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Abstract: Arsenic (As) contamination is a global public health problem. Elevated total cholesterol
(TC) and low-density lipoprotein-cholesterol (LDL-C) are risk factors for cardiovascular diseases,
but data on the association of urinary arsenic species’ level and LDL-C are limited. We performed
an association analysis based on urinary arsenic species and blood TC and LDL-C in US adults.
Methods: Urinary arsenic, arsenic acid (AA), dimethylarsinic (DMA), monomethylarsonic (MMA),
TC, LDL-C, and other key covariates were obtained from the available National Health and Nutrition
Examination Survey (NHANES) data from 2003 to 2020. Multiple linear regression analysis and
generalized linear model are used to analyze linear and nonlinear relationships, respectively. Results:
In total, 6633 adults aged 20 years were enrolled into the analysis. The median total urinary arsenic
level was 7.86 µg/L. A positive association of urinary arsenic concentration quartiles was observed
with TC (β: 2.42 95% CI 1.48, 3.36). The OR for TC of participants in the 80th versus 20th percentiles
of urinary total arsenic was 1.34 (95% CI 1.13, 1.59). The OR for LDL-C of participants in the 80th
versus 20th percentiles of urinary total arsenic was 1.36 (95% CI 1.15, 1.62). For speciated arsenics
analysis, the OR for arsenic acid and TC was 1.35 (95% CI 1.02, 1.79), whereas the OR for DMA and
LDL-L was 1.20 (95% CI 1.03, 1.41), and the OR for MMA and LDL-L was 1.30 (95% CI 1.11, 1.52).
Conclusions: Urinary arsenic and arsenic species were positively associated with increased LDL-C
concentration. Prevention of exposure to arsenic and arsenic species maybe helpful for the control of
TC and LDL-C level in adults.

Keywords: arsenic; arsenic species; low-density lipoprotein-cholesterol; NHANES

1. Introduction

Among the spectrum of lipoproteins, there is no doubt that total cholesterol (TC) and
low-density lipoprotein cholesterol (LDL-C) concentrations are critically important affect-
ing factors for the risk of cardiovascular diseases including Alzheimer’s disease (AD) [1],
diabetes [2], or hypertension or Parkinson disease (PD) [3]. Cholesterol homeostasis is
vital for proper cellular and systemic functions. Cholesterol can contribute to maintain or
alter their conformations by binding multitudinous transmembrane proteins. Cholesterol
has interactions with masses of sterol transport proteins to promote cholesterol trafficking
and adjust its subcellular distribution [4,5]. When cholesterol balance is disrupted, it can
not only cause CVDs, but may also be associated with cancer and neurodegenerative
diseases [6]. The potential clinical significance of TC and LDL-C have been widely ex-
plored as predictive biomarkers or risk factors. For instance, a 10% reduction in LDL-C
was associated with a 25% reduction in coronary artery disease [7]. Emerging evidence
have raised that environmental pollutions are typically associated with cardiovascular
diseases development, therefore, it is needed to investigate the association of environmental
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pollutants and the TC and LDL-C to provide more evidence for prevention and control of
cardiovascular diseases.

Arsenic is a kind of common poisonous contaminant which is widely distributed in na-
ture and can enter human body through food and water, threatening public health. Arsenic
can cause a variety of diseases after entering the human body, such as stroke, peripheral
vascular diseases and diabetes, and even increase the risk of bladder cancer, kidney cancer,
liver tumors, and lung cancer [8,9]. A data analysis using NHANES showed an association
between arsenic exposure and insulin resistance [10]. Chronic and high arsenic exposure
through drinking water among adults has been correlated with increasing CVDs risk in
several studies [11,12]. Monomethylarsonic acid (MMA) is an arsenic form which has been
methylated from inorganics, and it has higher toxicity in the human body compared to the
second methylation dimethylarsinic acid (DMA) [13]. Through epidemiological analysis,
higher arsenic levels had significant higher mortality rates [14], the positive association
of arsenic exposure and low high density lipoprotein (HDL) cholesterol [15], and higher
arsenic levels had significantly higher blood pressure [16] have been demonstrated. Fur-
thermore, there are also reports on arsenic species exposure and cardiovascular diseases.
For instance, DMA level was positively associated with obesity and its comorbidities [17],
and higher DMA had higher hypertension risk with an OR of 1.03 (0.94–1.14) [18]. A higher
urinary DMA would correspond to heart disease mortality [19]. MMA exposure has been
reported to be associated with hypertension risk. Another population-based study showed
that individuals with greater exposure to arsenic and lower capacity to methylate inorganic
arsenic may be at a higher risk to carotid atherosclerosis [20]. These reports indicated that
total arsenic and, in particular, arsenic species exposure need further investigation on their
roles in the TC and LDC-C relationships.

Here, in this study, we aimed to investigate the association of urinary total arsenic
and arsenic species’ levels with TC and LDL-C among adults through, online available,
National Health and Nutrition Examination Survey (NHANES) from 2003 to 2020. Some
previous studies focused on the relationship between urinary arsenic concentration and
TC and HDL-C. This time, we chose to use the NHANES database to mainly explore the
correlation between LDL-C and urinary arsenic concentration, and used the analysis of the
correlation between TC and urinary arsenic concentration to support the previous findings.
This is a validation and supplement of previous studies, and can make this analysis more
targeted. Previous studies based on NHANES are mainly focused on the total arsenic level
and cardiovascular mortality rates, thus, it is necessary to assess associations of arsenic
species with the LDL-C level among American adults. The exposure assessment includes
urinary total arsenic, arsenic acid, DMA, and MMA levels. The outcomes’ values include
TC and LDL-C.

2. Methods
2.1. Study Design

NHANES is a complex multistage sampling design to obtain a representative sample
of the civilian, non-institutionalized US population conducted by the US National Center for
Health Statistics (NCHS; Centers for Disease Control and Prevention [CDC], Atlanta, GA,
USA) [18]. This national cross-sectional study measured urinary total arsenic, six urinary
speciated arsenics, and serum TC levels and LDL-C concentrations from participants in
the NHANES 2003–2020. NHANES has a survey cycle every two years, except for data
collected from 2017 to March 2020. Data collected from 2019 to March 2020 were combined
with data from the NHANES 2017–2018 cycle to form a nationally representative sample of
NHANES 2017–March 2020 pre-pandemic data.

