed into the
human body predominantly via the respiratory tract and sec-
ondarily via the gastrointestinal tract [2,3]. Urinary excretion
accounts for most of the elimination of cadmium, although
some of it may also be excreted through stool, saliva, and milk
[1-3]. However, as the excretion rate of cadmium is low, its bio-
logical half-life is extremely long (approximately 20-30 years
in humans) [4]. The long half-life of cadmium can maximize its
damage to target organs, such as the kidney and liver [4]. The
effect of cadmium on the kidney is well documented; howev-
er, relatively few studies have focused on the liver.

The majority of published studies on the association between
cadmium and the liver have been animal experiments [5-7].
The published human studies regarding liver damage [8,9]
mostly analyzed levels of gamma glutamyl transferase (GGT)
and alkaline phosphatase (ALP). However, these are supple-
mental biomarkers in assessing liver damage; in fact, alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
have a higher diagnostic value in investigating liver injuries
[10,11]. Some studies have reported no association between
cadmium and aminotransferase levels [12-14], while others
have confirmed associations in a specific population, but not
the general population [15,16]. A few studies have reported
relationships with serum cadmium; however, this parameter
reflects short-term exposure to cadmium [8,17,18]. One study
analyzed long-term cadmium exposure, but the serum liver
function parameters were confined to ALT and GGT [19].

Thus, we aimed to investigate the relationship between cad-
mium and liver function parameters in the general population
of the United States, where urinary cadmium, as an indicator
of chronic exposure, was measured and 5 liver function param-
eters were used: ALT, AST, GGT, total bilirubin (TB), and ALP.

METHODS

Study Population
The National Health and Nutrition Examination Survey

(NHANES), conducted by the National Center for Health Statis-
tics (NCHS) of the Centers for Disease Control and Prevention,
is a nationwide study that evaluates the health and nutritional
status of the non-institutionalized civilian population of the
United States.

The data used in this study were generated by combining
9 cycles of the survey between 1999 and 2016, including
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NHANES 1999-2000, 2001-2002, 2003-2004, 2005-2006, 2007-
2008, 2009-2010, 2011-2012, 2013-2014, and 2015-2016. From
a total of 92 062 participants in the pooled data, 49 512 adults
aged 20 years or older were selected for this study. Subsequent-
ly, we excluded individuals whose urinary cadmium data were
missing (n=33 916). We further excluded participants whose
data regarding all of the following liver function parameters
were absent (n=849): ALT, AST, GGT, TB, and ALP. Finally, 1812
patients without data for covariates and 405 patients without
data or weight were excluded, resulting in an eligible popula-
tion of 12 530.

Measurement of Urinary Cadmium Levels

The NHANES provided a detailed laboratory procedure man-
ual from urine sample collection to test principles [20]. In brief,
inductively coupled plasma mass spectrometry, which is a multi-
element analytical technique, was used to measure the urinary
cadmium concentration. The limits of detection (LODs) of cad-
mium were different across the study cycles: 0.060 pg/L from
1999 to 2004, 0.042 pg/L from 2005 to 2012, and 0.036 ug/L
from 2013 to 2016. Regardless of the cycles, participants whose
urinary cadmium levels were below the LOD (n=687, 5.5% of
the eligible population) were not included in this study. For the
first 2 cycles of the NHANES, urinary cadmium levels were ad-
justed using urinary molybdenum levels because molybdenum-
based interference, which is inevitable consequence of induc-
tively coupled plasma mass spectrometry, caused urinary cad-
mium levels to be overestimated [21]. If the adjusted levels
were less than 0, they were reported as 0; since this was not a
meaningful result, we excluded participants whose values of
urinary cadmium were 0 (n=5) [22]. Finally, the study popula-
tion (=11 838) was determined.

