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Abstract

Purpose Urinary metals can be used to identify metal exposure in humans from various sources in the environment.
Decreased renal function and cardiovascular dysfunction may occur due to low levels of metal exposure in the general
population. The purpose of this study is to assess the association between urinary arsenic and metals and a higher albumin
to creatinine ratio (ACR) among adults in the general US population.

Methods We conducted a cross sectional analyses using the 2015-2016 National Health and Nutrition Examination Survey
(NHANES) dataset. Multiple linear logistic models were used to examine the association between 21 urinary arsenic and
metal concentrations (arsenous acid, arsenic acid, arsenobetaine, arsenocholine, dimethylarsinic acid, monomethylarsonic
acid, total arsenic, mercury, barium, cadmium, cobalt, cesium, molybdenum, manganese, lead, antinomy, tin, strontium,
thallium, tungsten, uranium) and increased ACR (>30 mg/g).

Results The sample included 4122 adults, of whom approximately 9.4% of males and 10.7% females had increased ACRs.
The exposure included urinary arsenic compounds (7) and urinary metal compounds (14) at or above the limit of detection.
Urinary dimethylarsinic acid [OR 38.9, 95% CI 3.6—-414.6], urinary monomethylarsonic acid [OR 18.6, 95% CI 1.1-308.2],
urinary cadmium [OR 11.9, 95% CI 1.2-122.0], urinary cesium [OR 17.0, 95% CI 2.7-105.8], and urinary antimony [OR
10.7,95% CI2.2-51.3] were associated with an increased ACR. No other urinary metals were significantly associated with
increased ACR.

Conclusion Increased ACR was positively associated with urinary dimethylarsinic acid, monomethylarsonic acid, cadmium,
cesium, and antimony.

Keywords Albuminuria - Urinary arsenic exposure - Urinary metal exposure - Cadmium - Antimony - NHANES

Introduction

Metals are widely used and extensively disseminated in the
environment. The toxicity of metals in human health is a
clinical and public health concern. Toxic reactions can occur
when excess amounts of metal are present in the human body
resulting in pathology to multiple organs [1, 2]. Arsenic is
found naturally in the soil and is considered toxic, the most
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common exposure occurs through food and water consump-
tion [3]. Arsenic is a group 1 human carcinogen that has
been associated with kidney, liver, skin, lung, and bladder
cancers and is the second leading water borne cause of mor-
tality [4]. Exposure to low levels of arsenic, cadmium, lead,
and mercury may increase risks of cancer, kidney disease,
cardiovascular and skeletal disease [1, 5-9]. Environmen-
tal exposures to low-level lead, mercury, and cadmium are
widespread, particularly in industrialized countries. These
metals can be present in cigarettes, gasoline, air, and foods,
including seafood and foods grown in contaminated soil
[10]. Arsenic exposure occurs in people that rely on well
water and foods such as apple juice and rice. Workers are
at risk with co-exposures of arsenic and wood dust, silica,
and asbestos [11].

The kidney is a target organ for metals, which can accu-
mulate in the nephron leading to changes in morphology and
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function, thought to be due to oxidative stress. The proxi-
mal tubule is known as a main site of metal accumulation
and injury in addition to the distal nephron, glomeruli, and
vessels [12]. The 2012 Kidney Disease Improving Global
Outcome (KDIGO) guidelines define chronic kidney dis-
ease (CKD) as one or more markers of kidney damage
or a decreased glomerular filtration rate (GFR) (<60 ml/
min/1.73 m?) for greater than 3 months. Markers of kid-
ney damage include: albuminuria (albumin excretion rate
(AER) >30 mg/24 h or ACR >30 mg/g), urine sediment
abnormalities, electrolyte and other abnormalities due
to tubular disorders, abnormalities detected by histology,
structural abnormalities detected by imaging, and history
of kidney transplantation [13]. The albumin to creatinine
ratio (ACR) is beneficial in that it can be measured using a
spot urine sample to detect abnormal albumin without wait-
ing 24 h. Calculating the ratio improves sensitivity and is
not affected by dilute or concentrated urine, correcting for
variations in hydration [14, 15]. The National Health and
Nutrition Examination Survey (NHANES) dataset provides
ACR data on participants throughout the United States (US)
using spot urine samples but does not track participants over
the period of 3 months to establish a diagnosis of CKD [16].
GFR categorizes CKD into five stages, however, there can
be error due to calibration of GFR measurements, selection
of the GFR formula, and variations in serum creatinine [17].

