Environmental Science and Pollution Research (2023) 30:66585-66597
https://doi.org/10.1007/511356-023-26926-1

RESEARCH ARTICLE q

Check for
updates

Sex-specific associations of single metal and metal mixture
with handgrip strength: a cross-sectional study among Chinese adults

Xiya Qin'2 - Lulu Song' - Gaojie Fan'2 - Qing Liu"2 - Mingyang Wu'-2 - Jianing Bi'? - Qing Fang'? - Zhengce Wan3-
Yongman Lv3 - Youjie Wang'-2

Received: 11 October 2022 / Accepted: 6 April 2023 / Published online: 25 April 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Metallic elements are ubiquitous in the natural environment and always collaborate to affect human health. The relationship
of handgrip strength, a marker of functional ability or disability, with metal co-exposure remains vague. In this study, we
aimed to investigate the effect of metal co-exposure on sex-specific handgrip strength. A total of 3594 participants (2296
men and 1298 women) aged 21 to 79 years recruited from Tongji Hospital were included in the present study. Urinary
concentrations of 21 metals were measured by inductively coupled plasma mass spectrometer (ICP-MS). We used linear
regression, restricted cubic spline (RCS) model, and weighted quantile sum (WQS) regression to evaluate the association of
single metal as well as metal mixture with handgrip strength. After adjusting for important confounding factors, the results
of linear regression showed that vanadium (V), zinc (Zn), arsenic (As), rubidium (Rb), cadmium (Cd), thallium (T1), and
uranium (U) were adversely associated with handgrip strength in men. The results of RCS showed a non-linear associa-
tion between selenium (Se), silver (Ag), and nickel (Ni) with handgrip strength in women. The results of WQS regression
revealed that metal co-exposure was inversely related to handgrip strength for men (p=-0.65, 95% CI: -0.98, -0.32). Cd was
the critical metal in men (weighted 0.33). In conclusion, co-exposure to a higher level of metals is associated with lower
handgrip strength, especially among men, and Cd may contribute most to the conjunct risk.

Keywords Handgrip strength - Muscle strength - Metals - Metal mixture - Single metal - Adults

Introduction

Handgrip strength is a strong predictor of functional ability
or disability (Rantanen et al. 1999). Previous studies have
demonstrated that lower handgrip strength is associated with
a higher risk for all-cause mortality, cardiovascular disease,
respiratory disease and cancer (Celis-Morales et al. 2018;
Liu et al. 2021; Rantanen et al. 2000). As an accurate indica-
tor of muscle mass, handgrip strength is one of the compo-
nents of diagnostic criteria for Sarcopenia defined by muscle
loss and muscle dysfunction (Chan et al. 2022; Nishikawa
et al. 2016). In addition to age, handgrip strength is known to
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be affected by body mass index, smoking, physical activity,
diet, or mood. Individuals with lower body weight, longer
secondary time, or depression may be with lower hand-
grip strength (Charles et al. 2006; Stenholm et al. 2012).
Except for the above factors, metals have been reported to
be associated with handgrip strength (Garcia-Esquinas et al.
2020, Garcia-Esquinas et al. 2021a, Garcia-Esquinas and
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Rodriguez-Artalejo 2017, Gbemavo and Bouchard 2021,
Khalil et al. 2014, Kim et al. 2016).

Most metals are emitted into the natural environment and
widely distributed in air, soil and water through natural or
anthropogenic activities (Clemens and Ma 2016, Tchoun-
wou et al. 2012). Previous studies have shown that higher
cadmium is associated with decreased handgrip strength
(Garcia-Esquinas et al. 2020, 2021b). Another study explor-
ing the association between lead, mercury, selenium and
manganese with handgrip strength suggested that lead was
associated with weaker handgrip strength while selenium
was associated with stronger handgrip strength, but only in
women (Gbemavo and Bouchard 2021). Some studies inves-
tigated the effect of dietary selenium intake on handgrip
strength and observed the protection of dietary selenium to
muscle function (Heath et al. 2010; Perri et al. 2020; Walsh
et al. 2021). Several experimental studies demonstrated
that exposure to excessive metal elements like manga-
nese (Krishna et al. 2014), copper (Kalita et al. 2020), and
uranium (Barber et al. 2007) could cause lower handgrip
strength in rats via the muscle tissue damage triggered by
oxidative stress and inflammation. Metals always coexist in
the real world and exert effects through synergy, antagonism,
or interaction (Bauer et al. 2020). However, none of the pre-
vious studies has simultaneously assessed the association
between single metal as well as metal mixture exposure with
handgrip strength in adults.

Therefore, in the present research, we measured 21 com-
mon metal elements in urine samples including aluminum
(Al), vanadium (V), chromium (Cr), manganese (Mn), iron
(Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic
(As), selenium (Se), rubidium (Rb), strontium (Sr), silver
(Ag), cadmium (Cd), cesium (Cs), barium (Ba), mercury
(Hg), thallium (T1), lead (Pb), and uranium (U). Among
the 21 metals, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Se are
essential elements, which are necessary for biological func-
tion. However, deficient or excess essential elements may
induce cellular and tissue damage (Zoroddu et al. 2019).
As, Cd, Hg, T1, and Pb are considered toxic metals, which
induce numerous adverse effects on living organisms, even
at a lower level of exposure (Tchounwou et al. 2012; Wu
et al. 2016). The rest of metals including Al, Rb, Sr, Ag,
Cs, Ba, and U have no known biological function and are
lumped into non-essential elements (Tchounwou et al. 2012).
The detection rates of these 21 metals were all higher than
95% in urine. Our objective was to explore the association
of exposure to the 21 single metal and metal mixture with
handgrip strength based on a cross-sectional study among
3594 adults in Wuhan, China. We used univariate linear
regression analysis and multivariate linear regression to
evaluate the linear association and restricted cubic spline
model to evaluate the potential non-linear association of sin-
gle metal with handgrip strength. Furthermore, Weighted
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Quantile Sum (WQS) regression was applied to estimate the
cumulative effect of multiple metals exposure on handgrip
strength.

