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Abstract
It’s well-known that multiple metal elements can lead to the change of oxidative stress response levels in vivo. However, 
their relationship with age-related cataract (ARC) had not been well studied. We designed a case–control study including 
210 individuals with ARC and 210 matched control group. The metal levels in their urine specimens were measured using 
graphite furnace atomic absorption spectrometry (GFAAS) and inductively coupled plasma optical emission spectrometry 
(ICP-OES). Least Absolute Shrinkage and Selection Operator (LASSO) regression was used to select representative metals 
into the multi-element model and reduce dimension. Multivariate logic analysis and Bayesian kernel machine regression 
(BKMR) were subsequently used to explore the association of ARC risk with multiple metal elements. We found that mag-
nesium (Mg), chromium (Cr), arsenic (As), manganese (Mn), and selenium (Se) were positively associated with ARC in 
the single-element model. The multiple exposure model indicated a positive association between Mg and As, in which the 
OR in their highest quartile were 3.32 (95% CI: 1.24–8.89) and 7.09 (95% CI: 2.56–19.63). The BKMR model also showed 
the effect of As increased monotonically with its increasing concentration, and high levels of Mg and As had a significant 
positive effect on ARC risk. In conclusion, we found that exposure to multiple metals was associated with increased ARC 
risk. Further research is needed to verify these findings in the future.

Keywords  Age-related cataract · Multiple metals · Risk factors · BKMR analysis · Environmental pollution · Case–control 
study

Introduction

Cataract remains to be the leading cause among many 
blind eye diseases in the world with the world’s population 
growing and aging increasing (Flaxman et al. 2017). ARC 
prevalence increased from 3.23 ~ 4.72% at age 45 ~ 49 to 
65.78 ~ 74.03% at age 85 ~ 89 (Song et al. 2018). According 

to the data reported by World Health Organization in 2020, 
ARC caused 15.2 million blindness (45.5%) and 78.8 mil-
lion visual damage (38.9%) in people aged 50 and above 
worldwide (GBD 2019). Visual impairment caused by lens 
opacity can affect patients’ independence and their quality 
of life. Meanwhile, global blindness and moderate or severe 
visual impairment (MSVI) have caused significant economic 
losses (Marques et al. 2021). While ophthalmic surgery is 
a common clinical method for cataract treatment with good 
postoperative results, but its complications, such as macular 
oedema and corneal opacity, can lead to postoperative visual 
loss (Gan et al. 2020).

Previous studies have shown that multiple risk factors, 
including aging, trauma, radiation, metabolic disorders, 
and malnutrition, were associated with ARC (Chang et al. 
2011). Recently, some scholars reported that exposure to 
heavy metals such as lead (Pb) and cadmium (Cd) was 
associated with cataract, but relevant epidemiological 
studies were limited (Wang et al. 2016). Metal exposure 
is prevalent in our daily life and the environment, and 
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they accumulate in the body as we age, which may cause 
a number of age-related eye diseases (Bede-Ojimadu 
et al. 2021). In addition to As and Cr that are toxic at low 
concentrations, some health-vital metals, such as copper 
(Cu) and iron (Fe), may become toxic in some cases due 
to their possible competition for metal-binding sites with 
essential ions, which may cause disturbances of metal 
homeostasis (Hartwig 2001; Valko et al. 2016). Further-
more, the disturbance of metal homeostasis can cause 
oxidative stress, DNA damage, lipid peroxidation, and 
other effects (Koedrith and Seo 2011). As we all know 
that a large proportion of the global population, espe-
cially those in developing countries, was still exposed to 
high levels of toxic metals (Naka et al. 2020). As a result, 
the risk of many diseases is increased, including cardio-
vascular disease, cancer, diabetes, cataract, and others 
(Jomova and Valko 2011). Although some countries had 
reported reductions in local toxic metal exposures, toxic 
damage and inadequate micronutrient intake may still 
affect the health of older adults (Frazzoli and Mantovani 
2020; Grashow et al. 2015).

In recent years, many studies have made efforts to 
explore the effects of multi-pollutant mixtures on health. 
However, current methods of studying mixtures address-
ing some of these complexities have significant drawbacks. 
For example, clustering methods lose information by clas-
sifying continuous exposure concentrations. Statistical 
learning algorithms such as random forests can provide 
measures of variable importance for mixed components, 
but such measures cannot simply sum up the size or direc-
tion of the association (Breiman 2001). Hierarchical model 
formulae address highly correlated pollutants by narrow-
ing individual effect estimates to population averages, but 
this approach also generally assumes a linear and additive 
association between each component and health (Thomas 
et al. 2007). In this paper, we introduce BKMR as a new 
method to estimate the health effects of mixtures. For this 
approach, we model the health outcomes as a smoothing 
function H of the exposure variables, expressed using a 
kernel, and adjusted for possible confounding factors. 
Since health outcomes may depend on only one component 
of the mixture, variable selection was performed to deter-
mine which components were responsible for the health 
effects of the mixture.

