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Abstract
The objective of this study was to determine the relationship of urinary nickel (U-Ni) exposure to serum lipid profiles and 
the mediation effect of body mass index (BMI) in a US general population. We analyzed the cross-sectional data from 3517 
participants in the National Health and Nutrition Examination Survey (NHANES) (2017-March 2020). Multivariable linear 
regression and restricted cubic spline (RCS) regression were conducted to explore the association of U-Ni with four serum 
lipids and four lipids-derived indicators. Mediation analysis was performed to examine the effect of BMI on the relationship 
between U-Ni levels and serum lipid profiles. Compared with the lowest quartile, the β with 95% confidence intervals (CIs) 
in the highest quartile were − 12.83 (− 19.42, − 6.25) for total cholesterol (TC) (P for trend < 0.001), − 12.76 (− 19.78, − 5.74) 
for non-high-density lipoprotein cholesterol (non-HDL-C) (P for trend = 0.001) and − 0.29 (− 0.51, − 0.07) for TC/HDL-C 
(P for trend = 0.007) in the fully adjusted model. RCS plots showed the linear association of  log2-transformed U-Ni levels 
with TC, non-HDL-C and TC/HDL-C (P for nonlinearity = 0.294, 0.152, and 0.087, respectively). Besides, BMI decreased 
monotonically in correlation with increasing U-Ni levels (P for trend < 0.001). Mediation analysis revealed that BMI signifi-
cantly mediated the relationship of U-Ni to TC, non-HDL-C and TC/HDL-C with mediated proportions of 11.17%, 22.20% 
and 36.44%, respectively. In summary, our findings suggest that BMI mediates the negative association of U-Ni with TC, 
non-HDL-C, and TC/HDL-C in the US general population.
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Introduction

Dyslipidemia, particularly elevated low-density lipoprotein 
cholesterol (LDL-C) level, is a major risk factor for cardio-
vascular disease (CVD), the leading cause of global mortal-
ity and disability [1]. The global burden of dyslipidemia has 
increased dramatically over the past 30 years. Projections 
estimated that elevated LDL-C level was the 15th leading 

risk factor for death in 1990, rising to 11th in 2007 and 8th 
in 2019, and more than one-third of deaths caused by CVD 
were attributable to elevated LDL-C levels [2]. Therefore, 
the management of dyslipidemia and lipid profiles is essen-
tial in the primary and secondary prevention of CVD [3, 
4]. Abundant studies have shown that LDL-C, non-high-
density lipoprotein cholesterol (non-HDL-C), and triglycer-
ides (TG) are atherosclerotic lipid profiles and support their 
causal roles in atherosclerotic CVD (ASCVD) [5]. Among 
them, the cumulative exposure of an artery to LDL-C over 
years remains a principal determinant of ASCVD initiation 
and progression [6]. Besides CVD, elevated lipid profiles 
and dyslipidemia are also associated with a range of other 
diseases, including diabetes [7], chronic kidney disease [8], 
valvular heart disease [9], non-alcoholic fatty liver disease 
[10], Alzheimer’s disease [11], and coronavirus disease 2019 
(COVID-19) [12], posing an enormous threat to human 
health.
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With economic development and accelerated industriali-
zation, humans are easily exposed to environmental metals 
due to their widespread presence in the electronics, optics, 
glass, and medical industries [13]. Nickel (Ni), a hard silvery-
white metal, is a very abundant natural element. Ni can be 
combined with other metals, such as iron, copper, chromium, 
and zinc, to form alloys [14]. These alloys are used to make 
coins, jewelry, and items such as valves and heat exchangers. 
Most of Ni is used to make stainless steel [15]. Meanwhile, 
it is worth noting that coronary stents and occlusion devices 
used to repair atrial septal defects and patent foramen ovale 
usually contain nitinol, an alloy containing Ni [16, 17]. The 
main routes of human exposure to environmental Ni include 
ingestion of contaminated food, inhalation of ambient air and 
tobacco, and skin contact [15]. Ni has been recognized as an 
essential nutrient for some microorganisms, plants, and animal 
species. However, no existing evidence denotes its nutritional 
value in humans [18]. Therefore, it is necessary to explore the 
effects of Ni exposure on human health.

