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logistic regression models and principal component 
analysis were performed to determine exposure to 
single-metal and multi-metal co-exposure in relation 
to DM. A decrease in risk of DM was associated with 
iron (OR = 0.78, 95% CI: 0.61–1.00 and 0.68, 0.53–
0.88 for the middle and high vs. low) and strontium 
(OR = 0.87, 95% CI: 0.69–1.12 and 0.67, 0.51–0.86 
for the middle and high vs. low), respectively. A prin-
cipal component 3 (PC3) characterized by iron and 
strontium showed an inverse association with DM. 
A principal component 4 (PC4) characterized by 
manganese and lead positively associated with DM. 
Exposure to high concentrations of urinary iron and 
strontium may reduce the risk of diabetes mellitus. 
This study revealed an increase in the risk of diabetes 
mellitus by co-exposure to high concentrations of uri-
nary manganese and lead.

Keywords  Multi-metals · Diabetes · Co-exposure · 
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Introduction

Diabetes mellitus (DM) is a serious threat to the 
global economy and health. International Diabetes 
Federation estimated approximately 463 million peo-
ple with diabetes in 2019 and projected this number 
to reach 700 million by 2045(Federation, 2019). Met-
als play a key role in the physiological and biochemi-
cal processes occurring in the body. However, excess 

Abstract  Metals play an important role in the 
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or deficiency of metals, especially essential trace 
elements, leads to bodily dysfunction. With rapid 
economic development and urban industrialization, 
heavy metal pollution has emerged serious concern. 
Therefore, our intake of metals through the respira-
tory tract, food, and drinking water is increasing day 
by day.

Recently, several studies have shown that metals, 
including antimony (Sb), arsenic (As), barium (Ba), 
cadmium (Cd), cesium (Cs), chromium (Cr), copper 
(Cu), manganese (Mn), molybdenum (Mo), palla-
dium (Pd), selenium (Se), strontium (Sr), vanadium 
(V), and zinc (Zn) are associated with type 2 diabetes 
mellitus (T2DM)(Chen et  al., 2020; Li et  al., 2017; 
Xiao et  al., 2018). A case–control study in Norway 
indicates that metals, such as Cd, Cr, nickel (Ni), iron 
(Fe), silver (Ag), and Zn, are significantly associated 
with DM (Hansen et  al., 2017). Another study sug-
gested that Cr and Fe are negatively associated with 
fasting plasma glucose (FPG), and Se is positively 
associated with FPG in men (Ge et  al., 2021). A 
prospective cohort study established direct and indi-
rect effects of dietary Mn on DM and hemoglobin 
A1c (HbA1c) (Du S et al. 2018). Various toxic met-
als such as arsenic, cadmium, and lead are known to 
induce oxidative stress in a variety of tissues and cell 
types (Ercal et  al., 2001). A study in the Pakistani 
population shows that serum levels of antioxidant 
biomarkers, such as glutathione (GSH) and malon-
dialdehyde (MDA), decrease due to arsenic exposure 
(Saba et al., 2020). Mercury (Hg) exposure adversely 
affects pancreatic beta cell development and function 
(Schumacher & Abbott, 2017). Low-dose mercury-
induced oxidative stress and PI3K activation lead to 
Akt signaling-related pancreatic β-cell dysfunction 
(Chen et  al., 2006). A cross section shows that uri-
nary Cd, Cr, Mo, V, and Zn show a positive corre-
lation with oxidative stress (Domingo-Relloso et  al., 
2019), an essential causative factor for the develop-
ment of diabetes(Brownlee, 2005). Besides, strontium 
appears to be involved in anti-oxidation (Barneo-
Caragol et  al., 2018; Yalin et  al., 2012) and adipose 
metabolism(Saidak et  al., 2012). And exposure to 
high iron and glucose concentrations results in cellu-
lar oxidative damage and may initiate insulin secre-
tory dysfunction in pancreatic β-cells by modulation 
of the exocytotic machinery (Blesia et al., 2021).