2.2. Study Population

Participants 20 years of age or older (N = 48,353) from the NHANES 2003–March
2020 were recruited for this urine arsenic and TC or LDL-C association analysis. We
excluded 33,449 participants whose total urine arsenic were missing, and 8333 participants
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were excluded due to missing TC and LDL-C. After excluding other covariates such as
marriage and smoking, a total of 6633 participants were included in the study (Figure 1).
All participants’ data collection procedures and research protocols were approved by the
National Center for Health Statistics Research Ethics Review Board.
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2.3. Urine Arsenic Assessment

Spot urine samples for arsenic analysis were collected in arsenic-free containers on
dry ice, frozen, and stored in the laboratory at −70 ◦C, and analyzed within 3 weeks of
collection [21]. According NHANES Lab Procedures Manual, the coordinator, assistant
coordinator, or any MEC staff member was responsible for transporting the urine speci-
men to the laboratory. Upon arriving at the lab, the Document Urine Collection system
verified urine sample information and excluded urine samples that did not meet the test-
ing requirements. Total arsenic exposure was found by analyzing urine through the use
of inductively coupled-plasma dynamic reaction cell-mass spectrometry (ICP-DRC-MS),
which minimizes or eliminates much of the argon-based polyatomic interference. Diluted
urine samples were converted into an aerosol by using a nebulizer inserted within a spray
chamber. Aerosols atomize and ionize under thermal energy, the ions and the argon enter
the mass spectrometer through an interface that separates the ICP, which was operating at
atmospheric pressure (approximately 760 torr), from the mass spectrometer, which was
operating at approximately 10−5 torr. The mass spectrometer permits detection of ions
at each mass-to-charge ratio in rapid sequence, which allows for the determination of
individual isotopes of an element. Once inside the mass spectrometer, the ions passed
through the ion optics, then through DRC™, and, finally, through the mass-analyzing
quadrupole before being detected as they strike the surface of the detector. The ion optics
uses an electrical field to focus the ion beam into the DRC™. The DRC™ component is
pressurized with an appropriate reaction gas and contains a quadrupole. In the DRC™,
elimination or reduction of argon-based polyatomic interferences takes place through the
interaction of the reaction gas with the interfering polyatomic species in the incoming ion
beam. The quadrupole in the DRC™ allows elimination of unwanted reaction by-products
that would otherwise react to form new interferences. Electrical signals, resulting from
the detection of the ions, are processed into digital information that is used to indicate the
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intensity of the ions, and subsequently the concentration of the element. All laboratory
tests were partially repeated 2–3 times.

The concentration of speciated arsenics was determined by using high performance
liquid chromatography (HPLC) to separate the species coupled to an ICP-DRC-MS to detect
the arsenic species. The rest assay of speciated arsenics testing method was the same as
the total arsenic determination. In this study, 6 species of arsenic were included in the
analysis, namely, urinary arsenous acid, urinary arsenic, urinary arsenobetaine, urinary
arsenocholine, urinary dimethylarsonic acid, and urinary monomethylarsonic acid. CV
after repeated measurements, including arsenobetaine acid, arsenocholine, dimethylarsinic
acid, monomethylarsonic acid, and arsenous acid, respectively, was 3.9–6.1%, 4.1–6.0%,
3.1–7.1%, 2.4–6.6%, 3.8–6.3%, and 3.2–4.8%.

2.4. Total Cholesterol (TC) and Low-Density Lipoprotein Cholesterol (LDL-C)

Blood specimens were stored under appropriate frozen (−30 ◦C) conditions until
they were shipped to University of Minnesota for testing. Moreover, according to the
NHANES Lab Procedures Manual, quality control has been carried out on the collection,
transport, and inclusion of blood samples, and the data entry has been limited by the
number of valid ranges. An enzymatic approach specific to cholesterol was used for
TC measuring, and esterified cholesterol was converted to cholesterol using enzymatic
methods for measurement. The resulting cholesterol was then acted upon by cholesterol
oxidase to produce cholest-4-en-3-one and hydrogen peroxide. The hydrogen peroxide was
then reacted with 4-aminophenazone in the presence of peroxidase to produce a colored
product that was measured at 505 nm. TC analyses were conducted in duplicate with a
coefficient of variation (CV) of 1.2–1.3%. The HDL-cholesterol was acted upon by PEG-
cholesterol oxidase, and the hydrogen peroxide produced from this reaction combined
with 4-amino-antipyrine and HSDA under the action of peroxidase to form a purple/blue
pigment that was measured photometrically at 600 nm (secondary wavelength = 700 nm).
This is an endpoint reaction that is specific for HDL-cholesterol. HDL analyses were tested
in duplicate with a (CV) of 2–3.5%. Free glycerol was converted to glycerol-3-phosphate
(G3P) by glycerol kinase. After a series of enzymatic reactions, the absorbance values at
505nm were measured separately. This kind of method is a two-reagent, endpoint reaction
that is specific for triglycerides. Triglyceride measuring was conducted in duplicate, and
the CV ranged from 1.6 to 2.1%. Serum LDL-cholesterol levels were derived on examinees
that were examined in the morning session only. Serum LDL-C was measured only in
candidates 12 years of age and older who fasted for at least 8.5 h or more in the morning
but not more than 24 h. LDL-C was calculated from measured values of total cholesterol,
triglycerides, and HDL-cholesterol according to the Friedewald calculation:

[LDL-cholesterol] = [total cholesterol][HDL-cholesterol] − [triglycerides/5]

2.5. Other Variables

The questionnaire included questions on sex, age, race, and ethnicity, as well as smok-
ing, drinking, height, and weight. Information on sex, age, race, education, marital status,
smoking status, alcohol consumption, diabetes, kidney diseases, and high blood pressure
was collected by self-reported questionnaire. Race was self-reported, allowing for multiple
categories as Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black,
and other races. Marriages were divided into two categories, with and without partner. In
the study, smoking was defined as having at least 100 cigarettes in a lifetime, and alcohol
consumption was defined as having at least 12 alcoholic beverages a year. Diabetes diagno-
sis was divided into three categories: yes, no, and borderline. Body mass index (BMI) was
calculated by dividing the weight in kilograms by height in meters squared. Blood pres-
sure levels were measured using a standardized protocol and certified examiners. Serum
cotinine was measured by high performance liquid chromatography-atmospheric pressure
chemical ionization–tandem mass spectrometry (HPLC-APCI-MS/MS) at the Tobacco and
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Volatiles Division of the Laboratory Sciences National Center for Environmental Health.
Urinary creatinine, used to adjust for urine dilution in field urine samples in statistical
models, was measured using a Jaffe rate reaction measured by the CX3 analyzer.

2.6. Statistical Analysis

Data analyses were conducted using SPSS (v. 26.0; IBM Corp., Armonk, NY, USA)
and R software (v. 4.1.2; R Foundation for Statistical Computing, Vienna, Austria) using
the NHANES 2003–2020.3 arsenic analyses sample weights. The distribution of urinary
arsenic was right-skewed, and medians and interquartile ranges were used to represent the
distribution of urinary arsenic in demographic characteristics. TC and LDL-C were normal
distribution. Confidence intervals were set at 95%. The statistical significance level was set
at α = 0.05 using two-sided tests. Multiple linear regression models were used to estimate
the association of creatinine-adjusted urinary total arsenic quartiles with TC and LDL-C
concentrations. Meanwhile, we used generalized linear model to analyze the association
between urinary arsenic concentration and TC and LDL-C, and a multifactorial logistic
regression was used for risk analysis. Urinary arsenic concentration are quantitative data
that conforms to a right skewed distribution, and the multiple linear regression fitted to
a direct urinary arsenic concentration is not effective and does not conform to statistical
principles, and the results obtained are difficult to interpret. Comparing the extremely
high range of urinary arsenic distribution with the extreme low range of urinary arsenic
distribution in the population, and exploring that people in which stage of urinary arsenic
distribution are more likely to reach the risk range of TC or LDL-C, the odds ratios (OR) of
TC, LDL-C, and urine arsenic concentration were calculated at the 20th with 80th percentiles,
and 30th with 70th percentiles. To evaluate the non-linear relationship between TC and
urinary arsenic concentration, the urinary arsenic concentration was divided into quartiles,
the lowest of which was compared with the other three.

