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Abstract 

Background  Increasing body fat or decreasing muscle and bone mass were associated with worse health outcomes 
in the adult population. The effects of nickel exposure on body composition are not known. The aim of the current 
study was to investigate the relationship between urinary nickel levels and body compositions.

Materials and methods  Two thousand seven hundred sixty-two participants were included in the analysis 
from the National Health and Nutrition Examination Surveys of 2017–2018 after excluding participants who have 
missing data on urinary nickel and those with missing all body mass component data. We used weighted generalized 
linear models to explore the relationship between urinary nickel and body mass components under interpolating 
missing covariable values. Simultaneously, sensitivity analyses and subgroup analysis were conducted to verify stabil-
ity of analysis result. Curve fitting and saturation effect analysis were used to explore the possible nonlinear relation-
ship between urine nickel and body compositions.

Results  Among the 2,762 participants, the average urinary nickel level was 1.58 ug/L. The weighted generalized 
linear models, the sensitivity analyses and subgroup analyses found no significant linear relationship between uri-
nary nickel and body compositions. For body weight, BMI, TLM, ALM, TRF, TOF and BMC, the urine nickel saturation 
effect values were 0.76, 0.74, 0.5, 0.67, 0.64, 0.48, and 0.45 ug/L, respectively. For each 1 ug/L rise in urinary nickel 
levels at levels below the turning point, body weight increases (β = 9.06, 95% CI = 2.75, 15.36, p = 0.01), BMI increases 
(β = 3.20, 95% CI = 1.36, 5.05, p =  < 0.001), TLM decreases (β = -47.39, 95% CI = -97.38, 2.59, p = 0.06), ALM decreases 
(β = -37.25, 95% CI = -63.25, -11.24, p = 0.01), TRF increases (β = 20.68, 95% CI = 1.50, 39.86, p = 0.03), TOF increases 
(β = 57.92, 95% CI = -0.12, 115.95, p = 0.05), and BMC decreases (β = -6.84, 95% CI = -12.64, -1.04, p = 0.02).

Conclusions  In summary, our study demonstrated that a dose–response relationship exists between urinary nickel 
and body compositions, with a low inflection point level of urinary nickel for the saturation effect.
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Background
Evaluation of body composition is a fundamental part of 
metabolism and physiology research in humans, due to 
accurate estimates of the various components of body 
mass, including body fat, lean body mass, and bone min-
eral content [1]. Increasing body fat or decreasing muscle 
and bone mass were associated with worse health out-
comes in the adult population [2]. Indicators of body fat 
mass, such as high visceral fat or normal-weight central 
obesity, are strongly correlated with cardiovascular dis-
ease risk and mortality [3, 4]. Low lean body mass was 
considered independently linked to insulin resistance, 
diabetes, metabolic syndrome, and musculoskeletal inju-
ries, and impedes one’s functional capacity by reduced 
resting energy metabolism, fatigue, weakened neuro-
muscular function, and an heightened risk of injury [1, 
5]. Osteoporosis, a major public health issue, imposes a 
heavy social and economic burden due to its associated 
fractures, pain, physical impairments, deformities, dis-
abilities, and psychological disorders. Osteoporosis is 
characterized by a decrease in bone mineral content and 
density [6]. Gaining insight into the specific changes in 
body composition can improve our knowledge of obesity, 
metabolic health, aging, and chronic illnesses, leading to 
more precise and tailored medical care.

Nickel (Ni), the 28th element on the periodic table, is 
presented as a variety of minerals in soils, meteorites and 
volcanic ash in the Earth’s crust [7, 8]. Nickel-containing 
foods are very common, such as vegetables, fruits, grains, 
cocoa beans, soybeans, peanuts, dark chocolate, seafood 
[7]. Humans generally do not have deficiency of nickel in 
their body as it is abundant in nature and in most food 
that humans consume [9]. The exposure to nickel in 
humans can also derive from many other sources, which 
lead to an excess absorption of nickel by the human body. 
The atmosphere, water, and soil have been exposed to an 
excessive amount of nickel due to the combustion of fos-
sil fuels, the discharge, or infiltration, of nickel-containing 
industrial waste [10, 11]. Nickel alloys and nickel com-
pounds are widely used in daily necessities and modern 
industries, such as inexpensive jewelry, household goods, 
electrical equipment, coins, food processing, catalysts, 
and even medical prostheses and orthodontic materials 
[7, 9, 12]. Furthermore, cigarette smoking is also a major 
source of nickel exposure, with a maximum of 0.023 mg 
of nickel per forty cigarettes smoked [8]. Although nickel 
is an essential mineral in the human body, its immuno-
toxicity, neurotoxicity, and carcinogenicity are attributed 
to a variety of health diseases, such as allergic contact 
dermatitis, pulmonary fibrosis, lung and nasal cancers, 
asthma, kidney disease, and cardiovascular disease, 
depending on excessive doses and long exposure to dif-
ferent types of compounds [7, 13]. Lung cancer and nasal 

cancer have long been identified as occupational diseases 
of refinery workers caused by long-term occupational 
exposure to nickel, and a recent study also confirms that 
relatively low cumulative levels of occupational nickel 
exposure are associated with an increased risk of lung 
cancer [14, 15]. Results from a meta-analysis of 28 studies 
involving patch-tested individuals from the general pop-
ulation showed that 20% of them had contact allergies, 
with nickel being the most common allergen at 11.4% 
[16]. Previous studies have found significantly elevated 
serum nickel levels in patients with acute myocardial 
infarction or unstable angina, along with a tendency to 
increase the risk of atherosclerotic plaque, heart failure, 
and heart attack with increasing exposure [17, 18]. Some 
studies have provided evidence that exposure to Ni is 
linked with a decline in kidney function and an increased 
risk of craniosynostosis [19, 20]. Due to the widespread 
use of nickel alloys and nickel compounds, great concern 
has been raised about health problems associated with 
nickel [21], but the relationship between nickel exposure 
and body mass components has not been reported.

Therefore, the objective of the study is to evaluate the 
relationship between urinary nickel and body composi-
tion among the participants of the National Health and 
Nutrition Examination Survey (NHANES). Understand-
ing these associations will help to improve our current 
understanding of how nickel exposure affects body com-
position, strengthen the emphasis on nickel exposure, 
and may lead to new recommendations for preventing 
body composition-related health problems and diseases.

Methods
Study design and participants
The data we investigated originated from a publicly 
accessible database—the NHANES database. The 
NHANES project began in the early 1960s and focuses 
on different population groups or health topics in the 
form of surveys. Since 1999, this survey has become an 
ongoing program, taking a nationally representative sam-
ple survey of around 5,000 people each year, and focusing 
on the health and nutritional status of the national popu-
lation to meet emerging health needs [22]. The national 
cross-sectional survey is conducted by the National 
Center for Health Statistics, whose protocol was audited 
and approved by the National Center for Health Statistics 
Research Ethics Review Board. The questionnaire, physi-
cal examination, and laboratory examination were only 
performed after the participants had signed a written 
informed consent. More detailed information on survey 
methods and protocols is available on the official website 
(http://​www.​cdc.​gov/​nchs/​nhanes.​htm).