Our general population is exposed to various doses and 
different kinds of heavy metals daily. When exploring the 
effect of a single metal on cataract, the mixed effect of 
multiple metals should not be ignored. The BKMR model, 
considering potential nonlinear effects and interactions, was 
used to assess the combined effects of the mixed components 
(Zhong et al. 2021). Some scholars used the BKMR model 
to analyze the association between urine metal elements 
level and diseases such as diabetes or hypertension, and 

analyzed the role of a single metal element and the combined 
effects of multiple metals (Zhou et al. 2021). Therefore, the 
systematic and scientific evaluation of multiple element 
exposure using the BKMR model is of great significance to 
deepen our understanding of metal contamination in the risk 
of developing ARC.

Concerning the current environmental heavy metal pol-
lution and the high prevalence of ARC (Wang et al. 2016), 
it is necessary to further explore the association between 
multiple metals exposure and ARC risk to deeply under-
stand the cause of the disease. Therefore, the aims of this 
study are (1) to explore the associations between urinary 
metal element levels and ARC risk under mixed multi-metal 
exposure, and (2) to provide new ideas for the prevention 
and treatment of ARC.

Methods

Study population

The current study was conducted in the Ophthalmology 
Department, First Affiliated Hospital of Anhui Medical 
University, Anhui, China. A total of 410 patients who 
came from Anhui and scheduled for surgical treatment 
from December 2017 to March 2019 in our hospital 
were selected for the study. The inclusion criteria of 
case group: newly diagnosed cataract patients with age 
older than 50 years and vision ≤ 0.4 in the affected eye 
(Abdellah et al. 2019). The inclusion criteria of control 
group: using convenience sampling method, control group 
was selected among patients diagnosed with diseases 
unrelated to cataract, corrected visual ≥ 0.6, and no lens 
opacities in either eye. The exclusion criteria for both the 
case and control groups are the following: history of any 
treatments or medical diagnosis associated with cataract or 
other diseases causing eye and vision problems (e.g., age-
related macular degeneration, radiation therapy, diabetic 
retinopathy, glaucoma, previous ocular surgery, or acute or 
chronic uveitis); history of unhealthy dietary habit in the 
past year; history of work or exposure in special places; 
severe heart, liver, kidney, or digestive system diseases; 
and severe hearing and mental disorders (Movahedian 
et  al. 2020; Sedaghat et  al. 2017). Both groups were 
examined by the chief ophthalmologist (the author) in our 
department, and cataract diagnosis was made by slit-lamp 
biological microscopy.

Controls and cases were matched 1:1 based on sex and 
age (± 5 years of the cases). Finally, 210 pairs of cases and 
controls were enrolled in our study. The study had been 
approved by the Ethics Committee of Anhui Medical Uni-
versity (Approval No: 20170305), and the participants had 
signed written informed consent.
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Variable collection and definition

In this study, the questionnaire had been developed through 
the preparation of the first draft, soliciting expert opinions, 
and pre-survey. The structured questionnaire included data 
on general conditions (e.g., gender, age, household annual 
income), lifestyle and behavioral habits (e.g., sleep quality, 
smoking status, alcohol consumption, physical activity), and 
diabetes-related conditions.

Sleep quality was divided into three categories (poor, 
general, and good). Smokers were those residents who 
smoked or accumulated continuously for 6 months or 
more at the time of the survey. Drinkers were those 
who had alcohol behavior at the time of the survey 
for 6 consecutive months and once a week. House-
hold annual income was categorized into three groups 
(< 30,000 RMB, 30,000–120,000 RMB, and > 120,000 
RMB). We divided the frequency of physical activity 
into four groups (never, 1–2 times, 3–4 times, and > 4 
times per week) and asked the participants if they had 
diabetes. Body mass index (BMI) was classified into 
four categories following the standards of Chinese 
adults: < 18.5  kg/m2 (underweight), 18.5–23.9  kg/
m2 (normal weight), 24.0–27.9  kg/m2 (overweight), 
and ≥ 28.0 kg/m2 (obesity) (Li et al. 2020).

Measurement of urinary elements

We collected, transported, and tested urine samples in 
accordance with standard operating specifications. All par-
ticipants completed the self-made questionnaire and pro-
vided morning urine on the second day.

Participants’ first-morning urine was collected into a 50-ml 
polypropylene tube and subsequently placed in a cold closet 
for storage. The collected samples were sent to the labora-
tory within 1 day and stored at − 80 °C for subsequent test-
ing. Inductively coupled plasma optical emission spectrom-
etry (ICP-OES 7000DV, PerkinElmer Corporation) was used 
to detect the concentration of 14 metals: As, Barium (Ba), 
Cr, Cobalt (Co), Cu, Pb, Lithium (Li), Mg, Mn, Molybde-
num (Mo), Fe, Se, Strontium (Sr), and Zinc (Zn) in the urine. 
Samples were removed from the cold closet before testing and 
thawed at room temperature. Three milliliters of urine was 
removed from the sample and transferred to a 15-ml poly-
propylene centrifuge tube. The removed urine samples were 
diluted with 9 ml of 5% (v/v) HNO3 and mixed evenly in a 
vortex. Digestion was performed with a microwave digestion 
instrument at 90 °C for 1 h and centrifuged at 4500 rpm for 
8 min at room temperature, then aspirated the supernatant for 
analysis. Furthermore, graphite furnace atomic absorption 
spectrometry (GFAAS, ZEEnit700P, Analytik Jena, Ger-
many) were used to detect the urinary Cd. The samples were 
diluted with 1% (v/v) HNO3. The accuracy of measurement 

was assessed by spiked recovery method during testing. And 
the spike-and-recovery experience range was 92–104%.

