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Abstract

Humans are widely exposed to multiple metals, some of which are suspected to be hepatotoxic, and diabetes mellitus (DM)
is a risk factor for chronic liver disease. This cross-sectional study aimed to explore the association of multi-metal exposure
and liver function in elderly with diabetes mellitus. We enrolled 1663 subjects aged > 60 years and measured the levels of 22
plasma metals and liver function parameters (total bilirubin (TBIL), alanine transaminase (ALT), and aspartate transaminase
(AST). Generalized linear regression model (GLM) and Bayesian kernel machine regression (BKMR) were used to investigate
the correlations of multi-metal combined exposure with liver function parameters in the elderly. Multivariate GLM results
shown that plasma Fe was positively related with TBIL and plasma Ti and Sr were negatively associated with TBIL in DM
elderly. Positive associations were found between Ti-AST and Sn-ALT. In BKMR model, multi-metal combined exposure
showed a “U” sharp association with TBIL in overall elderly and an inverse association in DM elderly. Further analysis of the
BKMR model revealed that Fe, Ti, and Sr combination exposure had interaction effect with TBIL in the overall and non-DM
groups; however, no interaction effect was found in the DM elderly group. Our results suggested that combined exposure of
plasma Fe, Ti, and Sr was inversely associated with TBIL in elderly with DM. Potential mechanisms of the complex metal
effects on liver function in DM elderly deserve further investigation.

Keywords Multiple metals - Combined exposure - Liver function - Diabetes mellitus - Elderly - Bayesian kernel machine
regression
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Mg Magnesium

Al Aluminum

Ca Calcium

Ti Titanium

\" Vanadium

Cr Chromium

Mn Manganese

Fe Iron

Co Cobalt

Ni Nickel

Cu Copper

Zn Zinc

As Arsenic

Se Selenium

Rb Rubidium

Sr Strontium

Mo Molybdenum

Cd Cadmium

Sn Stannum

Sb Antimony

Ba Barium

Pb Lead

LOD The limit of detection
TC Total cholesterol

TG Triglyceride

HDL-C High-density lipoprotein cholesterol
LDL-C Low-density lipoprotein cholesterol

IQR Inter-quartile range

HO-1 Heme oxygenase-1

ERS Endoplasmic reticulum stress
AGEs Advanced glycation end-products
ROS Reactive oxygen species

NAFLD Non-alcoholic fatty liver disease

Introduction

Metal exposure in the environment was increasing with the
development of industrialization and urbanization (Cay-
lak and Tokar 2012; Yang et al. 2017). Metals are easily
absorbed by humans and accumulated in the body, caus-
ing serious and irreversible hazards in human health (Astuti
et al. 2022; Mallongi et al. 2022); for example, lead and
cadmium induce adverse health effects on blood and kid-
neys (Caylak and Halifeoglu 2007; Li et al. 2022). The
elderly are exposed to multiple metals via different modes,
and liver function is important for digestive, immunologic,
and hematopoietic processes. The proportion of the elderly
population increases worldwide and their health problems,
especially liver function, should not be ignored (Shen et al.
2021).

The ability of the liver to regenerate decreases with
increasing age; in particular, the elderly are more susceptible
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to chronic liver diseases, such as chronic liver fibrosis and
non-alcoholic fatty liver disease (Hoare et al. 2010; Kim
et al. 2015), which could reduce their immune response
capacity. Total bilirubin (TBIL), alanine transaminase
(ALT), and aspartate transaminase (AST) are common pro-
teins and enzyme biomarkers in the blood that are used to
evaluate hepatic function (McGill. 2016; Gholizadeh et al.
2020). Serum TBil is an important indicator of hepatobil-
iary and hemolytic diseases (Leem et al. 2018). Abnormal
TBIL level can induce hepatocellular injury (Hamoud et al.
2018). The level of AST and ALT suggest the integrity of
hepatocytes. Serum levels of AST and ALT increase when
hepatocellular injury or death (Andria et al. 2013; Tang et al.
2016). In this regard, factors associated with liver function
should be explored, such as lifestyle, exercise, nutrition, and
environment (Yang et al. 2020a; Zhang et al. 2020).

Increasing lines of evidence indicate that environmen-
tal metal exposures were associated with hepatic function
and liver toxicity (Cave et al. 2010; Chung et al. 2020).
Many heavy metals accumulate in water and soil, and then
enter the human body through drinking water, diet, and
other ways, causing health damage (Anwar et al. 2020;
Astuti et al. 2021a). Epidemiological studies revealed that
increasing serum bilirubin level was positively associated
with plasma Fe but negatively associated with plasma Mo
in manganese-exposed workers (Ge et al. 2020). Previous
study also reported that blood Cd exposure had significant
positive statistical correlations with serum ALT in 12,099
non-professional Korean adults (Park et al. 2021). Mean-
while, increasing urine Hg was positively associated with
serum AST in 4582 US adults (Cave et al. 2010). Animal
studies also found acute exposure to Cd and Pb led to higher
levels of bilirubin and cell damage (Andjelkovic et al. 2019).
Acute Cd exposure also increased the serum AST and ALT
levels in mice (Vicas et al. 2021).