Several studies explored the relationship between 
single metals and diabetes, though their results 

differ (Ji et al., 2021; Soomro et al., 2019; Xiao et al., 
2021). And the effects of multiple toxic metals on 
diabetes remain incompletely understood (Navas-
Acien, 2019). These findings highlight the need to 
investigate the role of metal exposure in human risk 
of DM. China is a multi-ethnic country. In the past, 
research on the Chinese people mostly focused on the 
Han nationality. And the China Multi-Ethnic Cohort 
(CMEC) is a community population-based prospec-
tive observational study aiming to address the urgent 
need for understanding non-communicable diseases 
prevalence, risk factors, and associated conditions 
in resource-constrained settings for ethnic minori-
ties in China. The Dong people in this study have a 
population of over one million and is the main eth-
nic minorities in Qiandongnan Prefecture, Guizhou 
Province. This population has fixed living habits and 
high genetic stability, and their data were more valu-
able than those of other floating population studies. 
Our objective was to evaluate the urinary exposure 
of trace elements (As, Cd, Cr, Cu, Fe, Hg, Mn, Mo, 
Ni, Pb, Sr, V, and Zn) in the Chinese Dong population 
and investigate the association of these trace elements 
with the risk of DM. We also aimed to evaluate how 
co-exposure to these trace elements may affect DM. 
The data from the CMEC study were used in the cur-
rent study.

Method

Study population

The CMEC study, which has been reconsidered, is a 
population-based survey from July 2018 to December 
2018, involving 5,792 Dong ethnic participants aged 
30–79  years in Guizhou Province of China (Zhao 
et  al., 2020). In brief, the sampling method used in 
the survey was multistage stratified cluster sampling. 
In the first stage, the Qiandongnan Prefecture, China 
were selected as our study sites. In the second stage, 
two communities (Liping County and Kaili City) in 
the settlement were selected by the local Centres for 
Disease Control and Prevention (CDCs), taking into 
account migration status, local health conditions 
and, most importantly, ethnic structure. In the final 
stage, all participants who met our inclusion criteria 
were invited to participate in our studies in consid-
eration of both sex ratio and age ratio. In total, 1,313 



2437Environ Geochem Health (2023) 45:2435–2445	

1 3
Vol.: (0123456789)

participants were excluded. Exclusion criteria were 
the following:

(a) Those fasting for < 8  h (n = 425), (b) Patients 
with existing or previous tumors (n = 21), (c). Those 
lacking physical examination data, such as height, 
weight, etc. (n = 35), (d). Those without blood bio-
chemical examination data of FPG, HbA1c (n = 16), 
(e). Those with a history of organ removal (n = 126), 
and (f). Those without any urine samples (n = 690).

Therefore, a cross-sectional study on 4,479 Dong 
people within this cohort was undertaken to inves-
tigate the association between urinary metal con-
centrations and diabetes. All survey participants 
signed prior informed consent forms. This study was 
approved by the Sichuan University Medical Ethical 
Review Board (K2016038) and the Research Ethics 
Committee of The Affiliated Hospital of Guizhou 
Medical University (2018[094]).

Assessment of covariates

A tablet computer with a self-developed application 
was employed to collect the information on socio-
demographic characteristics, lifestyle behaviors, and 
personal health and medical histories. The education 
levels of the participants were categorized as junior 
high school or below, senior high school or voca-
tional school, or college or beyond. Current smokers 
were defined as smoking > 100 cigarettes so far (Zhao 
et  al., 2020). Former smokers were defined as quit-
ting smoking > 6  months a year (Zhao et  al., 2020). 
The drinkers were defined as drinking alcohol every 
week for ≥ 1 year. The height and weight were meas-
ured by trained medical professionals in accordance 
with standard procedures. A tea drinker was defined 
as a person drinking tea every week for a year or 
more. Body mass index (BMI) is equal to weight (kg) 
divided by the square of height (m2).

Assessment of blood biochemical indicators

The blood samples, collected at the baseline after 
fasting > 8 h, were transported to Guizhou KingMed 
Diagnostics Group Co., Ltd via cold chain logistics 
for same-day testing. The levels of FPG, glycated 
hemoglobin (HbA1c), total cholesterol (TC), triglyc-
erides (TG), high-density lipoprotein (HDL-C), and 
low-density lipoprotein (LDL-C) were determined 

using a fully automatic biochemical analyzer 
(HITACHI 7180, Tokyo, Japan).

