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Abstract Gastric cancer is the third leading cause
of cancer death, and gastric precancerous lesions
(GPLs) are an important stage in the transformation
of normal gastric mucosa to gastric cancer. Matched
for age and sex, a total of 316 subjects were eventually
included from our prospective observation population
(including 1007 patients with GPLs and 762 normal
controls), and a questionnaire survey was conducted.
In total, 10 plasma elements (iron, copper, zinc, sele-
nium, rubidium, strontium, titanium, aluminum,
vanadium and arsenic) were measured by apply-
ing inductively coupled plasma—mass spectrometry
(ICP—MS). A multivariate conditional logistic regres-
sion model and Bayesian kernel logistic regression
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model (BKMR) were used to analyze the association
between plasma element concentrations and GPLs.
In the multimetal model, plasma titanium concentra-
tions were significantly and positively associated with
the prevalence of GPLs, with a fourth-quartile OR of
11.56 ([95% CI]: [2.78—48.13]). Plasma selenium and
copper were negatively correlated with GPLs, with
the highest quartiles of selenium and copper having
an OR of 0.03 ([95% CI]: [0.01-0.15]; P<0.001)
and 0.24 ([95% CI]: [0.07-0.82]), respectively. In the
BKMR model, there was a significant negative com-
bined correlation of five metals on GPLs: iron, cop-
per, zinc, selenium, and titanium. The results of this
study showed that plasma concentrations of selenium
and copper were negatively correlated with GPLs,
while plasma concentrations of titanium were posi-
tively correlated with GPLs, and the combined action
of the five elements was negatively correlated with
GPLs.
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Abbreviations

GPLs Gastric precancerous lesions
BMI  Body mass index

HP Helicobacter pylori

Fe Iron

Cu Copper
Zn Zinc

Se Selenium
Rb Rubidium
Sr Strontium
Ti Titanium
Al Aluminum
\'% Vanadium
As Arsenic
Introduction

According to the latest GLOBOCAN statistics, the
global number of new cases of gastric cancer was
approximately 1.089 million, which accounted for
5.6% of the total number of new cancer cases in the
world, and the death rate was approximately 769,100
(1/13), which accounted for 7.7% of the total global
cancer-related deaths (with the global incidence rate
ranked in fifth place in the tumor incidence parity
and the death rate in fourth place) (Sung et al. 2020).
Although the incidence and mortality rates of gas-
tric cancer have been steadily declining, it remains
one of the common causes of cancer-related deaths
worldwide. There were approximately 479,000
new cases and 374,000 deaths from gastric cancer
in China, which ranked third in the incidence and
mortality rate of cancer in China (Cao et al. 2021).
Gastric precancerous lesions (GPLs) are an impor-
tant stage in the transformation of the normal gastric
mucosa to gastric cancer, and they represent a major
risk factor for gastric cancer and an important stage
in preventing the occurrence of gastric cancer. Gas-
tric carcinogenesis is a multistep process, and the cur-
rently accepted model proposed by Correa involves
the transformation from normal mucosa to chronic
nonatrophic gastritis, atrophic gastritis, and intestinal
epithelial hyperplasia to heterogeneous hyperplasia,
and further to gastric cancer (Correa 1992). Prevent-
ing the further progression of precancerous lesions in
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the stomach is essential for the prevention of gastric
cancer.

Environmental pollutants, especially heavy metals,
are receiving increasing attention for their adverse
association with the gastrointestinal tract and associ-
ated risk factors, such as a high-salt diet, Helicobac-
ter pylori (H. pylori) infection, and smoking (Sohrabi
et al. 2018). The reason for the growing concern about
heavy metals is that they can enter the body’s circula-
tion through food, the respiratory tract and the skin,
causing irreversible damage to multiple organs and
tissues (Fonseca-Nunes et al. 2014). Previous reports
have not only shown an association between exposure
to single or multiple metals and gastric cancer inci-
dence and mortality but also found a potential link
between high concentrations of exposed heavy metals
and gastric cancer (Yuan et al. 2016; Kim et al. 2019;
Khazaei et al. 2020). Arsenic has been classified as
a Class I carcinogen by the International Agency for
Research on Cancer (IARC), and exposure to arsenic
revealed an association with the incidence and mor-
tality of gastric cancer (Yuan et al. 2016). A report
by Kohzadi et al. showed that high levels of arsenic
and iron accumulated in tissues over a long period of
time increased the incidence and mortality of gastric
cancer (Kohzadi et al. 2017). Consistent with previ-
ous reports, a recent study reported higher concentra-
tions of aluminum and manganese in patients with
colorectal tumors than in nontumor tissues (Sohrabi
et al. 2018). There is only limited evidence explor-
ing the association of certain essential trace ele-
ments with gastric cancer or precancerous lesions;
for example, Wilk A et al. systematically addressed
the association of vanadium with the gastrointestinal
tract, where high concentrations of this metal can lead
to irreversible damage to gastric tissues and organs
(Wilk et al. 2017). The possible role of trace elements
in cancer development or inhibition is not yet fully
understood. Previous epidemiological evidence has
shown a role for the trace elements iron, copper, zinc,
and selenium in the occurrence of gastric cancer and
gastric precancerous lesions, but the results have been
inconsistent. Deficiencies in essential elements such
as iron, zinc and selenium have been reported to be
associated with an increased risk of esophageal, gas-
tric, and colon cancers ( Brandt et al. 2010; Taccioli
et al. 2012; Torti and Torti 2013). However, a recent
case—control study from Zambia showed no associa-
tion between plasma selenium and gastric cancer or
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precancerous lesions (Zyambo et al. 2022). A local
case—control study from China showed a positive
association between serum copper, the copper/zinc
ratio and gastric cancer (Lin et al. 2020). However, in
a recent Iranian study assessing trace element concen-
trations in esophageal and gastric cancers, copper lev-
els were significantly lower than those in noncancer-
ous tissues (Sohrabi et al. 2021). Animal studies have
shown that decreased zinc levels and zinc-related
enzyme activity are associated with the development
of precancerous lesions (Christudoss et al. 2012). A
meta-analysis including eight epidemiological stud-
ies showed a negative association between serum zinc
and gastric cancer risk, but further evidence is needed
to demonstrate this possible relationship due to mixed
evidence (Fonseca-Nunes et al. 2014).