Previous studies have demonstrated that the most common 
adverse health effect of Ni is an allergic reaction and the preva-
lence of Ni allergy in the general population is approximately 
8% to 19% [19]. In addition, exposure to Ni can cause chronic 
bronchitis, lung fibrosis, and even lung and sinus cancer, and 
Ni is classified as a group 2B carcinogen (possibly carcino-
genic) [15]. Ni exposure is also associated with an increased 
risk of congenital heart defects in offspring [20]. However, it 
remains largely unclear whether Ni exposure influences human 
lipid levels. Moreover, several studies have revealed that Ni 
exposure may be associated with lower body weight or body 
mass index (BMI) [21–24], and BMI, as a surrogate indicator 
of body weight and obesity, is recognized to be closely related 
to lipid profiles and dyslipidemia. However, whether BMI 
plays a mediating role in this relationship remains unknown.

Based on the existing evidence from previous studies, the 
association between Ni exposure and blood lipids remains 
largely unclear and the mediating role of BMI in this asso-
ciation needs to be further elucidated. Using the representa-
tive and large-scale US population-based National Health 
and Nutrition Examination Survey (NHANES 2017-March 
2020) data, the present study aimed to investigate the medi-
ation role of BMI on the association between urinary Ni 
(U-Ni) level, a commonly used and long-term biomarker of 
individual Ni exposure [25], and serum lipid profiles in the 
general population.

Materials and Methods

Study Design and Participants

NHANES is a major program of the National Center for 
Health Statistics (NCHS) and is designed to assess the 

health status of the US general population. NHANES uses 
a complex statistical process to reflect the civilian non-
institutionalized resident population information [26]. The 
survey design, methods, population, and data are publicly 
available from the NHANES website (https:// www. cdc. gov/ 
nchs/ nhanes/ index. htm). NHANES protocols were approved 
by the NCHS Research Ethics Review Board and all partici-
pants provided written informed consent.

For the present analysis, we consolidated data from 
NHANES (2017-March 2020) because U-Ni was only 
measured during this time period. NHANES suspended field 
operations in March 2020 due to the COVID-19 pandemic. 
Therefore, data from 2019 to March 2020 were combined 
with data from the 2017–2018 cycle to form a nationally 
representative sample. Among the 15,560 participants in 
the total sample, 4569 participants had complete data on 
U-Ni. Participants with missing data on TC (N = 1052), 
HDL-C (N = 1052), LDL-C (N = 3057), and TG (N = 3057) 
were further excluded, respectively. Ultimately, a total of 
3517 participants for TC and HDL-C and 1512 participants 
for LDL-C and TG were retained and enrolled for analysis 
(Online Resource 1, Supplementary Fig. 1).

Measurement of U‑Ni

To measure U-Ni, a casual (or spot) urine specimen was 
collected from the participants after confirmation of no 
background contamination. U-Ni levels were detected using 
inductively coupled plasma mass spectrometry (ICP-MS) 
after a simple dilution sample preparation step [27]. Liquid 
samples were reduced to small droplets in an argon aerosol 
via a nebulizer, and then, the droplets entered the ICP where 
the thermal energy atomized the sample and then ionized 
the atoms. The ions were pulled into the mass spectrom-
eter where they were focused through the universal cell 
technology (UCT), the quadrupole mass filter, and finally 
were selectively counted in rapid sequence at the detector 
according to their mass-to-charge (m/z) ratio. When detect-
ing U-Ni, the UCT was filled with helium gas and operated 
in a kinetic energy discrimination (KED) mode to eliminate 
polyatomic interferences. The detailed detection method 
for U-Ni is available online at https:// wwwn. cdc. gov/ Nchs/ 
Nhanes/ 2017- 2018/P_ UNI. htm. The lower limit of detection 
(LLOD) for U-Ni was 0.31 µg/L. According to NHANES 
Laboratory Method File, when the detected U-Ni level was 
lower than LLOD, the detected value was expressed by 
LLOD divided by the square root of 2 (i.e., 0.22 µg/L).

Assessment of Covariates

Demographic information in this study included age, gen-
der, race, education level and the ratio of family income to 
poverty (PIR) and was obtained through uniform interviews. 

https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/P_UNI.htm
https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/P_UNI.htm
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Medical history information, including hypertension, dia-
betes, CVD and lipid-lowering drug use, as well as lifestyle 
information, including smoking status, alcohol intake and 
physical activity, was ascertained by standardized ques-
tionnaires. Laboratory results, including high-sensitivity 
C-reactive protein (hsCRP) and urinary creatinine (UCr), 
were determined in NHANES mobile examination centers.