Assessment of metals

The urine samples were stored at –20 °C before test-
ing. Urinary metals/metalloids (As, Cd, Cr, Cu, Fe, 
Hg, Mn, Mo, Ni, Pb, Sr, V, and Zn) were measured 
by an inductively coupled plasma mass spectrom-
eter (NexION 2000, PerkinElmer, Waltham, MA, 
USA). The standardized protocol, quality of con-
trol, and methods of accuracy evaluation have pre-
viously been described (Liu et  al., 2021). The sam-
ple was placed at room temperature before dilution. 
Then, 1  mL original urine supernatant was diluted 
to 10  ml, with nitric acid (5%) (GR, Sinopharm 
Chemical Reagent Co., Ltd, Shanghai, China) and 
mixed well. Finally, the diluted sample was filtered 
through a 0.45  µm membrane and measured within 
24  h. Internal standard solutions of Bi, Ge, In, 6Li, 
Sc, Tb, and Y at the concentration of 10  µg/L pro-
vided by PerkinElmer were used for internal online 
standardization, and the regression coefficient of the 
standard curve was not < 0.999. To check the accu-
racy, we used Seronorm™ Trace Elements Urine L-2 
RUO (SERO, Billingstad, Norway). Percent recov-
ery (i.e., amount of substance recovered on purifica-
tion ÷ amount of substance originally taken) × 100) 
ranged from 82.92% – 115.71%. The limit of detec-
tion ranges from 0.0001- 0.1610 µg/L for the metals. 
The sample concentration below the limit of detection 
was expressed as half of the limit of quantification.

Diagnostic criteria

DM was defined as FPG ≥ 7.0  mmol/L or 
HbA1c ≥ 6.5% or self-reported history of DM (Amer-
ican Diabetes  Association, 2018). Dyslipidemia was 
defined as TC ≥ 5.72 mmol/L or TG ≥ 1.70 mmol/L or 
LDL-C ≥ 3.40  mmol/L or HDL-C < 1.04  mmol/L or 
self-reported history of hyperlipidemia.

Statistical analysis

The continuous variables were expressed as median 
(interquartile range, IQR) because of skewed distri-
bution; categorical variables were expressed as num-
bers (%). We evaluated the associations of 13 metals 
(As, Cd, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sr, V, and 
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Zn) with diabetes through Logistic Regression mod-
els with adjustment for age, sex, education, smok-
ing status, drinking status, tea consumption, BMI, 
dyslipidemia, and family history of diabetes. Princi-
pal component analysis (PCA) and weight quantile 
sum (WQS) regression were applied to investigate 
the effects of metal mixtures. The weights assigned 
to individual metals were estimated through PCA 
(weight range, 0–1 and the sum of all weights equal 
to 1) (Supplementary Fig. 1). WQS index was defined 
as under:

WQS index = As*0.11583 + Cd*0.08869 + Cr*0.
11235 + Cu*0.04050 + Fe*0.08457 + Hg*0.01203 + 
Mn *0.04062 + Mo*0.08807 + Ni*0.07148 + Pb*0.06
575 + Sr*0.10718 + V*0.08816 + Zn*0.08477.

Statistical analyses were performed with SPSS 
25.0 (SPSS Inc, Chicago, IL) and EmpowerStats 2.0 
(Inc. Boston, MA, USA). The inspection level was 
0.05 (two-tailed).

Results

Demographic characteristics

Table  1 exhibits the baseline demographic charac-
teristics of the participants in diabetic/non-diabetic 
groups. The total prevalence of diabetes was 9.5% 
(426/4479). The levels of FPG, HbA1c, TC, TG, 
LDL-C of the participants in the diabetic group were 
3.13% –33.65% higher than those in the non-diabetic 
group (P < 0.05). No statistically significant differ-
ences were observed between diabetic and non-dia-
betic groups in education level and drinking status. 
Compared with non-diabetic participants, participants 
with diabetes had a higher percentage of men, older 
people, and tea drinkers. With respect to disease his-
tory, 300 (70.42%), 44 (10.33%) participants identi-
fied as dyslipidemia, and family history of diabetes 
in the diabetic group, respectively, whose ratio was 
higher than the non-diabetic group (P < 0.001).