Covariates including age, gender, race, BMI, creatinine, cotinine, diabetes, smoking,
and drinking, since some covariates such as race lose statistical significance in model
fitting, and the overall model fit is not good, in order to ensure that the common covariates
remain in the model, the final model abandons some covariates and is subject to the model
interpretation below each statistical table. Two covariate-adjusted models were built for
multiple linear regression both for TC and LDL-C. The first model was adjusted for BMI,
creatinine, and diabetes, while the other adjusted for gender and smoking. Meanwhile,
we used two adjusted models to analyze risk for TC and two adjusted models for LDL-C,
respectively. In addition, the interaction term between urinary arsenic and participant
characteristics was included in two adjusted multifactorial logistic regression models for
TC and LDL-C, respectively, and the interaction was deemed statistically significant at
p-value < 0.05.

3. Results
3.1. Participant Characteristics

The distribution of sociodemographic and biochemical characteristics of 6633 partici-
pants aged 20 years and above (mean age = 50 years) was illustrated in Table 1, of which
51.0% were female and 49.0% were male, 29.5% of the participants had a BMI less than
25 kg/m2, 34.1% had a BMI within the scope of 25–30 kg/m2, and 36.4% had a BMI beyond
30 kg/m2.

Total cholesterol <200 mg/dL is a component of ideal cardiovascular health according
the AHA (American Heart Association) standards [22], and we take it as the cut-off value
for the range of healthy TC and dangerous TC. A total of 39.7% of the participants had
total cholesterol levels above 200 mg/dL, and the mean level is 192 mg/dL. One study
showed that young adults with LDL-C ≥ 100 mg/dL had a higher risk of coronary heart
disease [23], and many agree that lower LDL-C is better [24]. Therefore, 100 mg/dL was
used as the boundary between the optimal and critical LDL-C concentration in this study.
The mean of LDL-C concentration of participants is 113 mg/dL and 62.7% were above



Nutrients 2022, 14, 3993 6 of 14

100 mg/dL. The median (interquartile range (IQR)) of concentrations of total urine arsenic
was 7.86 (4.07–17.57) µg/L. The urine total arsenic IQR in male was 8.74 (4.55, 18.77) µg/L,
which was higher than female with 7.20 (3.70–16.00) µg/L of urine total arsenic IQR. Urine
total arsenic concentration distribution varied in races, other Hispanic and other races had
higher urine total arsenic concentration. The total arsenic level was higher in men and in
participants who had a partner. When TC and LDL-C were divided into the healthy range
or the recommended range and the dangerous range, there was no significant difference in
total urine arsenic concentration (Table 1).

Table 1. Urine arsenic concentrations by participant characteristics.

Characteristics No. (%) a Urine Arsenic Median
(IQR)-µg/L p Value c

Overall 6633 7.86 (4.07–17.57)

Sex <0.001
Male 3247 (49.0) 8.74 (4.55–18.77)

Female 3386 (51.0) 7.20 (3.70–16.00)

Age (year) 0.055
20–39 2201 (33.2) 7.53 (4.03–15.84)
40–59 2138 (32.2) 7.96 (4.02–17.34)
≥60 2294 (34.6) 8.27 (4.15–18.58)

Race <0.001
Mexican American 1071 (16.2) 7.34 (3.99–13.50)

Other Hispanic 638 (9.6) 10.38 (5.13–20.59)
Non-Hispanic White 2818 (42.5) 6.54 (3.52–14.04)
Non-Hispanic Black 1395 (21.0) 8.70 (4.73–22.02)

Other Races 711 (10.7) 13.13 (5.15–35.12)

Marital status <0.001
With partner 4030 (60.8) 8.48 (4.36–18.40)

Without partner 2603 (39.2) 7.18 (3.74–16.12)

education 0.004
High school and below 3229 (48.7) 7.47 (3.99–16.20)

Above high school 3404 (51.3) 8.23 (4.15–18.76)

Diastolic blood pressure (mmHg) 0.841
<90 6265 (94.5) 7.88 (4.03–17.50)
≥90 368 (5.5) 7.66 (4.41–18.63)

Systolic blood pressure (mmHg) 0.835
<140 5516 (83.2) 7.85 (4.08–17.25)
≥140 1117 (16.8) 7.98 (4.05–19.02)

BMI (kg/m2) b 0.678
<25 1959 (29.5) 8.00 (3.82–19.18)

25-30 2260 (34.1) 8.00 (4.15–17.64)
≥30 2414 (36.4) 7.66 (4.21–16.67)

TC (mg/dL) 0.889
<200 3999 (60.3) 7.87 (4.09–7.23)
≥200 2634 (39.7) 7.79 (4.06–17.90)

LDL-C (mg/dL) 0.117
<100 2474 (37.3) 7.64 (3.93–16.94)
≥100 4159 (62.7) 8.02 (4.14–17.99)

Creatinine (mg/dL) <0.001
<80 2187 (33.0) 4.05 (2.20–8.94)

80–140 2281 (34.4) 8.53 (4.67–18.18)
>144 2165 (32.6) 11.93 (7.00–26.43)
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Table 1. Cont.

Characteristics No. (%) a Urine Arsenic Median
(IQR)-µg/L p Value c

Cotinine (ng/dL) 0.001
<0.015 1351 (20.4) 8.12 (4.22–16.80)

0.015–10.0 3954 (59.6) 8.00 (4.18–18.67)
>10.0 1328 (20.0) 7.30 (3.77–14.70)

Hypertension 0.201
Yes 2366 (35.7) 8.09 (4.23–18.00)
No 4267 (64.3) 7.76 (3.99–17.20)

Diabetes 0.840
Yes 842 (12.7) 7.72 (4.24–16.24)
No 5626 (84.8) 7.86 (4.03–17.62)

Boardline 165 (2.5) 8.17 (4.21–18.32)

Kidney disease 0.316
Yes 208 (3.1) 7.26 (4.37–16.42)
no 6425 (96.9) 7.89 (4.07–17.60)

Smoking 0.007
Yes 3028 (45.7) 7.58 (3.95–16.47)
No 3605 (54.3) 8.14 (4.18–18.32)

Drinking <0.001
Yes 5141 (51.4) 8.10 (4.21–18.00)
No 1492 (14.9) 7.21 (3.80–15.80)

IQR, interquartile range. a Percentage values are weighted. b Calculated as weight in kilograms divided by height
in meters squared. c p values obtained from Wilcoxon rank sum test if comparing between two groups, and
obtained from Kruskal–Wallis test if comparing more than two groups.