Race was categorized into non-Hispanic white, non-
Hispanic black, Mexican American and others. Educa-
tional level was classified into three categories: less than 
high school, high school or equivalent and college or above 
according to NHANES demographic files. Individuals who 
smoked < 100 cigarettes in their entire life were defined as 
never smokers; those who had smoked at least 100 cigarettes 
but did not smoke at the time of survey were considered for-
mer smokers; and those who had smoked at least 100 ciga-
rettes and still smoked cigarettes at the time of survey were 
considered current smokers. Participants were considered 
alcohol users in NHANES 2017-March 2020 if they had 
had at least 1 drink of any kind of alcohol, which differed 
from previous NHANES questionnaires. Physical activity 
for each participant was categorized as follows: (1) below, 
less than 600 MET min/week or 150 min/week of moderate-
intensity exercise; (2) meet, 600 to 1200 MET min/week or 
150 to 300 min/week of moderate-intensity exercise; or (3) 
exceed, at least 1200 MET min/week or 300 min/week of 
moderate-intensity exercise [26]. Hypertension was defined 
as the systolic blood pressure (SBP) ≥ 140 mmHg or dias-
tolic blood pressure (DBP) ≥ 90 mmHg, self-reported his-
tory of hypertension or taking anti-hypertensive agents [28]. 
Diabetes was defined as a fasting plasma glucose ≥ 126 mg/
dL, a random plasma glucose ≥ 200 mg/dL, glycated hemo-
globin A1c ≥ 6.5%, self-reported history of diabetes or tak-
ing anti-hyperglycemic agents [29]. CVD was ascertained 
using a standardized questionnaire and included a compos-
ite event of congestive heart failure, coronary heart disease, 
angina pectoris, heart attack and stroke described previously 
[30]. Laboratory results, including hsCRP and UCr, were 
determined using standardized NHANES detection meth-
ods. BMI is the weight divided by the square of height (kg/
m2). The estimated glomerular filtration rate (eGFR) was 
calculated using the Chronic Kidney Disease-Epidemiology 
Collaboration equation [31].

Ascertainment of Serum Lipid Profiles

In the present study, TC was measured using an enzymatic 
assay, in which esterified cholesterol was converted to cho-
lesterol by cholesterol esterase. The resulting cholesterol was 
then acted upon by cholesterol oxidase to produce cholest-
4-en-3-one and hydrogen peroxide. The hydrogen peroxide 
then reacted with 4-aminophenazone in the presence of per-
oxidase to produce a colored product measured at 505 nm. 

HDL-C was measured using a magnesium/dextran sulfate 
solution that was first added to the specimen to form water-
soluble complexes with non-HDL cholesterol fractions. With 
the addition of reagent 2, HDL-C esters were converted to 
HDL-C by PEG-cholesterol esterase. The HDL-C was acted 
upon by PEG-cholesterol oxidase, and the hydrogen perox-
ide produced from this reaction combined with 4-amino-
antipyrine and HSDA under the action of peroxidase to form 
a purple/blue pigment measured photometrically at 600 nm. 
TG was measured using a lipoprotein lipase from microor-
ganisms for the rapid and complete hydrolysis of TG to glyc-
erol, followed by oxidation to dihydroxyacetone phosphate 
and hydrogen peroxide. The hydrogen peroxide then reacted 
with 4-aminophenazone and 4-chlorophenol to form a red 
dyestuff and its color intensity was directly proportional to 
TG concentration and could be measured photometrically. 
The Friedewald formula was used to compute LDL-C levels 
([LDL-C] = [TC] − [HDL-C] − [TG/5]) [32]. Detailed labo-
ratory methods for lipid profiles can be accessed at https:// 
wwwn. cdc. gov/ Nchs/ Nhanes/ Search/ DataP age. aspx? Compo 
nent= Labor atory & Cycle= 2017- 2020. In addition, we also 
calculated four lipids-derived indicators: (1) non-HDL-C 
equals TC minus HDL-C; (2) TC/HDL-C equals TC divided 
by HDL-C; (3) LDL-C/HDL-C equals LDL-C divided by 
HDL-C; (4) remnant cholesterol (RC) equals TC minus 
HDL-C minus LDL-C [33].