Humans exposed to many metals (Astuti et al. 2021b),
but previous studies of hepatotoxicity mostly focused on
single metals and young people. In elderly, metal exposure
could reduce gluconeogenesis and induce the accumulation
of liver fat, resulting in hepatic steatosis (Allaire and Gil-
genkrantz 2020). Diabetes mellitus (DM) is a chronic multi-
risk metabolic disease characterized by hyperglycemia, with
an incidence of 8.8% all over the world (Koye et al. 2018;
Carlsson. 2019). Liver function injury induced by DM is
a serious health problem; as one of the main mechanisms
involved, oxidative stress causes the disorder of glucose
and lipid metabolism and leads to hepatocyte apoptosis and
necrosis (Xu et al. 2018; Yang et al. 2020a, b). Researches
on the effects of multi-metal combined exposure on liver
function in elderly patients with DM are relatively limited.
Hence, the correlation between multi-metal exposure and
liver function parameters, especially in elderly with DM,
should be investigated.
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This study based on Boshan elderly cohort study
(BSECS) aimed to explore the associations of multi-metal
exposure with liver function in elderly, especially those with
DM. We evaluated the mixture of metals that might affect
liver function, determined their dose—effect relationship, and
identified the metals that mainly affected the liver function.

Materials and Methods
Study Design and Populations

This cross-sectional study based on the ongoing BSECS,
which is a prospective cohort in Boshan established in
August 2020. Boshan, located in the east of China, the
center of Shandong province, is an industrial city with an
aging population. All the study participants were elderly
aged > 60 years. A total of 1708 participants were recruited,
and those with integrated information on baseline character-
istics, medical examinations, and lifestyles such as smoking
habits, drinking habits and exercise were considered. After
excluding participants those with missing basic informa-
tion, biometric sample, and a history of medication for liver
disease within 2 weeks before the physical examination, a
diagnosis of hepatitis B, and non-type 2 DM, 1663 elderly
individuals were finally obtained for the present study.

Peripheral venous blood (5 mL) was obtained one
times from the participants after overnight fasting when
elderly was taking physical examination. Plasma samples,
which were separated from blood, stored in a refrigerator
at — 80 °C until metals were measured. This study was
approved by the medical ethics committee of Shandong First
Medical University (ID: R202103030030). Each participant
signed an informed consent form prior to the interview and
biometric sample collection.

Liver Function Testing and Diagnosis of DM

The liver function of the elderly was assessed by serum
TBIL, ALT, and AST, which were measured by an auto-
matic biochemistry analyzer (NT1000, NEUSOFT, Nan
Jing, China). The reference intervals of these liver function
indices in adults are as follows: TBIL =3.4-17.1 mmol/L,
AST=8-40 U/L, and ALT =5-40 U/L. All the diabetic
patients included in our study had type 2 DM. The diag-
nostic criteria of DM are as follows: (1) 8 h fasting plasma
glucose (FPG)>7.0 mmol/L; HbAlclevel >6.5%; and/
or 2 h plasma glucose level > 11.1 mmol/L during a 75-g
oral glucose tolerance test (OGTT) (Yang et al. 2020b); (2)
medical diagnosis of DM; and (3) intake of anti-diabetic
medications.

Plasma Metal Determination

The plasma metals were measured by inductively coupled
plasma mass spectrometry (ICP-MS, TQ; Thermo): mag-
nesium (Mg), aluminum (Al), calcium (Ca), titanium (Ti),
vanadium (V), chromium (Cr), manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic
(As), selenium (Se), rubidium (Rb), strontium (Sr), molyb-
denum (Mo), cadmium (Cd), titanium (Ti), antimony (Sb),
barium (Ba), stannum (Sn), and lead (Pb). The plasma sam-
ple was diluted by acidic solution containing 1% nitric acid
(Fisher), 5% n-butyl alcohol (Across, Denmark), and 0.01%
Triton (Triton X-100, Inc.). Metal detection was carried out
according to the protocol we previously reported (Hou et al.
2019). Standard reference materials, namely, certified refer-
ence materials (ClinChek® human plasma controls for trace
elements Level 1 and Level 2, n0.8885; Recipe Chemicals),
were selected for quality control. These standard reference
materials were tested for each of the 25 samples to ensure
the stability of the results. The concentration of 22 plasma
metals lower than the limit of detection (LOD) was filled
with LODA/2.

Assessments of Covariates

Data on socio-demographics and lifestyle were collected by
experienced interviewers using face-to-face interviews. The
baseline information of the participants included age, sex,
height, weight, and body mass index (BMI, weight in kilo-
grams divided by height in meters square). Lifestyle habits
included smoking status (smoking at least once each week
for more than 6 months), drinking status (drinking at least
one time per week for more than 6 months), and exercise
frequency (never, > 1 times/week and 1 times/day). Total
cholesterol (TC), Triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein choles-
terol (LDL-C), which affects liver function parameters, were
determined by an automatic biochemistry analyzer (NT1000,
NEUSOFT, Nan Jing, China).