3.2. Median Concentration of Urinary Total Arsenic Varies with Years

The median concentration of total urine arsenic decreased with the increase of investi-
gation cycles, but the detection limit also decreased. The urine total arsenic concentration
showed a slight upward trend in the last three survey cycles. The substance concentration
below the detection limit was replaced by the lower limit of detection (LLOD) divided
by square root of 2 (LLOD/SQRT [2]). The lowest median (interquartile range (IQR)) of
concentrations of total urine arsenic was 6.6 (3.42–13.47) µg/L from the survey cycle 2013
to 2014, and the detection limit was 0.26 µg/L (Figure 2).
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3.3. Association of Urinary Total Arsenic with TC and LDL-C

Table 2 presents the β coefficients and 95% CI that estimated the covariate-adjusted
associations of urinary total arsenic with TC and LDL-C. Multiple linear regression analysis
was performed on urinary total arsenic concentration divided into quartiles, TC and LDL-C,
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respectively. The β values of both were statistically significant after adjustment of model 1
and model 2. Especially, a positive association of urinary arsenic concentration quartiles
was observed with TC (β: 2.42 95% CI 1.48, 3.36) adjusted for creatine, BMI, and diabetes,
and LDL-C (β: 0.95; 95% CI 0.14, 1.77) adjusted for gender and smoking (Table 2). We also
further estimated odds ratios of serum lipids by urine arsenic concentrations. The results
showed that people with 80% of total urine arsenic levels were more likely to reach the
dangerous threshold of TC and LDL-C than those with 20%, and 70 % versus 30 % as well.
The OR for TC of participants in the 80th versus 20th percentiles of urinary total arsenic was
1.34 (95% CI 1.13, 1.59) after adjustment for creatine, BMI, and diabetes. (Table 3; model 2).
The OR for LDL-C of participants in the 80th versus 20th percentiles of urinary total arsenic
was 1.36 (95% CI 1.15,1.62) after adjustment for creatine, BMI, diabetes, age, and drinking
(Table 3; model 4).

Table 2. β-coefficients of TC and LDL-C by total urinary arsenic concentration quartiles.

Serum Lipids β-Coefficients (95% CI a) p Value

TC (mg/dL) Model 1 b 2.42 (1.48, 3.36) <0.001
Model 2 c 2.38 (1.44, 3.31 <0.001

LDL-C (mg/dL) Model 1 b 0.94 (0.13, 1.76) 0.024
Model 2 c 0.95 (0.14, 1.77) 0.022

a 95% CI: 95% confidence interval. b Model 1 adjusted for creatine, BMI, and diabetes. c Model 2 adjusted for
creatine, BMI, diabetes, gender, and smoking.

Table 3. Odds ratios of serum lipids by urine arsenic concentrations.

70th Versus 30th
Percentile

80th Versus 20th
Percentile

Urinary total arsenic
(µg/L) 14.40/4.70 22.00/3.49

TC
Model 1 a 1.17

(1.02, 1.35)
1

[Reference]
1.28

(1.08, 1.52)
1

[Reference]

Model 2 b 1.21
(1.05, 1.39)

1
[Reference]

1.34
(1.13, 1.59)

1
[Reference]

LDL-C
Model 3 c 1.15

(1.00, 1.32)
1

[Reference]
1.12

(1.03, 1.22)
1

[Reference]

Model 4 d 1.23
(1.06, 1.41)

1
[Reference]

1.36
(1.15, 1.62)

1
[Reference]

a Model 1 is shown adds odds ratio (95% confidence interval); adjusted for creatine. b Model 2 is shown adds
odds ratio (95% confidence interval); adjusted for creatine, BMI, and diabetes. c Model 3 is shown adds odds ratio
(95% confidence interval); adjusted for creatine. d Model 4 is shown adds odds ratio (95% confidence interval);
adjusted for creatine, BMI, diabetes, age, and drinking.

We divided total urinary arsenic concentrations into quartiles and estimated the ORs
for TC and LDL-C; TC and LDL-C were still divided into healthy and dangerous range. As
the urinary arsenic concentration increased, the OR of reaching risk threshold for TC and
LDL-C both increased in the two adjusted models, respectively (Table 4). The association
between total urinary arsenic and TC after adjustment for creatine levels, BMI, and diabetes
was consistent in most subgroups, and was somewhat stronger in older, smoking and
drinking, as well as LDL-C after adjustment for creatine level, BMI, diabetes, age, and
drinking (Figure 3). The relationship between TC, LDL-C, and urinary arsenic concentration
was basically the same among gender and education level, but there were differences in
some subgroups. In terms of the age group, people aged 40–59 years and ≥60 years with
80% urinary arsenic concentration were more likely to reach a dangerous concentration
of TC (OR 95% CI 40–59: 1.37 (1.02, 1.85), ≥60: 1.39 (1.04, 1.82)) or LDL-C (OR 95%
CI 40–59:1.39 (1.00, 1.94), ≥ 60: 1.46 (1.09, 1.94)) than those with 20% urinary arsenic
concentration. Smokers with urinary arsenic concentration of 80% were more likely to
reach TC (OR 95% CI 1.60 (1.24, 2.07)) or LDL-C (OR 95% CI 1.58 (1.22, 2.06)) risk threshold
than those with urinary arsenic concentration of 20%, while this association was not
significant in non-smokers. Similarly, alcohol drinkers with urinary arsenic concentrations
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of 80% were more likely to reach TC (OR 95% CI 1.52 (1.25, 1.85)) or LDL-C (OR 95% CI 1.47
(1.21, 1.79)) risk thresholds than those with urinary arsenic concentrations of 20%, whereas
this association was not significant in non-smokers.

Table 4. Odds ratios of TC and LDL-C by quartiles of urine arsenic concentrations.

Quartile 1 Quartile 2 Quartile 3 Quartile 4 p Value for Trend

Urinary total
arsenic (µg/L) <4.07 4.07–7.86 7.86–17.57 >17.57

TC
Model 1

a
1

[reference] 1.14 (0.98, 1.32) 1.13 (0.98, 1.32) 1.24 (1.07, 1.45) 0.020

Model 2
b

1
[reference] 1.16 (1.00, 1.34) 1.17 (1.00, 1.36) 1.29 (1.11, 1.50) 0.007

LDL-C
Model 3

c
1

[reference] 1.10 (0.95, 1.27) 1.11 (0.95, 1.29) 1.20 (1.03, 1.40) 0.041

Model 4
d

1
[reference] 1.13 (0.97, 1.31) 1.16 (0.99, 1.35) 1.29 (1.10, 1.51) 0.005

a Model 1 is shown adds odds ratio (95% confidence interval); adjusted for creatine. b Model 2 is shown adds
odds ratio (95% confidence interval); adjusted for creatine, BMI, and diabetes. c Model 3 is shown adds odds ratio
(95% confidence interval); adjusted for creatine. d Model 4 is shown adds odds ratio (95% confidence interval);
adjusted for creatine, BMI, diabetes, age, and drinking.
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20% by participant characteristics.