Anhui Province, southeast China, is a region with
a high prevalence of gastric cancer. Because gastric
precancerous lesions are a critical stage in the devel-
opment of gastric cancer, the discovery of influencing
factors associated with gastric precancerous lesions
has important public health implications for the pre-
vention of gastric cancer. Combining the current
prevalence trend and high detection rate, it is neces-
sary to focus on the association of multimetal expo-
sure with gastric precancerous lesions as realistically
as possible. To understand the association between
plasma multiple-element exposure levels and gastric
precancerous lesions, we established a matched case—
control study in Anhui Province, China. Meanwhile,
restricted cubic spline (RCS) was used to analyze the
nonlinear relationship between elements in plasma
and gastric precancerous lesions, and multivariate
logistic analysis and Bayesian kernel machine regres-
sion model (BKMR) were used to explore the asso-
ciation between mixed exposure to multiple elements
and gastric precancerous lesions.

Materials and Methods
Study population

This study was conducted in the affiliated hospitals
of Anhui Medical University in Anhui Province from
April 2019 to October 2021 using a random sam-
pling method to complete the sample collection as
well as the questionnaire survey. The inclusion crite-
ria included the following: permanent residents who

were aged more than 18 (resided locally for more than
6 months) and were diagnosed by two histopatholo-
gists independently as having chronic atrophic gas-
tritis, intestinalization, or heterogeneous hyperplasia.
Patients who had a history of gastric cancer or metal-
related illness, were diagnosed with other chronic
wasting diseases, or were missing plasma samples
and questionnaire data were excluded from our analy-
sis. The control group included a healthy population
older than 18 years with normal physical examination
results, no liver or kidney function impairment, and
no other diseases during the same period.

Questionnaires and samples were collected from a
total of 1769 residents, including 1007 patients with
gastric precancerous lesions and 762 without disease.
After excluding 266 who did not complete the ques-
tionnaire and after the performance of random sam-
pling among the remaining 1507, Propensity score
matching (PSM) was performed to match the GPL
group and the normal control groups, and standard-
ized mean difference (SMD) was used to evaluate the
balance between groups after matching. SMD <0.15
indicated balance, which could ensure the goodness
of fit of the matching results. In this study, nearest
neighbor matching algorithm was applied to match
propensity scores. Ultimately, GPL group and normal
controls were matched based on sex and age (within
3 years) with SMD <0.15. Finally, a total of 316 peo-
ple was included, 158 each in the case and control
groups. The flowchart of study subject inclusion was
shown in Fig. S1.

Data collection

Data were collected through face-to-face, one-on-
one questionnaires administered by investigators.
The questionnaires were used to collect data regard-
ing general demographic characteristics, such as sex,
age, marital status, household income, height, weight,
and education level, and behavioral and lifestyle hab-
its, including smoking, drinking and tea consumption,
sleep status, labor intensity, etc.

Serum H. pylori infection history was defined as
HP and presented as “positive” for “Hp infected”
and “negative” for “Hp infection free”. Body mass
index (BMI) was classified into three categories:
underweight, “<24.0 kg/mz”; normal weight,
“24.0-28.0 kg/m*’; and obesity, “>28.0 kg/m>”.
Smoking habits were defined as at least one cigarette
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per day for more than 6 months. Alcohol, tea, and cof-
fee drinking habits were defined as at least 3 times per
week for more than 6 months. Education was divided
into three groups: “illiterate”, “primary school”, and
“junior high school or above”. Household income
was classified as “low,” “medium,” and “high”. Sleep
time was divided into four groups: “<4 h”, “4-6 h”,
“6-8 h”, and “>8 h”. Sleep quality was divided into

9% ¢

three groups: “poor”, “average” and “good”.
Sample collection

Subjects’ fasted venous blood was collected in 5 ml
sodium heparin anticoagulation tubes, allowed to set-
tle for one hour, centrifuged at 1500 g for 10 min,
and then assimilated into 2 ml EP tubes. On the same
day, all blood samples were delivered to our labora-
tory on dry ice and stored at -80 °C until it was time
for the analysis.