Liver Function Parameters

The 5 analytes used to evaluate liver function were ALT, AST,
GGT, TB, and ALP. The instrumentation used to measure liver
function parameters differed from year to year: Hitachi Model
917 multichannel analyzer (Roche Diagnostics, Indianapolis,
IN, USA) from 1999 to 2002, Beckman Synchron LX20 (Beck-
man Coulter, Brea, CA, USA) from 2003 to 2007, Beckman Uni-
Cel” DxC800 Synchron from 2008 to 2014, and Beckman Uni-
Cel” DxC 800 Synchron & Beckman UniCel” DxC 660i Synchron
Access Clinical Systems from 2015 to 2016. In the study popu-
lation, there were 5 participants whose TB levels were reported
as 0, which was not a reportable value [23]. They were not ex-
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cluded during determining the study population because the
values of their other liver function parameters were greater
than 0. However, they were excluded while exploring the rela-
tionship between cadmium and TB, as their TB values were in-
valid. Elevated levels of each parameter were defined as follows:
ALT >47 U/L in male and >30 U/L in female, AST >33 U/L in
both sexes, GGT >65 U/L in male and >36 U/L in female, TB
>1.3 mg/dL in both sexes, and ALP >113 U/L in both sexes
[24]. However, the values for the first cycle were different and
were as follows: ALT >41 U/L in male and >31 U/L in female,
AST =37 U/L in male and =31 U/L in female, GGT >49 U/L in
male and >32 U/L in female, TB >1.0 mg/dL in both sexes, and
ALP >117 U/Lin both sexes [25].

Other Variables of Interest

Data regarding the following potential confounders were
obtained through questionnaires and examination data from
NHANES: age (as a continuous variable), sex (male or female),
race/ethnicity (non-Hispanic White, non-Hispanic Black, His-
panic, or others), annual family income (less than US$20 000
or US$20 000 or more), smoking status (current smoker, for-
mer smoker, or never smoker), alcohol consumption status
(drinker or non-drinker), and physical activity (yes or no). Body
mass index (BMI; kg/m?) was categorized into 4 classes: under-
weight (<18.5 kg/m?), normal weight (18.5-24.9 kg/m?), over-
weight (25.0-29.9 kg/m?), and obese (=30.0 kg/m?). In addi-
tion, hepatitis B virus (HBV) infection and hepatitis C virus
(HCV) infection were defined as seropositivity for hepatitis B
surface antigen and hepatitis C viral RNA, respectively. Heavy
drinking was defined as drinking 5 or more drinks daily. How-
ever, between 2013 and 2016, the definition was slightly
changed as having 5 or more drinks daily for male and having
4 or more drinks daily for female. Urinary creatinine levels,
which were used to account for varying urine dilution, were
measured using a Beckman Synchron CX3 Clinical Analyzer
from 1999 to 2007, Roche/Hitachi Modular P Chemistry Ana-
lyzer from 2008 to 2012, and Roche Cobas 6000 Analyzer from
2013 to 2016.

Statistical Analysis

Urinary cadmium and liver function parameters were log-
transformed to achieve normality. Weighted estimates were
obtained according to the NHANES survey methods and ana-
lytic guidelines. Linear regression analyses were conducted to
investigate the relationships between urinary cadmium levels
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and liver function parameters. Logistic regression analyses
were also conducted to determine the odds ratios (ORs) and
95% confidence intervals (Cls) of higher liver function param-
eters per unit increase in log-transformed urinary cadmium.

While performing both regression models, correcting for the
dilution of urine with urinary creatinine was achieved in the
following 2 ways: a creatinine-adjusted model and a volume-
based model. In the creatinine-adjusted model, which is the
traditional method to adjust for urine dilution, urinary cadmi-
um divided by urinary creatinine was used to construct the re-
gression model. However, as the urinary concentration of cre-
atinine varies according to demographic features such as age,
sex, and race/ethnicity, the creatinine-adjusted model is not
recommended when the population is composed of individu-
als with diverse demographic characteristics [26]. To overcome
this limitation, a new method called the volume-based model
was devised, in which urinary creatinine is used as a covariate
rather than a denominator [26].

