Int. J. Med. Sci. 2022, Vol. 19 331

gy, > . . .
Eé,vsﬁ JVISPRING, International Journal of Medical Sciences

2022; 19(2): 331-337. doi: 10.7150/ijms.68945

=

Research Paper

Associations and Interactions between Heavy Metals
with White Blood Cell and Eosinophil Count

Chao-Hsin Huang!", Chieh-Yu Hsieh23", Chih-Wen Wang?#, Hung-Pin Tu5, Szu-Chia Chen267.8™,
Chih-Hsing Hung??19, Chao-Hung Kuo?711

1. Department of post baccalaureate medicine, Kaohsiung Medical University, Kaohsiung, Taiwan

Department of Internal Medicine, Kaohsiung Municipal Siaogang Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan

Division of Hematology and Oncology, Department of Internal Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical University,
Kaohsiung, Taiwan

Division of Hepatobiliary, Department of Internal Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan
Department of Public Health and Environmental Medicine, School of Medicine, College of Medicine, Kaohsiung Medical University, Taiwan

Division of Nephrology, Department of Internal Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan
Faculty of Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan

Research Center for Environmental Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan

Department of Pediatrics, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan

Department of Pediatrics, Kaohsiung Municipal Siaogang Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan

Division of Gastroenterology, Department of Internal Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung,
Taiwan

@ N

REY RN

= o

*Both are equal contributors.

P4 Corresponding author: Szu-Chia Chen, Department of Internal Medicine, Kaohsiung Municipal Siaogang Hospital, Kaohsiung Medical University, 482,
Shan-Ming Rd., Hsiao-Kang Dist., 812 Kaohsiung, Taiwan, R.O.C. TEL: 886-7-8036783 ext. 3440, FAX: 886-7-8063346, E-mail: scarchenone@yahoo.com.tw.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2021.11.11; Accepted: 2021.12.29; Published: 2022.01.09

Abstract

The accumulation of heavy metals in the body has been associated with an elevated immune response.
The aim of this study was to investigate the associations among heavy metals and white blood cell (WBC)
and eosinophil count in the general population in southern Taiwan. We also explored the interactions
and synergetic effects of heavy metals on WBC and eosinophil count. We conducted a health survey in
the general population living in southern Taiwan between June 2016 and September 2018. Seven heavy
metals were measured: blood lead (Pb), and urine cadmium (Cd), copper (Cu), nickel, arsenic (As),
chromium and manganese (Mn). A total of 2,447 participants were enrolled. In multivariable analysis, high
concentrations of Pb (log per | mg/L; coefficient 3, 0.332; p = 0.005) and Cu (log per | pg/dL; coefficient
B, 0.476; p < 0.001) were significantly associated with a high WBC count. In addition, high concentrations
of Pb (log per 1 mg/L; coefficient 3, 0.732; p < 0.001), As (log per 1 pg/L; coefficient 3, 0.133; p = 0.015),
Cu (log per 1 pg/dL; coefficient 3, 0.181; p = 0.018), and Cd (log per 1 pg/L; coefficient 3, 0.139; p = 0.002)
were significantly associated with a high eosinophil count. Further, the effect of interactions between Pb
and As (coefficient 3, 0.721; p = 0.029) and Mn and Cu (coefficient 3, 0.482; p = 0.018) on WBC count,
and As and Cu (unstandardized coefficient 3, 0.558; p = 0.002) on eosinophil count were statistically
significant. In conclusion, the heavy metals Pb, As, Cu, and Cd were associated with WBC and eosinophil
count. In addition, synergistic effects of heavy metal poisoning on the association with WBC and
eosinophil count were also observed.
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Introduction

Environmental contamination of heavy metals level of heavy metal in blood such as Pb, Hg, and Cd
has detrimental effects on human health and has  were found in Taiwanese individuals compared to
attracted increasing attention worldwide. Taiwanese  those of the Americans [1], indicating a heavy
individuals especially were suggested to have higher = metal-related health burden in Taiwan.
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Lead (Pb), manganese (Mn), copper (Cu), arsenic
(As), and cadmium (Cd) are among the most common
heavy metal pollutants found in industrial countries.
For example, the emergence of the endemic
“Blackfoot disease” in southwestern Taiwan in the
early 20th century which caused peripheral
microvascular disease manifesting as progressive
gangrene of the feet, was found to be caused by high
environmental concentrations of As [2]. In addition,
another study found higher levels of mercury and Cd
in Taiwanese subjects than in other populations [3],
and Cd has been associated with renal damage,
cardiovascular disease, impaired neural function, and
osteoporosis [4].