Measurement of plasma elements

Inductively coupled plasma—mass spectrometry
(ICP—MS; Perkin Elmer NexION350X) was applied
to measure elements in plasma. A Milli-Q water
purification system (Millipore Co., USA) was used
to produce the deionized water needed in the exper-
imental process. Triton® X-100 and Up-s grade
(ultra-pure) nitric acid (HNO3) were purchased
from Sigma—Aldrich Company and Suzhou Jing-
qing Chemical Company (Suzhou, China), respec-
tively. Six standard stock solutions and a mixed inter-
nal standard were used: 1000 pg/mL of Fe, Cu, Zn,
Rb stock solution and 10 pg/ml of Ti stock solution
were purchased from the National Nonferrous Met-
als and Electronic Materials Analysis and Testing
Center (Laiyike Experimental Technology Co., Ltd,
Ahui, China); 10 pg/mL of 29 elements stock solu-
tion (PE#: N9300233) and mixed internal standards
(PE#: N9303832) were obtained from Perkin Elmer
Life and Analytical Sciences.

The frozen plasma was thawed in a refrigerator
at 4 °C before the assay; if there was flocculation
in the serum after thawing, we filtered it with a
Millex-HV filter head (0.45 pm i.d.). After thawing,
200 ul of plasma was pipetted into a 15 ml centri-
fuge tube, diluted 25 times with a diluent solution
containing 1% (v/v) nitric acid and 0.05% (v/v) Tri-
ton, vortexed and then measured on the machine.
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By serially diluting the standard stock solution
with a diluent solution containing 1% (v/v) nitric
acid and 0.05% (v/v) Triton, a multiclement work-
ing standard curve solution was prepared for each
run. The ranges of calibration for each element were
0-5 pg/L Se, Sr, Al, V, As; 0-100 pg/L for Fe, Cu,
Zn, Rb and 0-50 pg/L for Ti. The internal stand-
ard element for Al was Sc, and the internal standard
element for iron, copper, zinc, selenium, rubidium,
strontium, titanium, vanadium, and arsenic was Y.
For every 20 samples, a blank sample was tested
as a quality control throughout the testing process.
Recovery tests and precision tests were also per-
formed to monitor the accuracy of the measure-
ments. We randomly selected some blood samples
from the population as mixed plasma samples for
standard recovery addition experiments. We also
randomly selected a sample for precision testing
on the same day and different days of the sample
treatment. The results of recovery experiments and
precision tests are detailed in Table S1. Accord-
ing to the regulations of the International Union
of Pure and Applied Chemistry (IUPAC), the for-
mula for calculating the detection limit is CL=3.
In our study, a diluent solution containing 1% (v/v)
nitric acid and 0.05% (v/v) Triton was used for 11
determinations, and three times the standard devia-
tion of the response value was used as the limit
of detection (LOD) of the corresponding element
to be measured. The LOD data of the instrument
are shown in Table S2, which refer to the detailed
procedural method of sample testing provided in a
previous publication (Liang et al. 2017). After the
pilot experiment, we found that 10 plasma elements
(iron, copper, zinc, selenium, rubidium, strontium,
titanium, aluminum, vanadium and arsenic) were
detectable and stable by applying ICP—MS.

Helicobacter pylori testing

After undergoing C14 breath tests, the subjects
were subjected to the Hp-IgG antibody detection
kit (#20,163,400,552, Aibo Biomedical Co., Ltd,
Hangzhou, China) to further confirm the results
from the plasma samples using colloidal gold
immunochromatography and strictly following the
manufacturer’s instructions.
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Statistical analysis

SPSS 25.0 and R 4.3.1 software were used for sta-
tistical analysis and graphing. A two-sided statis-
tical significance level was set at a=0.05. Cat-
egorical variables are presented as the number
(percentage), and continuous variables are presented
as the mean+standard deviation or median (25th
percentile, 75th percentile). T tests, chi-square tests
or Wilcoxon rank sum tests were used to analyze the
differences in demographic characteristics between
groups.

