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Abstract

Objective     This  study aimed to investigate the potential  relationship between urinary metals  copper
(Cu), arsenic (As), strontium (Sr), barium (Ba), iron (Fe), lead (Pb) and manganese (Mn) and grip strength.

Methods     We  used  linear  regression  models,  quantile  g-computation  and  Bayesian  kernel  machine
regression (BKMR) to assess the relationship between metals and grip strength.

Results     In the multimetal linear regression, Cu (β = −2.119), As (β = −1.318), Sr (β = −2.480), Ba (β =
0.781), Fe (β = 1.130) and Mn (β = −0.404) were significantly correlated with grip strength (P < 0.05). The
results of the quantile g-computation showed that the risk of occurrence of grip strength reduction was
−1.007  (95% confidence  interval: −1.362, −0.652; P < 0.001)  when  each  quartile  of  the  mixture  of  the
seven metals was increased. Bayesian kernel function regression model analysis showed that mixtures
of the seven metals had a negative overall  effect on grip strength, with Cu, As and Sr being negatively
associated  with  grip  strength  levels.  In  the  total  population,  potential  interactions  were  observed
between As and Mn and between Cu and Mn (Pinteractions of 0.003 and 0.018, respectively).

Conclusion     In summary, this study suggests that combined exposure to metal mixtures is negatively
associated  with  grip  strength.  Cu,  Sr  and  As  were  negatively  correlated  with  grip  strength  levels,  and
there were potential interactions between As and Mn and between Cu and Mn.
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INTRODUCTION

G rip  strength  is  considered  a  simple  test
for  clinical  and  research  assessment  and
has  strong  predictive  power  to  identify

people  at  risk[1].  It  is  also  a  commonly  used  and
reliable  marker  of  muscle  strength[2],  neuromotor
function[3] and  aging[4].  Decreased  grip  strength  is
associated  with  an  increased  risk  of  cardiovascular
disease and all-cause mortality, cognitive decline and
physical  disability  in  older  adults[5,6].  Therefore,
identifying  modifiable  risk  factors  that  can  reduce
grip  strength  loss  is  essential  to  advocating
appropriate prevention strategies.

Energy  intake  or  the  lack  of  exercise  does  not
fully  explain  the  loss  of  grip  strength,  and
environmental  pollutants  may  also  be  associated
with such condition[2]. The current research suggests
that  copper  (Cu),  arsenic  (As),  strontium  (Sr),  iron
(Fe)  and  lead  (Pb)  are  strongly  associated  with  grip
strength[2,3,7-9].  Cu  is  a  heavy  metal  and  an  essential
trace  element;  however,  low  and  high  Cu
concentrations  can  cause  oxidative  stress  through
the  induction  of  hydroxyl  radicals  and  produce
adverse  health  effects[10].  As  is  an  element  that
causes  numerous  environmental  and  human  health
problems[8].  A  recent  cross-sectional  study
conducted  in  Wuhan,  China  showed  a  negative
association  between  urinary  metallic  As  and  grip
strength  levels[8].  Plumbum  (Pb)  is  a  harmful
environmental  pollutant,  and  Pb  disrupts  the
balance  of  oxidant-antioxidant  system  and  induce
inflammatory  responses  in  various  organs  with
highly toxic effects on many body organs[11]. A similar
study  by  the  US  National  Health  and  Nutrition
Examination  Survey  (NHANES)  reported  that  a  low
exposure  to  Pb  at  population  levels  was  associated
with  a  weak  grip  strength  in  women[3].  Oxidative
stress may explain the reduced grip strength due to
heavy  metal  exposure  given  that  various  heavy
metals,  including  Cu,  As  and  Pb,  can  promote
oxidative  stress[10-12].  The  study  revealed  that  heavy
metals,  including  Cu,  As  and  Pb,  can  also  impair
mitochondrial  function  and induce  the  formation  of
mitochondrial  reactive  oxygen  species  (ROS),  which
can  lead  to  alterations  in  the  electron  transport
chain and considerably induce oxidative degradation

of  biomolecules;  as  a  result,  cellular  damage  in
muscle  tissue  occurs[2].  In  addition,  exposure  to
certain  metals  may  cause  neurotoxic  effects[13].
These  effects  may  lead  to  impairment  of
neuromotor function[3].

Most  previous  studies  have  focused  on  the
association  between  individual  metal  elements  or  a
few  heavy  metals  and  markers  of  aging[7,14,15].  A
recent  NHANES  study  indicated  that  exposure  to
metal  mixtures  was  significantly  associated  with
reduced  muscle  strength  in  children,  with  several
heavy metals, including Co, Mo, Pb, Sb, Sr, Tl and Cs,
associated  with  reduced  grip  strength  in  children[2].
The  potential  effect  of  these  heavy  metal  mixtures
on  grip  strength  remains  unclear.  Therefore,  this
study  provides  additional  insights  into  the  early
prevention of  grip  strength loss  due to  heavy metal
exposure  by  examining  the  effects  of  exposure  to  a
mixture  of  heavy  metals,  including  metallic  Cu,  As,
Sr, barium (Ba), Fe, Pb and manganese (Mn), on grip
strength in Chinese adults. 

MATERIALS AND METHODS
 

Study Population

A  cross-sectional  study  was  conducted  from
December  2018  to  December  2019  in  Gongcheng
County,  Guangxi,  China,  in  which  information  was
collected  from  4,356  local  residents.  We  further
excluded  the  following  participants:  a)  respondents
with  amputations,  limb  deformities,  fractures,
paralysis  or  casts  or  bandages  on  the  arm,  hand  or
fingers  (including  the  thumb);  b)  patients  who  had
hand  or  wrist  surgery  within  the  past  3  months  or
any pain, tingling, stiffness or discomfort in the hand
or  wrist  within  the  previous  7  days;  c)  respondents
with  cirrhosis  of  the  liver,  renal  failure,  cancer  or
poststroke;  d)  subjects  who  did  not  complete  the
questionnaire  or  had  missing  data  on  covariates  in
the  questionnaire;  e)  outliers  for  metal  elements
(defined as 3 times the 99th percentile) and outliers
for  grip  strength  levels  (defined  as  the  mean  below
grip  strength  level  minus  three  standard  deviations
(3 SD) or mean above grip strength level plus 3 SD).
Finally,  2,829  study  subjects  were  included  in  our
analysis.
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The study was conducted in accordance with the
guidelines  of  the  Declaration  of  Helsinki,  and  all
procedures involving human subjects were approved
by the Ethics  Committee.  Written informed consent
was provided by all participants. 

Measurement  of  Urinary  Metal  and  Urine
Creatinine

Urine  samples  were  sent  to  our  laboratory
through  the  cold  chain  and  stored  at −80  °C  until
analysis.  Frozen  urine  samples  were  dissolved  at
room  temperature  by  the  gradient  method  and
homogenized. An aliquot of urine (1.0 mL) was then
transferred  into  a  polypropylene  tube  containing
9.0  mL  of  1% HNO3 and  stored  in  a  refrigerator  at
4 °C for nitrification overnight. The concentrations of
metals  in  urine  were  determined  using  inductively
coupled plasma-mass spectrometry (ICP-MS; NexION
350,  PerkinElmer,  USA)  in  the  morning  of  the  next
day.  The  external  standard  method  was  used  to
detect  the content of  metal  ele-ments in  urine,  and
the calibrated standard curve was used to obtain the
concentration  of  target  metal  elements  in  the
measured  urine.  To  control  the  quality  of  the  urine
metal  content  determination,  we  evaluated  the
precision  and  accuracy  of  the  method  by  three
replicate  determinations  and  standard  recoveries
(100  randomly  selected  samples).  The  standard
recoveries  were  controlled  in  the  range  of
80%–120%.  For  ICP-MS  accuracy,  a  parallel  sample
was  placed  after  every  15  samples  (urine  samples
from  the  normal  population  were  diluted  at  the
same  multiple),  and  urine  controls  for  trace
elements  were  measured  after  every  30  samples
(levels  1  and  2).  If  the  metal  concentration  was
below the limit of detection (LOD), the measurement
below  the  LOD  level  was  replaced  by  LOD/2[16].
Table  1 shows  the  LODs  for  each  element.  The
number  of  plasma  metal  elements  below  the  LOD
was less than 20% for all elements.