The kidney is the major organ of excretion of metals,
including arsenic. Several studies have investigated the
adverse effects of arsenic toxicity on renal function. Since
albuminuria is an early marker for glomerular damage and
can lead to change in the GFR, several studies observed
albuminuria as the outcome of interest for kidney function
[18]. Increased albuminuria can identify the need for an
immediate therapeutic intervention [19].

The cause of metal exposure in the general population
and the association of nephrotoxicity is unknown [20].
Some studies found links between increased blood lead and
cadmium, and increased urinary lead and chromium, with
decreased GFR [21-25]. In addition, cesium is eliminated
through the kidneys and studies have shown higher concen-
trations in the kidneys [26]. However, research is lacking
studying the effect of cesium on kidney disease.

The prevalence of CKD is estimated to be §-16%
worldwide, with diabetes being the most common cause.
The number of end stage renal disease (ESRD) cases has
been increasing disproportionally in developing countries;
increasing hypertension and diabetes will further enhance
the prevalence of ESRD. CKD more commonly leads to
death than ESRD, likely due to accelerated rates of athero-
sclerosis and heart failure. Therefore, those with CKD are
in the highest risk group for cardiovascular disease. Fur-
thermore, CKD imposes a substantial economic burden
on patients. 2-3% of healthcare expenditures in developed
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countries go towards providing treatment for patients with
ESRD. In 2010, costs for ESRD accounted for 6.3% of
the Medicare budget. In 2007, US Medicare expenditures
exceeded $60 billion for CKD [27].

The goal of the present study is to investigate the relation-
ship between arsenic and metal exposure including: arsenous
acid, arsenic acid, arsenobetaine, arsenocholine, dimethyl-
arsinic acid (DMA), monomethylarsonic acid (MMA), total
arsenic, mercury, barium, cadmium, cobalt, cesium, molyb-
denum, manganese, lead, antinomy, tin, strontium, thallium,
tungsten, and uranium, as measured in urine, with the pres-
ence of albuminuria in US population using ACR.

Methods
Data sources

The data for this project was taken from the 2015-2016
NHANES data set, a long-standing study conducted by the
National Center for Health Statistics (NCHS), a part of the
Centers for Disease Control and Prevention (CDC). It com-
bines interviews and physical examinations of children and
adults throughout the US to determine the health and nutri-
tional status of the US [28].

The ACR used to create the response variable came from
the NHANES data file ALB_CR_I [29]. The NHANES
data files for urinary arsenic and urinary metals, used as
the variate data, were: UAS_I—Speciated urinary arsenic,
UTAS_I—Total Urinary arsenic, UMS_I—Urinary met-
als, and UHG_I—Urinary mercury [16, 30-32]. The data
for the covariates came from the following NHANES data
files: ALQ_I—Alcohol consumption, BMX_I—Body mass
index, DEMO_I—Demographic data, BPQ_I—Blood pres-
sure questionnaire [33-36]. NHANES was approved by the
Research Ethics Review Board of the National Center for
Health Statistics. As this is a public-use dataset, this study
was exempt from additional review by an institutional review
board.

Data cleaning

The data cleaning consisted of four primary steps: (1)
removing all missing responses and those for pregnant
women, (2) categorizing the continuous covariate variables,
(3) normalizing the concentration of the urinary chemical
speicies by the creatinine concentration, and (4) creating
the binary categorical variable for albuminuria. Missing
responses in the demographic data, BMI, serum continine,
and alcohol consumption were removed and the reduced data
set was used for all subsequent modeling. If any one of these
variables was missing, the entire response was eliminated.
Missing responses for the urinary arsenic and urinary metals
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were removed from the complete data set just prior to crea-
tion of the logit regression model.

The continuous variables age, family income to pov-
erty ratio (FIPR), and body mass index (BMI) were
converted into categorical factors. Age was converted
into a three-level categorical variable with the lev-
els 20 < agel <40, 41 <age2 <65 and 65 < age3 [3].
FIPR was converted into a three-level categorical vari-
able: 0 < FIPR1 <130%, 130% < FIPR2 <350% and
350% < FIPR3. BMI was converted into a four-level
categorical variable with underweight : BMI < 18.5,
normalweight . 18.5 < BMI < 24.9
overweight . 24.9 < BMI < 30.0, and obese :
per the CDC definitions [37].

Natural variation in urine dilution, due to variations in
the urine flow rate (UFR), was addressed by taking the uri-
nary arsenic and metals species and dividing them by the
creatinine concentration [38]. No attempt was made to make
the concentration units consistent, the values provided in
the NHANES data were used directly. Once the concen-
tration had been normalized, they were then log, trans-
formed to create a more nearly normal distribution of the
concentrations.