Given that the results of our plasma heavy metal
concentration assays did not conform to a normal dis-
tribution, the data were log-transformed to improve
their normality for better fit with the models. We used
a Mann—Whitney U test to compare the concentra-
tions of 10 metal elements in both groups, and Spear-
man’s rank correlation analysis was used to determine
their correlation coefficients. Multivariate conditional
logistic regression analysis was used to evaluate the
relationship between the metal elements and gastric
precancerous lesions. Based on plasma metal element
concentrations, participants were divided into quar-
tiles, with the lowest concentration group as the ref-
erence. Odds ratios (ORs) and 95% confidence inter-
vals (CIs) were calculated for the incidence of gastric
precancerous lesions. Restricted Cubic Spline (RCS)
analysis was used to explore the dose—response rela-
tionship between plasma metal elements and gastric
precancerous lesions, with reference values set at the
10th percentile. In addition, given the nonlinear asso-
ciation of multiple metal element exposures on gas-
tric precancerous lesions and interactions, a Bayesian
kernel logistic regression model (BKMR) was per-
formed to assess the combined associations of mul-
tiple elements. The univariate exposure responses for
metal elements are shown by cross-sectional plots
when other elements were fixed at the median. Dif-
ferences in risk for individual metal elements were
compared for gastric precancerous lesions at the 75th
and 25th percentiles, where all other metal elements
were fixed at a specific quantile. We also calculated
the joint results of mixed metal element exposures by
comparing exposure values when all elements were
at the median to estimate the potential changes in the
mode. In addition, we further discussed the interac-
tion of multiple metallic elements with the risk of
prevalent gastric precancerous lesions by fixing other

metallic elements at the median and exploring bivari-
ate exposures of two metallic elements.

Results
Population characteristics

A total of 316 participants (198 males and 118
females) were included. The demographic character-
istics of the study population are shown in Table 1.
There were significant differences between the gas-
tric precancerous lesion group and the normal con-
trol group in terms of BMI, education, marital sta-
tus, occupation, economic income, family history of
chronic gastritis, and tea consumption (all P <0.05).

Elemental concentrations and GPL

The distributions of the 10 plasma elements are
shown in Table 2. The plasma concentrations of sele-
nium, iron, copper, and zinc were lower in the gastric
precancerous lesion group than in the control group,
while the concentrations of titanium and vanadium
were higher in the gastric precancerous lesion group
than in the control group; these differences were sta-
tistically significant (P <0.05). The plasma concen-
trations of rubidium, strontium, and aluminum were
slightly higher in the GPL group than in the con-
trol group, but the differences were not statistically
significant.

Association between elements and GPLs

Based on the logistic stepwise regression method, we
selected five elements for the next step of analysis.
The association between plasma element concentra-
tions and gastric precancerous lesions is presented
in Table 3. Four elements (Fe, Cu, Zn, and Se) had a
negative and significant association in the unadjusted
single-element model. Furthermore, a positive asso-
ciation between Ti concentrations and gastric precan-
cerous lesions was noticed in the unadjusted single-
element model (OR [95% CI]: 3.30 [1.63-6.67]).

We divided plasma element concentrations into
quartiles and used the lowest quartile as the refer-
ence. Compared with that of the subjects in the low-
est quartile of Ti, we noticed a higher odds ratio of
gastric precancerous lesions in the multiple model
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Table 1 Baseline characteristics of the paired case and control groups

Demographic characteristics Number of peo-  Control (%) GPL (%) P value
ple surveyed

Sex Male 198 (62.7) 101 (63.9) 97 (61.4) 0.642
Female 118 (37.3) 57 (36.1) 61 (38.6)

Age (years) <45 27 (8.5) 12 (7.6) 15(9.5) 0.265
46-55 100 (31.6) 50 (31.6) 50 (31.6)
56-65 124 (39.2) 63 (39.9) 61 (38.6)
66-75 56 (17.7) 30 (19.0) 26 (16.5)
>76 9(2.8) 3(1.9) 6 (3.8)

BMI (kg/m?) <24.0 185 (58.5) 100 (63.3) 85 (53.8) 0.008
24.0-28.0 105 (33.2) 52 (32.9) 53 (33.5)
>28.0 26 (8.2) 6 (3.8) 20 (12.7)

Education level Illiterate 101 (32.0) 48 (30.4) 53 (33.5) 0.012
Primary School 73 (23.1) 47 (29.7) 26 (16.5)
Junior high school or above 142 (44.9) 63 (39.9) 79 (50.0)

Marital Status Single 4(1.3) 0(0.0) 4(2.5) 0.019
Married/unmarried/widowed 312 (98.7) 158 (100.0) 154 (97.5)

Career Farmers 151 (47.8) 88 (55.7) 63 (39.9) 0.006
Non-Farmers 165 (52.2) 70 (44.3) 95 (60.1)

Annual household income Low 136 (43.0) 57 (36.1) 79 (50.0) 0.019
Medium 92 (29.1) 58 (36.7) 34 (21.5)
High 88 (27.8) 43 (27.2) 45 (28.5)

Smoking Yes 118 (37.3) 62 (39.2) 56 (35.4) 0.491
No 198 (62.7) 96 (60.8) 102 (64.6)

Drinking Yes 111 (35.1) 61 (38.6) 50 (31.6) 0.191
No 205 (64.9) 97 (61.4) 108 (68.4)

Family history of chronic gastritis Yes 42 (13.3) 5@3.2) 37 (23.4) <0.001
No 274 (86.7) 153 (96.8) 121 (76.6)

HP Positive 132 (41.8) 59 (37.3) 73 (46.2) 0.112
Negative 184 (58.2) 99 (62.7) 85 (53.8)