Statistical Analysis

In the descriptive statistical analysis of baseline and clini-
cal characteristics, continuous variables were described
by mean =+ standard deviation for normally distributed data
or median (25th, 75th) for non-normally distributed data.
Categorical variables were described by frequency (per-
cent). Wilcoxon rank-sum test and Chi-square test were
used to calculate differences in baseline characteristics.
The concentrations of plasma metals were presented as
median (25th, 75th) and were normalized because they
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were skewed distributions. Considering that DM could
affect liver function parameters (Ballatori 1991; Tien Tai
et al. 2022), we divided the participants into two groups,
namely DM and non-DM.

Spearman’s analysis was used to explore the correla-
tions among 22 plasma metals. The univariate general-
ized linear regression model (GLM) was used to explore
the linear associations between single-metal exposure and
liver function parameters. False discovery rate (FDR) was
used to correct all results. Data were considered statisti-
cally significant at 5% FDR-adjusted p-value. Least abso-
lute shrinkage and selection operator (LASSO) was used
to select plasma metals that were independently associated
with TBIL, AST, and ALT (Vriens et al. 2017). In the
LASSO regression model, lambda (1) with the minimum
mean square error predicted from tenfold cross-validation
was chosen as the optimal penalty parameter. We used
multivariate GLM to explore the association between
plasma metals (selected by both LASSO model and uni-
variate GLM) and liver function indicators. The results
were shown as Beta and its 95% confidence interval (CI).
We also divided the plasma metal concentrations into ter-
tiles and estimated the associations between liver function
parameters and the plasma metals concentrations, and the
first tertiles was referred as reference. The median ter-
tiles concentration was treated as a continuous variable
to calculate the linear trend. Previous studies have shown
that age, sex, BMI, smoking, drinking, TC, TG, HDL-C,
and LDL-C are all factors affecting liver function (Yang
et al. 2020a; Zhang et al. 2020), so they were included as
adjustment factors in our study model. A novel environ-
mental pollution statistical approach, namely, Bayesian
Kernel machine regression (BKMR) (Bobb et al. 2018),
was used to explore the joint effect of 22 plasma metals
on TBIL, AST, and ALT. The plasma metals correlated
with liver function parameters as determined by LASSO
and univariate GLM were included in the BKMR model
and adjusted with the same factors as in the GLM model.
In BKMR model, the importance of plasma metals was
assessed by posterior inclusion probabilities (PIP). When
the other plasma metal concentrations were fixed at the
median, the univariate exposure—response curve of plasma
metals (95% credible intervals) with liver function param-
eters was presented. We evaluated the combined effect and
potential interactions among the plasma metals by calcu-
lating the expected changes in the liver function param-
eters in relation to particular quartiles in all the plasma
metal mixtures from their median levels.

All statistical analyses were performed by R software
(version 4.1.0. R Foundation for Statistical Computing).
Associations were considered statistically significant as
two-tailed P <0.05.
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Results
Baseline Characteristics and Plasma Metal Levels

The baseline and clinical characteristics of the 1,663 elder-
lies (male: 44.3%, female: 55.7%) were described in Table 1.
The average age of the elderly was 69.33 +7.93 years old,
and 40.8% of them exercised > 1 times /week. Most of
them self-reported that they were not currently smoking
(83.0%) and drinking (75.8%). The morbidity of DM in
our study population was 21.9%. The average baseline lev-
els of TBIL, AST, and ALT were 14.57 +5.28 (umol/L),
29.55+10.72 (U/L), and 24.05+12.42 (U/L), respectively
(Table 1). The details of other clinical characteristics such
as BMI, TG, HDL-C, and LDL-C are shown in Table 1.
The detection rates of 22 plasma metals were all above

Table 1 Baseline characteristics of participants from the urban aged

Overall

Characteristics (n=1663)
Age, years 69.33+7.93
Sex, n (%)

Male 737 (44.3)

Female 926 (55.7)
Exercise frequency, n (%)

Never 401 (24.1)

> 1 times/week 679 (40.8)

Everyday 583 (35.1)
Active smoking, n (%)

Never 1381 (83.0)

Former 112 (6.7)

Current 170 (10.3)
Drinking, n (%)

No 1260 (75.8)

Yes 403 (24.2)
Diabetes mellitus

No 1299 (78.1)

Yes 364 (21.9)
BMI, kg/m? 25.45+3.67
TC, mmol/L 5.39+1.09
TG, mmol/L 1.68+1.05
HDL-C, mmol/L 1.65+0.42
LDL-C, mmol/L 2.88+0.72
TBil, pmol/L 14.57+5.28
AST, U/L 29.55+10.72
ALT, U/L 24.05+12.42

BMI body mass index, TC total cholesterol, TG triglyceride, HDL-C
high-density lipoprotein cholesterol, LDL-C low-density lipopro-
tein cholesterol, TBIL total bilirubin, ALT alanine transaminase, AST
aspartate transaminase

Mean + standard deviance, n (%)
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95.3% (Table S1). The Spearman’s rank-order correction
analysis of 22 plasma metal concentrations is shown in Fig.
S1. Results showed that some plasma metals were corre-
lated significantly with one another (— 0.487 <r<0.736
in overall, — 0.493 <r<0.747 in non-DM group, and
—0.329<r<0.733 in DM group).