Concentrations of urinary metals

Table  2 presents medians and interquartile ranges 
(IQRs) of metals in urine in the total population or 
by diabetes status. Only Hg and Ni were detected 
in < 80% of samples. Compared with the non-dia-
betes group, the concentrations of urinary Fe and 

Table 1   Demographic characteristics of the study participants

BMI, Body mass index; FPG, Fasting plasma glucose; HbA1c, 
Glycated hemoglobin; TC, total cholesterol; TG, Triglycerides; 
HDL-C, High-density lipoprotein; LDL-C, Low-density Lipo-
protein

Characteristics Non-diabetic Diabetic P value

Sex
Male 1392 (34.34%) 197 (46.24%)  < 0.001
Female 2661 (65.66%) 229 (53.76%)
Age(years)
 < 55 2465 (60.82%) 158 (37.09%)  < 0.001
 ≥ 55 1588 (39.18%) 268 (62.91%)
Education
 < high school 3451 (85.15%) 348 (81.69%) 0.136
High school 

or vocational 
school gradu-
ate

295 (7.28%) 41 (9.62%)

 ≥ College 
graduate

307 (7.57%) 37 (8.69%)

Smoking
Never 3213 (79.27%) 300 (70.42%)  < 0.001
Current smoker 701 (17.30%) 87 (20.42%)
Former smoker 139 (3.43%) 39 (9.15%)
Drinking
No 3918 (96.67%) 414 (97.18%) 0.571
Yes 135 (3.33%) 12 (2.82%)
Tea consumption
No 3506 (86.50%) 341 (80.05%)  < 0.001
Yes 547 (13.50%) 85 (19.95%)
BMI
 < 24 2343 (57.81%) 156 (36.62%)  < 0.001
24–28 1,345 (33.19%) 180 (42.25%)
 ≥ 28 365 (9.01%) 90 (21.13%)
FPG (mmol/L) 5.26 (4.96–5.59) 7.03 (5.96–8.25)  < 0.001
HbA1c(%) 5.50 (5.30–5.80) 6.80 (6.50–7.60)  < 0.001
TC(mmol/L) 4.76 (4.20–5.38) 4.91 (4.38–5.53)  < 0.001
LDL-

C(mmol/L)
2.88 (2.34–3.42) 3.00 (2.47–3.53) 0.008

HDL-
C(mmol/L)

1.46 (1.21–1.73) 1.46 (1.21–1.73)  < 0.001

TG(mmol/L) 1.45 (1.05–2.09) 1.92 (1.29–2.79)  < 0.001
The number of dyslipidemia
No 18,780 (46.39%) 126 (29.58%)  < 0.001
Yes 2173(53.61%) 300 (70.42%)
Family history of diabetes
No 1255 (30.96%) 224 (52.58%)  < 0.001
Yes 189 (4.66%) 44 (10.33%)
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Sr were about 11.84%/15.48% lower than those in 
the diabetes group, respectively (P < 0.05). Figure 1 
depicts the correlations between metals. Most of 
the metals have a positive correlation, while only 
a few have a negative correlation (Mn-Cu, Pb-Cu, 
Mn-Fe, Mn-Ni, and Mn-V). The absolute value of 
the correlation coefficient ranged from 0.003–0.532. 

Moderately positive correlations were found for 
As-V, Cu-V, and Fe-Sr (P < 0.05).

Association of urinary metals with diabetes

Urinary Fe and Sr concentrations were negatively 
associated with diabetes, while other urinary met-
als/metalloids showed no association with diabetes 
in Model 1 (Table 3). In the adjusted model (Model 
2), the associations of urinary Fe and Sr with diabe-
tes remained significant (P trend < 0.05), and the ORs 
(95% CI) (the high vs. low) were 0.68(0.53–0.88) and 
0.67(0.51–0.86), respectively, consistent with model 
1. Figure  2 shows the smooth fitting curve between 
the urinary Fe and Sr concentration and the preva-
lence of diabetes. As the concentrations of urinary 
Fe and Sr increase, the risk of diabetes decreases 
(P < 0.05).