In terms of confounders, 2 models were designed: model 1
was a crude model, which was not adjusted for any covariates,
while model 2 was a fully adjusted model with covariates in-
cluding age, sex, race/ethnicity, annual family income, smok-
ing status, alcohol consumption status, physical activity, and
BMI. In addition, 3 more models were fitted. Model 3 addition-
ally included HBV infection as well as HCV infection and heavy
drinking as covariates. Model 4, as a sensitivity analysis, was
performed in a similar fashion as the regression analysis in
model 2, albeit with a new study population generated by ex-
cluding HBV-infected participants, HCV-infected participants,
and heavy drinkers from the original study population. Model
5, another sensitivity analysis, was performed along similar
lines as in model 2 except for the fact that it excluded smokers
and former smokers from the original study population. Four
more sensitivity analyses were conducted as follows: (1) an in-
teraction term between smoking and alcohol consumption
was considered; (2) an interaction term between smoking and
cadmium levels was considered; (3) an interaction term be-
tween alcohol consumption and cadmium levels was consid-
ered; and (4) the analysis was performed with participants aged
20 years to 59 years old.

All analyses were conducted with SAS version 9.4 (SAS Insti-
tute Inc,, Cary, NC, USA) using the PROC SURVEYREG and PROC
SURVEYLOGISTIC procedures. The level of statistical significance
was set at 0=0.05.
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Ethics Statement

The NCHS Institutional Review Board (before 2003) and the
NCHS Research Ethics Review Board (from 2003 to the present)
approved the study protocols of the NHANES. All participants
provided oral or written informed consent for the survey.

RESULTS

Table 1 presents the general characteristics of the study pop-
ulation. The mean age of the population was 50.12 years (stan-
dard deviation, 18.02), and females accounted for 50.2% of
them. Most of the participants were non-Hispanic White (46.7%),
not lower-income (73.3%), never smokers (52.2%), and drinkers
(70.4%). Among drinkers, heavy drinkers accounted for 21.1%.
Only a few people were infected with HBV (0.4%) and HCV (1.5%).

Five subsamples were used to analyze the association be-
tween urinary cadmium and each liver function parameter
(ALT, AST, GGT, TB, and ALP). Each subsample was generated
by excluding the participants with missing data regarding the
corresponding liver function parameter. The subsamples were
different from each other because an individual with missing
data on one liver function parameter differed from an individ-
ual with missing data on another liver function parameter. The
subsample sizes and geometric means (95% Cls) of the corre-
sponding liver function parameters, urinary cadmium, and
creatinine-adjusted urinary cadmium (urinary cadmium divid-
ed by urinary creatinine) are presented in Table 2. The sizes of
the subsamples used to analyze the effect of cadmium on ALT,
AST, GGT, TB, and ALP were 11 818,11 818, 11 838, 10 556, and
10 564, respectively. The geometric means of ALT, AST, GGT,
TB, and ALP were 22.35 U/L, 23.95 U/L, 22.24 U/L, 0.63 mg/dL,
and 67.23 U/L, respectively. The geometric means of urinary
cadmium and creatinine-adjusted urinary cadmium were al-
most the same when compared across each subsample.

Table 3 summarizes the beta coefficients and standard er-
rors (SEs) between the urinary cadmium levels and liver func-
tion parameters. The fully adjusted model (model 2) revealed
that all the liver function parameters were positively associated
with urinary cadmium, regardless of whether the volume-based
or creatinine-adjusted model was selected. In the volume-based
model, a 1-unit increase in the log-transformed urinary cadmi-
um level was associated with increases of 0.049 (SE, 0.008;
p<0.001),0.030 (SE, 0.006; p<0.001), 0.093 (SE, 0.011; p<0.001),
0.034 (SE, 0.009; p<0.001), and 0.040 (SE, 0.005; p<0.001) in
log-transformed ALT, AST, GGT, TB, and ALP levels, respectively.
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Characteristics Mean +SD or n (%)

No. of participants 11838
Age (y) 50.12+18.02
Sex

Male 5897 (49.8)