3.4. Six Different Speciated Arsenics were Analyzed

We divided arsenic species concentration into 80th and 20th, TC and LDL-C are still
divided into normal and abnormal, then obtained crude ORs with abnormal TC and LDL-C
in arsenic species concentrations of 80th versus 20th without correlated factors adjusting.
Table 5 shows the unadjusted association between TC, LDL-C and speciated arsenics.
Arsenic acid was associated with higher odds of TC risk threshold (OR 95% CI: 1.35 (1.02,
1.79), p = 0.037). Dimethylarsinic was associated with higher odds of LDL-L risk threshold
(OR 95% CI: 1.20 (1.03, 1.41), p < 0.05). Significant association was found between LDL-C
(OR 95% CI: 1.30 (1.11, 1.52), p = 0.001) and monomethylarsonic.



Nutrients 2022, 14, 3993 10 of 14

Table 5. Unadjusted odds ratios (OR) and 95% confidence intervals (CI) of the association between
TC and LDL-C and speciated arsenic.

Speciated Arsenics Median (IQR)-µg/L 80th versus 20th
Percentile OR (95% CI) of TC OR (95% CI) of LDL-C

Arsenous acid 0.80 (0.34, 0.85) 0.85/0.08 0.99 (0.81, 1.21) 1.20 (0.98, 1.46)
Arsenic acid 0.62 (0.56, 0.71) 0.71/0.56 1.35 (1.02, 1.79) * 1.22 (0.91, 1.62)

Arsenobetaine 1.29 (0.82, 6.58) 9.37/0.82 0.99 (0.87, 1.13) 0.87 (0.74, 1.02)
Arsenocholine 0.32 (0.08, 0.42) 0.42/0.08 1.11 (0.84, 1.41) 1.15 (0.87, 1.52)

Dimethylarsinic 3.65 (2.11, 6.40) 7.39/1.87 1.09 (0.94, 1.28) 1.20 (1.03, 1.41) *
Monomethylarsonic 0.64 (0.56, 1.00) 1.13/0.36 1.14 (0.97, 1.34) 1.30 (1.11, 1.52) (***)

* p < 0.05; (***) p = 0.001.

Table 6 includes the adjusted odds ratio for the association between TC and LDL-C
and six speciated arsenics, controlling for various variables in different models. Each
urine arsenic species concentration is grouped by 80th and 20th. The remaining analysis
methods were consistent with the OR values of TC and LDL-C concentrations in urine
speciated arsenic concentration without adjusting for confounding factors. Individuals
with dimethylarsinic and monomethylarsonic levels of 80% were more likely to reach the
TC and LDL-C risk threshold than those with urinary arsenic levels of 20%. In addition,
arsenous acid is associated with higher odds of LDL-L risk threshold (OR 95% CI: 1.23 (1.00,
1.51), p < 0.05). Arsenic acid is associated with higher odds of TC risk threshold (OR 95% CI:
1.46 (1.10, 1.95), p < 0.05) after adjusting creatine, BMI, diabetes, age, gender, and cotinine.

Table 6. Adjusted odds ratios (OR) and 95% confidence intervals (CI) of the association between TC
and LDL-C and speciated arsenic.

Speciated Arsenics
OR (95% CI) of TC OR (95% CI) of LDL-C

Model1 a Model2 b Model3 c Model4 d

Arsenous acid 1.13 (0.91, 1.38) 1.17 (0.95, 1.44) 1.23 (1.00, 1.51) * 1.23 (1.01, 1.52) *
Arsenic acid 1.44 (1.08, 1.92) * 1.46 (1.10, 1.95) (**) 1.24 (0.93, 1.66) 1.23 (0.92, 1.65)

Arsenobetaine 1.07 (0.93, 1.23) 1.07 (0.93, 1.23) 0.93 (0.79, 1.09) 0.91 (0.77, 1.07)
Arsenocholine 1.20 (0.90, 1.60) 1.19 (0.89, 1.59) 1.21 (0.91, 1.61) 1.20 (0.90, 1.59)

Dimethylarsinic 1.50 (1.25, 1.79) *** 1.47 (1.23, 1.76) *** 1.37 (1.15, 1.64) (***) 1.34 (1.12, 1.61 (***)

Monomethylarsonic 1.38 (1.16, 1.64) *** 1.36 (1.15, 1.62) *** 1.44 (1.22, 1.71) *** 1.43 (1.21, 1.70) ***
a Model 1 is shown adds odds ratio (95% confidence interval); adjusted for creatine, BMI, and diabetes. b Model 2
is shown adds odds ratio (95% confidence interval); adjusted for creatine, BMI, diabetes, age, gender, and cotinine.
c Model 3 is shown adds odds ratio (95% confidence interval); adjusted for creatine, BMI, diabetes, age, and
drinking. d Model 4 is shown adds odds ratio (95% confidence interval); adjusted for creatine, BMI, diabetes, age,
and marital status. *** p < 0.001; * p < 0.05; (***); p = 0.001. (**); p = 0.01.

4. Discussion

Arsenic is widely found in food and water and can be excreted in urine after metabolism
in body. It is a naturally occurring metalloid derived from the environment, depending
on the dose and treat time, arsenic can both be a poison and medicine historically. How-
ever, arsenic toxicity could be accumulated by intake from environment, which could
be a contributing factor in the development and progression of metabolic disease [25].
Chronic arsenic exposure is a significantly risk factor for pancreatic dysfunction and type
2 diabetes [26]. Areas with high concentrations of drinking arsenic tend to have a high
prevalence of hypertension [27]. Arsenic exposure could contribute to the multifactorial
origin of metabolic syndrome pathology such as dyslipidemias [28]. In this study, the asso-
ciation between urinary arsenic and TC and LDL-C was studied by using urinary arsenic
biomarker assessment of arsenic exposure based on NHANES population survey data from
2003 to March 2020. The results showed that the increase of urinary arsenic concentration
was positively correlated with the increase of serum TC and LDL-C concentration. In
this cross-sectional study of 6633 adults, a one-quarter increase in total urinary arsenic
concentration was associated with a 2.42 mg/L increase in blood TC concentration and a
0.95 mg/L increase in LDL-C concentration. Similarly, as the urinary arsenic quartile level
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increases, the probability of reaching an unsuitable concentration range for TC or LDL-C
increases. The population with urinary arsenic concentration above 70% was more likely to
reach the risk threshold of TC and LDL-C, which may increase the risk of cardiovascular
diseases. The relationship between urinary arsenic and TC was more significant. People
40 years of age and older, smokers, and drinkers with urinary arsenic levels of 80% were
more likely to reach the risk threshold level for TC or LDL-C than those with urinary
arsenic levels of 20%. This suggests that the elevated urinary arsenic levels in middle-aged
and elderly people, smokers, and drinkers should be of greater concern. Cigarette [29]
and alcohol [30] consumption are important factors of cardiovascular and cerebrovascular
diseases, and the elderly are also the main groups of cardiovascular and cerebrovascular
diseases [31]. The simultaneous exposure of these factors with arsenic may make it easier
for blood lipid and lipoprotein indexes such as TC and LDL-C to reach the risk threshold.
Among urine speciated arsenic analysis, the dimethylarsinic and monomethylarsonic con-
centration rising are more likely to related to the abnormal TC or LDL-C. Dimethylarsinic
is a major component of urinary arsenic, which may be the main reason for the association
between the change of total urinary arsenic concentration and the concentration of TC and
LDL-C. The high content of dimethylarsinic is also convenient to detect, which is worthy
of more attention in clinical detection. Monomethylarsonic, as one of the metabolites of
arsenic in the body, also showed a fair correlation of serum lipids or lipoproteins in this
study, which also provided a theoretical premise for the study of the correlation between
speciated arsenic concentration and TC and LDL-C concentration and the exploration of
the mechanism. It is suggested that serum TC and LDL-C should be examined in patients
with elevated urinary arsenic, and that urinary arsenic may be a marker for the diagnosis
of cardiovascular diseases.