CKD is defined as a urine ACR > 30 mg/g over 3 months,
defined in the most recent KDIGO 2012 guidelines [23].
Urinary albumin was measured in spot urine samples by
solid-phase fluorescence immunoassay. The lower limit of
detection for the assay was 0.3 pg/mL. Urinary creatinine
was measured by the modified kinetic Jaffé method. The cat-
egorical binary variable for albuminuria was ACR >30 mg/g
[39]. Only single albumin and creatinine levels were avail-
able in the NHANES dataset,therefore variation during the
day and among different days was not assessed.

Dose-response relationships for the various urinary spe-
cies and albuminuria were also investigated. For each nor-
malized urinary species, a 5-level categorical variable was
created. The first level included those below the lower limit
of detection (LLoD). The remaining four levels were sepa-
rated by the quantiles of the responses that were above the
LLoD. One at a time these new categorical variables were
used in multivariate linear logit regression models and the
regression coefficients converted into odds ratios. The logit
regression included the main effects of the same covariates
as used above. For the concentration of arsenic and metal,
the quantiles of urinary species normalized concentrations
were calculated for the unweighted sample.

30.0 < BMI

Statistical analyses

The statistical analysis was done in R version 3.6.3 using
programs from the survey package to account for the com-
plex design used in the construction of the NHANES sur-
vey [40—43]. The workhorse package used in this study was

the survey package which was also used in illustrations of
NHANES data analysis provided by the CDC [44]. Specifi-
cally, from the survey package the functions svyby, svymean,
svyttest, svydesign, and svyglm were used to calculate the
unweighted occurrences of responses, the weighted mean of
the responses, the weighted pairwise t-tests of the responses,
the survey design object, and the logit regression models,
respectively. Additional R functions and packages used to
simplify the programing included: the function nhanes_
load_data in the package RNHANES was used to download
the data files from the NHANES website and store them
locally as comma separated values (*.csv) files [45, 46].
Using functions from the survey package, all analyses
were weighted using the NHANES data on the survey design
to account for the effects of design stratification and cluster-
ing. The descriptive statistics were calculated to determine
the distribution of the participants across the covariates gen-
der, ethnicity, highest level of education attained, marital
status, age, FIPR, BMI, urinary cotinine concentration (a
marker for smoking), and alcohol consumption. Multivariate
logistic regression, with the covariates as cofactors, was used
to compute the odds ratio (ORs) and their 95% confidence
intervals (CI) for the association between albuminuria and
the presence of urinary metals or arsenic species. Separate
models were constructed for each metal or arsenic species.

Results
Preliminary data review: covariate factors

Given in Table 1 is a summary of the covariates used in this
analysis. From the data presented in Table 1, the factors gen-
der, serum cotinine, and alcohol consumption do not appear
to significantly affect the percentage of respondents with
albuminuria. The remaining factors do appear to affect the
percentage of respondents with albuminuria in the following
manners: ethnicity—non-Hispanic blacks have a higher like-
lihood of albuminuria than do the other ethnic groups, edu-
cation—generally, the more education one has, the lower the
likelihood of having albuminuria, marital status—those who
are divorced, widowed, or separated have a higher likelihood
of having albuminuria, age—the older one is the higher the
likelihood of having albuminuria, FIPR—the higher one’s
income ratio the lower the likelihood of having albuminuria,
and BMI—the higher one’s BMI the higher the likelihood
of having albuminuria. Table 2 revealed that age categories
40-64 years and 65 and over were significant at the « =0.05
level for an increased likelihood of albuminuria. In addi-
tion, a BMI of >30.0, or obese, was also significant for an
increased likelihood of having albuminuria.
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Table 1 Summary statistics Category Variable Sample statistics Population
for demographics related to statistics
albuminuria
N % Ny %op N
Gender Male 2042 49.6 262 12.8% a 94% a
Female 2075 504 259 125% a 10.7% a
Ethnicity Mexican American 724 176 104 14.4% ab 11.2% ab
Other Hispanic 527 12.8 50 9.5% ab 74% a
Non-Hispanic White 1466 35.6 186 12.7% ab 9.6% ab
Non-Hispanic Black 822 20.0 121 14.7% 135% b
Non-Hispanic Asian 429 104 37 8.6% 8.0% ab
Other 149 36 23 15.4% ab 14.1% ab
Education No high school 455 11.1 87 19.1% b 16.1% a
Some high school 451 11.0 65 14.4% ab 148% a
High school graduate 915 222 133 14.5% ab 11.4% ab
Some college 1256 305 143 11.4% ac 88% b
College graduate 1040 253 93 89% ¢ 8.6% b
Marital status Married 2094 509 253 12.1% bd 9.5% «cd
Widowed 291 7.1 72 247% a 18.7% a
Divorced 449 109 74 16.5% b 13.9% abc
Separated 139 34 23 16.5% abcd 189% ab
Never married 743 18.0 59 79% ¢ 59% d
Living with partner 401 9.7 40 10.0% cd 9.8% bed
Age 20-44 1349 328 87 64% ¢ 55% ¢
45-59 1797 436 206 11.5% a 9.1% a
60 and older 971 23.6 228 235% b 203% b
FIPR Less than 1.5 1302 316 223 17.1% ¢ 15.6% ¢
1.5-3.5 1656 402 216 13.0% a 11.1% a
Over 3.5 1159 282 82 7.1% b 6.7% b
BMI Normal weight 1029 250 108 105% b 78% b
Underweight 57 14 6 10.5% ab 12.7%  ab
Overweight 1336 325 163 122% ab 9.9% ab
Obese 1695 412 244 144% a 11.6% a
Cotinine concentration Below LLoD 1380 335 167 12.1% a 9.0% a
Above LLoD 2737 66.5 354 129% a 10.7% a
Alcohol CONSUMPTION 12 drinks or fewer 2863 69.5 358 12.5% a 102% a
More than 12 drinks 1254 305 163 13.0% a 9.8% a