Urinary  metals  were  corrected  using  the
creatinine  correction  method.  Urinary  creatinine
levels  were  measured  using  a  creatinine  assay  kit
(sarcosine  oxidase  method,  Nanjing  Chengjian
Institute  of  Biological  Engineering)  in  accordance
with  the  manufacturer’s  instructions.  Three  parallel
samples were set up for each sample with a relative
standard  deviation  of  less  than  5%.  The  final
concentrations  of  metals  in  the  urine  were
expressed as µg/g creatinine. 

Measurement of Handgrip Strength

Grip  strength  (kg)  was  assessed  using  a  grip

strength  dynamometer  (Model  T.K.K.  5401,  Takei
Scientific  Instruments  Co.,  Niigata,  Japan).  Prior  to
the  measurement  of  grip  strength,  the
dynamometer was adjusted to fit the subject’s hand
size until the second joint of the index finger was at a
90° angle to the handle. The participant was asked to
squeeze  the  dynamometer  as  hard  as  possible  with
one  hand.  Each  hand  was  tested  thrice,  with
alternation between the two tests  while  testing  the
same hand with a 60 s rest period. Grip strength was
defined as  the  maximum measured grip  strength  of
the dominant hand[17]. 

Covariates

In  face-to-face  interviews,  standardised  and
structured  questionnaires  were  used  to  obtain
information  on  age,  gender  (male  and  female),
education level (illiterate, primary school and below
and  junior  secondary  school  and  above),  smoking
(smoking  and  nonsmoking),  alcohol  consumption
(drinking  or  nondrinking)  and  ethnicity  (Yao  and
other  ethnic  groups).  A  full  body  health  check  was
also  carried  out.  Body  mass  index  (BMI)  was
calculated  as  weight  divided  by  height  squared
(kg/m2);  diabetes  mellitus  was  defined  as  fasting
blood  glucose  greater  than  7.0  mmol/L,  glycated
haemoglobin  level  greater  than  6.5% or  taking
glucose-lowering medication. 

Statistical Analyses

Urine  metal  detection  values  were  log10
transformed[18] to  attain  the  approximately  normal
distribution  of  data  for  subsequent  analysis.
Normally  distributed  quantitative  data  were
described  by  means  and  standard  deviations,  and
comparisons between groups were conducted using
the  independent t-test.  Data  with  non-normal
 

Table 1. Limits of metal detection in urine

Metal
(μg/g creatinine)

Range of values
(μg/g creatinine) LOD < LOD

(%)

Cu 2.357–409.448 0.0061 0.00

As 1.214–791.672 0.0117 0.00

Sr 2.148–1733.782 0.0062 0.00

Ba 0.002–181.836 0.0038 0.29

Fe 0.162–2505.057 0.1263 0.00

Pb 0.000–28.195 0.0009 0.71

Mn 0.002–2021.789 0.0037 3.64

　　Note. Cu, copper; As, arsenic; Sr, strontium; Ba,
barium;  Fe,  iron;  Pb,  lead;  Mn,  manganese;  LOD,
limit of detection.
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distribution  were  described  by  medians  and
interquartile  spacing,  and  comparisons  between
groups  were  conducted  using  the  Wilcoxon  or
Kruskal‒Wallis  rank  sum  tests.  Categorical  variables
were  expressed  as  percentages  (%),  and
comparisons  were  performed  using  chi-square  test.
Linear  regression  models  were  used  to  assess  the
relationship  between  various  metal  elements  and
grip  strength  levels.  Adjusted  factors  included
smoking,  alcohol  consumption,  age,  sex,  education,
ethnicity,  diabetes  and  BMI.  The  confounders
selected  and  adjusted  for  in  the  model  were  those
reported  in  previous  studies  and  professionally
considered  to  be  strongly  associated  with  grip
strength levels[17-19]. 

Linear Regression Analysis

Linear  regression models  were  built  to  explore
association between single  metal  exposure and grip
strength  among  adults.  Metals  were  both  fitted  as
log10 transformed  continuous  variable  and  to
calculate  odds  ratios  and  corresponding  95%
confidence  intervals  (CI).  Model  was  adjusted  for
smoke,  alcohol  consumption,  age,  sex,  education,
ethnicity, diabetes mellitus and BMI. 

Quantile g-computation

In addition, given the nonlinear and joint effects
of  the  relationship  between  multimetal  exposure
and grip strength, we assessed the effect of the joint
effect of  multimetal  mixtures on grip strength using
Quantile  g-computation,  a  statistical  method  based
on  a  parametric,  generalised  linear  model[20] that
treats all metals as a mixture and explores the effect
of  each  additional  quartile  of  all  metals  on  grip
strength levels.  Qgcomp, a novel statistical  strategy,
was  implemented  to  explore  the  overall  effect  of
heavy  metals  on  grip  strength  and  corresponding
weights for  each heavy metal.  Qgcomp was used to
estimate  the  change  on  grip  strength  for  a
simultaneous  one  quantile  increase  in  the  seven
urinary heavy metals. 

Bayesian Kernel Machine Regression

Subsequently,  Bayesian  kernel  function
regression  (BKMR)  models  were  used  to  assess  the
overall  association  between  metal  coexposure  and
grip  strength  levels,  to  address  potential  nonline-
arity  and  non-additivity.  This  study  considered  the
possible interactions between the seven metals and
nonlinear  dose  response  and  grip  strength  levels.
Given  the  relatively  high  correlation  between  the
metals, a hierarchical variable selection method with

20,000  iterations  was  implemented  a  Markov  chain
Monte  Carlo  algorithm[21].  We  proposed  posteriori
inclusion probabilities, which were calculated by the
BKMR  model,  for  each  metal  to  identify  the  most
important metals in the mixture. The effect of metals
varying  between  the  25th  and  75th  percentiles  on
grip strength levels when other metals in the mixture
were  fixed  at  the  25th,  50th  and  75th  percentiles
further  showed  the  exposure-response  curves  for
specific  metals  and  the  potential  interactions
between  metals[18].  The  covariates  adjusted  for  in
the BKMR model were the same as those used in the
multimetal  linear  regression  analysis.  All  data  were
statistically  analysed  using  the ‘qgcomp’ and ‘bkmr’
packages  of  R  4.2.2  software  (the  R  Foundation  for
Statistical  Computing). P values  were  tested using  a
two-tailed test at 0.05. 

RESULTS
 

General  Demographic  Characteristics  of  the  Study
Population

Table 2 shows the demographic characteristics of
the  study  population.  A  total  of  2,829  subjects
(males,  37.40%;  females,  62.60%)  were  included  in
this  study.  The mean grip strength level  of  the total
population  was  23.10  kg,  with  males  having  a
significantly  higher  mean  grip  strength  level  than
females. 

Urinary  Metal  Element  Levels  in  the  Study
Population

Table  3 shows  the  distribution  of  urinary  metal
elements  in  people  with  different  characteristics.
The distribution of all metals was greater in females
than in  males.  Urinary  concentrations  of  Cu,  As,  Fe,
Pb  and  Mn  were  significantly  higher  in  older  adults
than in participants aged 30–59 years. The Sr and Ba
concentrations  were  significantly  lower  in  older
adults than in participants aged 30–59 years. 

Linear  Regression  Analysis  of  the  Association
between Urine Metal and Grip Strength Levels

Figure 1 shows the results of the linear regression
analysis. Seven urinary metal elements and correction
factors  were included in  the linear  regression model.
Fe  was  positively  associated  with  the  grip  strength
levels of participants in the total population (β = 1.13)
and  in  males  (β  =  2.194)  (all �P <  0.05).  In  the  total
population (β = 0.781) participants,  Ba was positively
associated  with  grip  strength  level  (all P <  0.05).  Cu
was  negatively  associated  with  grip  strength  in  the
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total population (β = −2.119), in males (β = −2.703), in
females  (β  = −1.478)  and  in  participants  aged ≥ 60
years  (β  = −2.103)  (all P <  0.05).  As  was  negatively
associated  with  grip  strength  in  the  total  population
(β  = −1.318)  and  in  participants  aged  30–59  years
(β  = −3.669)  (all P <  0.05).  Sr  was  negatively
associated  with  grip  strength  in  the  total  population
(β = −2.480), males (β = −3.338), females (β = −1.294)
and participants aged ≥ 60 years (β = −2.741) (all P <
0.05).  Mn  was  negatively  associated  with  grip
strength  in  the  total  population  (β  = −0.404),  males
(β  = −0.73)  and  participants  aged ≥ 60  years  (β  =
−0.475) (all P < 0.05). 