Sleep time (hours) <4 8 (2.5) 3(1.9) 5(3.2) 0.143
4-6 50 (15.8) 19 (12.0) 31 (19.6)
6-8 107 (33.9) 61 (38.6) 46 (29.1)
>8 151 (47.8) 75 (47.5) 76 (48.1)

Sleep quality Good 69 (21.8) 36 (22.8) 33 (20.9) 0.212
General 159 (50.3) 85 (53.8) 74 (46.8)
Difference 88 (27.8) 37 (23.4) 51(32.3)

Tea drinking Yes 158 (50.0) 90 (57.0) 68 (43.0) 0.011
No 158 (50.0) 68 (43.0) 90 (57.0)

BMI body mass index; HP Helicobacter pylori

(OR [95% CI]: 11.56 [2.78 — 48.13]). Further-
more, two elements, Cu (OR [95% CI]: 0.24 [0.07
— 0.82]) and Se (OR [95% CI]: 0.03 [0.01 — 0.15]),
remained significantly associated with gastric pre-
cancerous lesions. Spearman’s rank correlations

@ Springer

between plasma elements and gastric precancer-
ous lesions are shown in Fig. S2. Se and Zn were
the most closely related (r=0.52), followed by Cu
and Zn (r=0.47). The RCS plot showed a dose—
response relationship between iron, copper, zinc,
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Table 2 Concentrations

Mann—Whitney U tests

£10 el s in blood Total population People with GPLs Normal Controls “P value
TR IO (ne/l) (ne/h) (/)
plasma
Fe 1053.789 975.536 1123.652 <0.001
(831.173-1368.608) (742.307-1197.206) (895.691-1488.86)
Cu 839.968 786.906 945.245 <0.001
(731.012-972.43) (684.798-850.334) (813.252-1051.234)
Zn 868.401 812.525 943.725 <0.001
(766.921-1003.483) (738.625-899.311) (823.847-1094.481)
Se 109.176 91.283 132.147 <0.001
(84.599-136.028) (74.656-112.031) (108.26-154.62)
Rb 134.659 138.64 129.655 0.313
(113.468-159.786) (117.998-159.958) (110.855-159.074)
Sr 35.762 36.399 35.246 0.496
(30.433-42.327) (30.472-42.266) (29.883-42.368)
Fe, iron; Cu, copper; Zn, Ti 22.853 26.786 21.335 <0.001
zinc: Se, selenium: Rb, (17.459-34.206) (19.746-35.78) (14.609-26.893)
rubidium; Sr, strontium; Ti, Al 151.364 155.13 145.02 0.906
titanium; Al, aluminum; (86.662-231.381) (77.387-239.605) (94.569-224.569)
V, vanadium; As, arsenic. v 1438 1.833 0.834 <0.001
Elememdconcengamlis o (0.834-2.159) (1.26-2.163) (0.658-2.158)
t
bresenfec as median (IQR) As 4835 4016 3917 0.700
P values were derived from (2.900-4.835) (3.027-4.772) (2.84-4.917)

selenium, and titanium and gastric precancerous
lesions (Fig. 1).

BKMR

Figure 2 shows a linear relationship between single
element exposure and gastric precancerous lesions
when other element exposures were fixed at the
median. The concentrations of iron, copper, zinc and
selenium presented negative linear associations with
the odds of gastric precancerous lesions, while the
concentrations of titanium displayed positive linear
associations with the odds of gastric precancerous
lesions.

There was a combined correlation of five elements,
iron (Fe), copper (Cu), zinc (Zn), selenium (Se), and
titanium (Ti), on gastric precancerous lesions. Fig-
ure 3A shows that the overall results showed a sig-
nificant negative correlation with outcome when
the elements were simultaneously fixed at differ-
ent percentile levels compared to the change in esti-
mated potential outcome when fixed at the median.
Figure 3B demonstrates that copper and selenium
exposure were negatively associated with the risk of
gastric precancerous lesions (75th vs. 25th), while
we noticed a positive association between titanium

exposure and gastric precancerous lesions (75th vs.
25th) when the other four elements were fixed at dif-
ferent percentiles (25th, 50th, or 75th).

Finally, the bivariate exposure-response func-
tions of the five elements are presented in Fig. 4. We
found interaction correlations between selenium and
titanium, copper and titanium, and selenium and cop-
per for decreasing the risk of gastric precancerous
lesions.