Female 5941 (50.2)
Race/ethnicity

Non-Hispanic White 5532 (46.7)

Non-Hispanic Black 2375(20.1)

Hispanic 3063 (25.9)

Others 868 (7.3)
Annual family income (US$)

<20000 3162 (26.7)

=>20000 8676 (73.3)
Smoking status

Current smoker 2500 (21.1)

Former smoker 3154 (26.6)

Never smoker 6184 (52.2)
Alcohol consumption status

Heavy drinker 1755 (14.8)

Moderate drinker 6581 (55.6)

Non-drinker 3502 (29.6)
Physical activity

Yes 5114 (43.2)

No 6724 (56.8)
BMI

Underweight 183(1.5)

Normal weight 3252 (27.5)

Overweight 4134 (34.9)

Obese 4269 (36.1)
HBV infection 52(0.4)
HCV infection 173(1.5)

BMI, body mass index; HBV, hepatitis B virus; HCV, hepatitis C virus; SD,
standard deviation.

Additional adjustment for HBV infection, HCV infection, and
heavy drinking (model 3) did not change the statistical signifi-
cance of these findings, although the beta coefficient values
decreased. Among the crude relationships, AST, GGT, and ALP
levels were positively associated with urinary cadmium levels,
with statistical significance; however, ALT and TB levels showed
no significant relationships with urinary cadmium levels. A
sensitivity analysis excluding those with HBV or HCV infection
and heavy drinkers (model 4) showed that the significance re-
mained unchanged when compared to model 2. The signifi-
cance of the relationship was also maintained in another sen-
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Exposure or clinical variables ALT (n=11818) AST (n=11818) GGT (n=11838) TB (n=10 556) ALP (n=10564)

Corresponding liver function parameter 22.35(8.86,56.38)  23.95(12.44,46.11)  22.24(6.11,80.94) 0.63(0.27,1.48)  67.23(36.10, 125.22)
(U/L or mg/dL)

Urinary cadmium (ug/L) 0.28(0.05, 1.67) 0.28(0.05, 1.67) 0.28 (0.05, 1.67) 0.27(0.05, 1.63) 0.27 (0.05, 1.63)

Creatinine-adjusted urinary cadmium 0.27 (0.05, 1.39) 0.27 (0.05, 1.39) 0.27(0.05, 1.40) 0.27 (0.05, 1.37) 0.27 (0.05, 1.37)

(ug/g creatinine)

Values are presented as geometric mean (95% confidence interval).
ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamy! transferase; TB, total bilirubin; ALP, alkaline phosphatase.

Variables' Model1 p-value Model 2 Model 3 Model 4 Model 5

ALT (n=11818) 0.005+0.007 0.435
Volume-based model -

p-value p-value p-value p-value

0.049+0.008 <0.001 0.042+0.008 <0.001 0.035+0.008 <0.001 0.059+0.010 <0.001

Creatinine-adjusted model - 0.066+0.008 <0.001 0.056+0.008 <0.001 0.051+0.008 <0.001 0.074%+0.010 <0.001

AST (n=11818) 0.020£0.005 <0.001

Volume-based model - 0.0304+0.006 <0.001 0.024+0.006 <0.001 0.017+0.006 0.009 0.033+0.008 <0.001

Creatinine-adjusted model 0.045+0.007 <0.001 0.037%0.007 <0.001 0.029+0.007 <0.001 0.044%0.008 <0.001

GGT (n=11838) 0.096+0.008 <0.001

Volume-based model - 0.093+0.011 <0.001 0.084+0.011 <0.001 0.070+0.011 <0.001 0.071+0.013 <0.001

Creatinine-adjusted model - 0.113+£0.012 <0.001 0.101£0.012 <0.001 0.086+0.012 <0.001 0.083+0.014 <0.001

TB (n=10 556) 0.007+0.008  0.367

Volume-based model = 0.034+£0.009 <0.001 0.034%0.009 <0.001 0.041+0.010 <0.001 0.080+£0.013 <0.001

Creatinine-adjusted model 0.040+0.009 <0.001 0.040£0.0039 <0.001 0.047+0.010 <0.001 0.085%0.013 <0.001

ALP (n=10 564) 0.045+0.004 <0.001

Volume-based model - 0.040+0.005 <0.001 0.039£0.005 <0.001 0.037+0.006 <0.001 0.026+0.009 0.004

Creatinine-adjusted model - 0.049+0.006 <0.001 0.048+0.006 <0.001 0.047+0.007 <0.001 0.030+0.009 <0.001

Values are presented as beta= standard error.