Materials and methods
Study population

In the present study, we recruited 4185 participants aged 18
to 89 years from the health management Center of Tongji
Hospital between August 2018 and March 2019, Wuhan,
China. Information about demographics, behavior, lifestyle,
history of diseases, use of medication, and family medical
history of participants was collected by trained research staff
through a face-to-face interview. All participants underwent
medical examinations and were required to provide urine
samples.

Of the 4185 participants, we excluded those who
were <20 years (n=2) or >80 years (n=06). Furthermore,
we excluded those participants without urine samples
(n=113) or information on complete handgrip strength and
its potential confounders (n=464). There were 3 participants
with outliers of handgrip strength (defined as the value lower
than 25" percentile minus 3 times interquartile range (3IQR)
(n=0) or the value higher than 75" percentile plus 3IQR
(n=3)) among women being excluded. Finally, there were
3594 participants (2296 men and 1298 women) included in
the present study. All participants provided written informed
consent. The study protocol was approved by the Ethics
Review Board of Tongji Medical College, Huazhong Uni-
versity of Science and Technology.

Measurement of urinary metals

Morning urine samples of participants were collected in
trace element-free containers and then placed at -20 C
until further analysis. Before measuring the metal level,
an aliquot of urine sample (500 pL) was moved to a pol-
yethylene tube containing 20 pL of 67% HNO; (vol/vol)
and stored in a refrigerator overnight. After digestion, we
diluted 0.5 ml of the sample tenfold with 1% HNO; (vol/
vol). The concentrations of 21 metals in urine, aluminum
(Al), vanadium (V), chromium (Cr), manganese (Mn), iron
(Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic
(As), selenium (Se), rubidium (Rb), strontium (Sr), silver
(Ag), cadmium (Cd), cesium (Cs), barium (Ba), mercury
(Hg), thallium (T1), lead (Pb), and uranium (U) were deter-
mined using inductively coupled plasma mass spectrometer
(ICP-MS; Agilent Technologies, 7700x, USA). For quality
control, we used standard reference materials (SRM1640a,
National Institute of Standards and Technology, Gaithers-
burg, MD, USA) and blanks (1% HNO,) every time to verify
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instrument performance. Moreover, we measured spiked
pooled samples that were randomly selected from 200 urine
samples including low and high concentrations of 21 metals
to evaluate the precision and accuracy of the measurement
method. Spiked recovery rates of quality control standards
were 82%-125%, and intra- and inter-assay variance coef-
ficients were less than 10%. The concentrations of urinary
metal less than the limit of detection (LOD) were assigned
as LOD/\/E . To provide better reliability for the estimation
of individual metal exposure level, urinary metal concentra-
tions were corrected for serum creatinine (SCR) by apply-
ing the following equation: R,=R X 10°/ (SCR x 113.12),
where R, is SCR-corrected metal concentration (pg/g cre-
atinine), R is the uncorrected metal concentration (pg/L),
SCR is serum creatinine concentration (pmol/L) (Barr et al.
2005). The corrected concentrations of urinary metals were
log 10-transformed to reduce the skewness.

Measurement of handgrip strength

Handgrip strength (kg) was measured using CAMRY elec-
tronic handgrip dynamometer, model EH101 (Xiangshan
Weighing Instrument Group Co., Ltd, Guangdong, China).
Participants were asked to keep a standing posture and arms
resting naturally to squeeze the dynamometer as hard as pos-
sible with one hand. The measurement was repeated three
times with a one-minute break between measurements on
the same hand to avoid repetition fatigue. We calculated the
average of the largest readings from each hand as combined
handgrip strength for the analysis.

Covariates assessment

We collected several variables likely to be the potential
confounding factors including sex, age, education (primary
school or below, middle school or high school, college or
above), smoking (never, ex-smoker, current smoker), pas-
sive smoking (not exposed, exposed), alcohol consump-
tion (never, ex-drinker, current drinker), physical activity
(METs-hour/week), body mass index (BMI; < 18.5 kg/mz,
18.5~23.9 kg/m?,>24.0 kg/m?), and history of chronic
diseases including hypertension (yes, no), diabetes melli-
tus (yes, no), cardiovascular disease (yes, no), or respira-
tory disease (yes, no). Individuals who smoked at least one
cigarette per day over six months were defined as current
smokers, those who used to smoke but stopped for at least
six months were defined as former smokers, and those who
smoked less than one cigarette per day or never smoked were
defined as non-smokers. Individuals who drank at least once
per week over six months were defined as current drinkers,
those who used to drink but stopped for at least six months
were defined as former drinkers, and those who drank less
once per week or never drank were defined as non-drinkers.

Physical activity was estimated by multiplying the time
spent every week in each activity by specific METs values
based on a previous study (Ng et al. 2009). Hypertension
was defined as a self-reported physician diagnosis, exhibit-
ing a systolic blood pressure (SBP) level > 140 mmHg or
diastolic blood pressure (DBP) level >90 mmHg, or tak-
ing antihypertensive medication. Diabetes was defined as a
self-reported physician diagnosis, exhibiting fasting blood
glucose (FBG) > 7.0 mmol/L, or taking antidiabetic medica-
tion or insulin. Cardiovascular disease (CVD) was defined as
a self-reported physician diagnosis of coronary heart disease
(CHD), myocardial infarction (MI), or stroke. Respiratory
disease was defined as a self-reported physician diagnosis
of emphysema, chronic bronchitis, or asthma.

Statistical analysis

Considering the large difference in handgrip strength
between men and women and previous studies showing sex-
specific neurotoxic susceptibility to several metals (Gade
et al. 2021), participants were divided into men’s group and
women’s group for the statistical analysis. Continuous vari-
ables were presented as mean (SD) for normal distributed
data and median (IQR) for skewed distributed data, while
categorical variables were presented as numbers and per-
centages. We used the student #-test to compare continuous
variables with normality, the Wilcoxon rank test to compare
continuous variables without normality, and the Chi-square
test to compare categorical variables between men and
women. Pearson correlation analysis was used to calculate
pairwise correlation coefficients for 21 log 10-transformed
creatinine-corrected urinary metal concentrations.