Quantile g-computation Analysis of the Association
between  Mixed  Urinary  Polymetallic  Exposure  and
Grip Strength

Table  4 shows  the  results  of  quantile  g-

computation  analysis.  We  used  quantile  g-
computation  to  explore  the  relationship  between
the  exposure  to  the  metal  mixture  and  handgrip
strength.  The  results  are  shown  for  the  total
population,  males,  females  and  participants  aged
30–59  years.  For  each  additional  quartile  of  a
mixture  of  seven  metals,  the  risks  of  grip  strength
reduction were −1.007 [95% confidence interval (CI):
−1.362, −0.652], −1.218  (95% CI: −1.936, −0.501),
−0.856 (95% CI: −1.210, −0.503) and −1.497 (95% CI:
−2.002, −0.991), P < 0.05, with Sr and Cu having the
greatest weight in the negative association with grip
strength and Ba and Fe having the greatest weight in
the positive association with grip strength (Figure 2). 

BKMR Model

BKMR  was  used  to  investigate  the  potential
nonlinear exposure–response relationships between

 

Table 2. The characteristics of the study population, n (%)

Characteristics Total (N = 2,829) Men (N = 1,058 ) Women (N = 1,771 ) P value*

Age, years < 0.001

30–59 1,473 (52.07) 473 (44.71) 1,000 (56.47)

≥ 60 1,356 (47.93) 585 (55.29) 771 (43.53)

Smoking < 0.001

No 2,316 (81.87) 555 (52.46) 1,761 (99.43)

Yes 513 (18.13) 503 (47.54) 10 (0.56)

Drinking < 0.001

No 1,958 (69.21) 505 (47.73) 1,453 (82.04)

Yes 871 (30.79) 553 (52.27) 318 (17.96)

Ethnicity 0.003

Yao 2,112 (74.66) 823 (77.79) 1,289 (72.78)

Other 717 (25.34) 235 (22.21) 482 (27.22)

Education < 0.001

Illiterate 392 (13.86) 76 (7.18) 316 (17.84)

Primary school 1,379 (48.75) 461 (43.57) 918 (51.84)

Junior high school and above 1,058 (37.40) 521 (49.24) 537 (30.32)

BMI (kg/m2) 0.360

≤ 23.9 1,902 (67.23) 695 (65.69) 1,207 (68.15)

24.0–27.9 740 (26.16) 287 (27.13) 453 (25.58)

≥ 28.0 187 (6.61) 76 (7.18) 111 (6.27)

Diabetes mellitus < 0.001

No 2,517 (88.97) 907 (85.73) 1,610 (90.91)

Yes 312 (11.03) 151 (14.27) 161 (9.09)

Handg rip Strength, kg 23.10 (18.00–29.05) 29.50 (23.08–36.80) 20.4 (16.40–24.70) < 0.001

　 　 Note. P values  was  performed  between  Men  and  Women; *P < 0.05;  adjusted  for  smoke,  alcohol
consumption, age, sex, education, ethnicity, diabetes mellitus and BMI. BMI, Body mass index.
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specific  metals  and  grip  levels  when  other  metals
were  kept  at  moderate  concentrations.  The  results
indicate  that  single-metal  exposure–response
relationships  are  generally  consistent  with  the
findings  of  multimetal  linear  regression  models.  In
the total population, Cu and As may have a nonlinear
relationship with grip strength levels (Figure 3).

Figure 4 shows the BKMR model that was used to
investigate  the  joint  effect  of  metal  mixture
exposure  on  grip  strength.  The  results  showed  a
negative  relationship  between  combined  exposure
to seven metals and grip strength. The grip strength
presented a decreasing trend in the study population
as  the  metal  percentile  increased  when  all  other
metals were at the 50th percentile.

In  the  separate  effects  model,  the  outcome
variable  changed  with  each  interquartile  spacing
increase in individual metal concentrations when the
metal  concentration  levels  were  at  the  25th,  50th,
and 75th percentiles, respectively (Figure 5). In both
the  total  population  (estimate:  from −0.820  to
−0.842)  and  male  participants  (estimate:  from
−0.813  to −0.864),  an  increase  in  Sr  exposure  from
the  25th  to  the  75th  percentile  was  negatively
correlated  with  grip  strength  levels  when  other
metal  concentrations  remained  at  the  50th
percentile.  In  participants  aged  30–59  years,  an
increase  in  As  exposure  from  the  25th  to  the  75th
percentile  was  negatively  associated  with  grip
strength when other metal concentrations were held
at  the  50th  percentile.  In  participants  aged ≥ 60

years,  an  increase  in  Cu  exposure  from  the  25th  to
the  75th  percentile  was  negatively  associated  with
grip  strength  when  other  metal  concentrations
remained at the 50th percentile

In  addition,  BKMR  results  for  one  metal  at
different  levels  of  another  metal  showed  smaller
interactions  between  As  and  Mn  and  between  Cu
and  Mn  in  the  total  population  (Figure  6A).  As
exposure to As or Cu increased, the effect of Mn was
associated  with  an  increased  grip  strength  levels.
This interaction was confirmed in a linear regression
model  (Pinteraction =  0.003  and  0.018,  respectively;
Figures 6B and Figure 6C). 

Sensitivity Analysis

Incorporating  the  seven  metallic  elements  and
correction factors (smoke, alcohol consumption, age,
sex,  education,  ethnicity,  diabetes  mellitus,  BMI,
occupation,  physical  activity,  dietary  protein  intake
and dietary energy intake) into the linear regression
model, it was found that Cu (β = −2.318) and Sr (β =
−2.385)  remained  significantly  negatively  correlated
with  grip  strength  levels  (Supplementary  Table  S1
available in www.besjournal.com).

Quantile  g-computation  results  showed that  the
risk  of  occurrence  of  reduced  grip  strength  was
−0.800  (95% CI: −1.235, −0.365), P < 0.05,  for  each
quartile increase in the mixture of the seven metals,
with  the  metals  Sr  and  Cu  having  the  greatest
weights  in  the  negative  associations  with  grip
strength,  and  the  metal  Ba  having  the  greatest

 

Table 3. Concentrations of Cu, As, Sr, Ba, Fe, Pb and Mn in urinary metals samples of
different population characteristics

Characteristics Cu (μg/g
creatinine)a

As (μg/g
creatinine)a

Sr (μg/g
creatinine)a

Ba (μg/g
creatinine)a

Fe (μg/g
creatinine)a

Pb (μg/g
creatinine)a

Mn (μg/g
creatinine)a

Total (n = 2,829) 19.97
(14.38–27.81)

41.44
(30.98–56.19)

113.38
(70.06–173.05)

1.31
(0.69–2.44)

55.88
(36.20–85.15)

0.38
(0.25–0.59)

0.62
(0.25–1.42)

Sex

Men (n = 1,058) 18.83
(13.43–25.55)

38.10
(28.35–51.37)

95.38
(55.01–149.92)

0.98
(0.54–1.89)

50.27
(31.68–74.9)

0.35
(0.22–0.53)

0.41
(0.17–0.88)

Women (n = 1,771) 20.54
(14.84–29.23)

43.91
(32.57–59.35)

124.03
(79.00–188.59)

1.55
(0.82–2.82)

60.93
(39.63–90.9)

0.40
(0.27–0.61)

0.78
(0.34–1.77)

P-value*
< 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Age (years)

30–59 (n = 1,473) 18.72
(13.44–25.56)

37.97
(29.07–51.28)

120.91
(74.49–186.24)

1.38
(0.74–2.77)

52.29
(32.92–78.7)

0.36
(0.24–0.56)

0.46
(0.20–1.00)

≥ 60 (n = 1,356) 21.44
(15.55–30.25)

46.19
(33.91–61.38)

105.99
(65.58–158.85)

1.21
(0.64–2.20)

61.64
(40.81–91.4)

0.41
(0.27–0.62)

0.84
(0.36–1.87)

P-value*
< 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

　　Note. aThe log10 transformation of metal concentration was not performed. *P < 0.05; adjusted for smoke,
alcohol  consumption,  age,  sex,  education,  ethnicity,  diabetes  mellitus  and  BMI.  BMI,  Body  mass  index;  Cu,
copper; As, arsenic; Sr, strontium; Ba, barium; Fe, iron; Pb, lead; Mn, manganese.
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weights  in  the  positive  associations  with  grip
strength  Maximum  (Supplementary  Figure  S1,
available in www.besjournal.com).