Statistical Analysis

Given that NHANES aims to produce representative data 
of the non-institutionalized US general population, sam-
ple weights, clustering, and strata are recommended for 
statistical analysis to account for the unequal probability 
of selection, oversampling of certain subpopulations, and 
non-response adjustment [26]. Statistical analyses in the pre-
sent study took into account the complex sampling design 
of NHANES and were weighted. Descriptive statistics for 
continuous variables were expressed in the form of weighted 
median (25th percentile, 75th percentile) and categorical 
variables were represented by weighted percentages (stand-
ard error [SE]). SE was obtained using the Taylor series 
linearization.

U-Ni values were categorized into quartiles, and the low-
est quartile (Q1) served as the reference group. Since U-Ni 
had a positively skewed distribution,  log2-transformation 
was also performed to improve the normality of the data 
[34]. A multivariable linear regression model was used to 
calculate β and corresponding 95% confidence intervals 
(CIs). No adjustment was made in model 1. Model 2 was 
adjusted for age, gender and race. Model 3 was the same 
as model 2 with additional adjustments for education level, 
PIR, hypertension, diabetes, smoking, alcohol use, physi-
cal activity, CVD, lipid-lowering drug use, hsCRP, eGFR 

https://wwwn.cdc.gov/Nchs/Nhanes/Search/DataPage.aspx?Component=Laboratory&Cycle=2017-2020
https://wwwn.cdc.gov/Nchs/Nhanes/Search/DataPage.aspx?Component=Laboratory&Cycle=2017-2020
https://wwwn.cdc.gov/Nchs/Nhanes/Search/DataPage.aspx?Component=Laboratory&Cycle=2017-2020
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and UCr. Model 4 (fully adjusted model) was adjusted for 
model 3 plus BMI (both continuous and categorical [< 25, 
25–29.9, or ≥ 30 kg/m2] variables) to further adjust for the 
possible influence of BMI with reference to published meth-
ods [35, 36]. We conducted linear regression analysis twice 
using U-Ni as continuous  (log2-transformed) and categorical 
(quartiles) variables respectively. To further investigate the 
dose–response relationship between U-Ni levels and serum 
lipid profiles, restricted cubic splines (RCS) with 3 knots at 
10th, 50th and 90th percentiles were performed.

Mediation analysis with 1000 bootstrap resamples and 
adjustment for covariates was performed to evaluate whether 
BMI mediated the relationship between U-Ni and serum 
lipid profiles using the “mediation” package in R software to 
estimate the indirect effect, direct effect, and total effect [37]. 
The mediated proportion was calculated as indirect effect/
(indirect effect + direct effect) × 100%. Regression coeffi-
cients correspond to distinct pathways that characterize (1) 
the total effect of U-Ni on serum lipid profiles (path C); (2) 
the direct effect of U-Ni on serum lipid profiles when BMI 
(mediator) is included in the model (path C′); (3) the effect 
of U-Ni on BMI (path A); (4) the effect of BMI on serum 
lipid profiles (path B); and (5) the indirect effect of BMI on 
the association between U-Ni and serum lipid profiles (path 
A*B) (Fig. 1).

Several sensitivity analyses were performed in the 
study. Firstly, to correct for differences in urine dilu-
tion in spot urine samples, U-Ni levels were corrected by 
UCr (μg/g UCr) [38]. Secondly, since this study included 

both adults (the vast majority) and minors, to determine 
whether the findings were valid in adults, we excluded par-
ticipants < 20 years old and re-run the statistical analysis 
[30]. Thirdly, to explore the relationship between U-Ni and 
overall blood lipids, a multivariable logistic regression was 
performed to assess the association between U-Ni and dys-
lipidemia, a dichotomous outcome [39]. Fourthly, previous 
experimental studies showed that the effect of Ni on plasma 
and liver lipids was influenced by iron [40]. Thus, serum 
iron levels were added for further adjustment.

All statistical analyses were performed using Stata ver-
sion 16.0 (StataCorp LLC, College Station, TX, USA) and R 
version 4.1.0. A P value < 0.05 (two-tailed) was considered 
statistically significant.

Results

Baseline Characteristics of the Study Participants

The study included 3517 participants, 49.6% of whom were 
males. The weighted median age (25th percentile, 75th 
percentile) of the study participants was 42 (25, 59) years. 
The participants were predominantly non-Hispanic White 
(60.4%) and educated above the high school level (60.0%). 
The prevalence of hypertension was 33.6% and the preva-
lence of diabetes was 12.5%. The proportion of lipid-lower-
ing drug use was 24.8%. The median BMI of the participants 

Fig. 1  Schematic diagram of the 
mediation effect analysis. Path 
C indicates the total effect; path 
C′ indicates the direct effect. 
The indirect effect is estimated 
as the multiplication of paths A 
and B (path A*B). The medi-
ated proportion is calculated 
as indirect effect/(indirect 
effect + direct effect) × 100%
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was 27.6 (23.4, 32.6) kg/m2. Detailed baseline information 
in this study is summarized in Table 1.