Associations of Single Metals with TBIL, ALT,
and AST

In the univariate linear models, TBIL was negatively associ-
ated with plasma Ti, V, Zn, and Sr and positively associated
with plasma Cr, Fe, Ni, Rb, and Sb; AST had negative cor-
relations with plasma Cr, Fe, Ni, Co, Cu, and Sb and posi-
tive correlations with plasma Ti, V, Zn, Sr, and Cd; ALT
was negatively associated with plasma Zn and positively
associated with plasma Sn (Fig. 1, Tables S2, S3). However,
plasma Fe, Co, Cu, Zn, and Cd had no statistical association
with AST at the 5% FDR (Fig. 1). Based on the categorical
analysis results, the trends for the three liver function param-
eters across increasing tertiles of plasma metals were con-
sistent with the univariate linear models (Tables S4-S9). All
the models were adjusted by age, sex, BMI, smoking, drink-
ing, TC, TG, LDL-C, and HDL-C. The LASSO penalized

regression analysis selected independent metals associated
with TBIL, ALT, and AST (Fig. 2 and Table S10). Plasma
Fe, Ti, and Sr were selected by LASSO regression as the sig-
nificant stressors of TBIL (Fig. 2A); and plasma Ti and Sn
were identified as the significant stressors of AST (Fig. 2B)
and ALT (Fig. 2C), respectively.

RCS analysis was used in the overall, DM, and non-DM
groups to further explore the dose—effect relationship of
single plasma metals and liver function indicators. Plasma
Ti, V, Cr, Fe, Ni, Zn, and Rb (all of P11 association < 0-001,
all of Pnonlinearity association < 005) had non—linearity
dose—effect relationship, and plasma Sr and Sb (all of
Poverall association <0.001 > all of Pnonlinearity association > 005)
had a linearity dose—effect relationship with TBIL in
the overall group. The curves showed that plasma Ti,
V, Cr, Ni, Cd, and Sb (all of P a1 association < 0-001,
all of Py piincarity association < 0-05) had non-linearity rela-
tionship to AST and a linearity relationship was found
between plasma Zn and Sn (all of P11 association < 0-001,
all of P oniincarity association > 0-05) and ALT in the over-
all group (Fig. S2A). In the DM group, plasma Ti,
V, Fe, Ni, Zn ,and Rb (all of P, .1 association < 0-001,
all of Pnonlinearity association < 0.05) had non—linearity
dose—effect relationship and plasma Cr, Sr, and Sb (all of

Overall Non-diabetes mellitus Diabetes mellitus
B (95%CI) P FDR B (95%CI) P FDR B (95%CI) P FDR
TBIL
T <0.001  <0.001 <0.001  <0.001 0.004  0.022
v ey <0.001  <0.001 —— <0.001 =0.001 0.122 0378
Cr —— 0.001 0.004 ——t 0.004  0.015 N 0205 0378
Fe —— <0.001  <0.001 —e— <0.001  <0.001 —e  <0.001  <0.001
Ni —— 0.007 0.017 —— 0.003  0.013 —h— 0.833 0916
Zn = 0.004 0.011 —— 0.011  0.029 ——t 0.153 0378
Rb = 0.003 0.009 — 0.042  0.029 — 0.007  0.022
Sr — <0.001  <0.001 _ 0.011  0.029 —— 0.001 0.011
Sb — <0.001  <0.001 —_ <0.001  <0.001 o 0.002  0.015
AST
Ti o\, <0.001  <0.001 <0.001  <0.001 <0.001  <0.001
v s <0.001  <0.001 <0.001  <0.001 ] ' o081 0.178
Cr — <0.001  <0.001 —_— 0.001  0.006 0.001 0.007
Fe s 0.033 0.081 el 0.246  0.396 0.026  0.082
Ni —— 0.001 0.004 —— 0.017  0.066 — 0.009  0.050
Co - 0.043 0.095 —e 0.330  0.484 —_— 0.017  0.062
Cu —— 0.049 0.098 ——h 0.008 0216 — 0456  0.557
Zn —— 0.016 0.050 — 0.021  0.066 = 0.321 0.441
cd — 0.013 0.048 L 0.018 0.066 . 0.279 0.441
Sb I <0.001  <0.001 _ <0.001 0.000 T <0.001  <0.001
ALT
Zn ——t 0.001 <0.001 — 0.002  0.044 - 0260  0.592
Sn —— 0.001 0.010 A 0372 0.686 s 0.002  0.044
-0.4 0.2 0 0.2 0.4 04 02 0 0.2 0.4 06 04 02 0 02 04 06
A B C

Fig.1 The univariate linear associations of plasma metals and liver
function indexes in overall and subgroups. Model A overall group;
Model B non-diabetes mellitus group; Model C diabetes mellitus
group. All the models: single metal was incorporated in the GLM
separately adjusting for age, sex, BMI, smoking, drinking, TC, TG,