N number of respondents in the study, % percentage of respondents in the study, N, number of respondents
in the study or population who have albuminuria. Values within the same category followed by the same
letter are not statistically different at the @=0.05 level. For the categories with only two levels, this was
determined using a j° test on the appropriate contingency table. For categories with more than two levels,
this was determined using a Tukey analysis based on a linear model using only the variables within that

category as the independent factors

Five urinary metals were found to have a positive asso-
ciation with albuminuria at the a =0.05 level as seen in
Table 3. Among speciated arsenic, DMA (OR 38.9, 95% CI
3.6-414.6) and MMA (OR 18.6, 95% CI 1.1-308.2) had the
highest odds ratios among the significant metals. Among
the other metal compounds, cadmium (OR 11.9, 95% CI
1.2-122.0), cesium (OR 17.0, 95% CI 2.7-105.8), and anti-
mony (OR 10.7,95% CI 2.2-51.3) had a positive association
with increased ACR, or albuminuria.
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Concentration profiles in the form of quantiles for the var-
ious urinary arsenic and metal species are given in Table 4.
There were detectable levels of arsenic in about 3% to 100%
of the people in the sample depending on the specific arse-
nic species being considered. Detectable levels of the metal
species were higher, ranging from about 30% to 100% of the
individuals in the sample. For all species, the distribution
of levels detected in the individuals was highly non-normal
with a significant tail at higher concentrations.
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Table 2 Dempgraphic model . Category Variable OR 95% CI
log, odds ratios (OR) and their
95% confidence intervals (CI) Gender Male
fgzl;iei;;?2?22335?&?6 Female 1.366 0.598-3.120
only the main effects of the Ethnicity Mexican American
covariates for nine categories Other Hispanic 0.365 0.125-1.065
Non-Hispanic White 0.909 0.414-1.994
Non-Hispanic Black 1.900 0.705-5.120
Non-Hispanic Asian 0.880 0.344-2.251
Other 2.337 0.336-16.247
Education Less than HS
Some HS 1.122 0.380-3.315
HS Graduate 0.773 0.265-2.255
Some College 0.458 0.154-1.367
College Graduate 1.053 0.294-3.766
Marital status Married
Widowed 0.945 0.428-2.087
Divorced 1.252 0.395-3.974
Separated 2.246 0.590-8.546
Never married 0.494 0.191-1.279
Living with partner 1.422 0.481-4.208
Age 20-39
40-64 4.207 1.526-11.600
65 and over 41.765 15.179-114.918
FIPR Less than 130%
130-350% 0.340 0.213-0.543
Over 350% 0.083 0.028-0.244
BMI Normal weight
Underweight 4.941 0.585-41.738
Overweight 1.368 0.706-2.649
Obese 2.172 1.268-3.721
Serum cotinine Below LLoD
Above LLoD 1.659 0.773-3.558
Alcohol consumption Less than 12 drinks per year
12 or more drinks per year 0.438 0.228-0.840

Factors which are statistically significant at the a=0.05 level are highlighted in bold. HS high school.