Exposure to heavy metals can be through the
intake of water, rice and fish [5]. Lifelong exposure to
heavy metals can result in multiple organ failure,
which is related to dysregulation of immune function
and genomic instability. Interestingly, different levels
of heavy metals can exert opposite effects on immune
function [6]. The immunomodulatory effect of heavy
metal poisoning has been explored in animal studies
[7-9], however associations between some heavy
metals and immune responses in humans are still
unclear. Therefore, the aim of this study was to
investigate the relationships among heavy metals
including blood Pb and urine Cd, Cu, nickel (Ni), As,
chromium (Cr) and Mn with white blood cell (WBC)
and eosinophil count in the general population in
southern Taiwan. The effects of interactions among
these heavy metals on WBC and eosinophil count
were also explored.

Study Subjects

Subjects living in southern Taiwan who
participated in a health survey from June 2016 to
September 2018 were enrolled in this study. The
survey was promoted through advertisements. A total
of 2447 participants (977 males and 1470 females)
were included in this study, with a mean age of
55.1£13.2 years. All participants signed informed
consent forms before being enrolled into this study,
which was approved by the Institutional Review
Board of Kaohsiung Medical University Hospital
(number: KMUHIRB-G(II)-20190011).

Materials and methods

Medical, Demographic and Laboratory
Variables

During the health survey, the sex, age, height
and weight of each participant were recorded, along
with systolic blood pressure (SBP) and diastolic blood
pressure (DPB). In addition, each participant
underwent a physical examination performed by an

experienced physician, during which clinical histories
of hypertension and diabetes mellitus (DM) were
recorded. The following baseline data were also
recorded: fasting glucose, triglycerides, total,
high-density lipoprotein (HDL)- and low-density
lipoprotein (LDL)-cholesterol, WBC count,
hemoglobin, platelets, eosinophil count, estimated
glomerular filtration rate (eGFR), uric acid, and body
mass index (BMI; kg/m?). The eGFR was calculated
using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI eGFR) equation [10].

Measurements of Heavy Metals in Urine and
Blood

We measured the concentrations of blood Pb and
urine Cd, Cu, Ni, As, Cr and Mn using graphite
furnace atomic absorption spectrometry (ICP-MS,
NexION 300 Series, Perkin Elmer). The National
Institute of Environmental Research has published
details of the instrumental analysis.

Statistical Analysis

The statistical analysis was performed with SPSS
version 19.0 for Windows (SPSS Inc. Chicago, USA).
Percentages, meanststandard deviations, or medians
(25!-75t percentiles) were used to describe eosino-
phil count, triglycerides and the seven heavy metals.
The participants were classified into three groups
according to the tertile of WBC count as follows:
tertile 1, < 5.24*103/pL; tertile 2, 5.24-6.49*103/pL; and
tertile 3, = 6.49*103/pL. One-way analysis of variance
(ANOVA) followed by Bonferroni-adjusted post hoc
test were used for multiple comparisons among
groups. Multivariable linear regression analysis was
used to identify associations between the heavy
metals and WBC and eosinophil count. The natural
logarithm was wused for all heavy metal
measurements. A generalized linear model was used
to examine the effects of interactions among the
studied heavy metals on WBC and eosinophil count.
The LOESS procedure (a nonparametric technique
used to estimate regression surfaces) was applied to
illustrate the synergistic effects of heavy metals on
WBC and eosinophil count using SAS software
(version 9.4, SAS Institute, Cary, NC, USA). A p value
of less than 0.05 was considered to indicate a
statistically significant difference.

Results

Comparisons of the clinical characteristics of the
participants according to tertile of WBC count are
shown in Table 1. Compared to the participants in
tertile 1, those in tertile 3 were younger,
predominantly male, had a higher prevalence of DM,
and higher BMI, SBP, DBP, fasting glucose,
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triglycerides, = LDL-cholesterol, =~ WBC  count,
hemoglobin, platelets and uric acid, and lower
HDL-cholesterol. In addition, the participants in
tertile 3 had higher levels of urine As, Cu and Cd.