Urinary creatinine was tested using a BECKMAN DXC800 
biochemical analyzer of the USA, and the kit was a human cre-
atinine detection kit from BECKMAN Biotechnology Limited. 
The values of metal elements in urine below the limit of detec-
tion (LOD) were replaced with LOD /√2 (Tellez-Plaza et al. 
2013). The metal element concentrations in the results of this 
study were all creatinine correction values [μg/(g creatinine) 
or mg/(g creatinine)]. And the detection rates of all elements 
were > 70% relied on the LODs.

Statistical analysis

The main baseline characteristics of ARC and non-cataract 
groups were described and compared using Wilcoxon signed-
rank test and chi-square test. The values of all metal levels 
were corrected with creatinine and natural log-transformed.

We evaluated odds ratios (ORs) and 95% confidential inter-
vals (95% CIs) for ARC risk by conditional logistic regression 
models and categorized each urine metal level into quartiles. 
The lowest quartile was taken as a reference based on its con-
centration distribution. We developed two models to analyze 
the effect of each metal in single-element model. Model 1 was 
only adjusted for sex and age, and Model 2 was additionally 
adjusted for other covariates: BMI, sleep quality, physical 
activity, household annual income, smoking status, alcohol 
consumption, and diabetes.

We also developed a multi-element model to assess the 
effects of multiple metals on ARC risk and a correlation heat-
map of urine metals to compare the correlations. Consider-
ing the diversity of metals and mutual correlation, LASSO 
regression was used to select representative metals into the 
multi-element model and reduce dimension (Alhamzawi and 
Ali 2018). LASSO regression can regress and penalize all 
variables, changing the coefficients of relatively unimportant 
independent variables to 0 and excluding them from the model 
(McEligot et al. 2020). Then we used conditional logistic 
regression to calculate ORs and 95% CIs for multiple metals 
mixed-exposure and ARC risk.

To accurately reflect the non-linear effects of metals on 
ARC risk, BKMR was used to further demonstrate the effects 
of metals and their interactions (Bobb et al. 2018). The cor-
responding BKMR model formula is as follows (Bobb et al. 
2015):

where Yi is a health endpoint, zi is a vector of exposure 
variables (e.g., air pollution constituents), xT

i
 contains 

a set of potential confounders, and ∈i . In the context of 
environmental mixtures, h(zi) typically characterizes a 
high-dimensional exposure–response function that may 

Yi = h(zi) + x
T

i
� + ∈i
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incorporate non-linearity and/or interaction among the 
mixture components. We built an exposure matrix (includ-
ing metals selected by LASSO regression) and a covari-
ant (demographic characteristics), and implemented the 
Monte Carlo algorithm (using the kmbayes function) 
(Escobar et al. 2010). Firstly, we used variable selection 
to fit BKMR model and estimated the posterior inclu-
sion probability (PIP) for each metal (Valeri et al. 2017). 
Then, the univariate exposure–response of each metal was 
showed with a cross-section plot when the other metals 
were fixed at the median. We also compared individual 
metal risk differences in ARC between its 75th percentile 
and 25th percentile, when all of other metals were fixed 
at a particular quantile (P25, P50, and P75). The cumulative 
effects of mixed-metals exposure were computed by com-
paring the value of the exposure while all elements were at 
a particular quantile as compared to when all of them are at 
their median. Besides, we further discussed the interaction 
between multiple metals and ARC risk, and visualized the 

bivariate exposure of each two factors, where all other fac-
tors were fixed on a specific quantile (median).

Data entry and calibration inspection were performed 
using EpiData 3.1 software. Analysis was performed using 
the Statistical Product and Service Solutions (SPSS), version 
23.0 (SPSS Inc., Chicago, IL, USA) and R software (version 
3.6.1; R Core Team). The two-sided statistical significance 
level was set at α = 0.05.

Results

Characteristics of study population

This study recruited 210 ARC cases and 210 matched non-
cataract controls. Table 1 presented the demographic char-
acteristics of the participants. The mean age of the cases 
was 59.2 ± 11.5 years, and 59.2 ± 11.8 years for controls. 
For the BMI, 7.7% cases were ≥ 28.0 kg/m2, which was 

Table 1   Main baseline 
characteristics of case and 
control

Characteristics Case (n = 210) Control (n = 210) t/χ2 P value

Men, n (%) 69 (31.9) 69 (31.9) - -
Age, year, mean (SD) 59.2 ± 11.5 59.2 ± 11.8 0.126 0.900
BMI, kg/m2, mean (SD) 23.1 ± 3.5 23.3 ± 3.9 0.571 0.569
BMI, kg/m2, n (%) 4.453 0.217

   < 18.5 10 (6.0) 17 (10.8)
  18.5–23.9 99 (58.9) 80 (51.0)
  24.0–27.9 46 (27.4) 42 (26.8)
   ≥ 28.0 13 (7.7) 18 (11.4)

Sleep quality, n (%) 0.277 0.871
  Poor 44 (22.0) 41 (20.3)
  General 54 (27.0) 53 (26.2)
  Good 102 (51.0) 108 (53.5)