Discussion

Based on the results, five plasma elements that dif-
fered in concentration between the two groups were
selected, and a polymetallic model was used to assess
the correlation between plasma concentrations of
the five elements and gastric precancerous lesions.
We found that in the univariate model, plasma con-
centrations of iron, copper, zinc, and selenium were
significantly and positively correlated with gastric
precancerous lesions, and plasma concentrations of
titanium were negatively correlated with gastric pre-
cancerous lesions. In contrast, in the multielement
model, plasma selenium concentrations were signifi-
cantly negatively correlated with gastric precancerous
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Table 3 Correlations of

. Plasma metal Quartile 1 Quartile 2 Quartile 3 Quartile 4
plasma concentrations of
five elements on the risk of Se <84.64  84.64-109.18 109.18-135.95 >135.95
iivizh"sp;;‘gth‘:‘:fjﬁ;‘zfus caseftotal  65/79 50179 30/79 13/79
model 1? 1.00 0.53 (0.23-1.21)  0.16 (0.07-0.37)  0.06 (0.03-0.16)  <0.001
model2® 1.00 0.54 (0.23-1.24)  0.14 (0.06-0.34)  0.06 (0.02-0.15)  <0.001
model3*® 1.00 0.66 (0.20-2.18)  0.10 (0.03-0.36)  0.03 (0.01-0.15)  <0.001
Fe <83452 834.52-1053.79 1053.79-1368.42 > 1368.42
case/total  51/79 42/79 38/79 27/79
model1? 1.00 0.61 (0.32-1.14)  0.44 (0.22-0.90)  0.27 (0.13-0.54) 0.001
model2® 1.00 0.61 (0.31-1.10) 0.4 (0.20-0.87)  0.27 (0.13-0.53) 0.003
model3* 1.00 0.51 (0.16-1.59)  0.59 (0.18-1.94)  1.88 (0.50-7.07)  <0.001
Cu <73124 731.24-839.97  839.97-972.06 >972.06
case/total  55/79 56/79 29/79 18/79
model1? 1.00 0.83 (0.37-1.87)  0.25(0.11-0.55)  0.12(0.05-0.29)  <0.001
model2® 1.00 0.83 (0.36-1.91)  0.24 (0.10-0.58)  0.13 (0.05-0.30)  <0.001
model3* 1.00 1.18 (0.35-4.02)  0.16 (0.04-0.69)  0.24 (0.07-0.82)  <0.001
Zn <766.52 766.52-867.64  867.64-1000.13  >1000.13
case/total  51/79 51/79 39/79 17/79
Model 1* was the crude model1? 1.00 0.89 (0.43-1.83) 0.49 (0.24-1.03)  0.16 (0.07-0.35)  <0.001
odds ratio (95% CI) model2 1.00 0.88 (0.43-1.83) 0.51 (0.24-1.09)  0.15(0.07-0.34)  <0.001
?ﬁffﬂoﬁﬁfli‘fi‘ﬁfffd model3¢ 1.00 195 (0.63-6.04) 221 (0.63-7.73)  0.46 (0.11-1.88)  <0.001
consumption, and hp Ti <1749  17.49-22.88 22.88-34.37 >34.37
infection case/total  25/79 39/79 48/79 46/79
Model 3¢ was additionally model1* 1.00 2.34 (1.15-4.77)  3.70 (1.81-7.56)  3.30 (1.63-6.67) <0.001
adjusted for five metals model2® 1.00 2.30(1.12-4.72)  3.90 (1.86-8.14)  3.39 (1.65-6.95) 0.001
(P<0.05) except for the model3¢ 1.00 6.38 (1.82-22.37) 11.21 (2.99-42.06) 11.56 (2.78-48.13)  <0.001

covariates in Model 2

lesions, while the opposite was true for plasma tita-
nium concentrations. Bayesian logistic regression
analysis showed that mixed exposure to five elements
in the plasma had a negative combined correlation on
gastric precancerous lesions, and there was an inter-
action between plasma selenium and titanium.
Gastric cancer accounts for approximately 6% of
cancers worldwide and is the fifth most commonly
diagnosed malignancy. Although the incidence
and mortality rates of gastric cancer have steadily
declined over the past 15 years, the absolute inci-
dence of gastric cancer continues to rise due to the
prevalence of Helicobacter pylori infection, poor
dietary habits, and the aging of the world population
(Gullo et al. 2020). Prevention of the development
of gastric cancer remains crucial. As a result, gastric
cancer remains one of the most significant health bur-
dens in developing countries. According to the Cor-
rea cascade response model proposed by Correa in
1992, gastric cancer does not occur overnight but is

@ Springer

a multistage, multifactorial and precancerous gastric
process (Correa 1992). Helicobacter pylori infection,
bile reflux, age, dietary habits, and family history of
gastric cancer are all independent risk factors for gas-
tric precancerous lesions and gastric carcinogenesis,
and the combined presence of multiple risk factors
may cause a higher risk (Zhang et al. 2021).