We used linear regression to estimate regression coef-
ficients (P value) and 95% confidence intervals (95% CI) of
single metal and handgrip strength. The creatinine-corrected
metal level was analyzed respectively as a continuous vari-
able and rank variable categorized by quartile (Q1, Q2, Q3,
Q4). Model 1 was used to estimate the association between
single metal and handgrip strength without adjustment of
any covariates. Model 2 was adjusted for age, physical activ-
ity, education, smoking status, passive smoking, alcohol
drinking, body mass index, hypertension, diabetes, cardio-
vascular diseases, and respiratory diseases. We calculated
P for the trend by treating the median value of each quartile
as a continuous variable. The restricted cubic spline (RCS)
model with a setting of 4 knots was used to explore the
non-linear relationship between single metal and handgrip
strength.

In addition to analyzing the effect of single metal expo-
sure, we used weighted quartile sum (WQS) regression to
estimate the co-exposure effect of 21 metals and identify
the important metals. Traditional methods (e.g. linear or
logistic regression) introduce variance inflation when they
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are subjected to environmental mixture (e.g. metal mixture)
datasets with a high correlation to each other. WQS regres-
sion can keep accuracy when it is used to handle such high-
dimensional data. The model was fit with 100 bootstraps
to estimate the weight of each metal and then constructed
the WQS index based on a weighted average of the empiri-
cal weights across the 100 bootstrap samples (Carrico et al.
2015). WQS index for each metal was constrained to add
up to 1.0 and represented relative importance among the
effect of metal mixture. Since WQS regression constrained
the relationship between metal mixture exposure and hand-
grip strength into one direction, the direction was limited to
negative in men and women.

All analyses were conducted with R version 4.2.0 and a
P value < 0.05 was considered significant.

Results

Characteristics in participants and the metal
concentrations in urine

The characteristics of participants stratified by sex are shown
in Table 1. The mean and standard deviation of handgrip
strength was 41.26 +6.70 kg for men and 24.13 +4.37 kg for
women. There was no statistical difference in age between
men and women (P =0.525). Table 2 shows the distribution
of creatinine-corrected metal concentrations of men, women
and all participants, which were presented as median (IQR)
and geometric mean. Figure S1 presents the Pearson correla-
tion coefficients of 21 metals. All the pairwise correlations
of 21 metals were positive with each other. Table 2 shows
the distribution of 21 creatinine-corrected urinary metal con-
centrations in all participants, men and women.

The linear and non-linear association
between single metal and handgrip strength
stratified by sex

The results of linear regression analysis stratified by sex
are presented in Table 3. In the adjusted single-metal mod-
els, for each unit increase of log 10-transformed and cre-
atinine-corrected urinary V, Mn, Co, Zn, As, Rb, Sr, Cd,
Cs, Tl and U, handgrip strength decreased 0.83 kg, 0.64 kg,
0.78 kg, 0.82 kg, 0.75 kg, 0.95 kg, 0.74 kg, 0.94 kg, 1.16 kg,
1.08 kg and 0.81 kg in men, respectively. However, no
metal was associated with handgrip strength in women.
Among men’s group, a decrease of handgrip strength for
the highest quartile of exposure (versus Q1) was found in
urinary Al (f=-0.80; 95% CI: -1.54, -0.05), V (p=-0.92;
95% CI: -1.66, -0.17), Zn (p=-0.92; 95% CI: -1.68, -0.16),
As (p=-0.89; 95% CI: -1.63, -0.14), Se (p=-0.77; 95%
CI: -1.52, -0.02), Rb (=-0.95; 95% CI: -1.69, -0.20),
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Cd (p=-1.29; -2.08, -0.51), TI (p=-0.88; 95% CI: -1.62,
-0.13) and U (p=-0.89; 95% CI: -1.64, -0.15) (all the P
for trend < 0.05). Although in adjusted models, handgrip
strength had no significant difference for women in the
highest quartile versus the lowest quartile of each metal,
handgrip strength in women presented an increased trend
in the second quartiles versus the lowest quartiles of sev-
eral metals including Se (B=1.01; 95% CI: 0.36, 1.67), Cs
(p=0.86; 95% CI: 0.20, 1.52), Hg (p=0.73; 95% CI: 0.07,
1.38) and T1 (=0.78; 95% CI: 0.12, 1.44), which suggested
a potential nonlinear association between these metals and
handgrip strength.

The results of restricted cubic spline (Fig. 1) demon-
strated that Ni, Se and Ag had the nonlinear dose-response
relationship with handgrip strength (Ni: P for nonlin-
ear=0.017, Se: P for nonlinear=0.006, Ag: P for nonlin-
ear=0.009). Figure S2 and Fig. S3 present dose-response
curves of 21 metal elements with handgrip strength among
men and women, respectively.

Sex-specific associations between mixed metals
exposure and handgrip strength

Figure 2 demonstrates the results of WQS regression for
men and women. The results showed that the mixture of 21
metals had a negative impact on handgrip strength in men
(B=-0.65, 95% CI: -0.98, -0.32). Cd as the most important
metal element accounted for 33% of weights, followed by U
(weight index =0.18), As (weight index=0.11), Sr (weight
index =0.08), Rb (weight index =0.06), and Al (weight
index =0.05). Among the women’s group, 21 metals mix-
ture played a negative impact on handgrip strength despite
no statistical significance (f=-0.06, 95% CI: -0.36, 0.23).
The results of stratified analysis by BMI (BMI<23.9 kg/
m?, BMI >24.0 kg/m?) and physical activity (low-intensity
physical activity; high-intensity physical activity, divided by
median of METs-hour/week) were similar to the results of
non-subgroup analysis and there was no significant interac-
tion effect between BMI/physical activity and metal (data
not shown).