The study included 8,704 individuals from the 
NHANES cycle from 2017 to 2018 because only the 

http://www.cdc.gov/nchs/nhanes.htm
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survey of 2017–2018 examined urinary nickel concen-
trations. After excluding participants who had missing 
data on urinary nickel (n = 5913) and participants with 
missing all body mass component data (n = 29), 2762 
participants were included in the final analysis. Body 
mass components were outcomes in this study, including 
weight, body mass index (BMI), total lean mass (TLM), 
appendicular lean mass (ALM), bone mineral content 
(BMC), total fat (TOF), and trunk fat (TRF). Figure  1 
depicts the selection process.

Urinary nickel
The main routes of nickel excretion are urine and feces, 
while urine is a reliable specimen for nickel exposure 
detection [23, 24]. As a very sensitive laboratory technol-
ogy to measure multiple elements at low concentrations, 
inductively coupled plasma‒mass spectrometry (ICP‒
MS) was used for the quantification of urinary nickel 
concentrations [25]. There is no time requirement for 
collecting urine samples, and no fasting or special diet 
is required prior to urine collection. Urine samples were 
collected, freeze-transported and finally stored at -20 °C 
until analysis (short-term storage for 2  weeks at 2–8  °C 
is acceptable). The principle of ICP‒MS is summarized 
as follows: First, urine samples were atomized in a high-
temperature plasma generated by flowing argon via RF 
power coupling and then ionizes the atoms. Second, after 
entering the mass spectrometer, the ions, along with 
argon, pass through a focused region (the Universal unit), 
a quadrupole mass filter, and are counted in rapid order 
on the detector. In this survey, the detection threshold 
of nickel in urine was 0.31 ug/L [26]. Incomplete data 

or improbable values were sent to the performing labo-
ratory for confirmation. Specific sample detection and 
quality control methods are available in the laboratory 
procedure manual for detecting arsenic, chromium, and 
nickel in urine by ICP‒MS. (https://​wwwn.​cdc.​gov/​nchs/​
data/​nhanes/​2017-​2018/​labme​thods/​UTAS-J-​UCM-J-​
UNI-J-​MET-​508.​pdf ).

Body mass components
Body measurement data, including weight and BMI, were 
collected in the Mobile Examination Center by trained 
health technicians. The dual-energy X-ray absorptiome-
try (DEXA) scans, as the most widely accepted method of 
measuring body composition, provides bone and soft tis-
sue measurements for the total body, for both arms and 
both legs, the trunk, and the head in NHANES [27, 28]. 
These body mass components including ALM (g), TLM 
(g), BMC (g), TOF (g) and TRF (g) were measured using 
DEXA for eligible participants. ALM, a well-recognized 
proxy for skeletal muscle mass [29], was calculated by 
summing up the lean mass of the four upper and lower 
limbs (excluding bone mineral content). All TLM, TOF 
and TRF can be directly extracted from the examination 
data of NHANES. BMC was also included in this analy-
sis because of the extensive evidence of constant cross-
talk and wasting consistency between the skeletal muscle 
and bone during aging and pathology [30]. Considering 
the effect of body mass on these several variables meas-
ured by DEXA, the weight-adjusted variables (g per kg of 
body mass; g/kg BM) converted from the original vari-
ables divided by weight were used as the final outcome 
variables [31].

Covariates
The most basic demographic information, such as 
gender, age, race, economic condition, and education 
level was obtained through questionnaires. Race was 
classified as non-Hispanic white, non-Hispanic black, 
Other Hispanic and other Race. The income poverty 
rate is used to measure economic conditions, with a 
rate of  ≤ 1.3 being considered low, 1.3–3.5 as medium, 
and  ≥ 3.5 as high. Education level is classified as less 
than high school, high school or general educational 
development, and above high school. To make urinary 
nickel more accurately reflect the level of nickel expo-
sure in the human body, we included the estimated 
glomerular filtration rate (eGFR), an indicator of renal 
function. We used the Chronic Kidney Disease Epide-
miology Collaboration (CKD-EPI) creatinine equation, 
which is more accurate than the Modification of Diet in 
Renal Disease Study equation, to calculate eGFR [32]. 
The eGFR of CKD-EPI equation = 141 × min(Scr/κ, 
1)α × max(Scr/κ, 1)-1.209 × 0.993age × 1.018 [if Fig. 1  Flow chart of inclusion and exclusion criteria for our analysis

https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/UTAS-J-UCM-J-UNI-J-MET-508.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/UTAS-J-UCM-J-UNI-J-MET-508.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/UTAS-J-UCM-J-UNI-J-MET-508.pdf
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female] × 1.159 [if black], where Scr is serum creatinine, 
κ is 0.7 for females and 0.9 for males, α is -0.329 for 
females and -0.411 for males, min indicates the mini-
mum of Scr/κ or 1, and max indicates the maximum 
of Scr/κ or 1. Race variable is not taken into account 
in the formula in our study as it is no longer recom-
mended [33].

Statistical analysis
Continuous variables are denoted by the mean (standard 
deviation), while categorical variables are represented as 
the number (percentage). NHANES strata information, 
primary sampling unit, and two-year sampling weights 
accounted for the complex survey design of NHANES 
to produce unbiased nationally representative estimates, 
so a sample weight was assigned to each participant [34]. 
The Kruskal–Wallis H test was applied for continuous 
variables, and a weighted chi-square test was applied for 
categorical variables to complete comparisons between 
the urinary nickel quartiles. We interpolated the data due 
to the partial absence of the covariates. Missing values 
were entered by using multiple imputation with chained 
equations, which predicts the most likely value for each 
missing value based on the other covariables’ character-
istics of the participant. Firstly, We used weighted gener-
alized linear models to explore the relationship between 
urinary nickel and body mass components. Weighted 
generalized linear models included a non-adjusted 
model, an adjusted-I model (adjusted for age, sex, race 
and eGFR) and an adjusted-II model (adjusted for age, 
sex, race and eGFR, the ratio of income-poverty, and 
education level). Secondly, sensitivity analyses were per-
formed using a weighted generalized linear model after 
removing the outliers of urinary nickel to validate the 
stability of the analysis results. The outliers were defined 
as urinary nickel levels outside the Mean + -3SD range 
(SD stands for standard deviation). Simultaneously, we 
confirmed the stability of the results by carrying out sub-
group analyses of gender, age, race and eGFR, ratio of 
income-poverty, and education level. To explore the pos-
sible nonlinear relationship and inflection point between 
urine nickel and body composition, smoothed curve fit-
ting and saturation effect analysis were used in our anal-
ysis after adjusting for age, sex, race, eGFR, the ratio of 
income-poverty, and education level. To calculate the 
inflection point, a recursive algorithm is being utilized 
to construct a weighted two-piecewise linear regression 
model. All analyses were performed using EmpowerStats 
(www. empow ersta ts. com, X&YSolution, Inc.) and the 
statistical software package R (http://​www.​Rproj​ect.​org, 
The R Foundation). A two-tailed p value < 0.05 was con-
sidered statistically significant.

Results
Baseline characteristics of participants
Table  1 shows the baseline characteristics of NHANES 
participants categorized by their urinary nickel levels 
between 2017 and 2018. Among the 2,762 participants, 
the average urinary nickel level was 1.58  μg/L, and the 
average urinary nickel levels for quartiles 1–4 were 
0.44  μg/L, 0.98  μg/L, 1.67  μg/L, and 3.93  μg/L, respec-
tively.There were no significant differences between 
weight, BMI, ALM, TLM, BMC, and TRF between the 
four urinary nickel quartiles except for TOF (p = 0.08, 
0.09, 0.66, 0.15, 0.61, 0.54, and 0.04, respectively). Com-
pared with Q1, Q2, and Q3 of urinary nickel, participants 
in Q4 were more likely to be younger, of poorer economic 
condition, and of other Hispanic or other races, while 
eGFR, male–female ratio, and education level made no 
difference among the four groups.