LDL-C, and HDL-C. Except for themselves, each group was adjusted
by the other covariates. Red marks replaced positive association, blue
marks replaced negative association, and black marks replaced no sta-
tistical significance. FDR false discovery rate-adjusted p-values
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Fig.2 The prediction error of the LASSO regression model as
a function of the penalty parameter (log A) (the figure at right) and
the LASSO solution path with metal coefficient profiles based on
the penalty parameter (log A) (the figure at left). For each metal, the
vertical red line represents the cross-validated optimum of A (mini-
mum mean-squared error), and forced variables and several metals

Poverall association < 0.001, all of Pnonlinearity association = 0.05)
had linearity dose—eftect relationship to TBIL (Fig. S2C).
The curves showed that plasma Ti, V, Ni, and Sb (all of
Poverall association < 00017 all of P
had non-linearity relationship and Cr and Cd had linearity
relationship to AST. A linearity relationship was also found
between plasma Zn and Sn (all of P .11 association < 0-001,
all of Pnonlinearity association> 005) and ALT (Flg SEC) In
the non-DM group, plasma V, Ni, Zn, Cr, and Sr had non-
linear relationships (all of P a1 association < 0-001, all of
P ontinearity association < 0-05) and plasma Ti, Fe, Rb, and Sb had
a linear relationship to TBIL (all of P11 association < 0-001,
all of P, iincarity association > 0-05) (Fig. S2B). Plasma V, Ti,
Ni Cr, Cd, and Sb had a non-linear relationship to AST (all
of Poverall association < 0001’ all of P
and plasma Zn and Sn had significant linear rela-
tionship to ALT (all of P <0.001, all of
P

nonlinearity association <0.05)

nonlinearity association < 005)5

overall association

>0.05) (Fig. S2B).

nonlinearity association
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were selected at the 4 indicated by the vertical red line. As indicated
by the vertical red line, A Fe, Ti, and Sr were selected at the lambda
(4=0.496) for the analysis of TBIL; B Ti was selected at the lambda
(4=3.161) for the analysis of AST; C Sn was selected at the lambda
(4=1.033) for the analysis of ALT

Associations of Multi-metal Combined Exposure
and TBIL

Given that the LASSO regression model only selected one
metal associated with AST and ALT, we only performed
multi-linear regression analysis for TBIL. The plasma
metals, which selected by LASSO regression and univari-
ate linear models, were incorporated into the multivariate
GLM regression model to explore associations with TBIL
(Table 2). Each group contained unadjusted and adjusted
models. The results of the adjusted models showed that
plasma Ti (f=— 0.15, 95%CI — 0.21, — 0.10) and Sr
(f=-0.07,95%CI — 0.12, — 0.03) were negatively associ-
ated with TBIL and plasma Fe was positively associated
with (#=0.28, 95%CI 0.23, 0.33) TBIL (Table 2). The
results of the unadjusted model were consistent with those
of the adjusted model (Table 2) and after FDR correction,
the results were also had statistical significance. Moreover,
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Table 2 Multivariate linear associations of plasma metals and TBIL in elderly
Overall Non- diabetes mellitus Diabetes mellitus
B (95%CI) P FDR B (95%CI) P FDR B (95%CI) P FDR
Unadjusted
Ti -0.17 (- 0.22,-0.13) <0.001 <0.001 —0.19 (- 0.25,-0.14) <0.001 <0.001 —0.12(-0.21,-0.03) 0.011 0.011
Fe 0.31 (0.26, 0.35) <0.001 <0.001 0.31(0.26,0.37) <0.001 <0.001 0.27 (0.17,0.37) <0.001 <0.001
Sr —-0.07(-=0.12,-0.03) 0.002 0.002 —0.05 (- 0.11,0.00) 0.050  0.050 —0.12 (- 0.22,-0.03) 0.011 0.011
Adjusted
Ti -0.15(-=0.21,-0.10) <0.001 <0.001 —0.16 (- 0.23,-0.09) <0.001 <0.001 —0.13(—0.24,-0.02) 0.020 0.020
Fe 0.28 (0.23, 0.33) <0.001 <0.001 0.29(0.24,0.35) <0.001 <0.001 0.26(0.16, 0.36) <0.001 <0.001
Sr -0.07(-=0.12,-0.03) 0.002 0.002 —0.05 (- 0.10, 0.01) 0.089  0.089 —0.15(—0.25,—0.06) 0.002 0.003

Unadjusted model: Multivariate metals were included in the GLM separately without adjustment. Adjusted model: Multivariate metals were
incorporated in the GLM separately adjusting for age, sex, BMI, smoking, drinking, TC, TG, LDL-C, and HDL-C. Except for themselves, each

group was adjusted by the other covariates

we investigated the association between plasma metals and
liver function parameters in non-DM and DM groups. In
both groups, plasma Ti (non-DM: f=—0.16, 95%CI — 0.23,
—0.09; DM: f=- 0.13, 95%CI — 0.24, — 0.02) was nega-
tively related with TBIL and plasma Fe was positively cor-
related with TBIL (non-DM: f=0.29, 95%CI 0.24, 0.35;
DM: =0.26, 95%CI 0.16, 0.36). Meanwhile, only plasma
Sr (f=—-0.15,95%CI — 0.25, — 0.06) had negative associa-
tion with TBIL in the DM groups. The categorical analysis
results indicated the significant dose-dependent increasing
trends for TBIL across increasing tertiles of plasma Fe, while
decreasing trends were observed for TBIL across increasing
tertiles of plasma Ti and Sr (P-trend values < 0.05) (Table 3).
After FDR correction, the results were also had statistical
significance (Table 3). All the models were adjusted by age,
sex, BMI, smoking, drinking, TC, TG, LDL-C, and HDL-
C. Each group was adjusted by the other covariates except
itself. The adjusted factors were consistent with the overall
groups.