Discussion

The results of linear regression analysis showed that
increased V, Zn, As, Rb, Cd, T1, and U were independently
associated with decreased handgrip strength in men. Despite
no significant linear association between single metal and
handgrip strength in women, the curves of RCS model
performed a nonlinear correlation between Se, Ag, and
Ni with handgrip strength. The results of WQS regression
analysis indicated that mixed metals exposure was inversely
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Table 1 Basic characteristics of participants stratified by sex
Characteristics All participants Men (N=2296) Women (N=1298) P-value *
(N=3594)
Age, (years); mean (SD) 45.04 (11.11) 45.13 (11.01) 44.88 (11.29) 0.525
Physical activity (METs-h/w); median (IQR) 7.50 (15.75) 9.00 (19.50) 5.00 (12.94) <0.001
Education; n (%) <0.001
Primary school or below 200 (5.56) 58 (2.53) 142 (10.94)
Middle school or high school 1100 (30.61) 674 (29.36) 426 (32.82)
College or above 2294 (63.83) 1564 (68.12) 730 (56.24)
Smoking status; n (%) <0.001
Never 2482 (69.06) 1219 (53.09) 1263 (97.30)
Ex-smoker 232 (6.46) 228 (9.93) 4(0.31)
Current 880 (24.49) 849 (36.98) 31(2.39)
Passive smoking; n (%) <0.001
Not exposed 1579 (43.93) 921 (40.11) 658 (50.69)
Exposed 2015 (56.07) 1375 (59.89) 640 (49.31)
Alcohol drinking; n (%) <0.001
No drinking 2506 (69.73) 1276 (55.57) 1230 (94.76)
Ex-drinker 115 (3.20) 102 (4.44) 13 (1.00)
Drinker 973 (27.07) 918 (39.98) 55 (4.24)
Body mass index; n (%) <0.001
<18.5 kg/m? 96 (2.67) 24 (1.05) 72 (5.55)
18.5~23.9 kg/m? 1646 (45.80) 800 (34.84) 846 (65.18)
>24.0 kg/m? 1852 (51.53) 1472 (64.11) 380 (29.28)
Hypertension; n (%) <0.001
No 2642 (73.51) 1570 (68.38) 1072 (82.59)
Yes 952 (26.49) 726 (31.62) 226 (17.41)
Diabetes; n (%) <0.001
No 3380 (94.05) 2131 (92.81) 1249 (96.22)
Yes 214 (5.95) 165 (7.19) 49 (3.78)
Cardiovascular disease; n (%) 0.018
No 3502 (97.44) 2226 (96.95) 1276 (98.31)
Yes 92 (2.56) 70 (3.05) 22 (1.69)
Respiratory disease; n (%) 0.032
No 3240 (90.15) 2051 (89.33) 1189 (91.60)
Yes 354 (9.85) 245 (10.67) 109 (8.40)
Handgrip Strength (kg); mean (SD) 35.07 (10.16) 41.26 (6.70) 24.13 (4.37) <0.001

a: T-test was used to analyze continuous variables with normality (age, handgrip strength). Wilcoxon test was used to analyze continuous vari-
ables with skewness (physical activity). Chi-square was used to analyze categorical variables

associated with handgrip strength among men, mainly
driven by Cd.

Cd is a non-essential toxic heavy metal without known
physiological function for the human body and is toxic
at a low concentration (Gade et al. 2021). The result of
our research that increased Cd level was associated with
decreased handgrip strength agreed with several studies.
Research in an elderly population observed an association
between blood cadmium level and lower handgrip strength
(Kim et al. 2016). Another two studies conducted among
older adults also showed that higher blood Cd concentration

was an independent risk factor of physical function impair-
ment including frailty (Garcia-Esquinas et al. 2021b) and
lower gait speed (Kim et al. 2018). A cross-sectional study
based on NHANES among adults aged >40 years demon-
strated that blood Cd and urine Cd concentrations were
both negatively associated with handgrip strength (Garcia-
Esquinas et al. 2020). Potential physiological mechanisms
have not been clarified so far. Several in vitro studies have
proposed the possible evidence that Cd exposure may dis-
rupt cellular homeostasis in skeletal muscle via increasing
cellular oxidative stress and compromising cell adhesion
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Table 2 Distribution of 21 creatinine-corrected urinary metals concentrations (pg/g creatinine) in all participants, men, and women

Metals All Participants Men Women
Median (IQR) Geometric mean Median (IQR) Geometric mean Median (IQR) Geometric mean

Al 38.090 27.408 32.476 23.764 53.585 35.277
A" 0.553 0.522 0.456 0.467 0.730 0.637
Cr 2.200 1.406 1.802 1.208 3.019 1.841
Mn 1.708 1.174 1.366 0.990 2.442 1.586
Fe 29.422 22.513 23.237 19.656 41.134 28.622
Co 0.357 0.273 0.195 0.200 0.619 0.471
Ni 5.680 3.737 4.868 3.257 6.952 4.767
Cu 11.557 10.757 9.734 9.782 14.437 12.726
Zn 290.618 287.490 285.833 298.051 291.795 269.716
As 23.317 21.281 20.836 19.937 27.511 23.884
Se 15.194 16.925 13.095 15.419 16.428 19.958
Rb 1409.147 1571.194 1202.389 1423.014 1563.132 1872.093
Sr 100.652 81.525 83.588 70.695 126.528 104.905
Ag 0.439 0.233 0.352 0.198 0.610 0.311
Cd 0.915 0.648 0.691 0.541 1.246 0.892
Cs 5.456 6.274 4.500 5.510 6.471 7.893
Ba 5.120 3.303 4.158 2.799 7.172 4.429
Hg 1.160 0.795 0.984 0.727 1.432 0.931
Tl 0.323 0.318 0.264 0.281 0.398 0.397
Pb 2.279 1.718 1.809 1.488 3.116 2.215
U 0.032 0.024 0.025 0.020 0.043 0.032