Association of urinary metal mixture with diabetes

According to the scree plot and the criteria of eigen-
values of principal components > 1 (Supplementary 
Fig. 2), four principal components were selected, and 
the factor loading matrices of the four major PCAs 
are given in Supplementary Table  1. The three PC 
(PC 3) predominated by iron, nickel, and strontium, 
while the four PC (PC 4) were predominated by Mn 

Table 2   Concentrations of metals among the study population

a Limit of detection (LOD)
b Interquartile ranges (IQR)

Metals (µg/L) LODa  ≥ LOD Median(IQRb)

Total Non-diabetic Diabetic

As 0.0104 4476(99.93%) 51.10 (33.55–80.61) 51.09 (33.49–80.84) 51.67 (34.08–77.34)
Cd 0.0111 3861(86.20%) 1.29 (0.82–2.13) 1.28 (0.82–2.13) 1.36 (0.84–2.10)
Cr 0.0021 4116(91.90%) 28.43 (17.36–43.12) 28.30 (17.15–42.74) 31.41 (19.27–46.64)
Cu 0.0016 4159(92.86%) 39.57 (25.19–128.41) 39.60 (25.35–130.55) 38.51 (24.26–107.68)
Fe 0.0201 4382(97.83%) 281.16 (150.08–495.26) 285.26 (154.68–498.42) 251.49 (112.31–455.78)
Hg 0.0168 3471(77.49%) 0.49 (0.11–1.04) 0.49 (0.11–1.06) 0.49 (0.10–0.97)
Mn 0.0002 3736(83.41%) 3.35 (1.28–6.82) 3.35 (1.29–6.81) 3.36 (1.21–7.23)
Mo 0.0767 4479(100.00%) 53.75 (34.70–85.73) 53.77 (34.54–85.93) 53.74 (36.11–83.14)
Ni 0.0002 2128(47.51%) 0.55 (0.00–4.03) 0.55 (0.00–4.20) 0.48 (0.00–3.39)
Pb 0.0001 3924(87.61%) 2.48 (1.35–4.34) 2.46 (1.33–4.34) 2.56 (1.56–4.29)
Sr 0.1610 4476(99.93%) 62.18 (39.42–101.14) 63.06 (39.65–102.99) 53.30 (36.33–89.46)
V 0.0166 4476(99.93%) 21.89 (13.19–45.25) 21.84 (13.20–45.66) 22.42 (12.95–40.70)
Zn 0.0180 4471(99.82%) 659.42 (480.28–935.41) 655.64 (477.43–933.28) 676.85 (507.34–958.38)

Fig. 1   Heatmap illustration of partial correlation coefficient 
for metals in urine while adjusting for age, sex, BMI, educa-
tion, smoking, drinking, tea consumption, dyslipidemia, and 
family history of diabetes
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Table 3   Associations 
between metals and 
diabetes

Metals n Diabetic Non-diabetic OR(95%CI)

Model 1 Model 2

As(μg/L)
Low(< 40.14) 1492 1351 141 1.00(Ref) 1.00(Ref)

Middle(40.14–68.26) 1493 1340 153 1.09(0.86,1.39) 1.04(0.81,1.34)
High(≥ 68.26) 1494 1362 132 0.93(0.72,1.19) 0.87(0.67,1.13)

Cd(μg/L)
Low(< 1.02) 1492 1356 136 1.00(Ref) 1.00(Ref)

Middle(1.02–1.81) 1492 1356 136 1.02(0.79,1.30) 0.96(0.74,1.24)
High(≥ 1.81) 1494 1342 152 1.13(0.89,1.44) 1.15(0.89,1.48)

Cr(μg/L)
Low(< 22.26) 1492 1362 130 1.00(Ref) 1.00(Ref)

Middle(22.26–37.87) 1493 1357 136 1.05(0.82,1.35) 1.00(0.77,1.30)
High(≥ 37.87) 1494 1334 160 1.26(0.99,1.60) 1.14(0.89,1.48)