Model 1: Not adjusted for any covariates; Model 2: Adjusted for age, sex, race/ethnicity, annual family income, smoking status, alcohol consumption status,
physical activity, and BMI; Model 3: Adjusted for age, sex, race/ethnicity, annual family income, smoking status, alcohol consumption status, physical activity,
BMI, HBV infection, HCV infection, and heavy drinking; Model 4: Excluded HBV-infected participants, HCV-infected participants, and heavy drinkers from the
original study population and adjusted for age, sex, race/ethnicity, annual family income, smoking status, alcohol consumption status, physical activity, and BMI;
Model 5: Excluded smokers and former smokers from the original study population and adjusted for age, sex, race/ethnicity, annual family income, smoking sta-
tus, alcohol consumption status, physical activity, and BMI.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyl transferase; TB, total bilirubin; ALP, alkaline phosphatase; BMI, body
mass index; HBV, hepatitis B virus; HCV, hepatitis C virus.

'The sizes of subsamples used in models 1, 2, and 3 were indicated. The number of participants used in model 4 and 5 was different as follows: for model 4, the
numbers of participants used to analyze the effect of cadmium on ALT, AST, GGT, TB, and ALP were 9928, 9928, 9944, 8843, and 8847, respectively; for model 5,
the numbers of participants used to analyze the effect of cadmium on ALT, AST, GGT, TB, and ALP were 6174, 6174, 6184, 5545, and 5547, respectively.

sitivity analysis that was performed only with never-smokers
after excluding current smokers and former smokers from the
original study population (model 5).

Table 4 shows the ORs (95% Cls) of elevated liver function
parameters per unit increase in the log-transformed urinary
cadmium level. Both volume-based and creatinine-adjusted
models showed that higher urinary cadmium levels were as-
sociated with increased liver function parameters after adjust-
ment for potential confounders (model 2). When the volume-

based model was used, the ORs (95% Cls) of having higher ALT,
AST, GGT, TB, and ALP per unit increase in the log-transformed
urinary cadmium level were 1.360 (1.210 to 1.528), 1.307 (1.149
to 1.486), 1.520 (1.357 to 1.704), 1.201 (1.003 to 1.438), and
1.568 (1.277 to 1.926). Even after adjusting for HBV infection,
HCV infection, and heavy drinking (model 3), most of these re-
lationships remained statistically significant; however, the re-
lationship between TB and urinary cadmium became statisti-
cally non-significant when the volume-based model was ap-
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Variables'

ALT (n=11818)
Volume-based model
Creatinine-adjusted model

AST (n=11818)
Volume-based model
Creatinine-adjusted model

GGT (n=11838)
Volume-based model
Creatinine-adjusted model

TB (n=10556)
Volume-based madel
Creatinine-adjusted model

ALP (n=10 564)
Volume-based model

Model 1
1.138 (1.054, 1.230)

1.179(1.083, 1.283)

1.479(1.369, 1.598)

1.044(0.921, 1.183)

1.442(1.270, 1.638)

Model 2

1.360 (1.210, 1.528)
1.430(1.268, 1.614)

1.307 (1.149, 1.486)
1.396 (1.218, 1.601)

1.520(1.357, 1.704)
1.611(1.416, 1.833)

1.201(1.003, 1.438)
1.241(1.031, 1.495)

1.568 (1.277, 1.926)
1.804 (1.457, 2.233)