LLoD lower level of detection

The results of the dose—response study are shown in
Table 5. The results indicate that of the arsenic species stud-
ied, only DMA showed a significant dose response trend in
that respondents whose concentration fell in the 4th quar-
tile were over 3 times as likely to have albuminuria. For
cobalt, cesium, and tin, although there was a statistically
significant difference between the below and above LLoD
responses, the quartiles’ odds ratios were not significantly
different from each other. For barium, those in the 2nd, 3rd,
and 4th quartiles had odds ratios that were significantly
different from the below LLoD respondents, but the odds
ratios associated with these quartiles were not different
from each other and were less than one. For manganese,
only the 2nd quartile was significantly different from the

other below LLoD respondents. The cesium results had all
the odds ratios essentially equal to zero, which was a sta-
tistical artifact from the fact that only one respondent had
urinary cesium levels below the lower limit of detection and
therefore this result should not be taken as a valid response.

Discussion

This study linked multiple metal exposures measured in
urine with kidney impairment defined by albuminuria using
ACR. The effect of multiple metal exposures on kidney func-
tion and other organs is complex and difficult to assess [47].
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Table 3 Arsenic and metal compound log;, odds ratios (OR) and
their 95% confidence intervals (CI) related to albuminuria from the
multiple logit regression model that includes the main effects of the
covariates for 19 species

Species N OR 95% C1

Arsenic compounds (ug/L)
Arsenous acid 685 8.9 0.8-97.2
Arsenobetaine 670 1.7 0.5-5.5
DMA 981 38.9 3.6-414.6
MMA 7717 18.6 1.1-308.2
Total arsenic 1363 32 0.9-11.9

Metal compounds (ug/L)
Mercury 1369 0.9 0.3-3.2
Barium 1743 04 0.1-1.2
Cadmium 1653 11.9 1.2-122.0
Cobalt 1748 3.6 0.9-15.2
Cesium 1748 17.0 2.7-105.8
Molybdenum 1749 3.0 0.9-10.1
Manganese 504 3.0 0.8-11.9
Lead 1742 3.1 0.4-22.1
Antinomy 1397 10.7 2.2-51.3
Tin 1638 0.8 0.4-1.8
Strontium 1749 0.6 0.1-2.3
Thallium 1741 0.9 0.1-8.7
Tungsten 1484 1.1 0.3-5.0
Uranium 1464 2.5 0.7-8.5

Effects that are statistically significant at a=0.05 are highlighted in
bold. Adjusted for gender, ethnicity, education, marital status, age,
FIPR, BMI, alcohol consumption, and cotinine. Arsenocholine and
arsenic acid not included

End stage renal disease (ESRD) is one of the most dra-
matic health disparities in the US with rates in minorities
ranging 1.5 to 4.0 times that of white counterparts. This can
occur due to several mechanisms including clinical appro-
priateness and need, discrimination, biases and prejudice,
stereotyping, and patient beliefs and preferences [48]. We
determined a higher likelihood of albuminuria in non-His-
panic blacks. Crews et al. [49] found that race was not asso-
ciated with CKD, but that African Americans had a much
greater odds of advanced CKD defined as an eGFR <30 mL/
min/1.73 m2. Furthermore, a low social economic status
(SES) was associated with a 59% greater odds of CKD. Low
SES was associated with CKD in African Americans, but
not in whites [49]. Our results supported a lower SES in
relation to albuminuria in that a higher FIPR was associated
with a lower likelihood for albuminuria.

Johnson et al. [50] found that among participants with
CKD, a majority of participants were high school graduates,
unemployed, female, unmarried, and/or earned less than or
equal to $10,000 per year. This analysis found no difference
among gender, but determined that those who were divorced,
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widowed, or separated had a higher likelihood of having
albuminuria. In addition, Kramer et al. [51] calculated that
the odds ratio of CKD in obese participants compared to
those with an ideal BMI was 1.32. This study supported
these findings in that a higher BMI resulted in a higher like-
lihood of having albuminuria. Nicotine exposure can cause
exposures to lead, cadmium, arsenic and other nephrotoxic
contaminants found in tobacco products. Cotinine is a bio-
marker for nicotine exposure. There was no significant asso-
ciation between albuminuria and cotinine.

Urinary arsenic

Arsenic is categorized into inorganic and organic forms;
humans can be exposed to both types via food or drink, or
in occupational settings. Arsenobetaine is an organic form
of arsenic and is considered nontoxic or less toxic. The
inorganic forms of arsenic acids are toxic and go through a
complex biotransformation mechanism of detoxification and
methylation and are converted to MMA and DMA before
excretion through the kidney in the urine [52].