The  BKMR  results  found  that  the  exposure-
response  relationship  between  Cu  and  Sr  was  non-
linear  (Supplementary  Figure  S2A,  available  in
www.besjournal.com); the BKMR model was used to
investigate  the  combined  effect  of  metal  mixture
exposure  on  grip  strength,  and  the  results  showed
that  there  was  a  negative  correlation  between  the
combined  exposure  of  seven  metals  and  grip
strength  (Supplementary  Figure  S2B);  when  the
other seven metals were set to P25, P50, or P75, the Sr
(estimate:  from -0.904  to -0.770)  was  significantly
negatively  correlated  with  the  level  of  grip  strength
(Supplementary  Figure  S2C);In  addition  there  was  a
smaller  interaction  between  Cu  and  Mn
(Supplementary Figure S2D); when Cu exposure was
increased,  the  effect  of  Mn  was  associated  with  an
increase in the level of grip strength. This interaction
was confirmed in a linear regression model (Pinteraction
= 0.022, Supplementary Figure S2E). 

DISCUSSION

The aim of  this  study was to  identify  the metals
in  the  urine  metal  mixture  that  correlate  with  grip
strength  levels.  We  first  assessed  independent
estimates of grip strength produced by Cu, As, Sr, Ba,
Fe,  Pb  and  Mn  based  on  a  multi-metal  linear
regression  model.  Secondly,  the  Quantile  g-
computation  model  was  used  to  estimate  the  joint
effect of the multi-metal mixtures. Finally, the BKMR
model  was  used  to  estimate  the  joint  effect  of  the
metal mixtures and to overcome limitations, such as
the  possibility  of  complex  interactions  between  the
metals  and  the  non-linear  and  non-cumulative
relationship  between  the  metals  and  the  grip
strength  levels.  The  results  of  the  Quantile  g-
computation model and the BKMR study confirm our
main findings, as follows: a negative correlation was

 

Figure 1. Association  of  Cu,  As,  Sr,  Ba,  Fe,  Pb
and  Mn  with  handgrip  strength:  estimated
change  from  multivariate  linear  regression
using  ordinary  least  squares.  Model  adjusted
for  smoke,  alcohol  consumption,  age,  sex,
education,  ethnicity,  diabetes  mellitus  and
BMI.  BMI,  Body  mass  index;  Cu,  copper;  As,
arsenic; Sr, strontium; Ba, barium; Fe, iron; Pb,
lead; Mn, manganese.

 

Table 4. Quantile g-computation evaluates the association of metal mixture exposure with handgrip strength

Characteristics n β 95% CI P-value*

Total 2,829 −1.007 −1.362, −0.652 < 0.001

Sex

Men 1,058 −1.218 −1.936, −0.501 < 0.001

Women 1,771 −0.856 −1.210, −0.503 < 0.001

Age (years)

30–59 1,473 −1.497 −2.002, −0.991 < 0.001

≥ 60 1,356 −0.355 −0.820, 0.109 0.134

　　Note. *P < 0.05; adjusted for smoke, alcohol consumption, age, sex, education, ethnicity, diabetes mellitus
and BMI.
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observed between the exposure of  the seven metal
mixtures  and  the  grip  strength  level;  Cu,  Sr  and  As
were negatively correlated with grip strength levels,
while  Ba  levels  were  positively  correlated  with  grip
strength.  In  general,  there  were  potential
interactions  between  As  and  Mn  and  between  Cu
and Mn.

Currently,  a  few  epidemiological  studies  on  the
association  between  metals  and  grip  strength  have
been  conducted.  Luo  et  al.[7] analysed  the
association  between  serum  Cu  and  grip  strength  in

3,047  adults  from  the  2011–2014  NHANES  and
observed that Cu was negatively associated with grip
strength;  their  study  was  the  first  to  report  the
correlation between Cu and grip strength, consistent
with  the  results  of  the  current  research.  Several
animal  experiments  have  demonstrated  that  Cu
exposure  may  mediate  oxidative  stress  and
excitotoxicity,  which  leads  to  apoptosis  and
inflammation-mediated  cell  death  in  the  striatum
and  mediates  cone  bundle  dysfunction;  as  a  result,
reduced  grip  strength  has  been  observed  in  the
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Figure 3. Univariate  exposure-response  functions  and  95% credible  intervals  (shaded  areas)  for  each
metal  with  the  other  metals  kept  at  the  median.  Estimate  can  be  interpreted  as  the  contribution  of
predictors  to  the  response.  (A)  Total;  (B)  Men;  (C)  Women;  (D)  30–59  years  old;  (E) ≥ 60  years  old.
Exposures  have  been  log10-transformed  and  models  have  been  adjusted  for  and/or  sex,  and/or  age,
smoke, alcohol consumption, education, ethnicity, diabetes mellitus and BMI. BMI, Body mass index; Cu,
copper; As, arsenic; Sr, strontium; Ba, barium; Fe, iron; Pb, lead; Mn, manganese.
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rats[22-24]. In addition, Cu is associated with the levels
of  the  inflammatory  factor  C-reactive  protein[25,26];
inflammatory  cytokines  promote  muscle  atrophy  to
stimulate proteolytic metabolism and inhibit  muscle
synthesis[27].

Arsenic  is  a  naturally  occurring  toxic  metal,  and
acute  As  poisoning  can  cause  symptoms,  such  as
dizziness,  delirium,  encephalopathy,  muscle
weakness  or  seizures[28].  This  element  is  a  naturally
occurring  toxic  metal.  One  of  the  most  important
mechanisms  involved  in  the  toxicity  of  As  is  its
capability  to  cause  oxidative  stress  and
mitochondrial  dysfunction[12].  Animal  studies  have
shown  that  As  reduced  the  activity  of  the
mitochondrial  complex  and  increased  the  level  of
(ROS)  in  the  rat  brain[29].  The  accumulation  of  ROS
caused  alterations  in  the  electron  transport  chain
and  significantly  induced  oxidative  degradation  of
biomolecules,  which  resulted  in  cellular  damage  in
the  muscle  tissue[2].  In  this  study,  a  negative
correlation  was  observed  between  metallic  As  and
grip  strength  levels.  Several  animal  studies  have
shown that As causes neuromotor dysfunction, such
as  hypokinesia  and  reduced  muscle  strength[30,31].
Exposure  to  excess  metallic  As  resulted  in  reduced
forelimb  and  hindlimb  strength  in  young  and  adult
rats[32].  In  addition,  a  recent  cross-sectional  study in
Wuhan,  China  showed  a  negative  association
between  urinary  metallic  As  and  grip  strength
levels[8].  This  result  is  consistent  with  that  of  the
present study.

Of the trace metals present in human bone, Sr is
the  only  one  associated  with  the  compressive
strength  of  bone[33].  Previous  reports  on  Sr  have
focused  on  its  potential  therapeutic  use  in  skeletal
system-related  diseases[34].  Sr  inhibits  osteoclast
bone  resorption  by  blocking  osteoclast
differentiation[35].  In  addition,  Sr  has  been  used  in
the treatment of osteomalacia, a form of muscle loss
associated  with  osteoporosis[36].  However,  the
mechanism of action of Sr on muscle tissue remains
controversial,  with  animal  studies  showing  that  in
rats treated with Sr, changes in muscle fibre size and
capillary  ratio  were  related  to  body  weight;
moreover,  Sr  did  not  alter  muscle  histological
parameters[37].  By  contrast,  a  cross-sectional  study
from the USA showed a decrease in grip strength of -
2.29  (−4.45, −0.13)  kg  in  participants  when
comparing  the  highest  and  lowest  quartiles  of  Sr
after  adjustment  for  potential  confounding  factors,
which  suggests  that  Sr  may  be  involved  in  muscle
tissue  development[2].  This  result  suggests  that  Sr
may  be  involved  in  the  regulation  of  muscle  tissue,
consistent with the current study.