Table 1. Comparison of clinical characteristics among
participants according to WBC tertile

Characteristics Tertile 1 Tertile 2 Tertile 3 4
(n=815) (n = 820) (n=822)

Age (year) 56.4+12.8 55.8+13.3 53.1£13.2*t <0.001

Male gender (%) 30.6 41.1* 48.0%f <0.001

DM (%) 7.0 9.7 14.6*t <0.001

Hypertension (%) 233 26.0 26.7 0.252

BMI (kg/m?) 239+34 25.1 £3.6* 26.1 £4.2* <0.001

SBP (mmHg) 130.9+204 131.9+19.1 133.3 £19.7* 0.044

DBP (mmHg) 763+12.1 77.7+£113 78.7 +11.6* <0.001

Laboratory parameters

Fasting glucose 96.1£22.7 98.8 £23.5 104.8 £33.7*f  <0.001

(mg/dL)

Triglyceride (mg/dL) 85 (62-125) 104 (74-148.75)* 122 <0.001

(88-183.75)*%

Total cholesterol 198.4+36.5 2004 +37.5 200.1+38.4 0.508

(mg/dL)

HDL-cholesterol 562+13.7  534%14.0¢  494%123*  <0.001
(mg/dL)

LDL-cholesterol 1161+33.1 1193+33.6  1221£351%  0.002
(mg/dL)

WBC (103/pL) 45%06 5.8+ 0.4* 7.9+ 1.4% <0.001

Hemoglobin (g/dL) ~ 135+1.6  140+1.6* 144 + 1.6 <0.001
Platelet (*103/pL) 239.6+633 2584+63.0% 28254722  <0.001
Eosinophil count (/uL) 60 (3.1-110) 80 (3.1-140) 80 (2.8-200) 0.078
eGFR (mL/min/173  88.8+158  87.9+16.8 90.5 +16.4% 0.004

m?)

Uric acid (mg/dL) 53+14 58 +1.6* 6.0 +1.6*t <0.001

Heavy metals

Blood

Pb (mg/L) 1.5(1.0-21) 1.5(1.0-2.2) 1.6 (1.0-2.4) 0.079

Urine

Ni (ng/L) 2.4 (1.5-3.6) 24(1.6-3.8) 2.5 (1.6-3.7) 0.899

Cr (ng/L) 0.1(0.1-0.1) 0.1 (0.1-0.1) 0.1 (0.1-0.1) 0.251

Mn (ug/L) 1.7 (1.0-3.0) 1.8 (0.9-2.9) 1.7 (0.9-2.9) 0.216

As (ug/L) 86.8 78.2 73.7 <0.001
(48.7-159.9)  (45.3-134.6)* (42.5-130.1)*

Cu (ug/dL) 1.3 (1.0-1.8)  1.5(1.0-1.9) 1.6 (1.1-21)*  <0.001

cd (ug/L) 09(0515) 08(04-14)  08(0.2-13)  0.024

and urine Cu (log per 1 pg/dL; unstandardized
coefficient B, 0.476; 95% CI, 0.232 to 0.721; p < 0.001)
were significantly associated with a high WBC count.

Associations among the Heavy Metals and
Eosinophil Count

We then investigated associations among the
seven heavy metals and eosinophil count using
multivariable linear regression analysis (Table 3).
After adjusting for each heavy metal, sex, age, BMI,
hypertension, DM, fasting glucose, log triglycerides,
total cholesterol, LDL-cholesterol, HDL-cholesterol,
SBP, DBP, eGFR, uric acid, hemoglobin, and platelets,
the participants with high concentrations of blood Pb
(log per 1 mg/L; unstandardized coefficient 3, 0.732;
95% CI, 0.594 to 0.869; p < 0.001), urine As (log per 1
ng/L; unstandardized coefficient B, 0.133; 95% CI,
0.025 to 0.240; p = 0.015), urine Cu (log per 1 ng/dL;
unstandardized coefficient B, 0.181; 95% CI, 0.031 to
0.330; p = 0.018), and urine Cd (log per 1 ng/L;
unstandardized coefficient 3, 0.139; 95% ClI, 0.052 to
0.226; p = 0.002) were significantly associated with a
high eosinophil count.

Table 2. Association of heavy metals and WBC using
multivariable linear regression analysis

Heavy metals Multivariable (WBC)

Unstandardized coefficient 3 (95% CI) 14
Blood
Pb (log per 1 mg/L) 0.332 (0.101, 0.562) 0.005
Urine
Ni (log per 1 ug/L) 0.005 (-0.097, 0.106) 0.929

Cr (log per 1 ug/L) 0.215 (-0.147, 0.576) 0.244
Mn (log per 1 pg/L) -0.111 (-0.226, 0.003) 0.057
As (log per 1 pg/L) -0.006 (-0.183, 0.171) 0.948
Cu (log per 1 pg/dL) 0.476 (0.232, 0.721) <0.001
Cd (log per 1 pg/L) -0.039 (-0.182, 0.103) 0.591

Abbreviations. WBC, white blood cell; DM, diabetes mellitus; BMI, body mass
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; eGFR, estimated
glomerular filtration rate; Pb, lead; Ni, nickel; Cr, chromium; Mn, manganese; As,
arsenic; Cu, copper; Cd, cadmium.