Weidemann et al. [52] determined that total arsenic and
DMA were associated with a lower eGFR, but there was no
association between total arsenic or DMA and ACR. Hsueh
et al. [53] found an association between total arsenic and
CKD determined by GFR < 60. In addition, participants
with a high urinary total arsenic or participants with a low
percentage of DMA had a positive association with CKD.
Participants with CKD had significantly higher urinary total
arsenic and MMA levels, but lower DMA percentage than
controls [53]. Furthermore, Jin et al. [54] determined that
DMA increased linearly with eGFR, suggesting that reduced
renal function is associated with reduced urinary DMA. In
this analysis, ACR was used as a marker for albuminuria,
rather than GFR, both DMA and MMA were positively asso-
ciated with an increased ACR.

The exact mechanism of arsenic species and toxicity on
kidney function is not fully understood. Studies in dogs’
and humans’ proximal tubular cell (PTC) lines showed that
the PTC can metabolize arsenic by converting arsenate to
arsenite which can damage the mitochondria in cells, induc-
ing cellular toxicity [55, 56]. Experiments using mice have
confirmed that increased levels of arsenite methyltransferase
in the kidney can lead to arsenic toxicity [57]. Mouse stud-
ies also showed that oxidative stress plays a major role in
nephrotoxicity from arsenic exposure [58]. Acute tubular
toxicity and tubulointerstitial nephritis were observed from
acute arsenic toxicity in humans [59]. Animal and human
experiments established association among superoxide pro-
duction, peroxidation, and damage in DNA from arsenic
exposure [60]. Animal and human studies also found links
between arsenic exposure and kidney damage which can
increase ACR. Our study also supported the role of arsenic
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Table 4 Profile of the
unweighted cotinine-normalized

Number below
detection limit

Urinary species

Number above
detection limit

Concentration quantiles

concentration of the various 10%Q 25%Q 50%Q 75%Q 90%Q

urinary arsenic and metal

species in the 2015-2016 Arsenous acid 1454 1640 0.0019  0.0030 0.0050 0.0081 0.0131

NHANES sample respondents Arsenic acid 2997 97 00038 0.0055 0.0092 00135 0.0284

over 20 years of age Arsenobetaine 1864 1230 00120  0.0239 00561 0.1534 04192
Arsenocholine 2560 534 0.0010  0.0017 0.0029 0.0061 00121
DMA 886 2208 00171 00252  0.0403 00684 0.1216
MMA 1370 1724 0.0024  0.0036 0.0059 0.0093 0.0148
Total Arsenic 0 3058 0.0255 0.0388 0.0637 0.1228 0.2833
Barium 8 2364 0.0031  0.0058 0.0110 0.0205 0.0360
Cadmium 132 2240 0.0007 0.0013 0.0024 0.0045 0.0078
Cobalt 2 2370 0.0020  0.0027 0.0039 0.0058  0.0094
Cesium 1 2371 0.1602 02391 03632 05356 0.7710
Molybdenum 0 2372 0.0214 00292  0.0400 0.0565 0.0791
Manganese 1678 694 0.0006  0.0008 0.0013  0.0023  0.0045
Lead 10 2362 0.0014 00022 0.0035 00058  0.0094
Antimony 447 1925 0.0003  0.0003 0.0005 0.0007 0.0012
Tin 145 2227 00018 0.0027 0.0048 0.0095 0.0203
Strontium 0 2372 03409 05913 09726 15133 22479
Thallium 10 2362 0.0008 0.0011 0.0015 00022 0.0031
Tungsten 330 2042 0.0003  0.0004 0.0007 0.0011  0.0020
Uranium 383 1989 0.0000  0.0000 0.0001  0.0001  0.0002
Mercury 1798 1282 0.0006 0.0010 0.0018 0.0036  0.0071
Q quantile

species, such as MMA and DMA, increasing ACR, which
could lead to the development of CKD.

Urinary metals

Limited studies have analyzed the effect of urinary cesium
and kidney impairment. Jin et al. [54] determined that uri-
nary cesium levels increased non-linearly with eGFR. In
addition, urinary excretion rates of cesium significantly
increased with increasing levels of eGFR, excretion rates
were more sensitive in those with impaired renal function
defined as GFR < 90 mL/min/1.73 m?) [54]. The accumula-
tion of cesium has been noted to have higher concentrations
in the kidneys, with 85% of cesium eliminated in the urine
[26]. A positive association between increased ACR and uri-
nary cesium levels was found in this study, suggesting a link
between CKD and cesium exposure.

Studies have shown that compounds containing antimony
can have toxic effects on the kidney following chronic use
[61]. Limited research has been conducted on antimony
exposure in humans with CKD. In mice studies, antimony
treatment was significantly linked to kidney dysfunction in
addition to biochemical alterations in the architecture of the
kidney. Furthermore, serum urea and creatinine, a meas-
ure of the GFR levels, were significantly increased in mice
treated with antimony, suggesting that antimony had adverse

effects on the kidney [62]. A positive association was found
between antimony and increased ACR, suggesting antimony
may be linked to CKD.