Cu(μg/L)
Low(< 32.73) 1492 1346 146 1.00(Ref) 1.00(Ref)

Middle(32.73–87.15) 1492 1346 146 1.00(0.79,1.27) 0.91(0.70,1.17)
High(≥ 87.15) 1494 1360 134 0.91(0.71,1.16) 0.82(0.64,1.07)

Fe(μg/L)a,b

Low(< 199.83) 1492 1319 173 1.00(Ref) 1.00(Ref)
Middle(199.83–410.44) 1493 1360 133 0.75(0.59,0.95) 0.78(0.61,1.00)

High(≥ 410.44) 1494 1374 120 0.67(0.52,0.85) 0.68(0.53,0.88)
Hg(μg/L)

Low(< 0.27) 1492 1354 138 1.00(Ref) 1.00(Ref)
Middle(0.27–0.75) 1493 1342 151 1.10(0.87,1.41) 1.05(0.81,1.35)

High(≥ 0.75) 1494 1357 137 0.99(0.77,1.27) 0.95(0.74,1.23)
Mn(μg/L)

Low(< 2.09) 1492 1346 146 1.00(Ref) 1.00(Ref)
Middle(2.09–5.36) 1492 1346 146 0.95(0.74,1.21) 0.92(0.72,1.19)

High(≥ 5.36) 1494 1353 141 0.96(0.75,1.23) 0.94(0.73,1.21)
Mo(μg/L)

Low(< 42.63) 1492 1354 138 1.00(Ref) 1.00(Ref)
Middle(42.63–72.89) 1493 1341 152 1.11(0.87,1.42) 1.13(0.87,1.45)

High(≥ 72.89) 1494 1358 136 0.98(0.77,1.26) 0.98(0.76,1.28)
Ni(μg/L)

Low(< LOD) 2351 2129 222 1.00(Ref) 1.00(Ref)
Middle(LOD-2.88) 1064 955 109 1.10(0.86,1.39) 1.04(0.81,1.34)

High(≥ 2.88) 1064 969 95 0.94(0.73,1.21) 0.93(0.71,1.21)
Pb(μg/L)

Low(< 1.97) 1492 1363 129 1.00(Ref) 1.00(Ref)
Middle(1.97–3.63) 1493 1337 156 1.23(0.97,1.58) 1.17(0.9,1.51)

High(≥ 3.63) 1494 1353 141 1.10(0.86,1.41) 1.03(0.8,1.34)
Sr(μg/L)a,b

Low(< 47.92) 1492 1327 165 1.00(Ref) 1.00(Ref)
Middle(47.92–85.73) 1493 1346 147 0.88(0.69,1.11) 0.87(0.69,1.12)

High(≥ 85.73) 1494 1380 114 0.66(0.52,0.85) 0.67(0.51,0.86)
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and Pb. The PC 3 was negatively associated with dia-
betes and OR (95% CI) was 0.65(0.5–0.85). The PC 4 
showed a positive association with diabetes and OR 
(95% CI) was 1.31(1.02–1.70). However, no associa-
tion could be established between diabetes and the 
WQS index (Table 4).

Discussion

In the current study, we explored the association of 
various metals with the risk of DM and evaluated 
how co-exposure to these trace elements may affect 
DM. We document that lower levels of urinary Fe and 

Sr were associated with an increased risk of DM dur-
ing single metal exposure. While multiple metals are 
exposed together, the harmful effects primarily result 
from Mn and Pb, followed by Cr, and the beneficial 
effects mainly come from Fe and Sr.