Abbreviations: Al, aluminum; V vanadium; Cr, chromium; Mn, manganese; Fe, iron; Co cobalt; Ni,

nickel; Cu, copper; Zn, zinc; As, arsenic; Se, selenium; Rb, rubidium; Sr, strontium; Ag, silver; Cd, cadmium; Cs, cesium; Ba, barium; Hg, mer-

cury; T1, thallium; Pb, lead; U, uranium

(Papa et al. 2014, Yano and Marcondes 2005). The altera-
tion of cellular homeostasis in skeletal muscle can reduce
muscle mass and physiology, resulting in lower handgrip
strength (Derbre et al. 2014; Siparsky et al. 2013). In the
present study, we found several novel inverse correlations
between V, Zn, As, Rb, Tl and U with handgrip strength in
men. Several animal studies in rats have found neurobehav-
ioral impairment such as locomotor insufficient and diminu-
tion in muscle strength exerted by As (Adedara et al. 2020;
Yadav et al. 2009) or V (Azeez et al. 2016; Mustapha et al.
2014) exposure. Exposure to excessive as may decrease mus-
cle mass and even cause muscle atrophy in mice (Chen et al.
2020). In addition, Rb (Barrientos et al. 2020) and TI (Wu
et al. 2022) reported an inverse effect on muscular function.
Uranium is a naturally occurring heavy metal widely spread-
ing in the environment, individuals are exposed to uranium in
several ways including water drinking, air inhaling, and food
intake (Drake and Hazelwood 2005). To our knowledge, no
study has explored the association between uranium exposure
and handgrip strength among humans. There was only an
animal study showing that acute uranium exposure might
cause ambulatory activity and handgrip strength reduction
(Barber et al. 2007).
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We found that Se had a nonlinear dose-response asso-
ciation with handgrip strength among women participants.
The results of RCS model indicated that Se was positively
associated with handgrip strength within a relatively lower
Se concentration range while such association became
not significant within a relatively higher Se concentration
range. A study based on NHANES investigated the asso-
ciation between blood Se and handgrip strength among US
adults, RCS curve for women showed that handgrip strength
increased steeply along with Se increasing, and then the
upward curve tended to flatten out within higher Se lev-
els (Gbemavo and Bouchard 2021). Moreover, a parallel
dose-response association was revealed by a meta-analysis
both in men and women (Garcia-Esquinas et al. 2021a).
Those findings along with our results have suggested that
handgrip strength is associated with lower selenium levels
rather than higher selenium levels. Selenium is an impor-
tant component of selenoproteins, and most of the known
selenoproteins are antioxidant enzymes (e.g., glutathione)
involved in a variety of antioxidant pathways like free radi-
cal scavenging, oxidized lipids repairing, etc. (Hariharan
and Dharmaraj 2020). Selenoprotein deficiency as an indi-
cator of selenium deficiency is associated with muscle
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Table 3 Association between single urinary metal and handgrip strength in men and women

Metals

Sex

Continuous

B (95% CI)

Ql

Q2
B (95% CI)

Q3
B (95% CI)

Q4
B (95% CI)

P for trend

Al
Modell

Model2

v
Modell

Model2

Cr
Modell

Model2

Mn
Modell

Model2

Fe
Modell

Model2

Co
Modell

Model2

Ni
Modell

Model2

Cu
Modell

Model2

Zn
Modell

Model2

As
Modell

Model2

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

women

men

-0.71 (-1.33, -0.10)
<0.01 (-0.47, 0.47)
-0.58 (-1.18, 0.01)
0.07 (-0.40, 0.54)

-0.76 (-1.58, 0.06)
-0.08 (-0.75, 0.60)
-0.83 (-1.62, -0.04)
0.05 (-0.62, 0.73)

-0.37 (-0.91, 0.17)
-0.29 (-0.71, 0.14)
-0.34 (-0.87, 0.18)
-0.24 (-0.66, 0.18)

-0.74 (-1.34, -0.14)
-0.06 (-0.54, 0.42)
-0.64 (-1.22, -0.06)
-0.02 (-0.49, 0.46)

-0.77 (-1.39, -0.15)
-0.01 (-0.49, 0.48)
-0.53 (-1.13, 0.07)
0.08 (-0.39, 0.56)

-1.15 (-1.87, -0.43)
0.32 (-0.20, 0.85)
-0.78 (-1.47, -0.08)
0.12 (-0.40, 0.64)

-0.56 (-1.11, -0.01)
-0.06 (-0.51, 0.40)
-0.30 (-0.83, 0.24)
-0.12 (-0.57, 0.32)

-0.90 (-1.58, -0.22)
-0.31 (-0.79, 0.17)
-0.58 (-1.23, 0.08)
-0.33 (-0.80, 0.14)

-1.22 (-2.01, -0.44)
0.02 (-0.58, 0.62)
-0.82 (-1.59, -0.05)
0.16 (-0.44, 0.75)

-1.00 (-1.74, -0.27)
0.02 (-0.54, 0.59)
-0.75 (-1.46, -0.04)

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference

reference

-0.49 (-1.26, 0.29)
0.10 (-0.58, 0.77)
-0.30 (-1.05, 0.45)
0.32 (-0.34, 0.98)

0.18 (-0.60, 0.95)
0.37 (-0.31, 1.04)
-0.06 (-0.80, 0.69)
0.30 (-0.36, 0.96)

-0.89 (-1.67, -0.11)
-0.18 (-0.85, 0.50)
-0.80 (-1.55, -0.06)
-0.19 (-0.85, 0.47)

-0.71 (-1.49, 0.06)
-0.06 (-0.73, 0.62)
-0.66 (-1.41, 0.08)
-0.15 (-0.81, 0.52)

-0.17 (-0.95, 0.60)
-0.34 (-1.01, 0.33)
0.09 (-0.65, 0.84)
-0.13 (-0.79, 0.54)

-0.19 (-0.96, 0.58)
0.41 (-0.26, 1.08)
-0.09 (-0.84, 0.65)
0.34 (-0.32, 1.00)