One study has proved that there is a slight positive correlation between unmethylated
inorganic exposure and TC level in 12–17 years old from the 2009–2016 NHANES cycles [32],
and the result is consistent with that in our adult population. The TC levels in the rising-
high stage of total arsenic exposure after birth was 14% higher than those in the stable-low
stage, and LDL-C was 23% [33]. An individual level cross-sectional analysis conducted in
India indicated that there is a marginally significant positive relationship between arsenic
intake from rice and the changes of LDL (p-value = 0.032) [34], which complies with the
results in our study. A cohort study of 521 patients followed for 5.01 ± 0.31 years found
that compared with the first quartile of the four plasma arsenic concentrations, the OR
in the fourth quartile was 1.34 (95% CI: 1.03, 1.75; p trend = 0.03), moreover, plasma
arsenic concentrations were significantly related with higher risk of dyslipidemia subtypes
(including high LDL-C but not TC) [35]. An meta-analysis indicated that arsenic exposure
can affect lipid metabolism by increasing serum LDL concentrations and decreasing serum
HDL levels [36]. Arsenic had a significant association with lipid profile had been explored
in an association analysis between heavy metals such as arsenic and predictive indicators
of cardiovascular disease and obesity in children and adolescents [37]. The risk of having
atherosclerosis was increased by 5.4-fold (95% CI 2.0–15.0) for one studies subjects with
high monomethylarsonic and high homocysteine levels as compared to those with low
monomethylarsonic and low homocysteine levels [38], and the LDL concentration is linked
to atherosclerosis. There are many studies that suggest arsenic had significant association
with TC and LDL [37,39], although some studies have not linked arsenic levels to lipid levels
such as TC and LDL-C [40,41]. Therefore, more studies are needed to explore the correlation
between TC and LDL-C and arsenic in different populations and at different levels.

Several mechanisms may be involved in arsenic exposure leading to elevated TC
and LDL-C. Arsenic is related to the increase of cytokines expression and release of the
proinflammatory cytokine, and the response of greatest magnitude corresponds to DMA
(III), followed by As (III) [42]. It was found in the experiment that the exposure of arsenic
trioxide can cause oxidative stress [43,44]. In a rat model of liver and kidney injury induced
by sodium arsenate, TC and LDL-C increased, meanwhile, it showed a significant reduction
in activities of antioxidant markers such as superoxide dismutase (SOD) adn catalase
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(CAT) [45]. Both population and experimental results demonstrate that As promotes
LDL oxidation, a key step in vascular inflammation and chronic vascular disease [46]. A
study showed that arsenic–protein interactions affect various cellular processes and alter
epigenetic regulation, cause endocrine disruption [47]. Some scholars have carried out
environmental metal exposure in genetic variants with plasma metabolic patterns in a
general population from Spain. The study included a variety of heavy metals such as
arsenic, with the correlation analyzed between heavy metal concentration and oxidative
stress biomarkers by estimating metabolic principal components (mPC). It did not observe
any association between serum arsenic levels with mPCs reflecting other lipoproteins, such
as HDL and LDL except VLDL [48]. Consider the mechanism of arsenic exposure and
cardiovascular disease, cardiotoxicity caused by As (III) or/and Sb might be concerning
disturbing calcium homeostasis [49]. Further studies on these mechanisms are needed to
explore the association between arsenic exposure and elevated TC and LDL-C.

There is still room for improvement although considerable preparation needs to
be performed before research is carried out to ensure research quality. In this analysis,
although some confounding factors related to TC and LDL-C, such as BMI and diabetes,
were controlled, some factors, such as whether to take lipid-lowering drugs, were not taken
into account due to guaranteeing the sample size, since the missing values are too many.
Although TC and LDL-C are typical markers of cardiovascular disease risk, they are not
very accurate, and there are still many markers associated with cardiovascular disease
events. In addition, this is a cross-sectional study and further population cohort analysis is
needed to demonstrate the authenticity of this association.

5. Conclusions

Our study found a positive correlation between total arsenic exposure and increased
TC and LDL-C concentrations in the adult population. More high-quality population-based
cohort studies are needed to assess the role of arsenic exposure in increasing TC and LDL-
C concentrations. Our study may provide a basis for early warning of TC and LDL-C
concentrations based on arsenic exposure to assess the risk of cardiovascular disease.

Author Contributions: R.H.: Conceptualization, funding acquisition, and critically revised manuscript.
C.Q.: Investigation, formal analysis, and innate manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by grants from the National Natural Science Foundation of
China (Grant Nos. 82073486), Key Research and Development (R&D) Plan of Hunan Province
(Grant Nos. 2021SK2026), and Scientific research project of Hunan Health Committee (202112010058),
and the Graduate Research Innovation Program of Central South University (No. 2021zzts0916,
2021zzts0971).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of NCHS Ethics Review Board (ERB)
(Protocol #98-12; Protocol #2005-06; Protocol #2011-17; Protocol #2018-01).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Y.; Zhong, X.; Shen, J.; Jiao, L.; Tong, J.; Zhao, W.; Du, K.; Gong, S.; Liu, M.; Wei, M. Elevated serum TC and LDL-C levels in

Alzheimer’s disease and mild cognitive impairment: A meta-analysis study. Brain Res. 2020, 1727, 146554. [CrossRef] [PubMed]
2. Hu, X.; Liu, Q.; Guo, X.; Wang, W.; Yu, B.; Liang, B.; Zhou, Y.; Dong, H.; Lin, J. The role of remnant cholesterol beyond low-density

lipoprotein cholesterol in diabetes mellitus. Cardiovasc. Diabetol. 2022, 21, 117. [CrossRef] [PubMed]
3. Fang, F.; Zhan, Y.; Hammar, N.; Shen, X.; Wirdefeldt, K.; Walldius, G.; Mariosa, D. Lipids, Apolipoproteins, and the Risk of

Parkinson Disease. Circ. Res. 2019, 125, 643–652. [CrossRef] [PubMed]
4. Luo, J.; Jiang, L.Y.; Yang, H.; Song, B.L. Intracellular Cholesterol Transport by Sterol Transfer Proteins at Membrane Contact Sites.