A review found that trace element and heavy
metal levels may influence cancer development
and progression (Mulware in review). The long-
term development of industry and manufactur-
ing has had a huge impact on the environment and
has increased the risk of human exposure to vari-
ous types of metals (Sanaei et al. 2021). Different
types of metals may have some biological action
on the human body. Co, Cu, Ni, Fe, Mn, Zn, Mo,
and Se are essential elements for living organisms,
and their absence may cause health problems, but
they can have adverse health effects when ingested
in amounts above the safe limit (Giri et al. 2021).
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Fig. 1 Adjusted restricted cubic spline (RCS) analysis for
the relationship between plasma elements and GPLs. The two
dashed lines represent the [95% confidence interval (CI)] of the
OR of the RCS based on log-transformed levels of iron (Fe),
copper (Cu), zinc (Zn), selenium (Se), and titanium (Ti) from
the polymetallic model with the reference value set at the 10th

Other metals, such as arsenic, cadmium, chromium,
lead, and cobalt, are not essential to the human
body and can cause health problems even at low
concentrations (Giri et al. 2020; Jalili et al. 2020).
Related studies have shown that there are four pos-
sible mechanisms by which heavy metals cause gas-
tric cancer. First, heavy metals damage the gastric
mucosal barrier by reducing gastric mucosal thick-
ness, mucus content and basal acid output, thus

(%) 93e)uddIg

percentile. Adjustment factors were smoking, alcohol con-
sumption, and hp infection. The histogram represents the his-
togram of the distribution of metal elements in the plasma of
the study subjects. The unit for the concentration of each metal
was pg/L

affecting the function of E-cadherin and causing
reactive oxygen species (ROS) damage. Second,
heavy metals directly or indirectly induce ROS pro-
duction, causing gastric mucosal and DNA damage,
which in turn alters gene regulation, signal trans-
duction and cell growth, eventually leading to car-
cinogenesis, and exposure to heavy metals also pro-
motes the invasion and metastasis of gastric cancer
cells. Third, heavy metals can inhibit DNA damage

@ Springer
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Fig. 2 Univariate expo-
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repair or lead to inefficient DNA damage repair.
Fourth, heavy metals can cause other genetic abnor-
malities (Yuan et al. 2016).

For many organisms, selenium is an essential
trace element which is necessary to sustain life, and
its properties are intermediate between those of the
elements sulfur and tellurium; selenium performs its
biological functions through selenoproteins (Kurok-
awa and Berry 2013). People consume selenium pri-
marily through food but may also be exposed to it
through air, drinking water, and dietary supplements
(Selenium 2021). Early epidemiological studies have
shown that selenium exposure is inversely associated
with the risk of various cancers (Vinceti et al. 2017).
It has been shown that selenium has an anticancer

@ Springer
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association which may be related to the redox mech-
anisms of selenium metabolites (Kim et al. 2021),
such as eliminating reactive oxygen species (Cai et al.
2016), preventing DNA and chromosome breaks, and
preventing the loss of chromosomes, DNA and even
mitochondrial DNA, thus improving overall genomic
stability (Ferguson et al. 2012). The relationship
between selenium and gastric cancer has been evalu-
ated through several studies that highlight the protec-
tive correlations of this micronutrient against gastric
cancer. A meta-analysis of selenium and gastric can-
cer showed a negative association between selenium
levels and gastric cancer risk and that low selenium
levels may increase an individual’s risk of gastric
cancer or decrease survival in gastric cancer patients
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Fig. 3 The joint correlations of five elements, iron (Fe), cop-
per (Cu), zinc (Zn), selenium (Se), and titanium (Ti), on GPLs
was determined using a Bayesian kernel function regression
model (BKMR). Adjusted factors included smoking, alcohol
consumption and hp infection. (A) Overall action of the mix-
tures [95% confidence interval (CI)], the plot indicated the
estimated change in the risk of gastric precancerous lesions
by comparing a particular percentile (from the 25th percen-

(Gong et al. 2016). An analysis by Xu Ce et al
showed that serum selenium levels were significantly
and negatively associated with the risk of developing
gastric cancer and the risk of death in gastric cancer
patients (Xu 2017). A Dutch cohort study showed that
total selenium levels were negatively associated with
gastric and esophageal cancers (Brandt et al. 2010).
Two other studies in Chinese and Finnish populations
with relatively low selenium levels found a negative
association between serum selenium levels and total
gastric cancer (Mark et al. 2000). Those studies also
indirectly support our finding that selenium exposure
is negatively associated with gastric precancerous
lesions.

Iron, copper, and zinc, the three most abundant
essential trace elements, are components of several
key enzyme systems in the human body and play a

‘ q fixed

025
T . ¢ o5
® 075

est

®
-2 1 1 t 1 f
log_se log_Fe log_Cu log_Zn log_Ti
variable
(B)

tile to 75th percentiles) of all elements level with their median
value the 50th percentile). (B) Single element association [95%
confidence interval (CI)]. The right plot indicated the results
of single element by comparing the 75th of the element con-
centrations with its 25th percentile, when concentrations of all
the other elements were held at the 25th (red line), 50th (green
line) or 75th (blue line) percentiles