-0.51 (-1.29, 0.26)
0.06 (-0.62, 0.73)
-0.37 (-1.11, 0.38)
-0.01 (-0.68, 0.65)

-0.04 (-0.81, 0.74)
0.10 (-0.58, 0.77)
-0.01 (-0.75, 0.74)
0.07 (-0.59, 0.73)

-0.55 (-1.33,0.22)
0.67 (<0.01, 1.35)
-0.53 (-1.28,0.22)
0.67 (0.00, 1.33)

-0.35 (-1.12, 0.42)
0.12 (-0.55, 0.79)
-0.44 (-1.18,0.31)

-0.86 (-1.63, -0.08)
-0.09 (-0.76, 0.59)
-0.55 (-1.30, 0.20)
-0.03 (-0.70, 0.63)

-0.10 (-0.88, 0.67)
0.18 (-0.49, 0.85)
-0.18 (-0.92, 0.57)
0.21 (-0.45, 0.87)

-0.74 (-1.52,0.03)
-0.01 (-0.68, 0.66)
-0.74 (-1.49,<0.01)
0.06 (-0.61, 0.72)

-0.48 (-1.25, 0.30)
-0.28 (-0.96, 0.39)
-0.33 (-1.08, 0.42)
-0.22 (-0.88, 0.45)

-0.19 (-0.96, 0.59)
-0.33 (-1.01, 0.34)
0.16 (-0.59, 0.91)
-0.16 (-0.82, 0.51)

-1.30 (-2.07, -0.52)
0.36 (-0.31, 1.03)
-0.86 (-1.61, -0.11)
0.15 (-0.51, 0.82)

-1.06 (-1.84, -0.29)
0.43 (-0.25, 1.10)
-0.60 (-1.35,0.15)
0.48 (-0.18, 1.14)

-0.67 (-1.45,0.10)
0.06 (-0.62, 0.73)
-0.37 (-1.12, 0.38)
0.15 (-0.51, 0.82)

-0.59 (-1.37,0.18)
0.33 (-0.35, 1.00)
-0.29 (-1.04, 0.46)
0.27 (-0.39, 0.94)

-0.85 (-1.63, -0.08)
-0.59 (-1.26, 0.08)
-0.70 (-1.45, 0.04)

-0.97 (-1.75, -0.20)
0.01 (-0.67, 0.68)
-0.80 (-1.54, -0.05)
0.18 (-0.49, 0.84)

-0.91 (-1.68, -0.13)
-0.26 (-0.93, 0.41)
-0.92 (-1.66, -0.17)
-0.12 (-0.79, 0.54)

-0.70 (-1.48, 0.08)
-0.44 (-1.11, 0.23)
-0.65 (-1.40, 0.09)
-0.40 (-1.06, 0.27)

-0.88 (-1.66, -0.11)
-0.20 (-0.87, 0.47)
-0.73 (-1.48, 0.02)
-0.14 (-0.81, 0.53)

-1.02 (-1.79, -0.24)
-0.16 (-0.84, 0.51)
-0.72 (-1.46, 0.03)
0.05 (-0.61, 0.72)

-0.97 (-1.74, -0.19)
0.68 (0.01, 1.35)
-0.60 (-1.35, 0.15)
0.42 (-0.25, 1.08)

-0.45(-1.23,0.33)
0.11 (-0.57,0.78)
-0.18 (-0.93, 0.57)
0.01 (-0.65, 0.67)

-0.86 (-1.64, -0.09)
-0.18 (-0.85, 0.49)
-0.52 (-1.27, 0.23)
-0.11 (-0.77, 0.56)

-1.35 (-2.12, -0.57)
0.03 (-0.64, 0.71)
-0.92 (-1.68, -0.16)
0.29 (-0.38, 0.96)

-1.11 (-1.89, -0.34)
-0.08 (-0.75, 0.59)
-0.89 (-1.63, -0.14)

0.010
0.909
0.030
0.827

0.015
0.396
0.015
0.694

0.130
0.248
0.129
0.317

0.045
0.476
0.108
0.671

0.010
0.683
0.058
0.866

0.003
0.063
0.057
0.311

0.182
0.619
0.609
0.749

0.011
0.556
0.115
0.768

0.001
0.874
0.034
0.586

0.002
0.483
0.016
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Table 3 (continued)

Continuous

B (95% CI)

Ql

Q2
B (95% CI)

Q3
B (95% CI)

Q4
B (95% CI)

P for trend

Metals Sex
women

Se

Modell men
women

Model2 men
women

Rb

Modell men
women

Model2 men
women

Sr

Modell men
women

Model2 men
women

Ag

Modell men
women

Model2 men
women

Cd

Modell men
women

Model2 men
women

Cs

Modell men
women

Model2 men
women

Ba

Modell men
women

Model2 men
women

Hg

Modell men
women

Model2 men
women

Tl

Modell men
women

Model2 men
women

Pb

Modell men
women

0.10 (-0.46, 0.65)

-0.93 (-1.80, -0.07)
0.04 (-0.73, 0.80)
-0.82 (-1.66, 0.01)
<0.01 (-0.75, 0.75)

-0.88 (-1.70, -0.07)
0.59 (-0.12, 1.30)
-0.95 (-1.73, -0.16)
0.60 (-0.10, 1.30)

-0.77 (-1.46, -0.08)
-0.15 (-0.74, 0.45)
-0.74 (-1.40, -0.07)
-0.01 (-0.60, 0.58)

-0.22 (-0.76, 0.31)
-0.09 (-0.53, 0.34)
-0.12 (-0.64, 0.39)
0.09 (-0.34, 0.52)

-1.52 (-2.17, -0.87)
-0.14 (-0.69, 0.41)
-0.94 (-1.60, -0.28)
0.15 (-0.40, 0.71)

-1.08 (-1.93, -0.22)
0.48 (-0.22, 1.19)
-1.16 (-1.98, -0.34)
0.46 (-0.23, 1.15)