Ba  is  present  as  a  trace  element  in  food  and
drinking water, and this element can enter the body
through  inhalation,  oral  or  dermal  contact
carriers[38]. In living organisms, Ba accumulates in the
teeth,  skeletal  system,  heart,  kidneys,  lungs  and
liver[39].  The  main  physiological  effect  of  Ba  is
stimulation  of  the  body.  It  stimulates  the  smooth
muscle  of  the  gastrointestinal  tract  and  the  heart
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muscle[40].  Therefore,  Ba  is  a  potential  cause  of
cardiovascular  disease  and  gastrointestinal
disorders[41]. However, a few epidemiological studies
have  reported  an  association  between  Ba  and  grip
strength,  and  a  cross-sectional  research  from  the
NHANES  showed  that  no  association  between  Ba
metal  and  muscle  strength  has  been  found  in
children  and  adolescents  in  the  United  States[2].  A
positive  association  between  urinary  Ba  metal  and
grip  strength  levels  was  found  in  this  study.  which
may be due to the different populations and regions
studied, which resulted in inconsistent findings.

Fe is an essential micronutrient and a component
of  ferritin  and  enzymes  that  perform  important
biochemical  functions[42].  This  element  is  also
essential  for  skeletal  muscle  and  mitochondrial
function,  especially  for  energy  metabolism[43].  Fe
deficiency  affects  skeletal  muscle  function  through
dysfunctional  muscle  oxidative  capacity[44].  Animal
studies  have  shown  that  intake  of  an  Fe-rich  diet
increases the bioavailability of Fe in skeletal muscle,
which  regulates  abnormal  mitochondrial
morphology  and  upregulates  skeletal  muscle
mitochondrial  function  and  gene  transcription
related  to  energy  metabolism[44].  Thus,  a  high  Fe
intake  may  protect  against  oxidative  stress.  A  study
from  the  Korean  NHANES  also  found  that  in  men,
inadequate  Fe  intake  increased  the  risk  of
sarcopenia[9].  Similarly,  a  study  from  the  British
Biobank  (http://www.ukbiobank.ac.uk)  with  a
sample  size  of  68,002  participants  showed  that
dietary Fe intake was positively associated with grip
strength  levels[45],  which  is  consistent  with  the
current study.

Mn is an essential nutrient for human health and
involved  in  the  inhibition  of  oxidative  stress,
antioxidant  defence  and  protection  against  DNA
damage  as  a  cofactor  for  antioxidants,  such  as
manganese  superoxide  dismutase[46].  Mn  is  an
essential nutrient for human health. Mn accumulates
in  the  mitochondria,  disrupts  the  oxidative
phosphorylation  pathway  and  causes  apoptosis,
which  lead  to  toxic  effects  on  brain  and  muscle
cells[47-49].  A  study  suggested  that  people  with  high
environmental  exposure to Mn,  such as  those living
near  metallurgical  industries  and  mines  and  those
drinking  Mn-contaminated  drinking  water,  may
exhibit  neuromotor  deficits[50-52].  In  this  study,
urinary  metallic  Mn  was  associated  with  a  high  risk
of  neuromotor  function.  A  negative  association
between  urinary  Mn  metal  and  grip  strength  levels
was  found  in  this  study.  However,  the  research  on
the  relationship  between  Mn  metal  and  grip

strength  levels  has  been  controversial  to  date,  with
data  from  the  NHANES  (2011–2014)  indicating  no
significant association between blood Mn metal and
grip  strength  levels[3].  This  issue  may  due  to
variations  of  the  biological  samples  used,  different
concentrations of Mn by region and inconsistency in
the  populations  and  regions  studied.  Thus,  the
relationship  between  Mn  and  grip  strength  levels
must  be  validated  based  on  animal  and  population
evidence.

Pb  is  a  toxic  metal  that  is  widely  distributed  in
the  environment  and  accumulates  in  the  body,
which causes chronic endogenous damage to tissues
and  cells[53].  Metallic  Pb  increases  oxidative  stress
and  inflammation  through  the  direct  formation  of
ROS,  including  singlet  oxygen,  hydrogen  peroxide
and  hydroperoxides,  and  depletion  of  antioxidants
such  as  glutathione[54].  Oxidative  stress  and
inflammation,  in  turn,  play  an  important  role  in  the
development  of  tissue  cells  and  ultimately  lead  to
cellular damage in muscle tissue[2].  A cross-sectional
study on older adults in the USA showed that blood
Pb  concentrations  were  associated  with  the
frequency  of  fatigue,  weakness  and  slowness  of
movement[53].  However,  previous  research  ignored
the  interaction  between  multiple  metal  elements.
The  present  study  showed  that  mixed  exposure  to
seven metal elements, namely, Cu, As, Sr, Ba, Fe, Pb
and  Mn,  was  associated  with  reduced  grip  strength
through  three  models,  including  linear  regression,
Qgcomp and BKMR. Metallic Pb showed no effect of
on grip strength after considering mixed exposure to
multiple elements.

The  BKMR  model  revealed  potential  positive
interactions  between  As  and  Mn  and  between  Cu
and  Mn.  Limited  research  has  been  conducted  to
investigate  this  interaction,  and  the  mechanism  of
the  correlation  is  unclear.  The  oxidation  of  As  to
arsenate  under  aerobic  conditions  inhibits  the
oxidation of Mn(II), which leads to an increase in Mn
retention[55].  Another  study  showed  that  Cu
combined  with  Mn  induces  hydroxyl  radical
formation  and  reduces  glutathione  levels[49].  These
links  can  explain  the  relationships  between  As  and
Mn  and  between  Cu  and  Mn.  Further  prospective
studies are needed to elucidate the effects of As–Mn
and  Cu–Mn  interactions  on  grip  strength  levels  and
explore  the  potential  mechanisms  and  possibilities
for public health interventions.

We found gender  specificity  between metal  and
grip  strength,  which  may  be  due  to  different
hormone  levels,  metabolism,  anatomy,
neurochemistry  and  epigenetic  influences[48].  In  the
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current  study,  we  observed  a  negative  correlation
between  Sr  and  grip  strength  of  male  participants.
Such  effect  was  not  significant  in  the  female
population.  The  protective  effect  of  oestrogen  is  a
possible  explanation  for  this  phenomenon.  In
postmenopausal women, a decline in oestrogen level
leads to endocrine and metabolic dysfunction, which
results  in  osteoporosis,  metabolic  syndrome  and  a
tendency  to  lose  muscle  mass  and  strength[56].
Oestrogen  benefits  the  skeletal  and  muscular
systems by improving muscle mass and strength and
increasing  the  collagen  content  of  connective
tissue[57].  Oestrogen  supplementation  can  maintain
and  improve  muscle  function  in  postmenopausal
women  or  prevent  musculoskeletal  damage  caused
by  aging[58].  Oestrogen  also  maintains  cellular
homeostasis  in  skeletal  muscle,  regulates
mitochondrial  function  and  reduces  oxidative
damage  through  mechanisms  mediated  by
oestrogen-related receptors alpha, beta and gamma,
which  may  counteract  a  portion  of  the  muscle
damage caused by heavy metals[59]. Furthermore, we
found  an  age-specific  association  between  metals
and  grip  strength,  with  a  negative  association
between Cu metal and grip strength of participants ≥
60  years  of  age,  which  was  not  significant  in  those
aged 30–59 years, possibly due to an age-dependent
increase in Cu. Cohort and animal studies confirmed
a significant positive correlation between copper and
age[60,61].  During  the  ageing  process,  the  body
undergoes  progressive  muscle  degeneration  (i.e.  a
decline  in  mass  and  muscle  function).  This  muscle
dysfunction  is  caused  by  reduced  proliferation  of
muscle  satellite  cells  and  increased  levels  of
inflammatory  markers,  which  cause  the  increased
incidence of sarcopenia in the body[62]. Cu is a heavy
element that increases in concentration with age[61].
Excessive  Cu  concentrations  can  cause  oxidative
stress  through  the  induction  of  hydroxyl  radicals,
which  can  have  adverse  health  effects  on  the
body[10]. In addition, We also found that the metal As
varied  between  different  ages.  Arsenic  was
negatively  associated  with  handgrip  strength  in
participants aged 30–59 years,  but not significant in
participants  aged  60  years.  Similarly,  a  cross-
sectional  study  from  northern  Mexico  showed  a
negative correlation with age[63],  and since the main
source  of  arsenic  was  drinking  water,  the
concentration  of  As  in  urine  was  positively
correlated  with  the  concentration  of  As  in  drinking
water[64].While  water  consumption  decreases  with
age[63],  it  is  therefore  reasonable  to  find  an  inverse
association between As and age.