Association between U‑Ni and Serum Lipid Profiles

Multiple linear regression was conducted to analyze the 
association of U-Ni, in both continuous and categorical vari-
ables form, with serum lipid profiles and is shown in Table 2 
and Supplementary Table 1. The continuous analysis dem-
onstrated that  log2-transformed U-Ni was significantly and 
negatively correlated with TC, non-HDL-C and TC/HDL-C 
(all P < 0.05 in Model 3 and Model 4). Using the lowest 
quartile (Q1) of U-Ni as the reference, the β with 95% CI in 
the highest quartile (Q4) were − 12.83 (− 19.42, − 6.25) for 
total cholesterol (TC) (P for trend < 0.001), − 12.76 − 19.7
8, − 5.74) for non-HDL-C (P for trend = 0.001) and − 0.29 
(− 0.51, − 0.07) for TC/HDL-C (P for trend = 0.007) in the 
fully adjusted model (model 4) and remained consistent 
in model 3 (all P for trend < 0.001). The Q4 of U-Ni was 
also associated with lower LDL-C and LDL-C/HDL-C lev-
els compared with Q1 (β − 9.80; 95% CI (− 19.41, − 0.20), 
P = 0.046 and β − 0.26; 95% CI (− 0.44, − 0.07), P = 0.009, 
respectively) in model 3, but not in model 4. No signifi-
cant association between U-Ni and HDL-C, TG and RC 
was observed (Table 2). The results did not change when 
BMI was included as a categorical variable (< 25, 25–29.9, 
or ≥ 30 kg/m2) (Online Resource 1, Supplementary Table 1).

In addition, RCS plots were consistent with the above 
results and showed that the association of  log2-transformed 
U-Ni levels with TC, non-HDL-C and TC/HDL-C was linear 
(P for nonlinearity = 0.294, 0.152 and 0.087, respectively) 
(Fig. 2).

Association between U‑Ni and BMI

The association between U-Ni and BMI (mediator) 
with adjustment for covariates was assessed and pre-
sented in Table 3. The continuous analysis showed that 
 log2-transformed U-Ni had a significant negative associa-
tion with BMI (β − 0.80; 95% CI (− 1.13, − 0.47), P < 0.001). 
As the quartiles of U-Ni increased, BMI monotonically 
decreased (P for trend < 0.001).

Association between BMI and Serum Lipid Profiles

A significant correlation was observed between BMI (medi-
ator) and serum lipid profiles, as shown in Table 4. In the 
multivariable linear regression models, an elevated BMI was 
associated with a significantly elevated TC, non-HDL-C, 
TC/HDL-C, LDL-C, LDL-C/HDL-C, TG and RC level (all 
β > 0 and P ≤ 0.001), as well as a significantly decreased 
HDL-C level (β − 0.67; 95% CI (− 0.77, − 0.57), P < 0.001).

Mediation Effects of BMI on the Association 
between U‑Ni and Lipid Profiles

The mediation effect analysis shown in Table 5 revealed 
that BMI significantly mediated the relationship of U-Ni to 
TC, non-HDL-C and TC/HDL-C and the mediated propor-
tions were 11.17%, 22.20% and 36.44% (P = 0.018, < 0.001 
and < 0.001), respectively. Besides, the indirect and total 

Table 1  Baseline characteristics of the study participants

Data was presented as weighted median (25th percentile, 75th per-
centile) or weighted percentages (SE) as appropriate. Statistical anal-
ysis considered all the population (N = 3517), except LDL-C, LDL-C/
HDL-C, RC and TG (N = 1512)

Variables Overall (N = 3517)