The BKMR model was used to explore the combined
effects of multi-metal exposure and TBIL. The posterior
inclusion probability (PIP) levels for the BKMR analyses
were 1.000 (Ti), 1.000 (Fe) and 0.1648 (Sr) in the overall
group (Table S11). The BKMR results showed the overall
effect of cumulative metal mixture on TBIL. When all of
the metals were set with their 70th value as reference, the
relationship between the three metals on TBIL showed an
“U” shape association and the overall effect was lowest at
0.4 quantile in the overall and non-DM groups (Fig. 3); by
contrast, a negative relationship was found between the three
metals and TBIL in the DM group (Fig. 3). The multi-metal
combination exposure (Ti, Fe, and Sr) had interaction effect
in the overall and non-DM groups. However, no interaction
was found between the metals (Ti, Fe and Sr) combined
exposure and serum TBIL in the DM group (Fig. 4). The
bivariate exposure—response function showed that plasma

Ti and Sr had interaction effect on TBIL in the overall and
non-DM groups, but not in the DM group (Fig. 5). The uni-
variate metal exposure—response revealed that plasma Ti and
Sr had negative dose—effect relationship to TBIL in each
group. However, plasma Fe had positive dose—effect rela-
tionship to TBIL in the overall and non-DM groups and.
showed a reverse U-sharp association with TBIL in the DM
group (Fig. 6). Interestingly, all of the univariate metal expo-
sure—response results were consistent with the single-metal
dose-response relationships in the RCS model (Fig. S2).

Discussion

For the first time, this study reported that the combined
exposure of plasma Ti, Fe, and Sr showed an “U” sharp
association with TBIL in the overall and non-DM elderly
and had an inverse association with TBIL in the DM elderly.
For the univariate exposure-response functions in the over-
all group, TBIL was positively correlated with plasma Fe
and negatively associated with plasma Ti and Sr. Moreover,
positive associations were found between Ti-AST and Sn-
ALT. In the DM elderly, except for plasma Fe, Ti, and Sr
showed an inverse “U” sharp association with TBIL; the
other findings were in accordance with those in the overall
and non-DM elderly.

We used different models to identify the most significant
metals statistically associated with liver function parameters.
Table S12 summarizes the results of the LASSO, GLM,
and BKMR regression analyses. Based on the LASSO and
GLM regression, Fe, Ti, and Sr were associated with TBIL;
Ti was associated with AST; and Sn was associated with
ALT. The BKMR model identified plasma Fe, Ti, and Sr as
important contributors to TBIL. The association between the
three metals (Fe, Ti, and Sr) and TBIL was U-shaped in the
overall and non-DM groups and negative in the DM group.
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Table 3 Estimated changes and 95% CI in TBIL associated with multivariate plasma metals concentrations
Overall Non- diabetes mellitus Diabetes mellitus
P (95%CI) FDR £ (95%CI) P FDR P (95%CI) FDR
Unadjusted
Ti
Tertile I Reference Reference Reference
Tertile 2 —2.32 (- 2.87, <0.001 <0.001 —2.52 (- 3.16, <0.001 <0.001 —1.72 (— 2.84, 0.003  0.009
- 1.76) - 1.89) —0.60)
Tertile 3 —2.93 (—4.32, <0.001 <0.001 —2.99 (—4.72, 0.001 0.002 —2.73 (- 5.12, 0.026  0.039
—1.53) -1.27) —0.33)
P-trend <0.001 <0.001 <0.001 <0.001 0.001  0.002
Fe
Tertile 1 Reference Reference Reference
Tertile 2 1.26 (0.69, 1.84) <0.001 <0.001 1.24 (0.58, 1.89) <0.001 <0.001 1.30(0.09,2.51) 0.035 0.042
Tertile 3 3.51 (2.93, 4.09) <0.001 <0.001 3.44 (2.78, 4.09) <0.001 <0.001 3.76 (2.54, 4.97) <0.001 <0.001
P-trend <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sr
Tertile 1 Reference Reference Reference
Tertile2 — 0.80 (— 1.39, 0.008  0.010 — 0.85 (- 1.53, 0.013  0.015 — 0.57 (— 1.80, 0.66) 0.361 0.361
—-0.21) —-0.18)
Tertile 3 — 0.81 (— 1.43, 0.010  0.010 — 0.56 (— 1.26, 0.14) 0.119  0.119 — 1.60 (- 2.88, 0.014 0.028
—-0.20) -0.32)
P-trend 0.021 0.021 0.206  0.206 0.015 0.015
Adjusted
Ti
Tertile I Reference Reference Reference
Tertile 2 — 2.01 (— 2.68, <0.001 <0.001 —1.97 (-2.73, <0.001 <0.001 —2.17 (- 3.53, 0.002  0.006
—1.34) - 1.20) —0.80)
Tertile 3 —2.57 (- 3.97, <0.001 <0.001 —2.48 (—4.20, 0.005  0.008 —2.86 (— 5.32, 0.022  0.033
- 1.16) —0.76) —-041)
P-trend <0.001 <0.001 <0.001 <0.001 0.001  0.002
Fe
Tertile I Reference Reference Reference
Tertile 2 1.13 (0.56, 1.69) <0.001 <0.001 1.12(0.48, 1.77) 0.001 0.002 1.21 (0.00, 2.42) 0.050  0.060
Tertile 3 3.20 (2.62, 3.78) <0.001 <0.001 3.11(2.45,3.77) <0.001 <0.001 3.50(2.29,4.71) <0.001 <0.001
P-trend <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sr
Tertile I Reference Reference Reference
Tertile2 —0.71 (- 1.29, 0.017  0.017 - 0.73 (— 1.40, 0.032  0.038 —0.76 (— 1.96, 0.45) 0.219 0.219
—0.13) —0.06)
Tertile 3 — 0.75 (— 1.36, 0.017  0.017 — 0.42 (- 1.12,0.28) 0.244  0.244 — 1.79 (- 3.05, 0.006 0.012
-0.13) —-0.52)
P-trend 0.033  0.033 0.385 0.385 0.006  0.006