Cadmium, lead, and mercury are heavy metals that are
toxic to human health. High-level exposure to cadmium,
lead, and mercury can cause damage to the renal system [10,
63—65]. Chronic exposure to cadmium, lead, and mercury
can lead to deposition of these metals inside the body, the
risk of adverse effects on the renal system with low-level
exposure is unclear. A cross-sectional study conducted by
Zhu et al. [66] with 2926 adults from the NHANES popula-
tion showed that urinary and blood cadmium were signifi-
cantly associated with increased ACR (>30 mg/g), while
urinary and blood lead and mercury were not associated with
increased ACR. Furthermore, high level lead exposure is
toxic to the renal system, low level exposure to lead and its
adverse effects on the renal system are controversial [67].
Mujaj et al. [68] assessed for an association between ACR
and eGFR and environmental lead exposure in 447 adult
males. The study concluded that there was no significant
association between lead exposure and renal impairment.
A cross sectional study conducted by Grau-Perez et al. [69]
in Spain with 1397 adults assessed for urinary albuminuria.
The study concluded that urinary cadmium was associated
with abnormal albuminuria. The findings from the above
studies support our present findings with cadmium, lead,
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Table 5 Dose-response study

odds ratios and 95% CI for Species 1st quartile 2nd quartile 3rd quartile 4th quartile
urinary arsenic and metal Arsenous acid  OR 0.482 OR 0.545 OR 0.839 OR 0.927
species from the logit model CI (0.232-1.000) CI (0.234-1.272) CI(0.334-2.108)  CI (0.410-2.096)
S}l?;;;cé‘flfﬁg ggzrtgfe?am Arsenicacid  OR 0.403 OR 4.281 OR 1.901 OR 0.447
CI (0.045-3.590) CI(0.525-34.902)  CI(0.292-12.374) CI (0.034-5.816)
Arsenobetaine  OR 0.645 OR 1.507 OR 0.925 OR 1.111
CI (0.364-1.143) CI (0.650-3.497) CI(0.438-1.950)  CI (0.430-2.871)
Arsenocholine OR 0.402 OR 1.113 OR 0.763 OR 0.906
CI (0.140-1.156) CI (0.295-4.194) CI(0.237-2.458)  CI (0.372-2.206)
DMA OR 0.752 OR 1.120 OR 1.074 OR 3.237
CI (0.414-1.366) CI (0.536-2.340) CI(0.501-2.302)  CI (1.200-8.734)
MMA OR 0.415 OR 0.640 OR 0.797 OR 1.064
CI (0.214-0.804) CI (0.271-1.514) CI(0.486-1.305)  CI (0.452-2.508)
Total arsenic OR 1.427 OR 1.370 OR 1.822
CI (0.688-2.963) CI(0.631-2.973)  CI (0.824-4.027)
Mercury OR 0.409 OR 0.921 OR 1.145 OR 0.583
CI(0.235-0.712) CI (0.418-2.029) CI(0.632-2.074)  CI (0.268-1.273)
Barium OR0.188 OR 0.129 OR 0.128 OR 0.098
CI (0.031-1.148) CI (0.021-0.779)  CI (0.022-0.752)  CI (0.015-0.615)
Cadmium OR 0.675 OR 0.815 OR 1.948 OR 1.609
CI(0.148-3.071) CI (0.222-2.989) CI(0.550-6.901)  CI (0.395-6.555)
Cobalt OR 13,585 OR 10,351 OR 13,098 OR 18,769
CI (2054-89,857)  CI (1602-66,861)  CI (2093-81,955)  CI (2960-119,001)
Cesium OR 0.000 OR 0.000 OR 0.000 OR 0.000
CI (0.000-0.000)  CI (0.000-0.000)  CI (0.000-0.000)  CI (0.000—-0.000)
Molybdenum OR 1.183 OR 1.502 OR 1.187
CI (0.525-2.665) CI(0.973-2.319)  CI (0.748-1.883)
Manganese OR 0.510 OR 0.295 OR 1.000 OR 0.817
CI (0.260-1.003) CI (0.137-0.637)  CI(0.585-1.708)  CI (0.450-1.485)
Lead OR 0.401 OR 0.996 OR 0.873 OR 0.759
CI (0.021-7.491) CI (0.060-16.625)  CI (0.068-11.283) CI (0.046-12.610)
Antimony OR 0.801 OR 0.915 OR 1.084 OR 1.469
CI (0.330-1.944) CI (0.426-1.965) CI(0.510-2.303)  CI(0.738-2.925)
Tin OR 3.825 OR 4.719 OR 6.073 OR 3.617
CI (1.103-13.266)  CI (1.518-14.666)  CI (1.756-21.009) CI (0.962-13.603)
Strontium OR 0.538 OR 0.780 OR 0.722
CI (0.252-1.150) CI(0.420-1.446)  CI (0.343-1.524)
Thallium OR 0.298 OR 0.306 OR 0.302 OR 0.335
CI (0.037-2.395) CI (0.048-1.959) CI(0.030-3.028)  CI (0.039-2.892)
Tungsten OR 1.516 OR 1.890 OR 2.017 OR 1.803
CI (0.605-3.800) CI (0.781-4.574) CI(0.915-4.444)  CI (0.845-3.845)
Uranium OR 0.861 OR 0.804 OR 1.084 OR 1.069