Age, years 42 (25, 59)
Male, % 49.6 (1.6)
Race, %
Non-Hispanic White 60.4 (2.5)
Non-Hispanic Black 11.3 (1.3)
Mexican American 10.1 (1.5)
Others 18.2 (1.4)
Education level, %
Less than high school 13.2 (1.1)
High school or equivalent 26.8 (1.3)
College or above 60.0 (2.0)
Hypertension, % 33.6 (2.0)
Diabetes, % 12.5 (0.7)
Smoker, %
Never 59.3 (1.8)
Former 23.9 (1.9)
Current 16.8 (1.6)
Alcohol user, % 90.3 (0.6)
Physical activity, %
Below 16.3 (1.0)
Meet 11.2 (0.7)
Exceed 72.5 (1.2)
CVD, % 8.1 (1.1)
Lipid-lowering drug use, % 24.8 (1.4)
PIR 2.92 (1.48, 5.00)
hsCRP, mg/L 1.54 (0.60, 3.72)
eGFR, mL/min/1.73m2 102.32 (83.91, 122.91)
BMI, kg/m2 27.6 (23.4, 32.6)
UCr, mg/dL 104 (60, 163)
TC, mg/dL 176 (153, 204)
LDL-C, mg/dL 101 (82, 127)
HDL-C, mg/dL 52 (43, 62)
Non-HDL-C, mg/dL 122 (98, 151)
TC/HDL-C 3.35 (2.71, 4.22)
LDL-C/HDL-C 1.98 (1.42, 2.64)
RC, mg/dL 16 (11, 26)
TG, mg/dL 82 (56, 129)
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effects of BMI on the association between  log2-transformed 
U-Ni and HDL-C were significant (P < 0.001 and P = 0.002), 
while the direct effect was not significant (P = 0.648), indi-
cating that BMI played a complete mediation role and the 
mediated proportion was 95.58% (P = 0.002). BMI did not 
significantly mediate the association of U-Ni with LDL-C, 
LDL-C/HDL-C, TG and RC (all P > 0.05).

Sensitivity Analyses

The first sensitivity analysis revealed UCr-corrected U-Ni 
was still significantly and negatively associated with 
TC, non-HDL-C and TC/HDL-C, as well as LDL-C and 
LDL-C/HDL-C (all P for trend < 0.05 in model 3 or model 
4) (Online Resource 1, Supplementary Table 2). Moreover, 
this association of U-Ni with TC, non-HDL-C and TC/
HDL-C was also solid in adults (P for trend = 0.002, 0.002 
and 0.017, respectively, model 4) (Supplementary Table 3). 
U-Ni was also negatively associated with the prevalence of 

dyslipidemia (P for trend = 0.014 in model 3 and 0.042 in 
model 4) (Supplementary Table 4). Supplementary Table 5 
reveals that this association between U-Ni and serum lipid 
profiles remained true after further adjusting for iron. All 
sensitivity analyses were substantially unchanged and con-
sistent with the main analyses.

Discussion

In the population-based cross-sectional study of a US nation-
ally representative sample, we investigated the mediation 
effect of BMI, a frequently used anthropometric indicator, on 
the association between U-Ni and multiple serum lipid pro-
files. Based on multiple statistical models and sensitivity anal-
yses, our findings demonstrated that U-Ni was linearly and 
negatively associated with TC, non-HDL-C and TC/HDL-C 
in the US general population and the association was robust. 
BMI may act as an essential mediator in this association.

Fig. 2  Restricted cubic spline (RCS) plot of the association between 
 log2-transformed U-Ni levels and eight serum lipid profiles. RCS 
regression was adjusted for age, gender, race, education level, PIR, 
hypertension, diabetes, smoking, alcohol use, physical activity, car-

diovascular disease, lipid-lowering drug use, hsCRP, eGFR, UCr and 
BMI (model 4). The solid lines and shadow bands represent the cor-
responding lipid profiles values and 95% confidence intervals

Table 3  Multiple linear regression association of U-Ni levels with BMI

Analysis was adjusted for age, gender, race, education level, PIR, hypertension, diabetes, smoking, alcohol use, physical activity, cardiovascular 
disease, lipid-lowering drug use, hsCRP, eGFR and UCr (model 3). CI, confidence interval. ***P < 0.001

Mediator Log2-transformed U-Ni Q1 Q2 Q3 Q4 P for trend
β (95% CI) β β (95% CI) β (95% CI) β (95% CI)