The study patients were stratified into 3 groups according to tertiles of WBC. Tertile
of WBC was defined as tertile 1: < 5.24*103/ pL, tertile 2: 5.24-6.49*103/pL and tertile
3:26.49*103/pL.

*p < 0.05 compared with tertile 2; tp < 0.05 compared with tertile 3.

Associations among the Heavy Metals and
WBC Count

We next investigated associations among the
seven heavy metals and WBC count using
multivariable linear regression analysis (Table 2).
After adjusting for each heavy metal, sex, age, BMI,
hypertension, DM, fasting glucose, log triglycerides,
total cholesterol, LDL-cholesterol, HDL-cholesterol,
SBP, DBP, eGFR, uric acid, hemoglobin, and platelets,
the participants with high concentrations of blood Pb
(log per 1 mg/L; unstandardized coefficient 3, 0.332;
95% confidence interval [CI], 0.101 to 0.562; p = 0.005)

Values expressed as unstandardized coefficient 3 and 95% confidence interval (CI).
Abbreviations are the same as in Table 1.
Covariates in the multivariable model included age, sex, diabetes, hypertension,
body mass index, systolic and diastolic blood pressures, fasting glucose, log
triglyceride, total cholesterol, HDL-cholesterol, LDL-cholesterol, hemoglobin,
platelet, eGFR and uric acid.

Table 3. Association of heavy metals and eosinophil count using
multivariable linear regression analysis

Heavy metals

Multivariable (Eosinophil count)

Unstandardized coefficient g (95% CI) 14

Blood

Pb (log per 1 mg/L) 0.732 (0.594, 0.869) <0.001
Urine

Ni (log per 1 pg/L) -0.006 (-0.068, 0.056) 0.840
Cr (log per 1 pg/L) 0.005 (-0.215, 0.226) 0.962
Mn (log per 1 ug/L) 0.013 (-0.056, 0.083) 0.706
As (log per 1 ug/L) 0.133 (0.025, 0.240) 0.015
Cu (log per 1 ug/dL) 0.181 (0.031, 0.330) 0.018
Cd (log per 1 pg/L) 0.139 (0.052, 0.226) 0.002

Values expressed as unstandardized coefficient 3 and 95% confidence interval (CI).
Abbreviations are the same as in Table 1.

Covariates in the multivariable model included age, sex, diabetes, hypertension,
body mass index, systolic and diastolic blood pressures, fasting glucose, log
triglyceride, total cholesterol, HDL-cholesterol, LDL-cholesterol, hemoglobin,
platelet, eGFR and uric acid.
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Figure 1. Synergistic effect of Pb and As on WBC. The interaction between Pb and
As on WBC was statistically significant (p = 0.029).
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Figure 2. Synergistic effect of Mn and Cu on WBC. The interaction between Mn and
Cu on WBC was statistically significant (p = 0.018).

synergistic effects of Pb and As and Mn and Cu on
WBC count. Synergistic effects of Pb and As and Mn
and Cu on the association with WBC were observed.
This was a combined analysis trying to model the
effect of heavy metals on WBC count based on levels
of Pb and As (Figure 1; p for interaction = 0.029) or
levels of Mn and Cu (Figure 2; p for interaction =
0.018).

In addition, the effects of interactions between
As and Cu (unstandardized coefficient B, 0.558; p =
0.002) on eosinophil count was statistically significant.
A synergistic effect of As and Cu on the association
with eosinophil count was also observed (Figure 3).
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Figure 3. Synergistic effect of As and Cu on eosinophil count. The interaction
between As and Cu on eosinophil count was statistically significant (p = 0.002).

Effect of Interactions among the Heavy Metals
on WBC and Eosinophil Count

We further performed analysis of the effects of
interactions among the seven heavy metals on WBC
and eosinophil count was conducted using a
generalized linear model. The effects of interactions
between Pb and As (unstandardized coefficient (3,
0.721; p = 0.029) and Mn and Cu on WBC count
(unstandardized coefficient (3, 0.482; p = 0.018) were
statistically significant. However, the effects of
interactions of other combinations did not achieve
statistical significance. Figure 1 and 2 illustrate the

Discussion

In this study, we investigated associations
between immune function and heavy metals among
2,447 Taiwanese participants. Overall, the results
showed that high concentrations of Pb and Cu were
associated with a high WBC count, and those high
concentrations of Pb, As, Cu and Cd were associated
with a high eosinophil count. In addition, the results
showed positive interaction effects between Pb and
As and Mn and Cu on WBC count, and As and Cu on
eosinophil count.