CI (0.297-2.497)

CI (0.409-1.578)

CI (0.522-2.249)

CI (0.391-2.921)

Odds ratios and 95% CI that are statistically significant at the a=0.05 level are highlighted in bold. Com-
pounds with no entry in the 1st quartile had no respondents below LLoD and so the odds ratios for those

species are relative to the 1st quartile

and mercury. Results were consistent with the findings that
cadmium was associated with abnormal ACR or albuminu-
ria. Lead and mercury were not associated with albuminuria.

Cadmium is one of the most toxic pollutants in the envi-
ronment; studies have reported damage to numerous organs
and systems in humans and animals, including the kidneys.
In rats, studies have shown that cadmium exposure causes
enhanced lipid peroxidation and oxidative damage to the

@ Springer

respondents. CI confidence interval, OR odds ratio

cellular membranes [70]. Jacobo-Estrada et al. [71] determined
that cadmium exposure in rats significantly raised albumin and
vascular endothelial growth factor (VEGF) in amniotic fluid,
while decreasing creatinine. In addition, antimony has been
linked to renal dysfunction in mice [62]. In a study evaluating
metals in cats, copper, zinc, and manganese were highest in
the liver followed by the renal cortex and renal medulla. The
occurrence of CKD also altered the storage of elements, with
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higher cadmium in the liver and renal cortex in diseased cats
[72].

Jayatilake et al. [73] found that uranium in sources of drink-
ing water used by people with CKD were within normal limits.
In addition, Kurttio et al. [74] found no evidence of renal dam-
age in participants with uranium exposure in drinking water.
No association was found among uranium in urine, water, hair,
or toenails for 10 kidney toxicity indicators [74]. No associa-
tion was found among kidney disease, measured by ACR, and
urinary uranium in this study.

Strengths and limitations

This study used the concentration of 19 different metals in
urine and assessed the impact of metals on abnormal ACR,
which is a biomarker for albuminuria. This is the first study
that measured 19 metal co-exposures and ACR in adults by
using the most recent NHANES dataset to our knowledge.
Cotinine, which is a biomarker for nicotine exposure, was
adjusted for. Furthermore, the analysis was adjusted for gender,
ethnicity, education, marital status, age, FIPR, BMI, and alco-
hol consumption. The effect of all the stated demographic vari-
ables’ exposure to metals and their association with ACR was
analyzed. This study is one of the limited studies that analyzed
nine demographic variables with multiple metal exposures and
their association with ACR.

This study is a cross sectional design and therefore an
inverse association cannot be ruled out. Albuminuria was
measured by a single spot ACR in our study; there was no
categorization between micro and macroalbuminuria and ACR
was not measured over a period of 3 months to determine if
the patient qualified for the diagnosis of CKD or not. The
NHANES dataset only included the ACR measured at a single
point in time, therefore there is no way to assess for interday or
intraday variability of ACR and the results only apply to albu-
minuria rather than CKD. However, since albuminuria over
3 months can be classified as CKD, the results are suggestive
of a possible link to CKD. Arsenocholine and arsenic acid
were not included in our model. Once the data was cleaned,
the remaining data was no longer distributed in such a way
for a complete data analysis for these species. Therefore, the
analysis began with 21 metals but only obtained results for 19.
Also, the effects of interactions between the metals and CKD
or interactions within the covariates were not examined. Pos-
sible associated conditions such as hypertension, diabetes, and
cardiovascular disease were also not examined in this analysis.

Conclusion

ACR, a measure of albuminuria, was associated with urinary
DMA, MMA, cadmium, cesium, and antimony. This is a
possible link between DMA, MMA, cadmium, cesium, and

antimony and CKD, suggesting that exposure to certain met-
als could put individuals at risk for CKD. Further research
is needed to determine causation and understand the mecha-
nism behind nephrotoxicity due to metal exposure.
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