-0.19 (-0.73, 0.36)
-0.06 (-0.51,0.39)
-0.09 (-0.61, 0.44)
-0.08 (-0.52, 0.36)

-0.13 (-0.68, 0.42)
0.08 (-0.31, 0.46)
-0.08 (-0.60, 0.45)
0.14 (-0.24, 0.53)

-0.98 (-1.82, -0.14)
0.41 (-0.27, 1.09)
-1.08 (-1.89, -0.27)
0.37 (-0.31, 1.05)

-0.22 (-0.80, 0.36)
0.03 (-0.44, 0.50)

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference
reference

reference

reference
reference

0.19 (-0.47, 0.85)

-0.45(-1.23,0.32)
1.06 (0.39, 1.73)
-0.65 (-1.40, 0.09)
1.01 (0.36, 1.67)

0.42 (-0.36, 1.19)
0.45 (-0.22, 1.13)
0.21 (-0.54, 0.95)
0.48 (-0.18, 1.14)

0.14 (-0.64, 0.91)
-0.19 (-0.86, 0.49)
0.14 (-0.61, 0.88)
-0.12 (-0.79, 0.54)

0.21 (-0.56, 0.99)
0.19 (-0.49, 0.86)
0.20 (-0.55, 0.94)
0.33(-0.33,0.99)

-0.20 (-0.97, 0.57)
0.11 (-0.57, 0.78)
-0.03 (-0.77, 0.72)
0.21 (-0.45, 0.88)

0.47 (-0.30, 1.25)
0.82 (0.15, 1.49)
0.31 (-0.44, 1.05)
0.86 (0.20, 1.52)

-1.19 (-1.96, -0.41)
-0.20 (-0.87, 0.47)
-1.12 (-1.87, -0.38)
-0.13 (-0.80, 0.53)

-0.05 (-0.83, 0.72)
0.65 (-0.03, 1.32)
0.03 (-0.72, 0.77)
0.73 (0.07, 1.38)

0.31 (-0.47, 1.08)
0.91 (0.24, 1.59)
0.07 (-0.67, 0.82)
0.78 (0.12, 1.44)

2043 (-1.21,0.34)
-0.38 (-1.05, 0.30)

-0.48 (-1.14,0.19)

-0.20 (-0.97, 0.58)
-0.10 (-0.77, 0.56)
-0.23 (-0.98, 0.51)
-0.07 (-0.72, 0.59)

0.05 (-0.72, 0.82)
0.53 (-0.14, 1.21)
0.10 (-0.64, 0.85)
0.44 (-0.22, 1.10)

-1.19 (-1.96, -0.42)
-0.18 (-0.85, 0.49)
-1.06 (-1.81, -0.32)
-0.11 (-0.77, 0.55)

<0.01 (-0.77, 0.78)
046 (-1.13,0.22)
0.04 (-0.71, 0.78)
-0.27 (-0.94, 0.39)

-1.23 (-2.00, -0.46)
0.09 (-0.58, 0.77)
-0.84 (-1.61, -0.08)
0.28 (-0.39, 0.95)

20.30 (-1.07, 0.48)
0.51 (-0.17, 1.18)
0.29 (-1.03, 0.46)
0.50 (-0.16, 1.16)

-0.97 (-1.74, -0.19)
0.06 (-0.61, 0.73)
-0.92 (-1.67, -0.18)
0.19 (-0.48, 0.85)

0.09 (-0.68, 0.87)
0.45 (-0.22, 1.13)
0.12 (-0.63, 0.86)
0.52 (-0.14, 1.18)

0.24 (-0.53, 1.02)
0.25 (-0.42, 0.92)
0.34 (-0.41, 1.08)
0.18 (-0.48, 0.84)

-0.28 (-1.05, 0.50)
-0.13 (-0.80, 0.55)

0.08 (-0.58, 0.74)

-0.87 (-1.65, -0.10)
0.00 (-0.67, 0.67)
-0.77 (-1.52, -0.02)
-0.02 (-0.68, 0.64)

-0.80 (-1.58, -0.03)
0.27 (-0.40, 0.95)
-0.95 (-1.69, -0.20)
0.35(-0.31, 1.02)

-0.68 (-1.45, 0.09)
-0.36 (-1.04, 0.31)
-0.62 (-1.37, 0.12)
-0.16 (-0.83, 0.50)

-0.37 (-1.15, 0.40)
<0.01 (-0.67, 0.67)
-0.19 (-0.94, 0.57)
0.25 (-0.41, 0.91)

-1.84 (-2.62, -1.07)
-0.38 (-1.05, 0.29)
-1.29 (-2.08, -0.51)
-0.01 (-0.69, 0.67)

-0.50 (-1.28, 0.27)
0.41 (-0.26, 1.09)
-0.60 (-1.35, 0.15)
0.46 (-0.20, 1.12)

0.61 (-1.39, 0.16)
-0.20 (-0.87, 0.48)
-0.45 (-1.20, 0.30)
-0.14 (-0.80, 0.53)

-0.33 (-1.10, 0.45)
<0.01 (-0.67, 0.68)
-0.16 (-0.91, 0.58)
0.24 (-0.42, 0.90)

20.77 (-1.55,<0.01)

0.59 (-0.08, 1.26)
-0.88 (-1.62, -0.13)
0.54 (-0.13, 1.20)

-0.68 (-1.45,0.10)
-0.04 (-0.71, 0.63)