BMI  − 0.80 (− 1.13, − 0.47) *** 0 (Ref.)  − 0.51 (− 1.36, 0.34)  − 1.95 (− 2.78, − 1.12) ***  − 2.84 (− 4.14, − 1.53) ***  < 0.001
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Given the increasing exposure to environmental metals 
and the growing burden of dyslipidemia, elucidating the 
relationship between environmental metals and blood lipids 
or dyslipidemia is warranted. Previous epidemiological stud-
ies have underscored that several metals, such as lead, mer-
cury and cadmium, are associated with dyslipidemia risk 
[41, 42]. Nevertheless, studies concerning the effect of Ni 
on blood lipids are still scarce. Ni, as a transition metal and 
one of the ferromagnetic elements, may be an essential trace 
element for mammals. However, although Ni is present at a 
concentration of approximately 0.5 nM in the human blood-
stream, neither the source of Ni requirement nor a single 
Ni-dependent enzyme has been detected in mammals [43]. 
Beyond the risk of allergy, lung dysfunction and lung cancer, 
the effects of Ni exposure on human health and the mecha-
nisms underlying these effects are not well understood.

Regarding the effects of Ni on blood lipids, the results of 
previous experimental studies are inconsistent. An experi-
ment conducted on rats showed that Ni sulfate treatment 
caused a significant increase in serum LDL-C and TG levels 
[44]. Similarly, Cloez and colleagues found that low concen-
trations of Ni increased lipid synthesis in mice [45]. How-
ever, another study declared that feeding rats with Ni acetate 
reduced serum cholesterol levels, showing anti-cholesterol 
properties [46]. Ni chloride was also observed to decrease 
serum total lipids, phospholipids and bilirubin in rats [47]. 
The levels of cholesterol were found to decrease after Ni 
sulfate exposure [48]. A microbiological study also indicated 
that Ni exposure resulted in a decrease in infrared reflectance 
bands associated with fatty acids and lipids, suggesting that 
Ni might downregulate lipid synthesis [49]. In addition to 
the controversial findings, most of these studies were animal 

Table 4  Multiple linear regression associations of BMI with serum lipid profiles

Analysis was adjusted for age, gender, race, education level, PIR, hypertension, diabetes, smoking, alcohol use, physical activity, cardiovascular 
disease, lipid-lowering drug use, hsCRP, eGFR and UCr (model 3). CI, confidence interval

Mediator TC HDL-C Non-HDL-C TC/HDL-C

β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value

BMI 0.61 (0.31, 0.90)  < 0.001  − 0.67 (− 0.77, − 0.57)  < 0.001 1.28 (0.96, 1.59)  < 0.001 0.06 (0.05, 0.07)  < 0.001
LDL-C LDL-C/HDL-C TG RC
β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value

BMI 0.67 (0.29, 1.04) 0.001 0.04 (0.03, 0.05)  < 0.001 2.34 (1.19, 3.49)  < 0.001 0.47 (0.23, 0.70)  < 0.001

Table 5  The mediation effects of BMI on the associations of  log2-transformed U-Ni with serum lipid profiles

a Unweighted N. Analysis was adjusted for age, gender, race, education level, PIR, hypertension, diabetes, smoking, alcohol use, physical activ-
ity, cardiovascular disease, lipid-lowering drug use, hsCRP, eGFR, UCr and BMI (model 4). CI, confidence interval. *P < 0.05, **P < 0.01 and 
***P < 0.001

Mediator Outcomes  (Na) Indirect effects Direct effects Total effects Mediated 
proportion 
(%)

P value
β (95% CI) β (95% CI) β (95% CI)

BMI TC
(N = 3517)

 − 0.43 (− 0.86, − 0.08) *  − 3.29 (− 4.00, − 2.57) ***  − 3.72 (− 4.81, − 2.69) *** 11.17 0.018

HDL-C
(N = 3517)

0.53 (0.32, 0.77) *** 0.03 (− 0.07, 0.13) 0.56 (0.29, 0.86) ** 95.58 0.002

Non-HDL-C
(N = 3517)

 − 0.96 (− 1.62, − 0.42) ***  − 3.13 (− 4.13, − 2.53) ***  − 4.27 (− 5.66, − 3.03) *** 22.20  < 0.001

TC/HDL-C
(N = 3517)

 − 0.04 (− 0.07, − 0.02) ***  − 0.08 (− 0.09, − 0.06) ***  − 0.12 (− 0.16, − 0.09) *** 36.44  < 0.001

LDL-C
(N = 1512)

 − 0.24 (− 1.04, 0.42)  − 2.24 (− 3.83, − 0.68) **  − 2.48 (− 4.52, − 0.68) ** 8.36 0.444

LDL-C/HDL-C
(N = 1512)

 − 0.01 (− 0.05, 0.02)  − 0.05 (− 0.10, 0.00)  − 0.06 (0.13, 0.00) 23.50 0.428

TG
(N = 1512)

 − 0.85 (− 3.46, 1.49)  − 2.68 (− 4.45, − 1.02) ***  − 3.53 (− 5.80, − 0.33) * 21.90 0.396

RC
(N = 1512)

 − 0.17 (− 0.68, 0.30)  − 0.53 (− 0.91, − 0.18) ***  − 0.70 (− 1.16, − 0.07) * 21.80 0.394
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studies. In general, extrapolation from experimental results 
in animals to humans is difficult.