Trends Biochem. Sci. 2019, 44, 273–292. [CrossRef]

http://doi.org/10.1016/j.brainres.2019.146554
http://www.ncbi.nlm.nih.gov/pubmed/31765631
http://doi.org/10.1186/s12933-022-01554-0
http://www.ncbi.nlm.nih.gov/pubmed/35761281
http://doi.org/10.1161/CIRCRESAHA.119.314929
http://www.ncbi.nlm.nih.gov/pubmed/31382822
http://doi.org/10.1016/j.tibs.2018.10.001


Nutrients 2022, 14, 3993 13 of 14

5. Wong, L.H.; Gatta, A.T.; Levine, T.P. Lipid transfer proteins: The lipid commute via shuttles, bridges and tubes. Nat. Rev. Mol.
Cell Biol. 2019, 20, 85–101. [CrossRef]

6. Luo, J.; Yang, H.; Song, B.L. Mechanisms and regulation of cholesterol homeostasis. Nat. Rev. Mol. Cell Biol. 2020, 21, 225–245.
[CrossRef]

7. Bruckert, E.; Rosenbaum, D. Lowering LDL-cholesterol through diet: Potential role in the statin era. Curr. Opin. Lipidol. 2011,
22, 43–48. [CrossRef]

8. Palma-Lara, I.; Martínez-Castillo, M.; Quintana-Pérez, J.C.; Arellano-Mendoza, M.G.; Tamay-Cach, F.; Valenzuela-Limón, O.L.;
García-Montalvo, E.A.; Hernández-Zavala, A. Arsenic exposure: A public health problem leading to several cancers. Regul.
Toxicol. Pharmacol. 2020, 110, 104539. [CrossRef]

9. Grau-Perez, M.; Navas-Acien, A.; Galan-Chilet, I.; Briongos-Figuero, L.S.; Morchon-Simon, D.; Bermudez, J.D.; Crainiceanu, C.M.;
de Marco, G.; Rentero-Garrido, P.; Garcia-Barrera, T.; et al. Arsenic exposure, diabetes-related genes and diabetes prevalence in a
general population from Spain. Environ. Pollut. 2018, 235, 948–955. [CrossRef]

10. Zhou, M.; Zhao, E.; Huang, R. Association of urinary arsenic with insulin resistance: Cross-sectional analysis of the National
Health and Nutrition Examination Survey, 2015–2016. Ecotoxicol. Environ. Saf. 2022, 231, 113218. [CrossRef]

11. Moon, K.; Guallar, E.; Navas-Acien, A. Arsenic exposure and cardiovascular disease: An updated systematic review. Curr.
Atheroscler. Rep. 2012, 14, 542–555. [CrossRef] [PubMed]

12. Tsuji, J.S.; Perez, V.; Garry, M.R.; Alexander, D.D. Association of low-level arsenic exposure in drinking water with cardiovascular
disease: A systematic review and risk assessment. Toxicology 2014, 323, 78–94. [CrossRef] [PubMed]

13. Basu, A.; Mitra, S.; Chung, J.; Guha Mazumder, D.N.; Ghosh, N.; Kalman, D.; von Ehrenstein, O.S.; Steinmaus, C.; Liaw, J.;
Smith, A.H. Creatinine, diet, micronutrients, and arsenic methylation in West Bengal, India. Environ. Health Perspect. 2011,
119, 1308–1313. [CrossRef] [PubMed]

14. Yao, X.; Steven Xu, X.; Yang, Y.; Zhu, Z.; Zhu, Z.; Tao, F.; Yuan, M. Stratification of population in NHANES 2009–2014 based
on exposure pattern of lead, cadmium, mercury, and arsenic and their association with cardiovascular, renal and respiratory
outcomes. Environ. Int. 2021, 149, 106410. [CrossRef] [PubMed]

15. Bulka, C.M.; Persky, V.W.; Daviglus, M.L.; Durazo-Arvizu, R.A.; Argos, M. Multiple metal exposures and metabolic syndrome: A
cross-sectional analysis of the National Health and Nutrition Examination Survey 2011–2014. Environ. Res. 2019, 168, 397–405.
[CrossRef]

16. Shiue, I. Higher urinary heavy metal, phthalate, and arsenic but not parabens concentrations in people with high blood pressure,
U.S. NHANES, 2011–2012. Int. J. Environ. Res. Public Health 2014, 11, 5989–5999. [CrossRef]

17. Wang, X.; Mukherjee, B.; Park, S.K. Associations of cumulative exposure to heavy metal mixtures with obesity and its comorbidities
among U.S. adults in NHANES 2003–2014. Environ. Int. 2018, 121 Pt 1, 683–694. [CrossRef]

18. Jones, M.R.; Tellez-Plaza, M.; Sharrett, A.R.; Guallar, E.; Navas-Acien, A. Urine arsenic and hypertension in US adults: The
2003–2008 National Health and Nutrition Examination Survey. Epidemiology 2011, 22, 153–161. [CrossRef]

19. Nigra, A.E.; Moon, K.A.; Jones, M.R.; Sanchez, T.R.; Navas-Acien, A. Urinary arsenic and heart disease mortality in NHANES
2003–2014. Environ. Res. 2021, 200, 111387. [CrossRef]

20. Huang, Y.L.; Hsueh, Y.M.; Huang, Y.K.; Yip, P.K.; Yang, M.H.; Chen, C.J. Urinary arsenic methylation capability and carotid
atherosclerosis risk in subjects living in arsenicosis-hyperendemic areas in southwestern Taiwan. Sci. Total Environ. 2009,
407, 2608–2614. [CrossRef]

21. Caldwell, K.L.; Jones, R.L.; Verdon, C.P.; Jarrett, J.M.; Caudill, S.P.; Osterloh, J.D. Levels of urinary total and speciated arsenic in
the US population: National Health and Nutrition Examination Survey 2003–2004. J. Expo. Sci. Environ. Epidemiol. 2009, 19, 59–68.
[CrossRef] [PubMed]

22. Benjamin, E.J.; Virani, S.S.; Callaway, C.W.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.; Chiuve, S.E.; Cushman, M.; Delling, F.N.;
Deo, R.; et al. Heart Disease and Stroke Statistics-2018 Update: A Report From the American Heart Association. Circulation 2018,
137, e67–e492. [CrossRef] [PubMed]

23. Virani, S.S.; Alonso, A.; Aparicio, H.J.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.;
Cheng, S.; Delling, F.N.; et al. Heart Disease and Stroke Statistics-2021 Update: A Report From the American Heart Association.
Circulation 2021, 143, e254–e743. [CrossRef] [PubMed]

24. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado, V.;
Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce cardiovascular
risk. Eur. Heart J. 2020, 41, 111–188. [CrossRef] [PubMed]

25. Ro, S.H.; Bae, J.; Jang, Y.; Myers, J.F.; Chung, S.; Yu, J.; Natarajan, S.K.; Franco, R.; Song, H.S. Arsenic Toxicity on Metabolism and
Autophagy in Adipose and Muscle Tissues. Antioxidants 2022, 11, 689. [CrossRef]