Physical activity, n (%) 0.299 0.960
  0 134 (68.0) 136 (69.0)
  1–2 12 (6.1) 10 (5.1)
  3–4 5 (2.5) 6 (3.0)
   > 4 46 (23.4) 45 (22.8)

Household annual income, RMB, n (%) 0.191 0.909
   < 30,000 153 (73.8) 153 (73.6)
  60,000- 44 (21.3) 43 (20.7)
   > 120,000 10 (4.9) 12 (5.8)

Smoking status, n (%) 0.089 0.765
  Never 181 (86.2) 178 (85.2)
  Ever 29 (13.8) 31 (14.8)

Alcohol consumption, n (%) 0.791 0.374
  Never 180 (86.1) 186 (89.0)
  Ever 29 (13.9) 23 (11.0)

Diabetes 0.160 0.689
  Yes 35 (16.7) 32 (15.2)
  No 175 (83.3) 178 (84.8)
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lower than the 11.4% in controls. Diabetes was diagnosed 
in 16.7% of the case group and 15.2% in the control group. 
There were no significant differences in demographic char-
acteristics including sex, age, BMI, sleep quality, physical 
activity, household annual income, smoking status, alcohol 
consumption, and diabetes (P > 0.05).

Urine elements and ARC risk in single‑element 
model

We summarized the original metal concentrations of case 
and control groups in Table S1 and showed the Spearman 
correlation heatmap for urinary metals in Fig. S1. Then we 
applied a conditional logistic regression model to estimate 
the association between metal elements’ level and ARC 
risk. And grouped the concentration level by their quartiles 
and took the lowest group (Q1) as a reference. As Table 2 
presented, the concentrations level of Mg, Cr, Mo, Zn, Fe, 
As, Cu, Mn, Pb, Se, and Cd were positively associated with 
ARC risk in Model 1. These associations remained present 
in five elements (Mg, Cr, As, Mn, Se) after adjusting for 
other potential confounders in Model 2. Positive associa-
tions were observed in the exposure of Mg, Cr, Mo, As, Mn 
and Se in highest quartiles (Q4 vs. Q1: OR = 3.09, 95% CI: 
1.21–7.88; OR = 3.71, 95% CI: 1.52–9.08; OR = 2.78, 95% 
CI: 1.17–6.65; OR = 4.73, 95% CI: 2.07–10.78; OR = 3.84, 
95% CI: 1.40–10.58; OR = 2.78, 95% CI: 1.20–6.47, 
respectively).

Multiple elements exposure model for ARC​

Since there were many metal elements in this study, after 
considering the correlation of each metal, we adopted 
LASSO regression to select the metals (Fig. 1a and b). 
Finally, five metal elements (Mg, As, Mn, Se, and Fe) were 
included in the multiple exposure model. Table 3 showed 
the multivariable effect adjusted all potential covariates 
and used conditional logistic regression model to explore 
the correlation between five metal element mixed exposure 
and ARC risk. It was observed that a positive association of 
the gradually increasing quartile of Mg and As with ARC 
risk, with the OR in the highest quartile was 3.32 (95% CI: 
1.24–8.89) and 7.09 (95% CI: 2.56–19.63). At the same 
time, we did not find any relationships between Mn, Se, and 
Fe and ARC risk.

BKMR analyses

We used the BKMR model to evaluate the effect of mixed 
exposure on the five metal elements selected by LASSO 
regression. Firstly, the individual exposure of each ele-
ment was performed when the other elements were fixed at 
their median concentrations, which could reflect a positive 

association of five metal element exposure levels (Mg, As, 
Mn, Se, and Fe) with ARC risk, which was largely consist-
ent with the results of the single-element model.

In Fig. 2b, the cumulative effect of all elements was 
showed when these five elements were fixed at different 
percentiles (P25 to P75, step value = 5th) as compared to 
their medians. And the joint effect of all elements was 
statistically significant when they were more than their 
50th percentile as compared to when these elements were 
at medians as positive influences. Meanwhile, when they 
were in the 40th and 45th quartiles, overall exposure had 
a negative impact on ARC risk. We observed that the five 
metals (Mg, As, Mn, Se, and Fe) had significant joint 
effects compared to their median values when they were 
at or above their 55th percentile.

Then we assessed the distribution of individual 
exposures to interaction effects to describe the univari-
ate effects. Such as the risk difference of a single metal 
exposure between its 75th and 25th percentile, when the 
remaining metals were fixed at different percentiles (25th, 
50th, or 75th). Figure 2c showed that increased As expo-
sure was positively associated with ARC (75th vs. 25th) 
when the remaining metals were fixed to a particular quan-
tile. When the remaining elements were fixed at P25 and 
P50, the difference value of Fe P75 − P25 was reduced (< 0). 
And when the remaining elements were fixed at P75, the 
effect increased and had statistical significance. No mat-
ter how the concentrations of other elements changed, the 
effects of different concentrations of Se, Mn, and Mg did 
not have any statistical significance.