Model 3

1.310(1.163, 1.477)
1.361(1.204, 1.539)

1.254 (1.096, 1.435)
1.322(1.148, 1.522)

1.475(1.312, 1.657)
1.544 (1.356, 1.759)

1.173(0.974, 1.413)
1.211(1.009, 1.452)

1.522 (1.239, 1.870)
1.738(1.409, 2.145)
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Model 4

1.242 (1.090, 1.415)
1.311(1.148, 1.496)

1.211(1.042, 1.408)
1.271(1.088, 1.485)

1.390(1.209, 1.598)
1.443(1.237, 1.684)

1.256 (1.021, 1.545)
1.301(1.064, 1.592)

1.510(1.187, 1.920)
1.728(1.351, 2.211)

Model 5

1.401(1.181, 1.662)
1.417(1.194,1.681)

1.299 (1.095, 1.540)
1.367 (1.162, 1.609)

1.447 (1.224,1.711)
1.530(1.292, 1.811)

1.399 (1.096, 1.785)
1.456 (1.150, 1.844)

1.443(1.088, 1.914)
1.629(1.222,2.171)

Creatinine-adjusted model

Values are presented as odds ratio (95% confidence interval).

Model 1: Not adjusted for any covariates; Model 2: Adjusted for age, sex, race/ethnicity, annual family income, smoking status, alcohol consumption status,
physical activity, and BMI; Model 3: Adjusted for age, sex, race/ethnicity, annual family income, smoking status, alcohol consumption status, physical activity,
BMI, HBV infection, HCV infection, and heavy drinking; Model 4: Excluded HBV-infected participants, HCV-infected participants, and heavy drinkers from the
original study population and adjusted for age, sex, race/ethnicity, annual family income, smoking status, alcohol consumption status, physical activity, and BMI;
Model 5: Excluded smokers and former smokers from the original study population and adjusted for age, sex, race/ethnicity, annual family income, smoking sta-

tus, alcohol consumption status, physical activity, and BMI.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyl transferase; TB, total bilirubin; ALP, alkaline phosphatase; BMI, body

mass index; HBV, hepatitis B virus; HCV, hepatitis C virus.

'The sizes of subsamples used in models 1, 2, and 3 were indicated. The number of participants used in model 4 and 5 was different as follows: for model 4, the
numbers of participants used to analyze the effect of cadmium on ALT, AST, GGT, TB, and ALP were 9928, 9928, 9944, 8843, and 8847, respectively; for model 5,
the numbers of participants used to analyze the effect of cadmium on ALT, AST, GGT, TB, and ALP were 6174, 6174, 6184, 5545, and 5547, respectively.

plied. Non-significance of the relationship between urinary
cadmium and TB was also observed in the crude model (mod-
el 1). The results of both sensitivity analyses (models 4 and 5)
were significant as in model 2.

Supplemental Materials 1-3 show the results of sensitivity
analyses considering smoking and alcohol consumption, smok-
ing and cadmium levels, and alcohol consumption and cadmi-
um levels, respectively. Interestingly, most of the significant
associations were not compromised by the various interaction
terms considered in this study. The results of the sensitivity anal-
ysis conducted with participants aged 20 years to 59 years old
are presented in Supplemental Material 4; most of the relation-
ships remained significant except for those with TB levels.

DISCUSSION

In the general population of the United States, urinary levels
of cadmium were found to be positively associated with the

following liver function parameters: ALT, AST, GGT, TB, and ALP.
Excluding and adjusting for HBV infection, HCV infection, and
heavy drinking did not affect most of the relationships, which
showed significant positive estimates. In particular, significant
relationships were observed among non-smokers, suggesting
that cadmium is a risk factor independent of smoking.