The  current  study  has  several  strengths.  Firstly,
the  current  study  controlled  for  several  important
confounding  factors,  including  lifestyle  and
sociodemographic  factors.  Secondly,  in  previous
epidemiological  studies,  the  assessment  of  the
association  of  grip  strength  levels  with  multiple
metals  was  challenging.  Therefore,  we  applied  the
advanced  statistical  models  BKMR  and  Qgcomp,
which  were  developed  for  mixed  exposures  to
environmental  pollutants.  The  BKMR  model  allows
the  assessment  of  nonlinear  and  interactive
cumulative  effects  in  metal  mixtures  and
determining  whether  interactions  occur  between
different elements. Qgcomp enables the assessment
of the overall effect of metal mixtures. Nevertheless,
our  study  encountered  the  following  limitations.
Firstly,  this  research  is  a  cross-sectional  study,  and
no  causal  inferences  can  be  made.  Secondly,
although this study found an association between Ba
and  Mn  and  grip  strength,  the  current  research  is
limited,  and  the  exact  mechanism  remains  unclear.
Therefore,  further  animal  and  prospective
epidemiological  studies  with  large  samples  are
needed  to  verify  the  association  between  Ba,  Mn
and  grip  strength.  Thirdly,  considering  that  our
results  were  obtained  only  from  the  excretion  of
these  metals  in  the  urine,  we  cannot  rule  out  the
possibility of false-positive results. Therefore, further
studies  using  other  biomarkers,  such  as  blood,  are
needed to validate the robustness of our results. 

CONCLUSION

In  conclusion,  this  study  showed  that  combined
exposure  to  metal  mixtures  was  negatively
associated  with  grip  strength.  Cu,  Sr  and  As  were
negatively  correlated  with  grip  strength  levels,  and
there  were  potential  interactions  between  As  and
Mn and between Cu and Mn. 

AUTHOR CONTRIBUTIONS

LIANG  Yu  Jian:  Conceptualization,  Methodology,
Data  curation,  Software,  Writing–original  draft,
Writing–review  &  editing.  RONG  Jia  Hui  and  WANG
Xue  Xiu:  Conceptualization,  Methodology,  Data
curation,  Software,  Writing–review  &  editing.  CAI
Jian Sheng, QIN Li Dong, LIU Qiu Mei, TANG Xu, and
MO  Xiao  Ting:  Field  management,  Sampling,
Investigation, and Data curation. WEI Yan Fei, LIN Yin
Xia, HUANG Shen Xiang, LUO Ting Yu, and GOU Ruo
Yu:  Sampling,  Investigation,  and  Data  curation.  CAO
Jie Jing, HUANG Chu Wu, and LU Yu Fu: Sampling and

16 Biomed Environ Sci, 2024; 37(1): 3-18



Investigation.  QIN  Jian  and  ZHANG  Zhi  Yong:
Resources, Supervision, Writing–review & editing. All
authors  have  given  approval  to  the  final  version  of
the manuscript. 

INSTITUTIONAL REVIEW BOARD STATEMENT

This  study  was  approved  by  the  Medical  Ethics
Committee  of  Guilin  Medical  College  (No.  2018  07
02-3). 

INFORMED CONSENT STATEMENT

Informed consent was obtained from all subjects
involved in the study. 

DATA AVAILABILITY STATEMENT

The data presented in this study are available on
request from the corresponding author. 

ACKNOWLEDGEMENTS

We are deeply appreciative of the participants in
this  study,  and  we  thank  all  the  staff  for  their
support and assistance. 

CONFLICTS OF INTEREST

The  authors  declare  they  have  no  actual  or
potential competing financial interests.

Received: July 16, 2023;
Accepted: October 12, 2023

REFERENCES 

 Petermann-Rocha F, Parra-Soto S, Cid V, et al. The association
between  walking  pace  and  grip  strength  and  all-cause
mortality:  a  prospective  analysis  from  the  MAUCO  cohort.
Maturitas, 2023; 168, 37−43.

1.

 Wu MY, Shu YL, Wang YJ. Exposure to mixture of heavy metals
and muscle strength in children and adolescents: a population-
based study. Environ Sci Pollut Res, 2022; 29, 60269−77.

2.

 Gbemavo  MCJ,  Bouchard  MF. Concentrations  of  lead,
mercury,  selenium,  and  manganese  in  blood  and  hand  grip
strength  among  adults  living  in  the  United  States  (NHANES
2011-2014). Toxics, 2021; 9, 189.

3.

 Noh  HM,  Park  YS,  Lee  HJ,  et  al. Association  between  sodium
density  and  grip  strength  among  older  Korean  adults:  a
nationwide  cross-sectional  study. Clin  Interv  Aging, 2019; 14,
2163−71.

4.

 Zhang  SM,  Gu  YQ,  Rayamajhi  S,  et  al. Ultra-processed  food
intake is  associated with grip strength decline in middle-aged
and  older  adults:  a  prospective  analysis  of  the  TCLSIH  study.
Eur J Nutr, 2022; 61, 1331−41.

5.

 Bohannon RW. Grip  strength:  an indispensable  biomarker  for6.

older adults. Clin Interv Aging, 2019; 14, 1681−91.
 Luo  L,  Xu  JM,  Jiang  R,  et  al. Association  between  serum
copper,  zinc  and  their  ratio  and  handgrip  strength  among
adults:  a  study  from  National  Health  and  Nutrition
Examination  Survey  (NHANES)  2011-2014. Environ  Sci  Pollut
Res, 2023; 30, 29100−9.

7.

 Qin XY, Song LL, Fan GJ, et al. Sex-specific associations of single
metal  and  metal  mixture  with  handgrip  strength:  a  cross-
sectional  study  among Chinese  adults. Environ  Sci  Pollut  Res,
2023; 30, 66585−97.

8.

 Kim I, Son K, Jeong SJ, et al. Sex and diet-related disparities in
low  handgrip  strength  among  young  and  middle-aged
Koreans:  findings  based  on  the  Korea  national  health  and
nutrition  examination  survey  (KNHANES)  from  2014  to  2017.
Nutrients, 2022; 14, 3816.

9.

 Uriu-Adams JY,  Keen CL. Copper,  oxidative stress,  and human
health. Mol Aspects Med, 2005; 26, 268−98.

10.

 Balali-Mood  M,  Naseri  K,  Tahergorabi  Z,  et  al. Toxic
mechanisms  of  five  heavy  metals:  mercury,  lead,  chromium,
cadmium, and arsenic. Front Pharmacol, 2021; 12, 643972.

11.

 Chandravanshi  LP,  Gupta  R,  Shukla  RK. Developmental
neurotoxicity  of  arsenic:  involvement  of  oxidative  stress  and
mitochondrial  functions. Biol  Trace  Elem  Res, 2018; 186,
185−98.

12.

 Li  BM,  Xia  MS,  Zorec  R,  et  al. Astrocytes  in  heavy  metal
neurotoxicity  and  neurodegeneration. Brain  Res, 2021; 1752,
147234.

13.

 Kim KN, Lee MR, Choi YH, et al. Associations of blood cadmium
levels  with  depression  and  lower  handgrip  strength  in  a
community-dwelling elderly  population:  a  repeated-measures
panel study. J Gerontol A Biol Sci Med Sci, 2016; 71, 1525−30.

14.

 García-Esquinas  E,  Carrasco-Rios  M,  Navas-Acien  A,  et  al.
Cadmium exposure is associated with reduced grip strength in
US adults. Environ Res, 2020; 180, 108819.

15.

 Yang  F,  Yi  XP,  Guo  J,  et  al. Association  of  plasma  and  urine
metals  levels  with  kidney  function:  a  population-based cross-
sectional study in China. Chemosphere, 2019; 226, 321−8.