There are several important findings in this
study. First, a high concentration of blood Pb was
correlated with high WBC and eosinophil count.
Further, a synergistic effect of Pb and As on WBC
count was observed. Pb poisoning is well-known to
cause both peripheral and central neurological
disorders such as wrist drop, Pb encephalopathy, and
impaired coordination [11, 12], which in turn have
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been associated with immunomodulation [13, 14]. The
severity of symptoms has been reported to be dose-
and time-dependent, and a level higher than 10 pg/dl
in the blood is cause for concern [15]. The role of Pb in
immunomodulation has been extensively studied.
Struzynska et al. [7] investigated immune responses
to Pb poisoning in immature rat brains by
continuously injecting 15 mg/kg lead acetate into
15-day-old pups for two weeks. The results showed
elevated levels of interleukin (IL)-1f, tumor necrosis
factor (TNF)-a, and IL-6 in different areas of the brain,
implying increased immunoreactivity under Pb
exposure [7]. In another study, Farkhondeh et al. [§]
investigated immune reactions to different
concentrations of Pb exposure in guinea pigs. In their
study, the guinea pigs inhaled 0.1 M, 0.2 M and 0.4 M
of aerosol Pb for 1 hour twice a week for two weeks,
after which blood samples were collected and
analyzed. The results showed elevated levels of total
protein, total WBCs, histamine, and eosinophils after
Pb exposure, supporting the proinflammatory effect
of Pb poisoning [8]. In addition, Hemdan et al. [16]
conducted an in vitro study to investigate interactions
between Pb exposure and cytokine secretion. The
results showed elevated levels of IL-4, IL-6 and IL-10,
indicating activation of a T helper 2 cell response and
the potential activation of eosinophil production [16].
The results of the present study are consistent with
the previous findings that Pb exposure is related to
increased WBC and eosinophil count. In addition, our
results also suggested that As did not have a
significant effect on WBC, but that As and Pb had a
significantly positive interaction effect on WBC. This
finding suggests that Pb may have a synergistic effect
with As on immune activity, which may be caused by
the dual effects of Pb and As on increasing eosinophil
count.

Another important finding of this study is that
a high concentration of Cu was associated with high
WBC and eosinophil count. Further, synergistic
effects of Cu and Mn on WBC, and Cu and As on
eosinophil were observed. Several studies have
explored the association between Cu poisoning and
immune function [17, 18]. Acute Cu intoxication,
defined as oral intake > 10 mg Cu/L, can disrupt the
gastrointestinal system [19]. Ude et al. investigated
the cytotoxicity of Cu?* in an in vitro study[20], in
which they exposed undifferentiated Caco-2 intestinal
cells to Cu(ll) oxide (CuO) nanomaterials and Cu(ll)
sulfate (CuSO4) for 24 hours and then evaluated the
effects. The results showed that both CuO
nanomaterials and CuSO4 stimulated the secretion of
IL-8 and impaired the viability of the undifferentiated
Caco-2 cells [20]. Their experiment suggests that Cu
intoxication may play a role in immunomodulation.

Another study by Ude et al. [21] explored the effects
of CuO nanomaterials and CuSO4 on inflammatory
mediators in an in vitro intestinal cell model. The
results showed stimulation of reactive oxygen species
(ROS), IL-8 secretion, and the heme oxygenase-1 gene,
further suggesting an interaction between Cu and
immune function [21]. Our study is the first to provide
clinical evidence showing a significant association
between an elevated Cu level with both WBC and
eosinophil count. In addition, this is the first clinical
study to show significant synergistic effects between
Cu and Mn on WBC, and Cu and As on eosinophil
count. A possible explanation for these findings is that
Cu intoxication leads to an increase in
proinflammatory =~ mediators and  subsequent
activation of immune responses, and that Cu may
have synergistic effects with other heavy metals on
immune function. Mn has been associated with
neuroinflammation. [22], suggesting that it could
cause an immune response. This could explain how
the synergistic effect between Mn and Cu increased
the WBC count. Moreover, since Cu and As had
positive interaction effects on eosinophil count, our
results show that two metals can have a synergistic
effect on eosinophil count.