To the best of our knowledge, this is the first study to inves-
tigate the effect of cadmium on ALT, AST, GGT, TB, and ALP lev-
els simultaneously. Furthermore, the relationships between
urinary cadmium and AST or TB in the general population have
been reported for the first time. However, some previous stud-
ies have shown a significant association between cadmium
exposure and hepatotoxicity under one of the following con-
ditions: (1) liver injury was assessed by some of the abovemen-
tioned liver function parameters; (2) serum cadmium was mea-
sured instead of urinary cadmium; and (3) the associations were
investigated in special populations, not in the general popula-
tion. Previous studies using data from the NHANES Il from 1988
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to 1994 reported that higher urinary cadmium levels were re-
lated to elevated serum ALT or GGT levels [9,19]. Furthermore,
some studies conducted using the NHANES data showed that
the increased urinary cadmium levels were positively associat-
ed with serum GGT or ALP levels [8,27,28]. Several previous
studies measured serum cadmium levels to assess cadmium
exposure; however, serum cadmium only reflects acute expo-
sure [16-18,28]. Given that the half-life of urinary cadmium is
immensely long (16 years in male and 20 years in female), it is
more appropriate than serum cadmium for evaluating the ef-
fect of cadmium on the human body [29]. A few other studies
were performed in special populations, such as patients on
chronic peritoneal dialysis [16], non-smoking female in rural
areas [30], tobacco workers [31], and patients in a coronary
care unit [15]. Despite these limitations, the results of the afore-
mentioned studies have mostly revealed that cadmium is re-
lated to liver injury, which is consistent with our results.
However, the findings of a few studies were inconsistent with
the results of the present study, in that there was no relation-
ship between serum cadmium and ALT levels; all the incom-
patible results were derived using the same data, NHANES
2003-2004 [12-14]. This disparity can be explained in 2 ways.
First, although it is known that acute exposure to cadmium
causes liver injury [7] and serum cadmium is appropriate for
diagnosing short-term exposure to cadmium [9,32], it is not
an appropriate marker for evaluating disease severity [32] be-
cause the relatively long half-life of serum cadmium (75 to 128
days) could show false positivity [33]. Second, the proportion
of data below the LOD regarding blood cadmium was 8.8% in
the NHANES 2003-2004 cycle. A considerable segment of the
population could have a wide spectrum of values; however,
they were categorized as 1 group, such as the reference group
or first quartile. Inadequate handling of heterogeneity may
have caused residual confounding. Considering that our results
were consistent with the results of some population-based
studies, which revealed an association between urinary cad-
mium levels and liver damage [9,10,20,28], a hypothesis can
be suggested that chronic exposure to cadmium could cause
hepatotoxicity. This hypothesis is supported by multiple animal
studies. A recent study with 3-week-old Kunming mice revealed
that chronic low-dose exposure to cadmium for 30 days caused
elevation of both AST and ALT levels, infiltration of inflamma-
tory cells in the liver, and upregulation of mRNA encoding pro-
inflammatory and anti-inflammatory cytokines [5]. Another
study with 3-week-old C57BL/6 mice reported abnormal his-
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topathological changes in the liver, such as liver fibrosis, infil-
tration of immune cells, and hepatic stellate cell activation,
following environmental-level chronic oral administration of
cadmium for 32 weeks [6].

Although the mechanism of hepatotoxicity due to cadmium
still needs to be elucidated, the inflammatory response and
oxidative stress are considered plausible explanations for this
phenomenon. Cadmium causes the infiltration of polymor-
phonuclear neutrophils and Kupffer cells into the liver [34].
Cytokines produced by Kupffer cells, such as tumor necrosis
factor-alpha, interleukin-1, and interleukin-6, have been shown
to be associated with inflammation and subsequent hepato-
toxicity [35]. The role of Kupffer cells in hepatotoxicity during
cadmium exposure was demonstrated in a counterfactual sit-
uation, which showed that when Kupffer cells were suppressed,
cadmium-induced hepatotoxicity was restricted [36]. Alterna-
tively, an imbalance in redox homeostasis could be another
reasonable hypothesis. In the human body, cadmium tends to
bind to the sulfhydryl group, and the representative compounds
containing the sulfhydryl group are glutathione and metallo-
thionein. Metallothionein acts as a buffer against cadmium,
forming a cadmium-metallothionein complex that could pre-
vent cadmium-induced toxicity [37]. This indicates that either
excess cadmium or deficiency of metallothionein could exac-
erbate the damage caused by cadmium. A study in mice showed
that cadmium-induced liver injury was more severe in metallo-
thionein-knockout mice than in normal mice [38]. Unbound
cadmium promotes the activity of pro-oxidants and suppresses
the level of antioxidants, resulting in oxidative stress. A study
using rat liver cells found that exposure to cadmium was fol-
lowed by an increased concentration of malondialdehyde, a
marker of lipid peroxidation, and a decrease in the activity of
antioxidant enzymes, such as superoxide dismutase, catalase,
glutathione reductase, and glutathione peroxidase [39]. Be-
cause it is not clear how cadmium damages the liver, further
study is needed to identify the mechanism of cadmium-induced
hepatotoxicity.