The association between nickel exposure and body 
compositions
The association between urinary nickel and body compo-
nents, calculated using weighted generalized linear mod-
els, including the non-adjusted model, adjusted-I model, 
and adjusted-II model, is presented in Table 2. After data 
imputation, we also didn’t observe a significant asso-
ciation between the body compositions, including the 
weight, BMI, TLM, ALM, TRF, TOF, and BMC, and uri-
nary nickel in the adjusted-II model (p = 0.20, 0.54, 0.20, 
0.22, 0.22, 0.14, and 0.07, respectively). Table 3 presents 
the results of the sensitivity analyses after removing the 
extreme values of urinary nickel. There was a negative 
association between BMC and urinary nickel (β = -0.42, 
95% CI = -0.88 to -0.05) with a p-value of 0.05. Similarly, 
body compositions, including weight, BMI, TLM, ALM, 
TRF, and TOF were not found to be related to nickel 
urine levels in the absence of extreme values (p = 0.29, 
0.79, 0.37, 0.82, 0.31, and 0.27, respectively). Subgroup 
analyses of sex, age, race, eGFR, ratio of income to pov-
erty, and education level also did not find a significant 
interaction, as shown in Tables S1-S6. The above analyses 
found no significant linear relationship between urinary 
nickel and body compositions.

The non‑linearity and saturation effect analysis 
between urinary nickel and body compositions
The non-linear relationship between urinary nickel and 
body compositions were characterized by smoothed 
curve fittings (Fig.  2). We observed nonlinear relation-
ships between urinary nickel and body compositions 
with significant inverted U-shaped curves between uri-
nary nickel and weight, BMI, and TRF, and a U-shaped 
curve between urinary nickel and ALM. There was a 
noticeable saturation effect between urine nickel level 

http://www.Rproject.org
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Table 1  Baseline characteristics of NHANES participants by categories of urinary nickel levels between 2017 and 2018 (n = 2762)

BMI body mass index, TLM total lean mass, ALM appendicular lean mass, BMC bone mineral content, TOF total fat, TRF trunk fat, eGFR estimated glomerular filtration 
rate, Q quartiles

Characteristic Total Q1 Q2 Q3 Q4 P-value

Urinary nickel, ug/L, (N) mean (SD) (2762) 1.58 (0.05) (684) 0.44 (0.01) (697) 0.98 (0.01) (687) 1.67 (0.01) (694) 3.93 (0.19)  < 0.01

Weight, kg, (N) mean (SD) (2756) 76.60 (0.62) (684) 76.95 (1.35) (694) 80.37 (1.81) (686) 75.57 (1.43) (692) 72.20 (1.80) 0.08

BMI, kg/m2, (N) mean (SD) (2753) 27.95 (0.21) (684) 27.78 (0.43) (693) 28.80 (0.57) (684) 27.87 (0.43) (692) 27.13 (0.49) 0.09

TLM, g/kg BM, (N) mean (SD) (1199) 651.38 (4.10) (318) 642.40 (5.64) (307) 654.74 (11.96) (289) 660.21 (8.41) (285) 650.31 (5.57) 0.15

ALM, g/kg BM, (N) mean (SD) (1320) 264.38 (3.50) (348) 262.06 (5.09) (337) 263.06 (7.98) (329) 262.83 (7.80) (306) 272.55 (5.29) 0.66

TRF, g/kg BM, (N) mean (SD) (1244) 146.49 (2.09) (328) 150.64 (3.59) (320) 145.80 (5.79) (305) 143.65 (4.06) (291) 144.34 (3.00) 0.54

TOF, g/kg BM, (N) mean (SD) (1151) 322.84 (4.51) (308) 333.56 (5.83) (296) 318.48 (12.28) (275) 311.35 (8.48) (272) 325.63 (5.55) 0.04

BMC, g/kg BM, (N) mean (SD) (1151) 30.50 (0.32) (306) 30.44 (0.39) (295) 30.28 (0.63) (277) 31.15 (0.68) (273) 30.06 (0.52) 0.61

Age, years, (N) mean (SD) (2762) 39.87 (0.94) (684) 41.73 (1.48) (697) 40.73 (1.37) (687) 39.61 (1.37) (694) 36.38 (1.44) 0.04

eGFR, ml/(min* 1.73m2), (N) mean 
(SD)

(1907) 99.70 (25.91) (512) 98.57 (22.68) (522) 100.97 (25.92) (458) 98.28 (26.20) (415) 101.50 (29.13) 0.38

Gender, (N) % 0.63

  Male (1362) 49.38 (305) 46.33 (352) 52.09 (356) 51.11 (349) 47.90

  Female 50.62 (379) 53.67 (345) 47.91 (331) 48.89 (345) 52.10

Race, (N) % 0.01

  Other Hispanic (430) 12.29 (119) 12.68 (97) 11.46 (103) 11.34 (111) 14.10

  Non-Hispanic White (235) 7.85 (65) 8.57 (60) 6.72 (64) 8.91 (46) 7.15

  Non-Hispanic Black (897) 66.57 (217) 69.33 (241) 68.88 (218) 65.09 (221) 61.15

  Other Race (634) 13.29 (119) 9.43 (173) 12.94 (169) 14.66 (173) 17.60

Ratio of income-poverty, (N) % 0.02

  Low (819) 24.86 (176) 19.05 (214) 24.12 (207) 28.07 (222) 30.32

  Middle (948) 35.24 (238) 35.73 (240) 34.07 (234) 34.04 (236) 37.48

  High (657) 39.90 (188) 45.22 (166) 41.80 (153) 37.90 (150) 32.20

Education level, (N) % 0.55

  Less than high school (138) 4.95 (39) 5.21 (31) 3.99 (34) 4.44 (34) 6.80

  High school or general educa-
tional development

(198) 11.35 (41) 8.89 (54) 10.86 (57) 12.90 (46) 14.30

  Above high school (955) 83.70 (271) 85.90 (264) 85.15 (223) 82.66 (197) 78.89

Table 2  Association between nickel exposure and body mass components among NHANES participants in 2017—2018 after multiple 
imputation

BMI body mass index, TLM total lean mass, ALM appendicular lean mass, BMC bone mineral content, TOF total fat, TRF trunk fat

Non-adjusted model adjust for: None; Adjusted-I model adjust for: age, gender, race, and eGFR; Adjusted-II model adjust for: age, gender, race, eGFR, the ratio of 
income-poverty, and education level

outcomes N Non-adjusted model Adjusted-I model Adjusted-II model

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

Weight, kg 2756 -1.11 (-1.96, -0.26) 0.02 -0.49 (-1.05, 0.07) 0.12 -0.45 (-1.38, 0.48) 0.20

BMI, kg/m2 2753 -0.20 (-0.42, 0.02) 0.10 -0.06 (-0.23, 0.10) 0.49 -0.06 (-0.34, 0.22) 0.54

TLM, g/kg BM 1199 -0.19 (-2.58, 2.19) 0.88 -0.99 (-2.23, 0.25) 0.16 -1.01 (-3.13, 1.11) 0.20