Figure 2d explored the bivariate exposure–response 
consequences, with each column represented “exposure 
1” and each row represented “exposure 2.” Exposure 1 
was the studied metal and the others were fixed at their 
medians. Exposure 2 were located at their P25, P50, and 
P75. We observed that the potential association of Mg or 
As or Mn or Se or Fe with the other four metals increases 
the risk of ARC. When the other three metals were in 
the median, the positive slope of Mg, As, Mn, Fe, or Se 
became steeper with the increasing urinary concentration, 
and no significant interaction was found.

Sensitivity analysis

In this study, patients with diabetes and smoking status 
may be correlated with the risk of ARC, so we developed 
sensitivity analysis for sub-groups, such as non-smokers, 
or participants without diabetes. And we found no sig-
nificant change in the results (Tables S2 and S3). We also 
conducted LASSO and Elastic net in terms of picking vari-
ables with no significant difference (Fig. S2).
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Table 2   Odds ratios (ORs) and 
95% confidence intervals (95% 
CIs) according to cataracts 
for urine elements in single-
element model

aElements Q1 Q2 Q3 Q4 P value

Mg
  Range  < 29.50  ~ 52.74  ~ 83.00  > 83.00
  Case/control 33/52 39/53 55/53 83/52
  Model 1 1 (ref) 1.21 (0.66–2.22) 1.87 (1.02–3.41) 2.99 (1.64–5.46) 0.001
  Model 2 1 (ref) 0.71 (0.26–1.92) 1.49 (0.59–3.78) 3.09 (1.21–7.88) 0.005

Cr
  Range  < 17.56  ~ 31.29  ~ 44.95  > 44.95
  Case/control 34/52 42/53 48/53 86/52
  Model 1 1 (ref) 1.28 (0.70–2.33) 1.51 (0.83–2.76) 2.88 (1.60–5.17) 0.002
  Model 2 1 (ref) 1.73 (0.66–4.51) 1.77 (0.69–4.52) 3.71 (1.52–9.08) 0.025

Mo
  Range  < 22.41  ~ 40.68  ~ 65.49  > 65.49
  Case/control 37/52 42/53 53/53 78/52
  Model 1 1 (ref) 1.19 (0.65–2.17) 1.53 (0.85–2.75) 2.36 (1.31–4.24) 0.019
  Model 2 1 (ref) 1.07 (0.42–2.70) 1.49 (0.61–3.67) 2.78 (1.17–6.65) 0.061

Zn
  Range  < 251.41  ~ 445.51  ~ 743.75  > 743.75
  Case/control 32/52 49/53 69/53 60/52
  Model 1 1 (ref) 1.52 (0.84–2.74) 2.18 (1.23–3.88) 1.97 (1.09–3.56) 0.048
  Model 2 1 (ref) 1.23 (0.48–3.18) 1.44 (0.59–3.52) 1.37 (0.57–3.29) 0.873

Fe
  Range  < 8.04  ~ 27.24  ~ 59.31  > 59.31
  Case/control 31/52 37/53 52/53 90/52
  Model 1 1 (ref) 1.12 (0.60–2.07) 1.70 (0.94–3.06) 3.09 (1.75–5.47)  < 0.001
  Model 2 1 (ref) 1.27 (0.50–3.23) 1.30 (0.54–3.11) 1.80 (0.81–3.98) 0.518

As
  Range  < 4.63  ~ 24.72  ~ 51.89  > 51.89
  Case/control 31/52 34/53 60/53 85/52
  Model 1 1 (ref) 1.08 (0.58–2.00) 1.90 (1.06–3.39) 2.74 (1.56–4.82) 0.001
  Model 2 1 (ref) 1.47 (0.59–3.64) 2.36 (1.00–5.56) 4.73 (2.07–10.78) 0.002

Ba
  Range  < 1.02  ~ 3.13  ~ 5.78  > 5.78
  Case/control 45/52 50/53 40/53 75/52
  Model 1 1 (ref) 1.08 (0.61–1.89) 0.87 (0.49–1.54) 1.67 (0.98–2.85) 0.086
  Model 2 1 (ref) 1.19 (0.50–2.87) 0.87 (0.37 − 2.03) 1.86 (0.84–4.10) 0.263

Co
  Range  < 0.31  ~ 1.04  ~ 3.43  > 3.43
  Case/control 43/53 51/52 63/53 53/52
  Model 1 1 (ref) 1.23 (0.70–2.15) 1.49 (0.86–2.59) 1.27 (0.72–2.24) 0.565
  Model 2 1 (ref) 1.23 (0.51–2.95) 1.76 (0.77–4.03) 1.37 (0.60–3.14) 0.593

Cu
  Range  < 4.07  ~ 6.80  ~ 10.75  > 10.75
  Case/control 32/52 48/53 68/53 62/52
  Model 1 1 (ref) 1.48 (0.82–2.67) 2.18 (1.22–3.90) 2.03 (1.13–3.65) 0.042
  Model 2 1 (ref) 2.23 (0.89–5.62) 1.55 (0.64–3.79) 1.87 (0.80–4.37) 0.359

Li
  Range  < 6.57  ~ 11.11  ~ 16.60  > 16.60
  Case/control 46/52 44/53 62/53 58/52
  Model 1 1 (ref) 0.94 (0.53–1.64) 1.33 (0.77–2.28) 1.29 (0.74–2.25) 0.503
  Model 2 1 (ref) 0.77 (0.32–1.84) 1.16 (0.46–2.46) 1.43 (0.64–3.22) 0.521