It is suggested that Fe may affect glucose metabo-
lism by affecting lipid metabolism.(Mayneris Perx-
achs et  al., 2020) Increased hepatic iron load pro-
motes fat regeneration, increased gluconeogenesis, 
and increased free glucose levels (Altamura et  al., 
2021). A research discovered that increased hepatic 
iron load is accompanied by insulin resistance (IR) 
(Abbate et  al., 2021). Compared with the control 
group, the serum Fe level was higher in the diabetic 

Ref, reference
Model 1, non-adjusted. Model 2, adjusted for sex, ages, BMI, education, smoking, drinking, tea 
consumption, dyslipidemia, and family history of diabetes
a, Model 1, P trend < 0.05. b, Model 2, P trend < 0.05

Table 3   (continued) Metals n Diabetic Non-diabetic OR(95%CI)

Model 1 Model 2

V(μg/L)
Low(< 16.23) 1492 1343 149 1.00(Ref) 1.00(Ref)

Middle(16.23–36.64) 1493 1346 147 0.98(0.77,1.25) 0.96(0.74,1.23)
High(≥ 36.64) 1494 1364 130 0.86(0.67,1.10) 0.82(0.63,1.07)

Zn(μg/L)
Low(< 555.12) 1492 1367 125 1.00(Ref) 1.00(Ref)

Middle(555.12–824.82) 1493 1347 146 1.19(0.92,1.52) 1.1(0.84,1.42)
High(≥ 824.82) 1494 1339 155 1.27(0.99,1.62) 1.15(0.89,1.49)

Fig. 2   The smooth fitting curve of Fe and Sr in urine and the 
prevalence of diabetes. Curve-adjusted sex, ages, BMI, educa-
tion, smoking, drinking and tea consumption, dyslipidemia, 

and family history of diabetes. The red curve in the middle rep-
resents the estimated value, and the blue curves on both sides 
represent the 95% confidence intervals
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group (Skalnaya et  al., 2017). High Fe concentra-
tion increases the risk of DM (Hansen et  al., 2017). 
A population-based cohort study indicated that serum 
ferritin levels, which represents the most commonly 
used indicators of iron storage, are higher in patients 
with T2DM, compared with non-T2DM (Diaz-Lopez 
et  al., 2020). A cohort study from China demon-
strated that higher serum ferritin was associated 
with a higher risk of DM (Chen et  al., 2018). One 
cohort study in Japan showed that dietary Fe intake 
is a high-risk factor for DM (Eshak et  al., 2018). In 
the current study, higher urinary Fe concentration is 
accompanied by a lower risk of DM, and the relation-
ship between iron concentration and diabetes risk 
was U-shaped (Fig.  2). An in  vitro study reported 
that increased levels of intracellular iron activate the 
Akt signaling pathway and 5’ AMP-activated protein 
kinase  (AMPK) pathways result in decreased liver 
glucose production(Varghese et  al., 2018). In con-
trast, insulin-induced painful activation of AKT is 
attenuated because of the decrease in IRS1/2 protein 
levels(Varghese et  al., 2018). Maybe this can help 
explain the U-shaped relationship between urinary 
Fe concentration and DM risk. Our results illustrate 
that urine Fe is a protective factor for DM, contrary 
to other studies. The concentrations of urinary met-
als vary from region to region. Because the study 
populations and regions are different, results are 
inconsistent.

A case–control study demonstrated that plasma Sr 
is inversely related with TC, LDL-C, and MDA and 
that as the plasma SR concentration increases, the risk 
of diabetes decreases (Chen et  al., 2020). Addition-
ally, an animal study showed that Sr has anti-diabetic 
effects by regulating the expression of related genes, 
lowering blood glucose levels, thereby improving 
resistance to insulin, leptin, and adiponectin (Maehira 

et al., 2011). Urinary Sr is negatively associated with 
the risk of diabetes in the present study, consistent 
with the results of the previous case–control study. 
However, a study indicated that compared with the 
first quantile, the second quantile shows that urinary 
Sr has a positive correlation with diabetes risk, but 
as the urinary Sr concentration continues to rise, the 
correlation is not statistically significant (Feng et al., 
2015). This finding contradicted our research results. 
In this study (Feng et al., 2015), the median urinary 
Sr concentration was approximately 123.3  µg/L, but 
in the current study, the median concentration of uri-
nary SR was about 62.2 µg/L. The urinary Sr concen-
tration of the two studies is quite different, which may 
lead to inconsistent conclusions.