ALM, g/kg BM 1320 -0.59 (-3.05, 1.87) 0.65 -1.30 (-2.97, 0.36) 0.16 -1.20 (-3.84, 1.44) 0.22

TRF, g/kg BM 1244 -0.30 (-2.01, 1.40) 0.73 0.62 (-0.17, 1.41) 0.16 0.59 (-0.21, 1.38) 0.22

TOF, g/kg BM 1151 0.39 (-1.99, 2.76) 0.75 1.31 (-0.14, 2.75) 0.11 1.35 (-1.01, 3.72) 0.14

BMC, g/kg BM 1151 -0.10 (-0.21, 0.01) 0.09 -0.16 (-0.33, 0.01) 0.05 -0.17 (-0.38, 0.05) 0.07
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Table 3  Sensitivity analyses for association between nickel exposure and body mass components without extreme values of urinary 
nickel

BMI body mass index, TLM total lean mass, ALM appendicular lean mass, BMC bone mineral content, TOF total fat, TRF trunk fat

Non-adjusted model adjust for: None; Adjusted-I model adjust for: age, gender, race, and eGFR; Adjusted-II model adjust for: age, gender, race, eGFR, the ratio of 
income-poverty, and education level

outcomes N Non-adjusted model Adjusted-I model Adjusted-II model

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

Weight, kg 2723 -1.87 (-2.77, -0.98)  < 0.01 -0.82 (-1.94, 0.29) 0.19 -0.69 (-2.48, 1.11) 0.29

BMI, kg/m2 2720 -0.47 (-0.70, -0.23)  < 0.01 -0.07 (-0.39, 0.26) 0.70 -0.05 (-0.59, 0.49) 0.79

TLM, g/kg BM 1186 3.88 (0.16, 7.61) 0.04 -2.04 (-6.10, 2.03) 0.35 -2.21 (-9.20, 4.78) 0.37

ALM, g/kg BM 1305 1.61 (-1.18, 4.40) 0.26 0.28 (-3.02, 3.57) 0.87 0.39 (-4.82, 5.61) 0.82

TRF, g/kg BM 1229 -3.42 (-5.63, -1.21)  < 0.01 1.51 (-0.96, 3.97) 0.27 1.53 (-2.68, 5.73) 0.31

TOF, g/kg BM 1139 -3.45 (-7.43, 0.52) 0.09 2.67 (-1.59, 6.93) 0.25 2.92 (-4.33, 10.17) 0.27

BMC, g/kg BM 1139 -0.06 (-0.34, 0.22) 0.68 -0.40 (-0.69, -0.11) 0.03 -0.42 (-0.88, 0.05) 0.05

Fig. 2  The non-liner association between urinary nickel and body compositions. The solid red line represents the smooth curve fit 
between variables. Blue bands represent the 95% confidence interval from the fit. Age, sex, race, eGFR, the ratio of income-poverty, and education 
level were adjusted. BMI: body mass index; TLM: total lean mass; ALM: appendicular lean mass; BMC: bone mineral content; TOF: total fat; TRF: trunk 
fat
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and body compositions (Table 4). For body weight, BMI, 
TLM, ALM, TRF, TOF, and BMC, the urine nickel satu-
ration effect values were 0.76, 0.74, 0.50, 0.67, 0.64, 0.48, 
and 0.45  μg/L, respectively. Though the log-likelihood 
ratio of the saturation effect analysis of TLM and urine 
nickel was 0.06, the effect values vary widely. The effect 
value was -47.29 when the urinary nickel level was below 
0.5 μg/L and the effect value became 1.75 when the uri-
nary nickel level exceeded 0.5  μg/L. For each 1  μg/L 
rise in urinary nickel levels at levels below the turning 
point, body weight increases by 9.06  kg, BMI increases 
by 3.20 kg/m2, TLM decreases by 47.39 g/kg BM, ALM 
decreases by 37.25  g/kg BM, TRF increases by 20.68  g/
kg BM, TOF increases by 57.92  g/kg BM, and BMC 
decreases by 6.84  g/kg BM (p < 0.01, < 0.001, 0.06, 0.01, 
0.03, 0.05, and 0.02, respectively). At levels above satu-
ration effect values, urinary nickel levels were not asso-
ciated with TLM, ALM, TRF, TOF, and BMC, but body 
weight and BMI were inversely associated with the uri-
nary nickel level (p < 0.01 and < 0.01, respectively).

Discussion
In this U.S. population-based cross-sectional study, a sig-
nificant non-linear relationship between urinary nickel 
and body compositions was observed. When the urinary 
nickel level was lower than the saturation effect values, 
body weight, BMI, TRF, and TOF were positively associ-
ated with the level of urinary nickel, whereas TLM, ALM, 
and BMC had a negative association with the level of uri-
nary nickel. Changes in TLM, ALM, TRF, TOF, and BMC 
showed a saturation effect at very low urinary nickel lev-
els (0.4–0.7 μg/L). However, body weight and BMI were 
inversely associated with the urinary nickel levels above 
the value of the saturation effect.

The relationship between urinary nickel and weight, 
BMI, human muscle mass fat mass was significant only 

in very low nickel exposure. Nickel is an essential com-
ponent of many enzymes in the human body, such as 
s-methyl coenzyme-M (CoM) reductase, acetyl-CoA syn-
thase, CO dehydrogenase, Ni-superoxide dismutase, gly-
oxalase I, and cis–trans isomerase [9], which are involved 
in the metabolism of lipids, carbohydrates and amino 
acids and the absorption of iron. When urinary nickel 
level was lower than saturation effect values, body weight, 
BMI, TRF and TOF were positively associated with the 
level of urinary nickel. Previous studies reported that 
nickel exposure in animals could cause weight loss, blood 
glucose and lipid alterations, and fatty infiltration of the 
liver [35–37]. The implantation of nickel pellets into 
mouse muscle resulted in the downregulation of energy 
metabolism pathways, which affected mitochondrial and 
lysosome functions in cells [38]. Oxidative stress is one 
of the mechanisms of nickel toxicity, which can disrupt 
the balance of glutathione reductase and the mitochon-
drial antioxidant defense system through the formation 
of nickel-mercaptan complexes [39, 40]. The overproduc-
tion of free radicals and reactive oxygen species through 
the Fenton reaction and direct electron transfer leads to 
cell death and reduces the number of viable cells [39, 41, 
42]. A large body of evidence suggests that metabolic dis-
orders caused by the molecular mechanisms of oxidative 
stress and inflammation play an important role in obe-
sity, a disease accompanied by low-grade chronic inflam-
mation [43–46]. At levels above saturation effect values, 
body weight and BMI were inversely associated with uri-
nary nickel level. Resembling the results in the our study, 
previous studies have shown that even low doses of nickel 
can have deleterious health effects on carotid atheroscle-
rosis that are eliminated at high levels of exposure [47].