Mn
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Discussion

The development of modernization and the improvement 
of living standards have had a great impact on China’s 
natural environment. The Chinese government reported in 
2014 that high levels of Cd, As, and Pb contamination in 
rice-growing areas were causing local farmers to contract 
Itai-itai disease (Takahashi 2016). In Anhui province, one 
of the major agricultural provinces in China, the heavy 
metal levels in rural kitchens, soil, air, crops, and water 
sources have a great impact on the health of local resi-
dents. As reported, the mining industry had caused metal 
pollution to the soil in Huainan and Tongling (Fang et al. 
2015; Shen et al. 2019). Metal pollution has also been 
observed by some scholars in the Huai River (Bengbu sec-
tion), with Pb and Hg pollution likely originating from 
local manufacturing, transportation, and agricultural emis-
sions (Yang et al. 2017). Most of the time, we are suscep-
tible to multiple types of heavy metal exposure in various 

ways (Sanaei et al. 2021). By far, there are few studies on 
the effect of multiple metal exposure on ARC risk.

It was generally accepted that urinary metal level 
reflects long-term chronic exposure of a certain metal, 
while blood level more correlates with recent acute expo-
sure. In particular, for chronic diseases with long latency 
periods (such as cataract), urinary Cd level was consid-
ered a more appropriate biomarker to study the association 
of cataract with metal exposure, while using blood Cd 
level may attenuate risk estimates (V and A 2014; Wang 
et al. 2016). It is not uncommon clinically to test different 
biological samples for different purposes. For example, 
blood level of Se, Zn, and Mn was used to study the essen-
tial level of these trace elements in our body, while urine 
level was studied to understand the degree of absorption 
and intoxication of these metals (Pedersen et al. 2005). 
Therefore, the level changes of some metal elements in 
urine can potentially serve as good indicators in assessing 
cataract risk.

Table 2   (continued) aElements Q1 Q2 Q3 Q4 P value

  Range  < 0.24  ~ 0.70  ~ 1.51  > 1.51
  Case/control 32/52 40/52 49/54 89/52
  Model 1 1 (ref) 1.37 (0.74–2.54) 1.69 (0.92–3.13) 3.35 (1.83–6.14)  < 0.001
  Model 2 1 (ref) 1.98 (0.72–5.47) 1.48 (0.53–4.18) 3.84 (1.40–10.58) 0.023

Pb
  Range  < 4.29  ~ 11.64  ~ 25.76  > 25.76
  Case/control 37/52 37/53 57/53 79/52
  Model 1 1 (ref) 0.99 (0.55–1.80) 1.57 (0.89–2.77) 2.30 (1.30–4.06) 0.008
  Model 2 1 (ref) 1.32 (0.52–3.34) 1.14 (0.48–2.71) 2.53 (1.08–5.96) 0.100

Se
  Range  < 51.52  ~ 83.51  ~ 125.26  > 125.26
  Case/control 36/52 29/53 51/53 94/52
  Model 1 1 (ref) 0.81 (0.43–1.53) 1.52 (0.84–2.74) 2.93 (1.66–5.18)  < 0.001
  Model 2 1 (ref) 0.65 (0.24–1.72) 0.92 (0.39–2.17) 2.78 (1.20–6.47) 0.004

Sr
  Range  < 83.80  ~ 145.67  ~ 233.70  > 233.70
  Case/control 59/52 52/53 47/53 52/52
  Model 1 1 (ref) 0.87 (0.51–1.48) 0.78 (0.45–1.35) 0.88 (0.51–1.53) 0.850
  Model 2 1 (ref) 0.74 (0.33–1.65) 0.86 (0.37–2.01) 1.27 (0.56–2.87) 0.602

Cd
  Range  < 0.23  ~ 0.74  ~ 1.26  > 1.26
  Case/control 43/52 41/53 46/51 80/54
  Model 1 1 (ref) 0.96 (0.54–1.72) 1.14 (0.64–2.05) 1.91 (1.09–3.34) 0.042
  Model 2 1 (ref) 0.83 (0.35–1.98) 0.95 (0.40–2.22) 1.54 (0.70–3.39) 0.440

Arsenic, As; Barium, Ba; Cadmium, Cd; Chromium, Cr; Cobalt, Co; Copper, Cu; Lead, Pb; Lithium, Li; 
Magnesium, Mg; Manganese, Mn; Molybdenum, Mo; Iron, Fe; Selenium, Se; Strontium, Sr; Zinc, Zn
Model 1 was only adjusted for age and gender
Model 2 was adjusted for age, sex, BMI, physical activity, smoking status, alcohol consumption, and dia-
betes
a The units of metal elements were micrograms per gram creatinine [μg/ (g creatinine) or mg/ (g creati-
nine)], and processed through natural logarithm
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In this study, Mg, Cr, As, Mn, and Se were found to 
be positively associated with ARC risk in single-element 
model after controlling other potential confounders. Fur-
thermore, the multiple exposure model showed a positive 
correlation of the gradually increasing quartile of Mg 
and As with ARC risk. Consistent with the multi-element 
model results, the BKMR model also shown that the effect 
of As increased monotonically with its increasing con-
centration, and high levels of Mg and As had a significant 
positive effect on ARC. Our analysis also provided sup-
porting results for the association between Mn, Se, Fe, and 

ARC risk in the BKMR model, although the trends were 
not consistent in the multi-element model.