0.816

0.002
0.457
0.015
0.789

0.023
0.383
0.010
0.300

0.012
0.310
0.017
0.653

0.290
0.626
0.561
0.798

<0.001
0.285
<0.001
0.981

0.076
0.343
0.049
0.290

0.198
0.718
0.359
0.865

0.490
0.916
0.730
0.572

0.048
0.240
0.035
0.274

0.122
0.873
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Table 3 (continued)
Metals Sex Continuous Q1 Q2 Q3 Q4 P for trend
B (95% CI) B (95% CI) B (95% CI) B (95% CI)
Model2  men -0.13 (-0.69, 0.43) reference  -0.40 (-1.15, 0.35) -0.20 (-0.96, 0.55) -0.45 (-1.20, 0.30) 0.321
women  0.05 (-0.42, 0.52) reference  -0.33 (-0.99, 0.34) -0.11 (-0.77, 0.56) 0.01 (-0.65, 0.67) 0.777
U
Modell men -1.04 (-1.64, -0.44) reference  0.43 (-0.34, 1.21) -0.37 (-1.15, 0.40) -1.11 (-1.88, -0.33) 0.001
women  -0.11 (-0.61, 0.40) reference  -0.24 (-0.91, 0.44) -0.24 (-0.91, 0.43) 0.03 (-0.64, 0.70) 0.860
Model2  men -0.81 (-1.39, -0.23) reference  0.35 (-0.40, 1.09) -0.24 (-0.98, 0.50) -0.89 (-1.64, -0.15) 0.006
women  -0.04 (-0.53, 0.45) reference  -0.04 (-0.70, 0.62) -0.10 (-0.76, 0.56) 0.18 (-0.48, 0.84) 0.599

Model 1: No adjustment

Model 2: Adjusted for age, physical activity, education, smoking status, passive smoking, alcohol drinking, body mass index, hypertension, dia-
betes, cardiovascular diseases, and respiratory diseases

Continuous: Log 10-transformed, creatinine-corrected urinary metal concentrations; Q: Quartiles

Note: The parameter estimates in bold indicated statistical significance (P < 0.05)

P for Nonlinear = 0.017 P for Nonlinear = 0.006
;
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Fig.1 Association between urinary metals and handgrip strength
analyzed by restricted cubic spline (RCS) with 4 knots for Ni, Se,
and Ag among women. Solid lines were predicted curves, shadow
parts were 95% confidence intervals. Models were adjusted for age,

Ag

physical activity, education, smoking status, passive smoking, alco-
hol drinking, body mass index, hypertension, diabetes, cardiovascular
diseases, and respiratory diseases. Urinary metal concentrations were
creatinine-corrected and further log10-transformed
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Fig.2 WQS regression results and WQS index of 21 metal mixture
on handgrip strength for men and women. Models were adjusted for
age, physical activity, education, smoking status, alcohol drinking,

dysfunction (e.g., muscle pain and weakness, sarcopenia)
(Hariharan and Dharmaraj 2020, Rederstorff et al. 2006)
and even nutritional muscular dystrophy (Orndahl et al.
1982). We detected a positive association between lower
Ag concentration and handgrip strength whereas there was
an inverse association between higher Ag concentration and
handgrip strength. Ag is a non-essential element and rarely
receives attention. Owing to scarce studies exploring the
physiological function of Ag in the human body, we deduce
that low concentrations of Ag protect muscle function but
high concentrations of Ag damage muscle function. For Ni,
performance on handgrip strength altered more significantly
in higher than lower urinary Ni concentrations. Although
none of the evidence indicates a possible benefit of modest
Ni levels to the human body, a high level of Ni undermines
human health (Genchi et al. 2020) and muscular strength
(Alegre-Martinez et al. 2022).

Apart from the single metal effect on handgrip strength,
we found metal mixture negatively associated with hand-
grip strength in men and women, despite no statistical
significance in women. Potential biological mechanisms
may indicate oxidative stress and inflammatory response.
Some heavy metals induce excessive reactive oxygen spe-
cies (ROS) accumulation and pro-inflammatory cytokines
generation (Anyanwu et al. 2018; Renu et al. 2021), under-
mining skeletal muscle function and homeostasis by affect-
ing lipid metabolism, protein function and DNA integrity,
which causes handgrip strength decrease and muscle mass
loss (Lian et al. 2022, Meng and Yu 2010).

We find a sex-specific association between metals and
handgrip strength, which may owe to sexual dimorphism.
A review pointed out possible reasons for sexual dimor-
phism including different hormonal influences, different
anatomic, neurochemical, genetic, behavioral and lifestyle

@ Springer

passive smoking, body mass index, hypertension, diabetes, cardiovas-
cular diseases, and respiratory diseases

characteristics, different gliosis, inflammation, and immune
response (Gade et al. 2021). In the present study, we did not
observe a significant impairment of handgrip strength from
metal mixture in women although a negative association
between metal mixture and handgrip strength was observed
in men. The protection of estrogen may account for such a
phenomenon. Estrogen has been proven to benefit skeletal
and muscle systems and it can enhance muscle mass and
muscle strength (Chidi-Ogbolu and Baar 2018). Compelling
studies have indicated that estrogen supplementation can
maintain and improve muscular function in postmenopausal
women or protect against musculoskeletal damage of aging
(Javed et al. 2019; Tiidus 2011). Estrogen seems to maintain
cellular homeostasis in skeletal muscle, regulate mitochon-
dria function, and reduce oxidative damage by endoplasmic
reticulum (ER)-mediated mechanism, which may offset part
of sarcous damage exerted from heavy metals (Ikeda et al.
2019; Papa et al. 2014).

Some limitations in our study should be noted. First, the
cross-sectional design of our study cannot infer causality
between metal exposure and handgrip strength. Second, spot
urinary metal levels could not fully reflect the real expo-
sure of individuals. Finally, despite controlling important
confounding factors, there were unknown and unmeasured
confounders that might bias our discoveries.

Conclusion

The findings of the present study indicate that single metal
exposure including V, Zn, As, Rb, Cd, Tl, and U is inversely
associated with handgrip strength in men. Moreover, among
men, increased metal mixture exposure is associated with
decreased handgrip strength, with Cd as the most crucial
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metal. Among women, Ni, Se, and Ag have a non-linear
association with handgrip strength. With a view to the limi-
tations of cross-sectional design, further prospective studies
should be conducted to confirm these results.
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tary material available at https://doi.org/10.1007/s11356-023-26926-1.
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