When urinary nickel level was lower than saturation 
effect values, TLM, ALM and BMC had a negative asso-
ciation with the level of urinary nickel. In our study, it is 

Table 4  The saturation effect analyses of urinary nickel on body mass components

BMI body mass index, TLM total lean mass, ALM appendicular lean mass, BMC bone mineral content, TOF total fat, TRF trunk fat, K turning point

Age, sex, race, eGFR, the ratio of income-poverty, and education level were adjusted

Outcome The saturation effect analysis

Turning point (K), 
ug/L

 < K, effect 1, β(95%CI) P-value  > K, effect 2, β (95%CI) P-value Log-
likelihood 
ratio

Weight, kg 0.76 9.06 (2.75, 15.36) < 0.01 -1.21 (-2.03, -0.40) < 0.01  < 0.01

BMI, kg/m2 0.74 3.20 (1.36, 5.05) < 0.001 -0.34 (-0.57, -0.12) < 0.01  < 0.001

TLM, g/kg BM 0.5 -47.39 (-97.38, 2.59) 0.06 1.75 (-1.40, 4.89) 0.28 0.06

ALM, g/kg BM 0.67 -37.25 (-63.25, -11.24) 0.01 1.41 (-1.44, 4.26) 0.33 0.01

TRF, g/kg BM 0.64 20.68 (1.50, 39.86) 0.03 -1.04 (-3.04, 0.96) 0.31 0.03

TOF, g/kg BM 0.48 57.92 (-0.12, 115.95) 0.05 -1.08 (-4.47, 2.32) 0.53 0.05

BMC, g/kg BM 0.45 -6.84 (-12.64, -1.04) 0.02 -0.10 (-0.39, 0.20) 0.53 0.02
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logical to observe skeletal muscle and bone loss based on 
the coupling of them [30]. Muscle and bone interact with 
each other on both a molecular and mechanical level. 
Studies have revealed that a lack of lean weight can det-
rimentally influence BMC and a greater skeletal muscle 
mass is correlated with a higher BMC for adolescents [1, 
48]. Sarcopenia is a loss of muscle mass and function in 
which skeletal muscle inflammation is the main mecha-
nism [49]. The implantation of nickel or nickel-based 
alloys has been shown to cause inflammatory infiltration 
of macrophages and lymphocytes in connective tissue 
and muscle, possibly due to its promotion of intercellular 
cell adhesion molecule-1 expression, reinforcing its role 
in the recruitment of inflammatory cells [50]. Inflamma-
tory cytokines represented by C-reactive proteins have 
been shown to stimulate protein catabolism and inhibit 
muscle synthesis, leading to muscle atrophy [51]. Our 
study confirmed a negative association between urinary 
nickel and BMC. Previous studies confirmed that there 
was no difference in the mass histological characteristics 
of rabbit femurs between the test group supplemented 
with nickel chloride and the control group [52], and bone 
implants of the Ni–Ti material do not impair the osteot-
omy healing response, mineralization, or remodelling in 
rats [53]. However, there are changes in calcium metabo-
lism and bone structure and composition in the case of 
nickel deprivation [54], which indicates that nickel affects 
the mineralization and formation mechanism of bone. 
S. Morais et al. found that the metal ion Ni in vitro cell 
experiments in osteoblast-like cell cultures decreased and 
delayed tissue mineralization ability by changing the level 
and temporal expression of alkaline phosphatase, which 
had a significant effect on the osteoblast phenotype [55]. 
Arihiko Kanaji et  al. also demonstrated that high con-
centrations of Ni ions had significant cytotoxic effects on 
murine long bone-derived osteocytes, which can cause 
osteocyte death [56]. Our study found an effect of nickel 
exposure on the mineral composition of human bone, but 
evidence from in vivo experimental models of the nickel 
effect on bone tissue is still lacking [57].

To our knowledge, our study is the first to examine 
the association between urine nickel and body composi-
tions in a population and found that very small amounts 
of nickel exposure are associated with changes in body 
compositions, which are associated with worse health 
outcomes. The present study has also some inevitable 
shortcomings and limitations. First, the limitations of the 
cross-sectional survey of NHANES prevented us from 
determining the causality between urinary nickel and 
body composition. Second, single urine nickel measure-
ments do not very accurately reflect long-term expo-
sure. Using blood nickel and urina sanguinis or longer 
urine collection may better reflect nickel exposure, but 

we were unable to achieve this within the limitations 
of the method used to measure human nickel levels in 
NHANES. Third, due to the relatively small number of 
participants in the 2017–2018 cycle, we were only able to 
adjust for a few relatively complete covariables, such as 
age, sex, race, eGFR, ratio of income-poverty, and educa-
tion level after using multiple imputation with chained 
equations.

Conclusion
In summary, our study demonstrated that a dose–
response relationship exists between urinary nickel and 
body compositions, with a low inflection point level of 
urinary nickel for the saturation effect. To better Iden-
tify the effect of nickel exposure on human body com-
positions, further prospective studies and more in-depth 
exploration of mechanisms are needed.

Abbreviations
ALM	� Appendicular lean mass
BMC	� Bone mineral content
BMI	� Body mass index
CKD-EPI	� Chronic kidney disease epidemiology collaboration
DEXA	� Dual-energy X-ray absorptiometry
eGFR	� Estimated glomerular filtration rate
NHANES	� National health and nutrition examination surveys
Ni	� Nickel
TLM	� Total lean mass
TOF	� Total fat
TRF	� Trunk fat

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12889-​023-​16483-0.

Additional file 1: Table S1. Subgroup analyses about gender 
between urinary nickel and body mass components in NHANES 
2017–2018. Table S2.  Subgroup analyses about age between urinary 
nickel and body mass components in NHANES 2017–2018. Table S3. 
Subgroup analyses about race between urinary nickel and body mass 
components in NHANES 2017–2018. Table S4. Subgroup analyses about 
eGFR between urinary nickel and body mass components in NHANES 
2017–2018. Table S5. Subgroup analyses about ratio of income-poverty 
between urinary nickel and body mass components in NHANES 
2017–2018. Table S6. Subgroup analyses about education level between 
urinary nickel and body mass components in NHANES 2017–2018.

Acknowledgements
The writing assistance and language help provided by Library Information 
Center, Science and Technology Department, West China Hospital, Sichuan 
University are gratefully acknowledged.

Authors’ contributions
Conceptualization, XLZ and LY; methodology, SQ, MY and XYH; software, ZLZ; 
validation, XLZ, LY and SQ; formal analysis, XYS; resources, XYS; data curation, 
ZLZ; writing—original draft preparation, XYS; writing—review and editing, BZ, 
ZLZ and SQ; supervision, XLZ and LY. All authors have read and agreed to the 
published version of the manuscript.

https://doi.org/10.1186/s12889-023-16483-0
https://doi.org/10.1186/s12889-023-16483-0


Page 9 of 10Su et al. BMC Public Health         (2023) 23:1632 	

Funding
This work was supported by the National Natural Science Foundation of 
China (Grant No.81902578, 81974098, 8197032158), Programs from Science 
and Technology Department of Sichuan Province (2021YJ0462), The project 
of Health Commission of Sichuan Province (2020PJ062, 20PJ039), Post-
doctoral Science Research Foundation of Sichuan University (2020SCU12041), 
Post-Doctor Research Project, West China Hospital, Sichuan University 
(2018HXBH084, 2019HXBH092).

Availability of data and materials
The datasets analyzed for this study can be found in the National Health and 
Nutrition Examination Surveys [https://​wwwn.​cdc.​gov/​nchs/​nhanes/​defau​lt.​
aspx].

Declarations

Ethics approval and consent to participate
All procedures and methods performed in the study were in accordance with 
the Declaration of Helsinki. The study protocols for NHANES were approved by 
the National Center for Health Statistics (NCHS) Research Ethics Review Board. 
Informed consent was obtained from all subjects involved in the NHANES.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Urology and Institute of Urology, West China Hospital, 
Sichuan University, Chengdu 610041, China. 2 West China School of Public 
Health and West China Fourth Hospital, Sichuan University, Chengdu 610041, 
China. 