Long-term consumption of As-contaminated water and 
crops leads to chronic As poisoning, which disrupted the 
host immune system through mechanisms such as inducing 
apoptosis and oxidative stress (Dangleben et al. 2013). The 
poisoning mechanisms include increased ROS production, 
decreased superoxide dismutase (SOD), impaired structure 
and function of certain proteins (especially-SH proteins), 
and altered antioxidant defense systems and structural disor-
ders of some cellular components (Rahman and Ley 2017). 

Fig. 1   The metal elements selected into the multiple exposure model by LASSO regression. (a) The change trajectory of each variable coeffi-
cient (λ). (b) Cross-validation plot for the penalty term

Table 3   Multi-elements 
model for senile cataracts 
associated with multiple trace 
elements and characteristics of 
participants

Table 3 adjusted all potential covariates and used conditional logistic regression model to analyze
The quartiles used were shown in Table 2. The potential covariates were age, sex, BMI, weekly frequency 
of physical, smoking status, alcohol consumption, and diabetes
Linear trend p values were entered into the model by using the quartile of urinary element concentration as 
ordered categorical variables

Elements Q1 Q2 Q3 Q4 P value

Mg 1 (ref) 0.70 (0.22–2.19) 2.39 (0.78–7.27) 3.32 (1.24–8.89) 0.050
As 1 (ref) 1.03 (0.36–2.93) 3.67 (1.36–9.90) 7.09 (2.56–19.63)  < 0.001
Mn 1 (ref) 2.04 (0.66–6.34) 1.51 (0.45–5.10) 3.05 (0.86–10.79) 0.285
Se 1 (ref) 0.38 (0.12–1.24) 0.50 (0.17–1.46) 1.14 (0.39–3.33) 0.173
Fe 1 (ref) 1.92 (0.63–5.79) 1.44 (0.50–4.20) 1.56 (0.57–4.27) 0.675
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Fig. 2   The BKMR model of five metal elements evaluated the 
effect of mixed exposure on ARC risk. (a) The univariate exposure 
response function (95% CI) for each metal element when the other 
elements were fixed at the median concentration (P50). (b) The over-
all effects of mixed-exposure in elements fixed to different percentiles 
as compared when they were at their medians (P50). (c) The effects 

of single metal exposure between its 75th and 25th percentile, when 
the remaining metals were fixed at different percentiles (25th, 50th, 
or 75th). (d) The bivariate cross-section effects of the exposure–
response function of a single element where the second element was 
fixed at different percentiles (25th, 50th, or 75th)
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However, only very few literature reports had been reported 
on the associations between As exposure and ARC. A study 
of 349 residents in Taiwan villages with high incidence of 
As poisoning found that the intake of As had a positive rela-
tionship with cataract (especially posterior subcapsular cata-
ract), and cumulative exposure to As and continuous drink-
ing contaminated well water increased the risk of various 
types of lens opacity (See et al. 2007). In a carp model, after 
exposure to a certain concentration of As, carps developed 

cataract and skin damage (Mohanty et al. 2015). A study 
of smelting workers exposed to high concentration of As 
environment observed a positive correlation of worker uri-
nary As levels with SOD activity and a negative correlation 
with serum vitamin E levels (Escobar et al. 2010). SOD 
and vitamin E are the main enzymatic and non-enzymatic 
mechanisms involved in the antioxidant reactions, respec-
tively. Although short-time exposure to low concentrations 
of As could lead to increased antioxidant enzyme activity, 

Fig. 2   (continued)
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long-term exposure caused a decline in various antioxidant 
enzyme activities (Valko et al. 2016). Similar to the above 
findings, this study suggested a significant positive associa-
tion between As and ARC risk.

Recent studies mainly focused on the effect of 
hypomagnesemia on cataract and the beneficial effect of 
supplementary Mg2+ treatment for cataract. Mg deficiency 
caused increased oxidative stress and cataract production 
(Kaliaperumal et al. 2021). And restoration of the normal 
redox state of the lens was observed with taurine-magne-
sium supplementation in cataract animals (Choudhary 
and Bodakhe 2016). As an essential metal element of the 
human body, the physiological role of Mg cannot be ignored. 
Although some relevant data provided supporting evidence 
for the association of Mg deficiency with cataract, its role 
can only be highlighted as an association factor with several 
other factors (Agarwal et al. 2012). To the best of our knowl-
edge, relevant experiments were mainly focus on the benefi-
cial effects of Mg; very few clinical research has been con-
ducted to reveal the consequence under high Mg exposure 
(Ajith 2019). Although some scholars have observed the 
inhibitory effect of high Mg concentrations on osteoblasts 
differentiation, further studies are still needed to explore 
the mechanism of toxicity with high level of Mg exposure 
(Wang et al. 2020). The results of this study showed that 
increased urinary Mg levels were significantly associated 
with ARC risk, which reflected the risk effect of increased 
Mg exposure in vivo.