26. Wei, S.; Qiu, T.; Yao, X.; Wang, N.; Jiang, L.; Jia, X.; Tao, Y.; Wang, Z.; Pei, P.; Zhang, J.; et al. Arsenic induces pancreatic dysfunction
and ferroptosis via mitochondrial ROS-autophagy-lysosomal pathway. J. Hazard Mater. 2020, 384, 121390. [CrossRef]

27. Abhyankar, L.N.; Jones, M.R.; Guallar, E.; Navas-Acien, A. Arsenic exposure and hypertension: A systematic review. Environ.
Health Perspect. 2012, 120, 494–500. [CrossRef]

28. Pánico, P.; Velasco, M.; Salazar, A.M.; Picones, A.; Ortiz-Huidobro, R.I.; Guerrero-Palomo, G.; Salgado-Bernabé, M.E.; Ostrosky-
Wegman, P.; Hiriart, M. Is Arsenic Exposure a Risk Factor for Metabolic Syndrome? A Review of the Potential Mechanisms. Front.
Endocrinol. 2022, 13, 878280. [CrossRef]

http://doi.org/10.1038/s41580-018-0071-5
http://doi.org/10.1038/s41580-019-0190-7
http://doi.org/10.1097/MOL.0b013e328340b8e7
http://doi.org/10.1016/j.yrtph.2019.104539
http://doi.org/10.1016/j.envpol.2018.01.008
http://doi.org/10.1016/j.ecoenv.2022.113218
http://doi.org/10.1007/s11883-012-0280-x
http://www.ncbi.nlm.nih.gov/pubmed/22968315
http://doi.org/10.1016/j.tox.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24953689
http://doi.org/10.1289/ehp.1003393
http://www.ncbi.nlm.nih.gov/pubmed/21652291
http://doi.org/10.1016/j.envint.2021.106410
http://www.ncbi.nlm.nih.gov/pubmed/33548850
http://doi.org/10.1016/j.envres.2018.10.022
http://doi.org/10.3390/ijerph110605989
http://doi.org/10.1016/j.envint.2018.09.035
http://doi.org/10.1097/EDE.0b013e318207fdf2
http://doi.org/10.1016/j.envres.2021.111387
http://doi.org/10.1016/j.scitotenv.2008.12.061
http://doi.org/10.1038/jes.2008.32
http://www.ncbi.nlm.nih.gov/pubmed/18523458
http://doi.org/10.1161/CIR.0000000000000558
http://www.ncbi.nlm.nih.gov/pubmed/29386200
http://doi.org/10.1161/CIR.0000000000000950
http://www.ncbi.nlm.nih.gov/pubmed/33501848
http://doi.org/10.1093/eurheartj/ehz455
http://www.ncbi.nlm.nih.gov/pubmed/31504418
http://doi.org/10.3390/antiox11040689
http://doi.org/10.1016/j.jhazmat.2019.121390
http://doi.org/10.1289/ehp.1103988
http://doi.org/10.3389/fendo.2022.878280


Nutrients 2022, 14, 3993 14 of 14

29. Kondo, T.; Nakano, Y.; Adachi, S.; Murohara, T. Effects of Tobacco Smoking on Cardiovascular Disease. Circ. J. 2019, 83, 1980–1985.
[CrossRef]

30. Mostofsky, E.; Chahal, H.S.; Mukamal, K.J.; Rimm, E.B.; Mittleman, M.A. Alcohol and Immediate Risk of Cardiovascular Events:
A Systematic Review and Dose-Response Meta-Analysis. Circulation 2016, 133, 979–987. [CrossRef]

31. North, B.J.; Sinclair, D.A. The intersection between aging and cardiovascular disease. Circ. Res. 2012, 110, 1097–1108. [CrossRef]
[PubMed]

32. Yue, Y.; Nair, N.; Quinones, S.; Kordas, K.; Desai, G. Associations of total urinary arsenic with total cholesterol and high-density
lipoprotein among 12–17-year-old participants from the 2009–2016 NHANES cycles: A cross-sectional study. Int. J. Hyg. Environ.
Health 2022, 242, 113950. [CrossRef] [PubMed]

33. Kuo, C.C.; Su, P.H.; Sun, C.W.; Liu, H.J.; Chang, C.L.; Wang, S.L. Early-life arsenic exposure promotes atherogenic lipid metabolism
in adolescence: A 15-year birth cohort follow-up study in central Taiwan. Environ. Int. 2018, 118, 97–105. [CrossRef] [PubMed]

34. Xu, L.; Suman, S.; Sharma, P.; Kumar, R.; Singh, S.K.; Bose, N.; Ghosh, A.; Rahman, M.M.; Polya, D.A.; Mondal, D. Assessment
of hypertension association with arsenic exposure from food and drinking water in Bihar, India. Ecotoxicol. Environ. Saf. 2021,
223, 112572. [CrossRef]

35. Jiang, Q.; Xiao, Y.; Long, P.; Li, W.; Yu, Y.; Liu, Y.; Liu, K.; Zhou, L.; Wang, H.; Yang, H.; et al. Associations of plasma metal
concentrations with incident dyslipidemia: Prospective findings from the Dongfeng-Tongji cohort. Chemosphere 2021, 285, 131497.
[CrossRef] [PubMed]

36. Zhao, Y.; Li, M.; Tian, X.; Xie, J.; Liu, P.; Ying, X.; Wang, M.; Yuan, J.; Gao, Y.; Tian, F.; et al. Effects of arsenic exposure on lipid
metabolism: A systematic review and meta-analysis. Toxicol. Mech. Methods 2021, 31, 188–196. [CrossRef] [PubMed]

37. Nasab, H.; Rajabi, S.; Eghbalian, M.; Malakootian, M.; Hashemi, M.; Mahmoudi-Moghaddam, H. Association of As, Pb, Cr, and
Zn urinary heavy metals levels with predictive indicators of cardiovascular disease and obesity in children and adolescents.
Chemosphere 2022, 294, 133664. [CrossRef]

38. Wu, M.M.; Chiou, H.Y.; Hsueh, Y.M.; Hong, C.T.; Su, C.L.; Chang, S.F.; Huang, W.L.; Wang, H.T.; Wang, Y.H.; Hsieh, Y.C.; et al.
Effect of plasma homocysteine level and urinary monomethylarsonic acid on the risk of arsenic-associated carotid atherosclerosis.
Toxicol. Appl. Pharmacol. 2006, 216, 168–175. [CrossRef]

39. Mendez, M.A.; González-Horta, C.; Sánchez-Ramírez, B.; Ballinas-Casarrubias, L.; Cerón, R.H.; Morales, D.V.; Terrazas, F.A.;
Ishida, M.C.; Gutiérrez-Torres, D.S.; Saunders, R.J.; et al. Chronic Exposure to Arsenic and Markers of Cardiometabolic Risk: A
Cross-Sectional Study in Chihuahua, Mexico. Environ. Health Perspect. 2016, 124, 104–111. [CrossRef]
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