Another important finding of this study is that a
high concentration of As was associated with a high
eosinophil count. Exposure to As can lead to
dysfunction of multiple organ systems, and even
cancer [23]. Blackfoot disease, an endemic vascular
disease and a major health concern in southwest
Taiwan in the early 20th century, was found to be
caused by chronic As exposure through polluted
water consumption [24]. In addition, many animal
studies have shown that As poisoning can impair the
immune system. Nayak et al. [9] conducted a study in
which zebrafish embryos were exposed to 2 to 10 ppb
of sodium arsenate. After exposure, snakehead
rhabdovirus was used to infect the zebrafish, and
analysis of their immune reactions showed impaired
innate immune function [9]. Other studies have
suggested that As poisoning may affect T cell
differentiation [25, 26] and cell apoptosis [27, 28].
However, little research has been conducted on the
effect of As on eosinophil count. Chatterjee et al. [29]
studied 120 children aged five to 15 years, of whom 68
were from As-contaminated areas and 52 were not.
Analysis of cytogenic damage showed a significantly
higher eosinophil count [29]. Our findings are
consistent with previous studies, in that As poisoning
in Taiwan was also significantly associated with an
elevated eosinophil count.

The final important finding of this study is that a
high concentration of Cd was associated with a high
eosinophil count. Cd exposure can occur through
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contaminated water, contaminated food, smoking,
and occupational settings [30, 31]. Cd exposure has
been associated with bone degeneration [32], renal
dysfunction [33, 34], impaired liver function [35, 36],
cardiovascular disease [37], and malignancy [38].
Several studies have explored the effects of Cd on cell
apoptosis, autophagy, and ROS production [39],
however few studies have explored its
immunomodulation effects. Hu et al. reported
Cd-induced proinflammatory activity in mouse
placenta and human trophoblast cells after treatment
with CdCI2, including elevated levels of TNF-a, IL-8
and IL-6 messenger RNA [40]. In addition, Paniagua
et al. conducted an in vitro study to explore the
mechanisms of CdCI2 and the relationship with
preeclampsia [41]. In their experiment, JEG cells were
treated with CdCI2 under different concentrations for
24 hours, and the results showed a dose-dependent
increase in IL-6 through an ROS-associated
mechanism. Our study is the first to show clinical
evidence of an association between Cd and an
elevated eosinophil count, indicating the potential
role of Cd in allergic reactions that may be related to
increased levels of proinflammatory mediators [41].
Future studies are needed to investigate the
association between Cd and immune function.

The main strength of this study is that we
enrolled a large number of participants to explore the
relationships among heavy metal and immune
function. However, there were also several
limitations. First, only single measurements of metal
concentrations were made. Second, we used total As
in urine as a measure of the exposure to the toxic form
of inorganic As. Although total urine As can be
measured quickly and is thus suitable when
processing many samples, it cannot reflect differences
in As metabolism and uptake between subjects.
Nevertheless, total urine As is still used clinically and
considered to be an acceptable biomarker to assess
exposure to inorganic As. In addition, the participants
were not asked about the environment near their
homes, such as the presence of chemical plants, plastic
factories, thermal power plants, gas stations, oil
refineries and incinerators, which may have affected
the heavy metal concentrations. Third, future studies
should include data on differentiated WBC count to
further investigate impaired innate and acquired
immune systems. Finally, as this was a cross-sectional
study, causal relationships and long-term clinical
outcomes could not be ascertained. Long-term
prospective studies with serial heavy metal
measurements and immune function assessments are
needed to verify our results.

In conclusion, in our analysis of a health survey
of subjects residing in southern Taiwan, heavy metals

such as Pb, As, Cu, and Cd were significantly
associated with increased WBC and elevated
eosinophil count. Further, synergistic effects of Pb and
As and Mn and Cu on the association with WBC
count, and As and Cu on the association with
eosinophil count were observed. Our results show
that heavy metals can have interaction effects on
immune function, and offer clinical evidence of the
immunomodulation effect of heavy metal exposure.

Acknowledgements

This work was supported partially by the
Research Center for Environmental Medicine,
Kaohsiung Medical University, Kaohsiung, Taiwan
from The Featured Areas Research Center Program
within the framework of the Higher Education Sprout
Project by the Ministry of Education (MOE) in
Taiwan, and by Kaohsiung Medical University
Research Center Grant (KMU-TC109A01-1) and
Kaohsiung Municipal Siaogang Hospital (grant
number: 1-109-03).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Liu T-Y, Hung Y-M, Huang W-C, Wu M-L, Lin S-L. Do people from Taiwan
have higher heavy metal levels than those from Western countries? Singapore
medical journal. 2017; 58: 267-71.

2. Hall AH. Chronic arsenic poisoning. Toxicol Lett. 2002; 128: 69-72.

3. Liu TY, Hung YM, Huang WC, Wu ML, Lin SL. Do people from Taiwan have
higher heavy metal levels than those from Western countries? Singapore Med
J.2017; 58: 267-71.

4. Chunhabundit R. Cadmium Exposure and Potential Health Risk from Foods
in Contaminated Area, Thailand. Toxicol Res. 2016; 32: 65-72.