Due to the narrow range between physiological and toxic 
level of Se, the results from previous studies regarding to 
Se as a dietary supplement are not completely consistent. 
While a significant 18% decrease in cataract development 
or progression was found in one study with 9-year rand-
omized daily supplementation of Se-containing multivi-
tamin (Clinical Trial of Nutritional et al. 2008), another 
scholar could not find any significant protective effect 
on cataract development with Se supplementation alone 
or in combination with vitamin E (Christen et al. 2015). 
Although appropriate dose of Se supplement can improve 
the antioxidant capacity, when Se supplement or exposure 
exceeds what is required for selenogenic protein synthesis, 
it will instead promote oxidative damage and cause cata-
ract in experimental animals or ALS and cancer in humans 
(Vinceti et al. 2013). Therefore, the potential toxicity of Se 
should not be ignored when investigating its antioxidant 
effects. The poisoning mechanisms of Se include the pro-
duction of ROS, enzyme inhibition, cellular dysfunction, 
interference with DNA expression and repair, and the pro-
duction of inflammatory mediators (Zwolak 2020). With 
large oral intake of Se, acute intoxicity and even death may 
occur (Hadrup and Ravn-Haren 2020). Consistent with the 
results discussed above, this study found an association 
between high level exposure to Se with ARC risk.

Iron homeostasis plays an important role in many meta-
bolic processes, while iron overload can be harmful to cells, 
tissues, and organs. Some studies reported that toxic metals 
may interfere the metabolism of essential metals, such as Fe, 
Cu, and Zn (López et al. 2004). Fe involved in various redox 
responses to ROS formation, especially when its homeosta-
sis regulation was disturbed, causing oxidative stress and 
irreversible cellular damage (Valko et al. 2016). Increased 
Fe concentration in the lens and Fe-induced oxidative dam-
age caused a variety of eye diseases including cataract (Levi 
et al. 1998). It was also commonly seen clinically patients 
with cataract caused by iron-containing foreign body or ocu-
lar siderosis (Kumagai et al. 2019). Furthermore, hereditary 
hyperferritinemia cataract syndrome (HHCS) was charac-
terized by early-onset bilateral cataract. Also, patients with 
severe Fe deficiency anemia were reported to develop methe-
moglobinemia after enhanced Fe supplementation, and sig-
nificant binocular cataract was observed about 2 years after 
the serum ferritin peak (Mehmet et al. 2021).

Mn is an essential trace element in the human and is 
involved in many metabolic reactions. Mn deficiency may 
increase oxidative stress by generating more ROS, while 
Mn supplementation can downregulate ROS production. 
But these effects were limited to low concentrations and 
appropriate exposure times (Zeinert et al. 2018). While the 
significant adverse health consequences caused by high 
level of Mn exposure had attracted the attention of many 
scholars, various experiments confirmed that Mn exposure 
could affect the function of the lung, liver, and kidney by 
activating various regulated oxidative stress, apoptosis, and 
inflammatory response molecular mechanism (Gandhi et al. 
2022). It was also observed in experimental animals that 
excess Mn level inhibited the transcription of the potential 
antioxidant genes, which in turn reduced the corresponding 
protein levels and decreased the antioxidant capacity of the 
liver (Wang et al. 2021).

Several limitations of this study should be noted. First, 
new-diagnosed cases were used as case groups to ensure the 
representativeness of the sample. However, the sample size 
of paired designs was limited and may not adequately illus-
trate the causal relationship between urine trace elements 
and ARC risk. Second, ARC typing was not performed at 
the time of preliminary sample screening, so the relationship 
of urinary metal element content and the risk of different 
types of ARC needed further investigation. Third, a single 
urine sample may not fully represent causality, and 24 h of 
urine shall be considered in subsequent studies. Moreover, 
our study only demonstrated the possible significance of the 
differences in urinary metal level. The pharmacokinetics of 
intaking metals and the specific mechanism needs to be fur-
ther explored.

There were some highlights in this study. First, while 
previous studies have mostly considered the role of 
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individual metal elements or local trace elements in cata-
ract onset, this study may be the first to evaluate the effect 
of multiple mixed metal exposures on ARC risk. Second, 
this study used BKMR model to systematically and sci-
entifically evaluate the multi-element exposure situation. 
Third, this study used urine as a biomarker to evaluate 
ARC risk and collected meaningful results. Fourth, this 
study provided epidemiological evidence of the effect of 
metal pollution on ARC, which would deepen our under-
standing of metal pollution in the occurrence and develop-
ment of ocular diseases.

Conclusion and policy recommendation

In this study, we found that exposure to multiple metals 
was associated with ARC risk. Therefore, local govern-
ments should detect metal content in the environment 
routinely and formulate corresponding policies to reduce 
metal pollution. The prevention and control of ARC caused 
by environmental pollution can start with the improvement 
of the living environment and lifestyle to properly control 
the intake and elimination of metals. Moreover, our results 
demonstrated the associations between urinary metal level 
and ARC, suggesting the urine may serve as a useful speci-
men for the assessment of ARC risk. Due to the limitations 
of the paired sample size and morning urine samples, this 
study may not adequately illustrate the causal relationship 
between urine trace elements and ARC risk. Future studies 
should expand the sample size, explore the representative 
of 24-h urine sample, and investigate the specific mecha-
nism of ARC caused by poly-metallic mixed exposure.
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