Data on Ni exposure in humans are minimal. In a study of 
Chinese occupational workers, higher levels of Ni exposure 
were associated with an increased risk of diabetes [50]. Ni 
exposure was also associated with decreased diastolic blood 
pressure [25]. In a study of 88 healthy students, higher con-
centrations of Ni in PM2.5 components were associated with 
higher HDL-C [51], which was consistent with our first sen-
sitivity analysis (model 3). However, that study had a small 
sample size and did not focus on other blood lipid profiles.

The biological mechanisms underlying the relationship 
of Ni exposure to lipids are currently unidentified. Zhang 
et al. identified 21 differential metabolites associated with 
bile acids, lipid and phospholipid metabolism pathways 
after Ni exposure, indicating that bile acid metabolism 
dysfunction might play a role in this process [52]. Besides, 
Ni chloride was linked to an increase in the erythrocyte 
activity of superoxide dismutase, an antioxidant metallo-
enzyme that catalyzes the dismutation of superoxide anion 
free radicals to generate oxygen and hydrogen peroxide 
and plays a crucial role in the balance between oxidation 
and antioxidation [47]. In addition, Ni could inhibit the 
essential sulfhydryl groups in enzymes associated with 
fatty acid synthesis and acylation, and the sulfhydryl 
groups are indispensable for lipid synthesis [53]. Consist-
ent with the literature, we demonstrated a significant cor-
relation between U-Ni and lipid profiles.

Our results also revealed that an increase in U-Ni was 
associated with a decrease in BMI. Previous studies also 
found a negative correlation between U-Ni and weight, 
which might be due to increased apoptosis and glutathione 
depletion [24]. Similar results were observed in a study of 
pregnant women which showed that prenatal Ni exposure 
was associated with lower preterm birth weight [23]. An 
occupational study also revealed that Ni-exposed workers 
had a lower BMI than controls (23.20 ± 0.63 in workers 
vs. 24.63 ± 0.76 in controls) [22]. Besides, another study 
demonstrated that compared with non-workers, brick kiln 
workers had higher Ni levels but lower rate of overweight 
and obesity (29.4% in workers vs. 73.0% in non-workers) 
[21]. Our study also found a negative correlation between 
U-Ni and BMI, consistent with these previous studies. BMI 
is a recognized risk factor for dyslipidemia, which was also 
consistent with our findings showing that BMI was posi-
tively associated with atherosclerotic lipids and negatively 
associated with HDL-C. However, there was no report on 
the contribution of BMI-mediated U-Ni to lipid profiles 
and we proposed a mediator role of BMI for the first time.

This study has several strengths. We used nationally 
representative data from NHANES, enabling us to gen-
eralize our findings to a broader population. Moreover, 
the multiple outcomes (eight lipid profiles), statistical 

models and sensitivity analyses ensured the robustness of 
the results. Nevertheless, several limitations should also 
be addressed. Firstly, NHANES used casual (or spot) urine 
specimens to detect U-Ni concentrations, without consid-
ering the effect of Ni exposure duration on lipid profiles. 
Secondly, although a series of confounders were adjusted, 
potential confounders might still not be included in the 
statistical models, as in other epidemiological studies. 
Thirdly, given the cross-sectional design of NHANES, a 
causal relationship between U-Ni and serum lipid profiles 
cannot be confirmed. Moreover, the precise mechanisms of 
the effects of Ni on lipids have not been fully elucidated. 
Therefore, the association shown in this study needs to be 
confirmed in future prospective studies.

Conclusions

Our findings suggest that U-Ni is negatively associated with 
TC, non-HDL-C and TC/HDL-C and the association is lin-
ear in the US general population. BMI is identified for the 
first time as an important mediator in the observed rela-
tionship between U-Ni exposure and serum lipid profiles. 
Further research is warranted to validate our findings and to 
explain the potential mechanisms.
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