5. Huang Z, Pan X-D, Wu P-G, Han J-L, Chen Q. Health risk assessment of heavy
metals in rice to the population in Zhejiang, China. PLoS One. 2013; 8:
€75007-e.

6. Marth E, Barth S, Jelovcan S. Influence of cadmium on the immune system.
Description of stimulating reactions. Cent Eur J Public Health. 2000; 8: 40-4.

7. Struzynska L, Dabrowska-Bouta B, Koza K, Sulkowski G. Inflammation-like
glial response in lead-exposed immature rat brain. Toxicol Sci. 2007; 95: 156-62.

8.  Farkhondeh T, Boskabady MH, Kohi MK, Sadeghi-Hashjin G, Moin M. Lead
exposure affects inflammatory mediators, total and differential white blood
cells in sensitized guinea pigs during and after sensitization. Drug Chem
Toxicol. 2014; 37: 329-35.

9. Nayak AS, Lage CR, Kim CH. Effects of Low Concentrations of Arsenic on the
Innate Immune System of the Zebrafish (Danio Rerio). Toxicological Sciences.
2007; 98: 118-24.

10. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, 3rd, Feldman HI, et
al. A new equation to estimate glomerular filtration rate. Annals of internal
medicine. 2009; 150: 604-12.

11. Kianoush S, Balali-Mood M, Mousavi SR, Shakeri MT, Dadpour B, Moradi V,
et al. Clinical, toxicological, biochemical, and hematologic parameters in lead
exposed workers of a car battery industry. Iran ] Med Sci. 2013; 38: 30-7.

12. Burki TK. Nigeria's lead poisoning crisis could leave a long legacy. Lancet.
2012; 379: 792.

13. Chibowska K, Korbecki J, Gutowska I, Metryka E, Tarnowski M, Goschorska
M, et al. Pre- and Neonatal Exposure to Lead (Pb) Induces Neuroinflammation
in the Forebrain Cortex, Hippocampus and Cerebellum of Rat Pups. Int ] Mol
Sci. 2020; 21.

14. Li N, Liu X, Zhang P, Qiao M, Li H, Li X, et al. The effects of early life lead
exposure on the expression of interleukin (IL) 1B, IL-6, and glial fibrillary
acidic protein in the hippocampus of mouse pups. Hum Exp Toxicol. 2015; 34:
357-63.

15. Kianoush S, Sadeghi M, Balali-Mood M. Recent Advances in the Clinical
Management of Lead Poisoning. Acta Med Iran. 2015; 53: 327-36.

https://www.medsci.org



Int. J. Med. Sci. 2022, Vol. 19

337

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hemdan NY, Emmrich F, Adham K, Wichmann G, Lehmann I, El-Massry A, et
al. Dose-dependent modulation of the in vitro cytokine production of human
immune competent cells by lead salts. Toxicol Sci. 2005; 86: 75-83.

Sullivan JL, Ochs HD. Copper deficiency and the immune system. Lancet.
1978; 2: 686.

Yelin G, Taff ML, Sadowski GE. Copper toxicity following massive ingestion
of coins. Am J Forensic Med Pathol. 1987; 8: 78-85.

Gotteland M, Araya M, Pizarro F, Olivares M. Effect of acute copper exposure
on gastrointestinal permeability in healthy volunteers. Dig Dis Sci. 2001; 46:
1909-14.

Ude VC, Brown DM, Viale L, Kanase N, Stone V, Johnston HJ. Impact of
copper oxide nanomaterials on differentiated and undifferentiated Caco-2
intestinal epithelial cells; assessment of cytotoxicity, barrier integrity, cytokine
production and nanomaterial penetration. Part Fibre Toxicol. 2017; 14: 31.

Ude VC, Brown DM, Stone V, Johnston HJ. Time dependent impact of copper
oxide nanomaterials on the expression of genes associated with oxidative
stress, metal binding, inflammation and mucus secretion in single and
co-culture intestinal in vitro models. Toxicology in Vitro. 2021; 74: 105161.
Evans GR, Masullo LN. Manganese Toxicity. StatPearls. Treasure Island (FL):
StatPearls Publishing Copyright © 2021, StatPearls Publishing LLC; 2021.
Smith AH, Marshall G, Roh T, Ferreccio C, Liaw J, Steinmaus C. Lung,
Bladder, and Kidney Cancer Mortality 40 Years After Arsenic Exposure
Reduction. ] Natl Cancer Inst. 2018; 110: 241-9.

Chiou HY, Hsueh YM, Liaw KF, Horng SF, Chiang MH, Pu YS, et al. Incidence
of internal cancers and ingested inorganic arsenic: a seven-year follow-up
study in Taiwan. Cancer Res. 1995; 55: 1296-300.