Received: 15 February 2023   Accepted: 8 August 2023

References
	1.	 DiFrancisco-Donoghue J, Werner WG, Douris PC, Zwibel H. Esports play-

ers, got muscle? Competitive video game players’ physical activity, body 
fat, bone mineral content, and muscle mass in comparison to matched 
controls. J Sport Health Sci. 2022;11(6):725–30. https://​doi.​org/​10.​1016/j.​
jshs.​2020.​07.​006.

	2.	 Marin-Jimenez N, Cruz-Leon C, Sanchez-Oliva D, et al. Criterion-related 
validity of field-based methods and equations for body composition esti-
mation in adults: a systematic review. Curr Obes Rep. 2022;11(4):336–49. 
https://​doi.​org/​10.​1007/​s13679-​022-​00488-8.

	3.	 Bouchi R, Takeuchi T, Akihisa M, et al. High visceral fat with low subcuta-
neous fat accumulation as a determinant of atherosclerosis in patients 
with type 2 diabetes. Cardiovasc Diabetol. 2015;14:136. https://​doi.​org/​
10.​1186/​s12933-​015-​0302-4.

	4.	 Sahakyan KR, Somers VK, Rodriguez-Escudero JP, et al. Normal-weight 
central obesity: implications for total and cardiovascular mortality. Ann 
Intern Med. 2015;163(11):827–35. https://​doi.​org/​10.​7326/​M14-​2525.

	5.	 Willoughby D, Hewlings S, Kalman D. Body composition changes in 
weight loss: strategies and supplementation for maintaining lean body 
mass, a brief review. Nutrients. 2018;10(12):1876. https://​doi.​org/​10.​3390/​
nu101​21876.

	6.	 Lane NE. Epidemiology, etiology, and diagnosis of osteoporosis. Am J 
Obstet Gynecol. 2006;194(2 Suppl):S3–S11. https://​doi.​org/​10.​1016/j.​ajog.​
2005.​08.​047.

	7.	 Genchi G, Carocci A, Lauria G, Sinicropi MS, Catalano A. Nickel: human 
health and environmental toxicology. Int J Environ Res Public Health. 
2020;17(3):679. https://​doi.​org/​10.​3390/​ijerp​h1703​06795.

	8.	 Schaumlöffel D. Nickel species: analysis and toxic effects. J Trace Elem 
Med Biol. 2012;26(1):1–6. https://​doi.​org/​10.​1016/j.​jtemb.​2012.​01.​002.

	9.	 Begum W, Rai S, Banerjee S, et al. A comprehensive review on the sources, 
essentiality and toxicological profile of nickel. RSC Adv. 2022;12(15):9139–
53. https://​doi.​org/​10.​1039/​d2ra0​0378c.

	10.	 Chervona Y, Arita A, Costa M. Carcinogenic metals and the epigenome: 
understanding the effect of nickel, arsenic, and chromium. Metallomics. 
2012;4(7):619–27. https://​doi.​org/​10.​1039/​c2mt2​0033c.

	11.	 Kasprzak KS, Sunderman FW Jr, Salnikow K. Nickel carcinogenesis. Mutat 
Res. 2003;533(1–2):67–97. https://​doi.​org/​10.​1016/j.​mrfmmm.​2003.​08.​
021.

	12.	 Henderson RG, Durando J, Oller AR, Merkel DJ, Marone PA, Bates HK. 
Acute oral toxicity of nickel compounds. Regul Toxicol Pharmacol. 
2012;62(3):425–32. https://​doi.​org/​10.​1016/j.​yrtph.​2012.​02.​002.

	13.	 Chen QY, DesMarais T, Costa M. Metals and mechanisms of carcinogen-
esis. Annu Rev Pharmacol Toxicol. 2019;59:537–54. https://​doi.​org/​10.​
1146/​annur​ev-​pharm​tox-​010818-​021031.

	14.	 Doll R, Mathews JD, Morgan LG. Cancers of the lung and nasal sinuses 
in nickel workers: a reassessment of the period of risk. Br J Ind Med. 
1977;34(2):102–5. https://​doi.​org/​10.​1136/​oem.​34.2.​102.

	15.	 Behrens T, Ge C, Vermeulen R, et al. Occupational exposure to nickel and 
hexavalent chromium and the risk of lung cancer in a pooled analysis of 
case-control studies (SYNERGY). Int J Cancer. 2023;152(4):645–60. https://​
doi.​org/​10.​1002/​ijc.​34272.

	16.	 Alinaghi F, Bennike NH, Egeberg A, Thyssen JP, Johansen JD. Prevalence of 
contact allergy in the general population: a systematic review and meta-
analysis. Contact Dermatitis. 2019;80(2):77–85. https://​doi.​org/​10.​1111/​
cod.​13119.

	17.	 Leach CN Jr, Linden JV, Hopfer SM, Crisostomo MC, Sunderman FW Jr. 
Nickel concentrations in serum of patients with acute myocardial infarc-
tion or unstable angina pectoris. Clin Chem. 1985;31(4):556–60.

	18.	 Nigra AE, Ruiz-Hernandez A, Redon J, Navas-Acien A, Tellez-Plaza M. 
Environmental metals and cardiovascular disease in adults: a sys-
tematic review beyond lead and cadmium. Curr Environ Health Rep. 
2016;3(4):416–33. https://​doi.​org/​10.​1007/​s40572-​016-​0117-9.

	19.	 Nan Y, Yang J, Ma L, Jin L, Bai Y. Associations of nickel exposure and 
kidney function in U.S. adults, NHANES 2017–2018. J Trace Elem Med Biol. 
2022;74:127065. https://​doi.​org/​10.​1016/j.​jtemb.​2022.​127065.

	20.	 Xu C, Xu J, Zhang X, et al. Serum nickel is associated with craniosynosto-
sis risk: evidence from humans and mice. Environ Int. 2021;146:106289. 
https://​doi.​org/​10.​1016/j.​envint.​2020.​106289.

	21.	 Kettelarij JA, Lidén C, Axén E, Julander A. Cobalt, nickel and chromium 
release from dental tools and alloys. Contact Dermatitis. 2014;70(1):3–10. 
https://​doi.​org/​10.​1111/​cod.​12111.

	22	 Liu Z, Kuo PL, Horvath S, Crimmins E, Ferrucci L, Levine M. A new 
aging measure captures morbidity and mortality risk across diverse 
subpopulations from NHANES IV: a cohort study. PLoS Med. 
2018;15(12):e1002718. https://​doi.​org/​10.​1371/​journ​al.​pmed.​10027​18. 

	23.	 Christensen OB, Möller H, Andrasko L, Lagesson V. Nickel concentration 
of blood, urine and sweat after oral administration. Contact Dermatitis. 
1979;5(5):312–6. https://​doi.​org/​10.​1111/j.​1600-​0536.​1979.​tb048​85.x.

	24.	 Christensen OB, Lagesson V. Nickel concentration of blood and urine 
after oral administration. Ann Clin Lab Sci. 1981;11(2):119–25.

	25.	 Quarles CD Jr, Jones DR, Jarrett JM, et al. Analytical method for total 
chromium and nickel in urine using an inductively coupled plasma-uni-
versal cell technology-mass spectrometer (ICP-UCT-MS) in kinetic energy 
discrimination (KED) mode. J Anal At Spectrom. 2014;2014(2):297–303. 
https://​doi.​org/​10.​1039/​C3JA5​0272D.