Although we found no association between Mn, 
Pb, Cr, and DM in single-metal-exposure analysis, 
PC4, dominated by Mn, Pb, and Cr, is positively 
associated with diabetes risk. Mn is an essential 
trace element. Mn is a component of manganese 
superoxidase (MnSOD) which protects mitochon-
drial DNA from glucose-induced oxidative dam-
age to improve diabetic retinopathy (Sally A. 
Madsen-Bouterse and Kowluru 2010). An animal 
study reveals that Mn supplementation in normal 
mice can enhance the metalization and activity of 
MnSOD, and promote insulin secretion, thereby 
improving glucose tolerance (Lee et  al., 2013). A 
cohort study in Japan found that high dietary man-
ganese intake is associated with a reduced risk of 
T2DM in women (Eshak et  al., 2021). Another 
study reported that high dietary manganese intake 
would reduce the risk of T2DM in women, medi-
ated by interleukin-6 (IL-6) and high-sensitivity 
C-reactive protein (hs-CRP) (Jung Ho Gong 2020). 
Additionally, two cohort studies indicated the nega-
tive correlation between dietary manganese and 

Table 4   Associations 
between co-exposure metals 
and diabetes

Adjusted for sex, ages, 
BMI, education, smoking, 
drinking, tea consumption, 
dyslipidemia, and family 
history of diabetes

Principal component OR(95%CI) P trend

Low Middle High

PC1 1.00(Ref) 1.02(0.79,1.31) 0.89(0.69,1.16) 0.349
PC2 1.00(Ref) 0.97(0.76,1.25) 0.94(0.73,1.21) 0.631
PC3 1.00(Ref) 0.84(0.66,1.08) 0.65(0.50,0.85) 0.001
PC4 1.00(Ref) 1.18(0.91,1.54) 1.31(1.02,1.70) 0.041
WQS index 1.00(Ref) 0.93(0.72,1.20) 0.96(0.74,1.23) 0.720
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glycosylated hemoglobin is statistically significant 
(Du S et  al. 2018). However, a study revealed that 
blood Mn concentration has a J-shaped relation-
ship with IR (Yang et al., 2020). And another cross-
section study in China showed that blood Mn con-
centration has a U-shaped relationship with T2DM 
(Shan et  al., 2016). The current study showed that 
as the urine Mn concentration increases, the risk of 
diabetes increases. A cross-section study revealed 
that diabetes patients have lower blood manganese 
and higher urine manganese compared with the con-
trol group (Kazi et al., 2008). This explains why our 
research shows that as the urinary Mn concentration 
increases, the risk of diabetes increases. A cohort 
study testified that higher Pb excretion is associated 
with a higher risk of DM (Wang et al., 2020). This 
is consistent with our findings. Pb can induce the 
occurrence and development of diabetes by promot-
ing oxidative stress and altering intracellular sign-
aling pathways, such as increasing resting intracel-
lular Ca++. However, several studies approve that 
blood Pb has no association with DM, IR, beta-cell 
dysfunction, and FPG (Aziz et al., 2020; Feng et al., 
2015; Moon, 2013). This may be because single 
metal exposure is inadequate to produce unhealthy 
outcomes, while multiple metal co-exposures 
increase health risks (Lv et al., 2021). The specific 
mechanism needs to be explored in future research.

This study has several strengths and limitations. 
First, we used the principal component analysis 
method to reduce the effect of collinearity between 
metals to a certain extent. Second, we used a general-
ized additive model to fit the dose–response relation-
ship between metal concentration and diabetes risk. 
We also have some limitations. First, this study is a 
cross-sectional study that cannot directly explain the 
cause and effect. Second, this study did not involve 
eating habits that will affect the concentration of ele-
ments in the body. Although accurate measurement 
of dietary metals intake is challenging, it is interest-
ing to explore the relationship between metals intake, 
plasma metals, urinary metals and diabetes. These 
will be explored in future research. Third, the diabetic 
patients in this study included newly-onset diabetic 
patients and those previously diagnosed with diabetes 
who may change their life behavior and dietary habits 
after the diagnosis of diabetes which may affect urine 
metal concentration.

Conclusion

The current study supports that co-exposure to multi-
ple metals is associated with DM. The harmful effects 
are mainly from manganese and lead, and the protec-
tive effects are mainly from iron and strontium.
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