The plasma metal concentrations were also categorized into tertiles, and the models were adjusted by age, sex, BMI, smoking, drinking, TC, TG,
LDL-C, and HDL-C. Except for themselves, each group was adjusted by the other covariates. As a continuous variable, the median of each ter-
tile of blood metal concentration was used to estimate the P-trend value by tertile of plasma metal concentration

Moreover, multi-metal combination exposure (Ti, Fe and Sr)
had interaction effect in the overall and non-DM groups. The
bivariate exposure-response function showed that plasma
Ti and Sr had interaction effect on TBIL in the overall and
non-DM groups. In the DM group, plasma metals had no
interaction effects with TBIL upon multi-metal combination

@ Springer

exposure and bivariate exposure—response function. Moreo-
ver, the dose—effect relationship of single-metal exposure
and liver function parameters was in accordance with the
univariate metal exposure—response in the multi-metal expo-
sure model. The BKMR model is a multi-pollutant approach
that brings together highly correlated pollutants and allows
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Fig.4 A comparison of the risks associated with a single exposure
based on all of the other exposures' 75th percentiles versus their 25th
percentiles. Model A overall group; Model B Non-diabetes mellitus
group; Model C Diabetes mellitus group. Adjusted factors: age, sex,

estimate non-linear, nonadditive exposure—response func-
tions, as well as joint and interactive correlations between
pollutants and health (Bobb et al. 2018). In general, the
results of single-metal dose—effect relationship and BKMR
regression were relatively consistent.

Our study firstly found that plasma Ti had a negative cor-
relation with serum TBIL but had positive association with
serum AST. Compared with previous studies, the serum
levels of TBIL, ALT, and AST in the present study were
relatively higher than the normal median level (Wang et al.
2017; Edvardsson et al. 2018). The concentration of plasma
Ti (median=40.39 pg/L) was also higher than in other
works (median=11.8 and 12.07 pg/L) (Hou et al. 2019; Ge
et al. 2020). Hydrogen peroxide (H,0,) and other oxidative
stress markers (such as superoxide dismutase) in the liver
significantly increased in rats exposed to titanium dioxide
nanoparticles (TiO, NPs) by intraperitoneal injection (Duan

est (o}

®

BMI, smoking, drinking, TC, TG, LDL-C, and HDL-C in elderly.
Except for themselves, each group was adjusted by the other covari-
ates

et al. 2010; Wani et al. 2021). Previous studies revealed that
TiO, NPs increased the expression of oxidation products
such as H,0, and decreased the antioxidant activity of glu-
tathione (GSH) (An et al. 2020). Therefore, we could specu-
late that elevated plasma Ti levels aggravate the oxidative
stress capacity of the liver, leading to liver function damage
and metabolic imbalance of liver function parameters. Bili-
rubin is an endogenous antioxidant and a lipophilic hydro-
gen peroxide scavenger that can be oxidized to biliverdin,
which is mediated into circulation by biliverdin reductase
(BVR) to amplify the antioxidant effect (Shum et al. 2021;
Stocker et al. 1987). Therefore, we supposed that the nega-
tive association between plasma Ti and TBIL was correlated
with the ability of bilirubin to remove hydrogen peroxide
(Shum et al. 2021). Moreover, Yang et al. revealed that
TBIL in mouse had a positive dose—dependent relationship
to exposure to TiO, NPs (Yang et al. 2017); that is, exposure
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Fig.6 Univariate exposure-response functions for each plasma metal
(95% confidence interval) and serum TBIL with the other two plasma
metals fixed at the median value. Blue line acted as estimates and
gray band acted as 95%CI. A overall group; B Non- diabetes mellitus
group; C Diabetes mellitus group. Adjusted factors: age, sex, BMI,
smoking, drinking, TC, TG, LDL-C, and HDL-C in elderly

to high doses of TiO, NPs caused complicated diseases and
increased the activities of AST and ALT. Hence, AST and
ALT are the special markers of serious inflammation or liver
injury. Wang et al. (2007) revealed that the accumulation
of TiO, NPs in mouse liver led to severe histopathological
changes, such as hydropic degeneration and liver damage,
thereby increasing the levels of serum AST and ALT. The
results of our present epidemiology study were consistent
with those of previous animal studies, although the exposure
dose of Ti in mice was higher than in human (Brand et al.
2020). Therefore, follow-up studies should be conducted to
explore the possible mechanism.