	26.	 Liu Y, Wu M, Xu B, Kang L. Association between the urinary nickel and 
the diastolic blood pressure in general population. Chemosphere. 
2022;286(Pt 3):131900. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2021.​
131900.

	27.	 Baran DT, Faulkner KG, Genant HK, Miller PD, Pacifici R. Diagnosis and 
management of osteoporosis: guidelines for the utilization of bone den-
sitometry. Calcif Tissue Int. 1997;61(6):433–40. https://​doi.​org/​10.​1007/​
s0022​39900​362.

	28.	 Plank LD. Dual-energy X-ray absorptiometry and body composition. Curr 
Opin Clin Nutr Metab Care. 2005;8(3):305–9. https://​doi.​org/​10.​1097/​01.​
mco.​00001​65010.​31826.​3d.

	29.	 Kim J, Wang Z, Heymsfield SB, Baumgartner RN, Gallagher D. Total-body 
skeletal muscle mass: estimation by a new dual-energy X-ray absorptiom-
etry method. Am J Clin Nutr. 2002;76(2):378–83. https://​doi.​org/​10.​1093/​
ajcn/​76.2.​378.

https://wwwn.cdc.gov/nchs/nhanes/default.aspx
https://wwwn.cdc.gov/nchs/nhanes/default.aspx
https://doi.org/10.1016/j.jshs.2020.07.006
https://doi.org/10.1016/j.jshs.2020.07.006
https://doi.org/10.1007/s13679-022-00488-8
https://doi.org/10.1186/s12933-015-0302-4
https://doi.org/10.1186/s12933-015-0302-4
https://doi.org/10.7326/M14-2525
https://doi.org/10.3390/nu10121876
https://doi.org/10.3390/nu10121876
https://doi.org/10.1016/j.ajog.2005.08.047
https://doi.org/10.1016/j.ajog.2005.08.047
https://doi.org/10.3390/ijerph170306795
https://doi.org/10.1016/j.jtemb.2012.01.002
https://doi.org/10.1039/d2ra00378c
https://doi.org/10.1039/c2mt20033c
https://doi.org/10.1016/j.mrfmmm.2003.08.021
https://doi.org/10.1016/j.mrfmmm.2003.08.021
https://doi.org/10.1016/j.yrtph.2012.02.002
https://doi.org/10.1146/annurev-pharmtox-010818-021031
https://doi.org/10.1146/annurev-pharmtox-010818-021031
https://doi.org/10.1136/oem.34.2.102
https://doi.org/10.1002/ijc.34272
https://doi.org/10.1002/ijc.34272
https://doi.org/10.1111/cod.13119
https://doi.org/10.1111/cod.13119
https://doi.org/10.1007/s40572-016-0117-9
https://doi.org/10.1016/j.jtemb.2022.127065
https://doi.org/10.1016/j.envint.2020.106289
https://doi.org/10.1111/cod.12111
https://doi.org/10.1371/journal.pmed.1002718
https://doi.org/10.1111/j.1600-0536.1979.tb04885.x
https://doi.org/10.1039/C3JA50272D
https://doi.org/10.1016/j.chemosphere.2021.131900
https://doi.org/10.1016/j.chemosphere.2021.131900
https://doi.org/10.1007/s002239900362
https://doi.org/10.1007/s002239900362
https://doi.org/10.1097/01.mco.0000165010.31826.3d
https://doi.org/10.1097/01.mco.0000165010.31826.3d
https://doi.org/10.1093/ajcn/76.2.378
https://doi.org/10.1093/ajcn/76.2.378


Page 10 of 10Su et al. BMC Public Health         (2023) 23:1632 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	30.	 Reginster JY, Beaudart C, Buckinx F, Bruyère O. Osteoporosis and sarcope-
nia: two diseases or one? Curr Opin Clin Nutr Metab Care. 2016;19(1):31–
6. https://​doi.​org/​10.​1097/​MCO.​00000​00000​000230.

	31.	 Frampton J, Murphy KG, Frost G, Chambers ES. Higher dietary fibre intake 
is associated with increased skeletal muscle mass and strength in adults 
aged 40 years and older. J Cachexia Sarcopenia Muscle. 2021;12(6):2134–
44. https://​doi.​org/​10.​1002/​jcsm.​12820.

	32	 Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate 
glomerular filtration rate. Ann Intern Med. 2009;150(9):604–12. https://​
doi.​org/​10.​7326/​0003-​4819-​150-9-​20090​5050-​00006.

	33.	 Delgado C, Baweja M, Crews DC, et al. A unifying approach for GFR 
estimation: recommendations of the NKF-ASN task force on reassessing 
the inclusion of race in diagnosing kidney disease. J Am Soc Nephrol. 
2021;32(12):2994–3015. https://​doi.​org/​10.​1681/​ASN.​20210​70988.

	34.	 Johnson CL, Paulose-Ram R, Ogden CL, et al. National health and nutri-
tion examination survey: analytic guidelines, 1999–2010. Vital Health Stat 
2. 2013;161:1–24.

	35.	 Arpasova H, Capcarova M, Kalafova A, et al. Nickel induced alteration of 
hen body weight, egg production and egg quality after an experimental 
peroral administration. J Environ Sci Health B. 2007;42(8):913–8. https://​
doi.​org/​10.​1080/​03601​23070​16236​62.

	36.	 Bersényi A, Fekete SG, Szilágyi M, Berta E, Zöldág L, Glávits R. Effects 
of nickel supply on the fattening performance and several bio-
chemical parameters of broiler chickens and rabbits. Acta Vet Hung. 
2004;52(2):185–97. https://​doi.​org/​10.​1556/​AVet.​52.​2004.2.7.

	37.	 Cartañà J, Arola L. Nickel-induced hyperglycaemia: the role of insulin 
and glucagon. Toxicology. 1992;71(1–2):181–92. https://​doi.​org/​10.​1016/​
0300-​483x(92)​90065-m.

	38.	 Bannon DI, Bao W, Turner SD, et al. Gene expression in mouse muscle 
over time after nickel pellet implantation. Metallomics. 2020;12(4):528–38. 
https://​doi.​org/​10.​1039/​c9mt0​0289h.

	39.	 Fu Z, Xi S. The effects of heavy metals on human metabolism. Toxicol 
Mech Methods. 2020;30(3):167–76. https://​doi.​org/​10.​1080/​15376​516.​
2019.​17015​94.

	40.	 Valko M, Morris H, Cronin MT. Metals, toxicity and oxidative stress. Curr 
Med Chem. 2005;12(10):1161–208. https://​doi.​org/​10.​2174/​09298​67053​
764635.

	41.	 Miazek K, Iwanek W, Remacle C, Richel A, Goffin D. Effect of metals, metal-
loids and metallic nanoparticles on microalgae growth and industrial 
product biosynthesis: a review. Int J Mol Sci. 2015;16(10):23929–69. 
https://​doi.​org/​10.​3390/​ijms1​61023​929.

	42.	 Oukarroum A, Zaidi W, Samadani M, Dewez D. Toxicity of nickel oxide 
nanoparticles on a freshwater green algal strain of chlorella vulgaris. 
Biomed Res Int. 2017;2017:9528180. https://​doi.​org/​10.​1155/​2017/​95281​
80.