This study has several limitations. First, as the data used in
this study were cross-sectional, the results of this study do not
warrant inferences regarding causal relationships. Moreover,
as the liver is involved in the metabolism of cadmium, there is
a possibility of reverse causality. However, this is relatively un-
likely. Metallothionein, which induces cadmium retention, is
mainly synthesized in the liver [40]. When the liver is damaged,
metallothionein production is hampered, resulting in increased
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excretion of cadmium. Therefore, liver damage might result in
a decreased cadmium concentration. However, as there could
be numerous unknown mechanisms regarding cadmium me-
tabolism, the possibility of reverse causality could not be com-
pletely excluded. Second, some unmeasured covariates could
have created a spurious relationship. Study participants resid-
ing in cadmium-polluted areas or occupationally exposed work-
ers might have had liver damage due to an unobserved con-
founder that was related to cadmium exposure. For example,
acetaminophen overdose as a result of headache caused by
cadmium exposure may have contributed in part to liver dam-
age. However, this possibility could not be accounted for in
the present study due to the lack of data. Third, the adjustment
may not have been adequate because smoking, which affects
cadmium concentrations, typically correlated well with alcohol
consumption, which affects liver damage. Furthermore, smok-
ing and alcohol consumption may affect the cadmium accu-
mulation rate. However, the correlation between alcohol con-
sumption and smoking was weak (Pearson correlation coeffi-
cient, 0.222; p<0.001). Moreover, most of the associations re-
mained significant even when considering interactions between
the variables (Supplemental Materials 1-3). Thus, it can be said
that the significance of the relationships was confirmed again
even using a more nuanced model. Similarly, age adjustment
might have been insufficient in this study. As the elderly popu-
lation tends to have compromised liver function as well as a
higher cadmium concentration, which is attributed to its long
half-life, their data reflecting prolonged accumulation might
complicate the interpretation of the statistical analyses. There-
fore, a sensitivity analysis in a younger population could pro-
vide insights by excluding this very-long-term cumulative ef-
fect. As most of the significant results remained unchanged in
the sensitivity analysis of the younger population, it can be
suggested that the main result of this study was not spurious
due to age-associated factors. Finally, as the instrumentation
and questionnaire varied during the 18 years of study, there
could have been measurement bias. For example, the LODs of
urinary cadmium were different from cycle to cycle. However,
to minimize this source of error, urinary cadmium data below
the LOD were excluded rather than being imputed as a con-
stant value, such as the LOD divided by the square root of 2.
Otherwise, the value of LOD/v/2 in earlier studies could have
been greater than some detected concentrations of urinary
cadmium in later studies because the LODs of urinary cadmi-
um decreased from 1999 to 2015.
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In conclusion, we found that ALT, AST, GGT, TB, and ALP lev-
els were positively associated with urinary cadmium concen-
trations in the United States. This implies that chronic cadmium
exposure may cause hepatotoxicity in humans. However, as
causality cannot be proven via cross-sectional studies, longitu-
dinal studies such as cohort studies should be performed to
investigate whether such a causal relationship exists.
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