16.

 Kim BJ,  Lee SH, Kwak MK, et al. Inverse relationship between
serum  hsCRP  concentration  and  hand  grip  strength  in  older
adults:  a  nationwide  population-based  study. Aging  (Albany
NY), 2018; 10, 2051−61.

17.

 Mo  XT,  Cai  JS,  Lin  YX,  et  al. Correlation  between  urinary
contents  of  some metals  and fasting plasma glucose levels:  a
cross-sectional  study  in  China. Ecotoxicol  Environ  Saf, 2021;
228, 112976.

18.

 Lim SH,  Kim YH,  Lee  JS. Normative  data  on grip  strength  in  a
population-based  study  with  adjusting  confounding  factors:
sixth  Korea  national  health  and  nutrition  examination  survey
(2014-2015). Int J Environ Res Public Health, 2019; 16, 2235.

19.

 Keil  AP,  Buckley  JP,  O'Brien  KM,  et  al. A  quantile-based  g-
computation  approach  to  addressing  the  effects  of  exposure
mixtures. Environ Health Perspect, 2020; 128, 47004.

20.

 Lai XF, Yuan Y, Liu M, et al. Individual and joint associations of
co-exposure  to  multiple  plasma  metals  with  telomere  length
among middle-aged and older Chinese in the Dongfeng-Tongji
cohort. Environ Res, 2022; 214, 114031.

21.

 Kumar  V,  Kalita  J,  Misra  UK,  et  al. A  study  of  dose  response
and  organ  susceptibility  of  copper  toxicity  in  a  rat  model. J
Trace Elem Med Biol, 2015; 29, 269−74.

22.

 Kalita  J,  Kumar  V,  Misra  UK,  et  al. Movement  disorder  in
copper toxicity rat model: role of inflammation and apoptosis
in the corpus striatum. Neurotox Res, 2020; 37, 904−12.

23.

 Kumar  V,  Kalita  J,  Bora  HK,  et  al. Relationship  of  antioxidant
and  oxidative  stress  markers  in  different  organs  following
copper toxicity  in  a  rat  model. Toxicol  Appl  Pharmacol, 2016;
293, 37−43.

24.

Correlation between combined urinary metal exposure and grip strength 17

https://doi.org/10.1016/j.maturitas.2022.11.004
https://doi.org/10.1007/s11356-022-19916-2
https://doi.org/10.3390/toxics9080189
https://doi.org/10.2147/CIA.S228290
https://doi.org/10.1007/s00394-021-02737-3
https://doi.org/10.2147/CIA.S194543
https://doi.org/10.1007/s11356-023-26926-1
https://doi.org/10.3390/nu14183816
https://doi.org/10.1016/j.mam.2005.07.015
https://doi.org/10.3389/fphar.2021.643972
https://doi.org/10.1007/s12011-018-1286-1
https://doi.org/10.1016/j.brainres.2020.147234
https://doi.org/10.1093/gerona/glw119
https://doi.org/10.1016/j.envres.2019.108819
https://doi.org/10.1016/j.chemosphere.2019.03.171
https://doi.org/10.1016/j.ecoenv.2021.112976
https://doi.org/10.3390/ijerph16122235
https://doi.org/10.1289/EHP5838
https://doi.org/10.1016/j.envres.2022.114031
https://doi.org/10.1016/j.jtemb.2014.06.004
https://doi.org/10.1016/j.jtemb.2014.06.004
https://doi.org/10.1007/s12640-019-00140-9
https://doi.org/10.1016/j.taap.2016.01.007


 Ma  JX,  Xie  YJ,  Zhou  Y,  et  al. Urinary  copper,  systemic
inflammation,  and  blood  lipid  profiles:  Wuhan-Zhuhai  cohort
study. Environ Pollut, 2020; 267, 115647.

25.

 Simona B, Durazzo M, Gambino R, et al. Associations of dietary
and  serum  copper  with  inflammation,  oxidative  stress,  and
metabolic variables in adults. J Nutr, 2008; 138, 305−10.

26.

 Tuttle CSL, Thang LAN, Maier AB. Markers of inflammation and
their association with muscle strength and mass: A systematic
review and meta-analysis. Ageing Res Rev, 2020; 64, 101185.

27.

 Beckett WS, Moore JL,  Keogh JP, et al. Acute encephalopathy
due to occupational  exposure to arsenic. Br  J  Ind Med, 1986;
43, 66−7.

28.

 Chandravanshi LP, Shukla RK, Sultana S, et al. Early life arsenic
exposure and brain dopaminergic alterations in rats. Int J Dev
Neurosci, 2014; 38, 91−104.

29.

 Adedara IA,  Fabunmi AT,  Ayenitaju FC,  et  al. Neuroprotective
mechanisms  of  selenium  against  arsenic-induced  behavioral
impairments in rats. Neurotoxicology, 2020; 76, 99−110.

30.

 Saritha S, Davuljigari CB, Kumar KP, et al. Effects of combined
arsenic and lead exposure on the brain monoaminergic system
and behavioral functions in rats: Reversal effect of MiADMSA.
Toxicol Ind Health, 2019; 35, 89−108.

31.

 Markowski  VP,  Reeve  EA,  Onos  K,  et  al. Effects  of  prenatal
exposure  to  sodium  arsenite  on  motor  and  food-motivated
behaviors  from  birth  to  adulthood  in  C57BL6/J  mice.
Neurotoxicol Teratol, 2012; 34, 221−31.

32.

 Nielsen  SP. The  biological  role  of  strontium. Bone, 2004; 35,
583−8.

33.

 Kołodziejska B, Stępień N, Kolmas J. The influence of strontium
on bone tissue metabolism and its application in osteoporosis
treatment. Int J Mol Sci, 2021; 22, 6564.

34.

 Bakker  AD,  Zandieh-Doulabi  B,  Klein-Nulend  J. Strontium
ranelate  affects  signaling  from  mechanically-stimulated
osteocytes  towards  osteoclasts  and  osteoblasts. Bone, 2013;
53, 112−9.

35.

 He H, Liu Y, Tian Q, et al. Relationship of sarcopenia and body
composition  with  osteoporosis. Osteoporos  Int, 2016; 27,
473−82.

36.

 Saul  D,  Harlas  B,  Ahrabi  A,  et  al. Effect  of  strontium ranelate
on  the  muscle  and  vertebrae  of  ovariectomized  rats. Calcif
Tissue Int, 2018; 102, 705−19.

37.

 Schroeder  HA,  Kraemer  LA. Cardiovascular  mortality,
municipal water, and corrosion. Arch Environ Health, 1974; 28,
303−11.

38.

 McCauley  PT,  Washington  IS. Barium  bioavailability  as  the
chloride,  sulfate,  or  carbonate  salt  in  the  rat. Drug  Chem
Toxicol, 1983; 6, 209−17.

39.

 Poddalgoda  D,  Macey  K,  Assad  H,  et  al. Development  of
biomonitoring equivalents for barium in urine and plasma for
interpreting  human  biomonitoring  data. Regul  Toxicol
Pharmacol, 2017; 86, 303−11.

40.

 Vahidinia  A,  Samiee  F,  Faradmal  J,  et  al. Mercury,  lead,
cadmium, and barium levels in human breast milk and factors
affecting  their  concentrations  in  Hamadan,  Iran. Biol  Trace
Elem Res, 2019; 187, 32−40.

41.

 Nemeth  E,  Ganz  T. Hepcidin  and  Iron  in  Health  and  Disease.
Annu Rev Med, 2023; 74, 261−77.

42.

 Nakagawa  C,  Inaba  M,  Ishimura  E,  et  al. Association  of
increased  serum  ferritin  with  impaired  muscle  strength/
quality in hemodialysis patients. J Ren Nutr, 2016; 26, 253−7.

43.

 Dziegala  M,  Josiak  K,  Kasztura  M,  et  al. Iron  deficiency  as
energetic  insult  to  skeletal  muscle  in  chronic  diseases. J
Cachexia Sarcopenia Muscle, 2018; 9, 802−15.

44.