Duan X, Gao S, Li J, Wu L, Zhang Y, Li W, et al. Acute arsenic exposure
induces inflammatory responses and CD4(+) T cell subpopulations
differentiation in spleen and thymus with the involvement of MAPK, NF-kB,
and Nrf2. Mol Immunol. 2017; 81: 160-72.

Lauer FT, Parvez F, Factor-Litvak P, Liu X, Santella RM, Islam T, et al. Changes
in human peripheral blood mononuclear cell (HPBMC) populations and T-cell
subsets associated with arsenic and polycyclic aromatic hydrocarbon
exposures in a Bangladesh cohort. PLoS One. 2019; 14: e0220451.

Jamal Z, Das ], Ghosh S, Gupta A, Chattopadhyay S, Chatterji U.
Arsenic-induced immunomodulatory effects disorient the survival-death
interface by stabilizing the Hsp90/Beclinl interaction. Chemosphere. 2020;
238:124647.

Wang M, Tan ], Jiang C, Li S, Wu X, Ni G, et al. Inorganic arsenic influences
cell apoptosis by regulating the expression of MEG3 gene. Environ Geochem
Health. 2021; 43: 475-84.

Chatterjee D, Adak S, Banerjee N, Bhattacharjee P, Bandyopadhyay AK, Giri
AK. Evaluation of health effects, genetic damage and telomere length n
children exposed to arsenic in West Bengal, India. Mutat Res Genet Toxicol
Environ Mutagen. 2018; 836: 82-8.

Cao ZR, Cui SM, Lu XX, Chen XM, Yang X, Cui JP, et al. [Effects of
occupational cadmium exposure on workers' cardiovascular system].
Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi. 2018; 36: 474-7.

Huo J, Huang Z, Li R, Song Y, Lan Z, Ma S, et al. Dietary cadmium exposure
assessment in rural areas of Southwest China. PLoS One. 2018; 13: e0201454.
Schutte R, Nawrot TS, Richart T, Thijs L, Vanderschueren D, Kuznetsova T, et
al. Bone resorption and environmental exposure to cadmium in women: a
population study. Environ Health Perspect. 2008; 116: 777-83.

Jarup L, Alfvén T. Low level cadmium exposure, renal and bone effects--the
OSCAR study. Biometals. 2004; 17: 505-9.

Nambunmee K, Nishijo M, Swaddiwudhipong W, Ruangyuttikarn W. Bone
Fracture Risk and Renal Dysfunction in a Highly Cadmium Exposed Thai
Population. ] Res Health Sci. 2018; 18: e00419.

Pi H, Xu S, Reiter R], Guo P, Zhang L, Li Y, et al
SIRT3-SOD2-mROS-dependent autophagy in cadmium-induced
hepatotoxicity and salvage by melatonin. Autophagy. 2015; 11: 1037-51.
Niture S, Lin M, Qi Q, Moore JT, Levine KE, Fernando RA, et al. Role of
Autophagy in Cadmium-Induced Hepatotoxicity and Liver Diseases. ]
Toxicol. 2021; 2021: 9564297.

Das SC, Varadharajan K, Shanmugakonar M, Al-Naemi HA. Chronic
Cadmium Exposure Alters Cardiac Matrix Metalloproteinases in the Heart of
Sprague-Dawley Rat. Front Pharmacol. 2021; 12: 663048.

Son YO, Wang L, Poyil P, Budhraja A, Hitron JA, Zhang Z, et al. Cadmium
induces carcinogenesis in BEAS-2B cells through ROS-dependent activation of
PI3K/ AKT/GSK-3f/-catenin signaling. Toxicol Appl Pharmacol. 2012; 264:
153-60.

Wang Y, Mandal AK, Son YO, Pratheeshkumar P, Wise JTF, Wang L, et al.
Roles of ROS, Nrf2, and autophagy in cadmium-carcinogenesis and its
prevention by sulforaphane. Toxicol Appl Pharmacol. 2018; 353: 23-30.

Hu J, Wang H, Hu YF, Xu XF, Chen YH, Xia MZ, et al. Cadmium induces
inflammatory cytokines through activating Akt signaling in mouse placenta
and human trophoblast cells. Placenta. 2018; 65: 7-14.

Paniagua L, Diaz-Cueto L, Huerta-Reyes M, Arechavaleta-Velasco F.
Cadmium exposure induces interleukin-6 production via ROS-dependent
activation of the ERK1/2 but independent of JNK signaling pathway in
human placental JEG-3 trophoblast cells. Reprod Toxicol. 2019; 89: 28-34.

https://www.medsci.org