key role in preventing oxidative DNA damage and
affecting gene mutations to maintain DNA integ-
rity (Grzeszczak et al. 2020). Some related studies
reported that low levels of iron may be associated
with gastric cancer: a study conducted by Kohzadi
et al. showed low levels of iron in gastric cancer tis-
sues (Kohzadi et al. 2017), and a case—control study
in Korea showed that the risk of gastric cancer was
significantly lower in people with high total dietary
iron intake than in those with low total dietary iron
intake (Tran et al. 2021). On the other hand, sev-
eral other studies have shown that increased body
iron concentrations are associated with an increased
risk of gastric cancer (Jakszyn et al. 2012; Khayyat-
zadeh et al. 2015). Zinc alone is associated with the
risk of gastric cancer, but epidemiological findings
are limited and controversial: an analysis by Sayyed
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et al. showed that high serum zinc levels may have a
protective correlation against gastric cancer (Khayy-
atzadeh et al. 2015), while Zhang et al. observed
higher serum zinc concentrations in patients with
gastric cancer than in healthy controls (Zhang et al.
2012); a detailed systematic review and meta-analy-
sis conducted by Li et al. showed no statistical asso-
ciation between zinc intake and the risk of gastric and
esophageal cancers (Li et al. 2014). An Iranian study
assessing trace element concentrations in gastric can-
cer and normal tissues found that copper concentra-
tions were higher in noncancerous tissues of cancer
patients (Kohzadi et al. 2017). However, a previous
study found that hair copper levels were significantly

@ Springer

higher in gastric cancer patients than in controls
(Afzal et al. 2020). Our study found that plasma con-
centrations of iron, copper, and zinc in the population
with gastric precancerous lesions were lower than
those in the normal group. However, as seen from
the aforementioned study, iron, copper, and zinc were
associated with the development of gastric cancer,
and thus the evidence is conflicting and is not suffi-
cient to draw conclusions. We cannot provide a pre-
cise and comprehensive interpretation of the obtained
results, which are pending further research findings.
Titanium is a common metal, usually in the form
of titanium dioxide (TiO2) (Jin et al. 2021). Titanium
is a nonessential trace element in the human body. It
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can be absorbed into the human body through various
routes, including oral, dermal, and inhalation expo-
sure (Musial et al. 2020). Titanium is now widely
used in medical applications such as artificial joints,
cochlear implants and heart valves (Xu et al. 2020).
There are already researchers who are concerned
about the biosafety of titanium. Studies have reported
that the presence of titanium particles may be harm-
ful, and the release of titanium particles may cause
an inflammatory response in the surrounding tissue
(Moran et al. 2017; Zhang et al. 2020). Studies have
reported that titanium exposure may be associated
with adverse health consequences, such as diabetes,
colonic inflammation, low birth weight, congenital
heart disease and cardiopulmonary disease (Jin et al.
2021; Grande and Tucci 2016; Sun et al. 2022; Zhao
et al. 2018). Several experimental studies have shown
that titanium exposure leads to oxidative stress, cyto-
toxicity, and damage to DNA and lipid metabolism
(Ren et al. 2019; Fadoju et al. 2019; Trouiller et al.
2009; Shinohara et al. 2014). Currently, there are few
studies on the relationship between titanium and pre-
cancerous lesions in the stomach. An animal study
found that titanium had gastric toxicity in mice and
suggested potential adverse consequences on diges-
tive health (Hong et al. 2017). The mechanism of
titanium leading to the development of gastric pre-
cancerous lesions may be related to titanium causing
oxidative stress damage, genotoxicity, etc. (Fadoju
et al. 2019). The results of this study suggested that
plasma titanium concentrations may be positively
associated with gastric precancerous lesions. How-
ever, considering that for the titanium-implanted or
occupationally exposed population, the blood con-
centration of titanium is much higher than that of the
normal population (Lukina et al. 2016; Sarmiento-
Gonzilez et al. 2008), further investigation is needed
to explore the association between titanium exposure
and gastric precancerous lesions.

This study was a case—control study, which
had some advantages for exploring the association
between elements and gastric precancerous lesions.
First, we conducted a one-to-one evaluation of the
study subjects using a questionnaire in a stand-
ard and rigorous manner to ensure the authenticity
and validity of the data. We not only explored the
association between individual elements and gastric
precancerous lesions but also explored the associa-
tion of multiple elements acting in combination on

gastric precancerous lesions. These results may help
in the prevention of gastric cancer. On the other
hand, there are some limitations in our study. There
may be some information bias based on the deter-
mination of elements in single plasma samples, and
further studies can detect different biological sam-
ples from patients with gastric precancerous lesions.
Patients with gastric precancerous lesions may have
taken laparoscopic drugs (under the advice of their
doctors), such as omeprazole or other types of gas-
tric drugs, and may have also underwent dietary
interventions to prevent further disease progression;
those factors may affect plasma element levels.

Conclusion

The results of this study showed that plasma levels
of selenium and copper were negatively correlated
with GPLs, while plasma concentrations of tita-
nium were positively correlated with GPLs. Mixed
exposure to iron, copper, zinc, selenium, and tita-
nium was negatively associated with the risk of gas-
tric precancerous lesions, and there may be some
interaction between selenium and titanium metals.
Therefore, a reasonable increase in the intake of the
trace elements iron, copper, zinc, and selenium, as
well as a decrease in the exposure of titanium metal,
may have a positive impact on gastric precancerous
lesions.
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