In this study, plasma Fe had a positive dose—effect rela-
tionship to serum TBIL in elderly. Bilirubin is the main
end-product of heme catabolism and heme synthesis is one
of the major pathways of iron utilization; as such, elevated
plasma Fe levels could promote the conversion of heme to
bilirubin (Kronenberg. 2010; Evstatiev and Gasche. 2012).
Ge et al. reported the positive correlation between plasma
Fe and serum bilirubin level in a population-based study,
which was consistent with our present study (Ge et al. 2020).

Moreover, the univariate metal exposure—response revealed
that plasma Fe had a reverse U-shape association in elderly
with DM. Previous studies also reported that hyperglycemia
promotes the formation of advanced glycation end-products
(AGESs), resulting in higher levels of reactive oxygen species
(ROS) in DM (Vasan et al. 2003; Abo El-Nasr et al. 2020).
Excess iron can also increase the release of harmful ROS
(Mehta et al. 2019). Hence, we could assume that excess
iron accelerates liver damage in DM. However, the underly-
ing mechanism remains unclear and needs to be confirmed
in future studies.

We also first found negative dose—response relationship
between plasma Sr and serum TBIL in the elderly, especially
those with DM. Plasma Sr, an essential trace element, has
considerable influences on human health. Jiang et al. (2018)
reported that Sr could prevent hepatic lipogenesis by allevi-
ating endoplasmic reticulum stress (ERS), which is the key
mechanism of bilirubin toxicity Schiavon et al. (2018). ERS
can participate in the activation of hepatic stellate cells and
accelerate hepatocyte fibrosis (Zuo et al. 2019; Pan et al.
2021). Cellular stress is one of the characteristics of DM
(Tirosh et al. 2021), and hepatic ERS plays an important role
in insulin resistance (Hotamisligil. 2010). Hyperglycemic
environments could exacerbate ERS and induce apoptosis
by excessive ERS (Sari et al. 2010). Therefore, the negative
relation between plasma Sr and serum TBIL may be associ-
ated with the fact that Sr could alleviate ERS, especially in
patients with DM.

We also observed that the concentration of plasma Sn was
positively related with ALT level. Animal studies showed
that Sn mainly accumulated in the kidney, liver, and other
organs (Skaug et al. 2018) and caused further liver func-
tion injury. Tang et al. reported that Sn exposure induced
lipid peroxidation and oxidative stress, leading to hepato-
cyte damage (Tang et al. 2021). ALT was considered as a
special indicator of hepatocyte damage and death (Andria
et al. 2013; Tang et al. 2016). One of the possible reasons for
the positive association between plasma Sn and serum ALT
was linked to the ability of Sn induces lipid peroxidation
and oxidative stress. DM was characterized by metabolic
disorders and high oxidative stress levels (Lovic et al. 2020),
which were more susceptible as tin exposure. However,
few researchers have investigated the association between
plasma Sn and liver function parameters or liver function
injury, and further research is needed to confirm the pos-
sible mechanism.

This study has several limitations. First, the elderly
could not represent the entire elderly population in China.
Second, this study adopted a cross-sectional design,
which lacked the ability to verify the causal relationships
between metal exposure and liver function indicators. In
future, follow-up and prospective cohort studies should be
conducted to verify the present results and determine the
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causality of metal exposure and liver function. Third, the
metals in plasma could not completely represent the metal
exposure level in the liver function. Finally, the potential
mechanisms underlying the relationships between envi-
ronmental metal exposure and liver function indicators
remain unclear. Therefore, a variety of population and
animal experiments are needed to verify the results in
future study.

The strength of our study was that we were able to assess
plasma metal levels in elderly with DM in relation to liver
function. Various reports are available on the association of
metals and liver function in occupational workers, but few
studies investigated their association in urban elderly with
DM. We examined the combined effects of 22 metals, as
opposed to one single or several metals in previous studies.
We also used different models to explore the metal exposure
and liver function, including GLM and BKMR.

Conclusion

This study was firstly revealed that plasma Ti, Fe, and Sr
combined exposure showed an inverse association with
TBIL in elderly with DM. In single-metal models, plasma Fe
showed an inverse “U” sharp association with TBIL, plasma
Ti and Sr were negatively correlated with serum TBIL, and
plasma Ti and Sn were positively correlated with serum AST
and ALT. These associations should be validated in other
population studies. Moreover, the underlying biological
mechanisms should be clarified in future works.
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