 Gedmantaite  A,  Celis-Morales  CA,  Ho  F,  et  al. Associations45.

between  diet  and  handgrip  strength:  a  cross-sectional  study
from UK Biobank. Mech Ageing Dev, 2020; 189, 111269.
 Singh  N,  Savanur  MA,  Srivastava  S,  et  al. A  manganese  oxide
nanozyme  prevents  the  oxidative  damage  of  biomolecules
without  affecting  the  endogenous  antioxidant  system.
Nanoscale, 2019; 11, 3855−63.

46.

 Erikson  KM,  Aschner  M. Manganese:  its  role  in  disease  and
health. Met Ions Life Sci, 2019; 19, 253−66.

47.

 Gade M, Comfort  N,  Re DB. Sex-specific  neurotoxic  effects  of
heavy  metal  pollutants:  epidemiological,  experimental
evidence and candidate mechanisms. Environ Res, 2021; 201,
111558.

48.

 Van Rensburg MJ, Van Rooy M, Bester MJ, et al. Oxidative and
haemostatic effects of copper, manganese and mercury, alone
and  in  combination  at  physiologically  relevant  levels:  an  ex
vivo study. Hum Exp Toxicol, 2019; 38, 419−33.

49.

 Butler L, Gennings C, Peli M, et al. Assessing the contributions
of metals in environmental media to exposure biomarkers in a
region  of  ferroalloy  industry. J  Expo  Sci  Environ  Epidemiol,
2019; 29, 674−87.

50.

 Rodríguez-Agudelo Y,  Riojas-Rodríguez H,  Ríos C,  et  al. Motor
alterations  associated  with  exposure  to  manganese  in  the
environment in Mexico. Sci Total Environ, 2006; 368, 542−56.

51.

 Kondakis  XG,  Makris  N,  Leotsinidis  M,  et  al. Possible  health
effects  of  high  manganese  concentration  in  drinking  water.
Arch Environ Health, 1989; 44, 175−8.

52.

 García-Esquinas  E,  Navas-Acien  A,  Pérez-Gómez  B,  et  al.
Association  of  lead  and  cadmium  exposure  with  frailty  in  US
older adults. Environ Res, 2015; 137, 424−31.

53.

 Jomova  K,  Valko  M. Advances  in  metal-induced  oxidative
stress and human disease. Toxicology, 2011; 283, 65−87.

54.

 Schaefer  MV,  Plaganas  M,  Abernathy  MJ,  et  al. Manganese,
arsenic,  and  carbonate  interactions  in  model  Oxic
groundwater systems. Environ Sci Technol, 2020; 54, 10621−9.

55.

 Ikeda  K,  Horie-Inoue  K,  Inoue  S. Functions  of  estrogen  and
estrogen  receptor  signaling  on  skeletal  muscle. J  Steroid
Biochem Mol Biol, 2019; 191, 105375.

56.

 Chidi-Ogbolu N, Baar K. Effect of estrogen on musculoskeletal
performance and injury risk. Front Physiol, 2018; 9, 1834.

57.

 Javed  AA,  Mayhew  AJ,  Shea  AK,  et  al. Association  between
hormone  therapy  and  muscle  mass  in  postmenopausal
women:  a  systematic  review  and  meta-analysis. JAMA  Netw
Open, 2019; 2, e1910154.

58.

 Yoh  K,  Ikeda  K,  Horie  K,  et  al. Roles  of  estrogen,  estrogen
receptors,  and  estrogen-related  receptors  in  skeletal  muscle:
regulation  of  mitochondrial  function. Int  J  Mol  Sci, 2023; 24,
1853.

59.

 Sandusky-Beltran  LA,  Manchester  BL,  McNay  EC.
Supplementation  with  zinc  in  rats  enhances  memory  and
reverses an age-dependent increase in  plasma copper. Behav
Brain Res, 2017; 333, 179−83.

60.

 Baudry  J,  Kopp  JF,  Boeing  H,  et  al. Changes  of  trace  element
status during aging: results of the EPIC-Potsdam cohort study.
Eur J Nutr, 2020; 59, 3045−58.

61.

 Geraci A, Calvani R, Ferri E, et al. Sarcopenia and menopause:
the  role  of  estradiol. Front  Endocrinol  (Lausanne), 2021; 12,
682012.

62.

 Gamboa-Loira  B,  Cebrián  ME,  López-Carrillo  L. Arsenic
exposure  in  northern  Mexican  women. Salud  Publica  Mex,
2020; 62, 262−9.

63.

 Maity  JP,  Nath B,  Kar  S,  et  al. Arsenic-induced health crisis  in
peri-urban  Moyna  and  Ardebok  villages,  West  Bengal,  India:
an  exposure  assessment  study. Environ  Geochem  Health,
2012; 34, 563−74.

64.

18 Biomed Environ Sci, 2024; 37(1): 3-18

https://doi.org/10.1016/j.envpol.2020.115647
https://doi.org/10.1093/jn/138.2.305
https://doi.org/10.1016/j.arr.2020.101185
https://doi.org/10.1016/j.ijdevneu.2014.08.009
https://doi.org/10.1016/j.ijdevneu.2014.08.009
https://doi.org/10.1016/j.neuro.2019.10.009
https://doi.org/10.1177/0748233718814990
https://doi.org/10.1016/j.ntt.2012.01.001
https://doi.org/10.1016/j.bone.2004.04.026
https://doi.org/10.3390/ijms22126564
https://doi.org/10.1016/j.bone.2012.11.044
https://doi.org/10.1007/s00198-015-3241-8
https://doi.org/10.1007/s00223-017-0374-0
https://doi.org/10.1007/s00223-017-0374-0
https://doi.org/10.1080/00039896.1974.10666497
https://doi.org/10.3109/01480548309016025
https://doi.org/10.3109/01480548309016025
https://doi.org/10.1016/j.yrtph.2017.03.022
https://doi.org/10.1016/j.yrtph.2017.03.022
https://doi.org/10.1007/s12011-018-1355-5
https://doi.org/10.1007/s12011-018-1355-5
https://doi.org/10.1146/annurev-med-043021-032816
https://doi.org/10.1053/j.jrn.2016.01.011
https://doi.org/10.1002/jcsm.12314
https://doi.org/10.1002/jcsm.12314
https://doi.org/10.1016/j.mad.2020.111269
https://doi.org/10.1039/C8NR09397K
https://doi.org/10.1016/j.envres.2021.111558
https://doi.org/10.1177/0960327118818236
https://doi.org/10.1038/s41370-018-0081-6
https://doi.org/10.1016/j.scitotenv.2006.03.025
https://doi.org/10.1080/00039896.1989.9935883
https://doi.org/10.1016/j.envres.2015.01.013
https://doi.org/10.1016/j.tox.2011.03.001
https://doi.org/10.1021/acs.est.0c02084
https://doi.org/10.1016/j.jsbmb.2019.105375
https://doi.org/10.1016/j.jsbmb.2019.105375
https://doi.org/10.3389/fpls.2018.01834
https://doi.org/10.1001/jamanetworkopen.2019.10154
https://doi.org/10.1001/jamanetworkopen.2019.10154
https://doi.org/10.3390/ijms24031853
https://doi.org/10.1016/j.bbr.2017.07.007
https://doi.org/10.1016/j.bbr.2017.07.007
https://doi.org/10.1007/s00394-019-02143-w
https://doi.org/10.3389/fendo.2021.682012
https://doi.org/10.21149/11085
https://doi.org/10.1007/s10653-012-9458-y

	INTRODUCTION
	MATERIALS AND METHODS
	Study Population
	Measurement of Urinary Metal and Urine Creatinine
	Measurement of Handgrip Strength
	Covariates
	Statistical Analyses
	Linear Regression Analysis
	Quantile g-computation
	Bayesian Kernel Machine Regression

	RESULTS
	General Demographic Characteristics of the Study Population
	Urinary Metal Element Levels in the Study Population
	Linear Regression Analysis of the Association between Urine Metal and Grip Strength Levels
	Quantile g-computation Analysis of the Association between Mixed Urinary Polymetallic Exposure and Grip Strength
	BKMR Model
	Sensitivity Analysis

	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	INSTITUTIONAL REVIEW BOARD STATEMENT
	INFORMED CONSENT STATEMENT
	DATA AVAILABILITY STATEMENT
	ACKNOWLEDGEMENTS
	CONFLICTS OF INTEREST
	REFERENCES