	43.	 Biobaku F, Ghanim H, Batra M, Dandona P. Macronutrient-mediated 
inflammation and oxidative stress: relevance to insulin resistance, obesity, 
and atherogenesis. J Clin Endocrinol Metab. 2019;104(12):6118–28. 
https://​doi.​org/​10.​1210/​jc.​2018-​01833.

	44.	 Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu 
Rev Immunol. 2011;29:415–45. https://​doi.​org/​10.​1146/​annur​ev-​immun​
ol-​031210-​101322.

	45.	 Pérez-Torres I, Castrejón-Téllez V, Soto ME, Rubio-Ruiz ME, Manzano-Pech 
L, Guarner-Lans V. Oxidative stress, plant natural antioxidants, and obesity. 
Int J Mol Sci. 2021;22(4):1786. https://​doi.​org/​10.​3390/​ijms2​20417​86.

	46.	 Rani V, Deep G, Singh RK, Palle K, Yadav UC. Oxidative stress and 
metabolic disorders: pathogenesis and therapeutic strategies. Life Sci. 
2016;148:183–93. https://​doi.​org/​10.​1016/j.​lfs.​2016.​02.​002.

	47.	 Lind PM, Olsén L, Lind L. Circulating levels of metals are related to carotid 
atherosclerosis in elderly. Sci Total Environ. 2012;416:80–8. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2011.​11.​064.

	48.	 Dorsey KB, Thornton JC, Heymsfield SB, Gallagher D. Greater lean tissue 
and skeletal muscle mass are associated with higher bone mineral con-
tent in children. Nutr Metab (Lond). 2010;7:41. https://​doi.​org/​10.​1186/​
1743-​7075-7-​41.

	49.	 Kalinkovich A, Livshits G. Sarcopenic obesity or obese sarcopenia: a 
cross talk between age-associated adipose tissue and skeletal muscle 
inflammation as a main mechanism of the pathogenesis. Ageing Res Rev. 
2017;35:200–21. https://​doi.​org/​10.​1016/j.​arr.​2016.​09.​008.

	50.	 Wataha IC, Sun ZL, Hanks CT, Fang DN. Effect of Ni ions on expression of 
intercellular adhesion molecule 1 by endothelial cells. J Biomed Mater 

Res. 1997;36(2):145–51. https://​doi.​org/​10.​1002/​(sici)​1097-​4636(199708)​
36:​2&​lt;​145::​aid-​jbm2&​gt;3.​0.​co;2-k.

	51.	 Bano G, Trevisan C, Carraro S, et al. Inflammation and sarcopenia: a 
systematic review and meta-analysis. Maturitas. 2017;96:10–5. https://​doi.​
org/​10.​1016/j.​matur​itas.​2016.​11.​006.

	52.	 Martiniaková M, Omelka R, Grosskopf B, Chovancová H, Massányi P, 
Chrenek P. Effects of dietary supplementation of nickel and nickel-zinc on 
femoral bone structure in rabbits. Acta Vet Scand. 2009;51(1):52. https://​
doi.​org/​10.​1186/​1751-​0147-​51-​52.

	53.	 Ryhänen J, Kallioinen M, Serlo W, et al. Bone healing and mineralization, 
implant corrosion, and trace metals after nickel-titanium shape memory 
metal intramedullary fixation. J Biomed Mater Res. 1999;47(4):472–80. 
https://​doi.​org/​10.​1002/​(sici)​1097-​4636(19991​215)​47:​4<​472::​aid-​jbm3>3.​
0.​co;2-z.

	54.	 Nielsen FH. A mild magnesium deprivation affects calcium excretion 
but not bone strength and shape, including changes induced by nickel 
deprivation, in the rat. Biol Trace Elem Res. 2006;110(2):133–50. https://​
doi.​org/​10.​1385/​BTER:​110:2:​133.

	55.	 Morais S, Sousa JP, Fernandes MH, Carvalho GS. In vitro biomineralization 
by osteoblast-like cells. I. Retardation of tissue mineralization by metal 
salts. Biomaterials. 1998;19(13):13–21. https://​doi.​org/​10.​1016/​s0142-​
9612(97)​00149-x.

	56.	 Kanaji A, Orhue V, Caicedo MS, et al. Cytotoxic effects of cobalt and nickel 
ions on osteocytes in vitro. J Orthop Surg Res. 2014;9:91. https://​doi.​org/​
10.​1186/​s13018-​014-​0091-6.

	57.	 Rodríguez J, Mandalunis PM. A review of metal exposure and its effects 
on bone health. J Toxicol. 2018;2018:4854152. https://​doi.​org/​10.​1155/​
2018/​48541​52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1097/MCO.0000000000000230
https://doi.org/10.1002/jcsm.12820
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1681/ASN.2021070988
https://doi.org/10.1080/03601230701623662
https://doi.org/10.1080/03601230701623662
https://doi.org/10.1556/AVet.52.2004.2.7
https://doi.org/10.1016/0300-483x(92)90065-m
https://doi.org/10.1016/0300-483x(92)90065-m
https://doi.org/10.1039/c9mt00289h
https://doi.org/10.1080/15376516.2019.1701594
https://doi.org/10.1080/15376516.2019.1701594
https://doi.org/10.2174/0929867053764635
https://doi.org/10.2174/0929867053764635
https://doi.org/10.3390/ijms161023929
https://doi.org/10.1155/2017/9528180
https://doi.org/10.1155/2017/9528180
https://doi.org/10.1210/jc.2018-01833
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.3390/ijms22041786
https://doi.org/10.1016/j.lfs.2016.02.002
https://doi.org/10.1016/j.scitotenv.2011.11.064
https://doi.org/10.1016/j.scitotenv.2011.11.064
https://doi.org/10.1186/1743-7075-7-41
https://doi.org/10.1186/1743-7075-7-41
https://doi.org/10.1016/j.arr.2016.09.008
https://doi.org/10.1002/(sici)1097-4636(199708)36:2&lt;145::aid-jbm2&gt;3.0.co;2-k
https://doi.org/10.1002/(sici)1097-4636(199708)36:2&lt;145::aid-jbm2&gt;3.0.co;2-k
https://doi.org/10.1016/j.maturitas.2016.11.006
https://doi.org/10.1016/j.maturitas.2016.11.006
https://doi.org/10.1186/1751-0147-51-52
https://doi.org/10.1186/1751-0147-51-52
https://doi.org/10.1002/(sici)1097-4636(19991215)47:4<472::aid-jbm3>3.0.co;2-z
https://doi.org/10.1002/(sici)1097-4636(19991215)47:4<472::aid-jbm3>3.0.co;2-z
https://doi.org/10.1385/BTER:110:2:133
https://doi.org/10.1385/BTER:110:2:133
https://doi.org/10.1016/s0142-9612(97)00149-x
https://doi.org/10.1016/s0142-9612(97)00149-x
https://doi.org/10.1186/s13018-014-0091-6
https://doi.org/10.1186/s13018-014-0091-6
https://doi.org/10.1155/2018/4854152
https://doi.org/10.1155/2018/4854152

	Association between nickel exposure and body compositions in the United States: a population-based cross-sectional study
	Abstract 
	Background 
	Materials and methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and participants
	Urinary nickel
	Body mass components
	Covariates
	Statistical analysis

	Results
	Baseline characteristics of participants
	The association between nickel exposure and body compositions
	The non-linearity and saturation effect analysis between urinary nickel and body compositions

	Discussion
	Conclusion
	Anchor 20
	Acknowledgements
	References


