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Background: Inflammatory bowel diseases (IBD) are chronic
immune-mediated diseases, mainly represented by Crohn's disease (CD)
and ulcerative colitis (UC). Several environmental factors have been proposed
to contribute to disease pathogenesis, amongst which are metals. These can
affect the immune system and may be associated with IBD. The aim of the
present cross-sectional study was to investigate blood levels of metals in IBD
patients and to examine possible associations with clinical and inflammatory
disease markers.

Methods: Intotal, 76 CD patients, 39 UC patients and 38 healthy controls were
included. Blood and stool samples were collected. Metals were quantified in
plasma samples using inductively coupled plasma mass spectrometry.

Results: There were more abnormalities of circulating metals in CD than in
UC when compared to healthy controls. CD: Concentrations of the essential
trace elements zinc and selenium were lower in CD patients than the controls.
Chromium was negatively associated with serum IL-6 (Beta: —3.558, p =0.011),
and caesium with fecal calprotectin (Beta: —0.481, p = 0.038) and serum
IL-10 (Beta: —1.912, p = 0.050). In contrast, copper was positively associated
with C-reactive protein (Beta: 2.548 x 102, p = 0.033). UC: In UC, a negative
association of iron with serum myeloperoxidase levels (Beta: —1.270 x 103,
p = 0.044) was detected. Thallium, a hazardous metal, however, was positively
associated with disease activity (Beta: 3.899, p = <0.01).

01 frontiersin.org


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.997356
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.997356&domain=pdf&date_stamp=2022-12-08
mailto:akaliora@hua.gr
mailto:andrianakaliora@gmail.com
mailto:amerikanou@windowslive.com
mailto:camer@hua.gr
https://doi.org/10.3389/fnut.2022.997356
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.997356/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Amerikanou et al.

10.3389/fnut.2022.997356

Conclusion: In conclusion, our study offers new insights into the relations of
metals with IBD. Further research should focus on the evaluation of the above
associations and potential underlying mechanisms.

inflammatory bowel diseases, Crohn’s disease, ulcerative colitis, metals, trace
elements, inflammation

Introduction

The inflammatory bowel diseases (IBDs) are chronic
immune-mediated diseases characterized by chronic relapsing
and remitting inflammation of the gastrointestinal tract. IBD
is mainly represented by Crohn’s disease (CD) and ulcerative
colitis (UC) (1, 2). CD affects areas of the entire gastrointestinal
tract with the inflammation being segmental, asymmetrical, and
transmural, whereas UC is localized to the rectum and to more
proximal segments of the colon, in a continuous way (3, 4).

Although the pathophysiology of IBD has not yet been
clearly elucidated, it has been hypothesized that there is an
interplay between genetic background, multiple environmental
factors, dysbiosis of the gut microbiota, and immune responses.
Chronological and geographical changes in the epidemiology
of IBD support the critical role of the environment in the
pathogenesis (5). Environmental factors may include diet,
smoking, a lack of breastfeeding, urbanization, and use of
antibiotics. Environmental pollution can also serve as a risk
factor for IBD, and exposure to SO, and NO, have been shown
to increase the risk for UC and CD, respectively (6).

The heavy metals—which occur naturally in earth’s crust—
are metallic elements with relatively high density and have the
potential to be toxic or poisonous even at low concentrations
due to bioaccumulation. Examples include mercury, cadmium,
arsenic, chromium, thallium, and lead. These enter the human
body in small amounts through the alimentary or respiratory
tracts, and if retained cannot be degraded or destroyed. Other
metals such as copper, selenium, and zinc are essential to human
metabolism as trace elements, although at high concentrations
these too can prove to be toxic.

Heavy metal poisoning may be caused by consumption of
contaminated drinking-water, by inhaling air near sources of
emission, or by ingestion of contaminated food. Urbanization
and industrialization have increased solid wastes generation
with consequent loading of soil and groundwater with
heavy metals; this can have a serious adverse impact on
human health (7, 8). Several metals affect the immune
system and have been associated with inflammatory diseases,
including IBD (9-12). Mercury interferes with the intestinal
epithelium, inhibits the production of enzymes, disrupts
the gut microbiota and contributes to IBD pathogenesis
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(13). Long-term exposure to cadmium, which is retained
in the gastrointestinal tract, can exacerbate colitis by
disrupting the intestinal barrier (14). However, cadmium,
and to some extent lead, paradoxically have been shown
to reduce the severity of symptoms caused by TNBS and
DSS induced colitis in a significant and dose-dependent
manner (15), with arsenic even been used therapeutically
in colitis (16).

The trace elements essential to man also exert major effects
on the function of the immune system. For example, zinc
and copper are components of superoxide dismutase (SOD)
and thereby contribute to the decrease of oxidative stress
(17). IBD patients with zinc deficiency are more likely to
have adverse disease-specific outcomes such as hospitalization,
surgery, and disease-related complications (18). In mice,
manganese deficiency disrupts intestinal barrier function and
increases susceptibility to colitis due to aberrant exposure of
the host immune system to the gut microbiome (19). As a
member of the NF-kB inhibitor family, chromium has been
shown to reduce CRP, TNF-a, and interleukin (IL)-6 levels in
multiple studies (20).

The role of metals in IBD is well established; systemic
inflammatory response is responsible for deficiencies in trace
elements and subsequent clinical impact, or chronic exposure
to heavy metals is associated with IBD pathogenesis (21).
Nevertheless, several metals are known to regulate or aggravate
inflammatory responses, either by inhibiting the production of
proinflammatory cytokines or by contributing to the initiation
of inflammatory processes. However, not many studies have
evaluated the associations between circulating metals and
disease markers that may provide new insights into the role of
metals in IBD pathogenesis. So, the primary hypothesis of this
study was that circulating levels of metals in IBD patients are
differentially expressed compared to those of healthy individuals
and this altered expression is reflected in the associations with
inflammatory disease markers. The differences might be due
either to malabsorption attributed to the clinical manifestation
of the disease or to higher exposure to hazardous metals. Thus,
the aim of this study was to explore the circulating metals in
IBD patients as compared to healthy individuals, and to examine
their interplay with a wide range of clinical and inflammatory

disease markers.

frontiersin.org


https://doi.org/10.3389/fnut.2022.997356
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Amerikanou et al.

Materials and methods
Ethics

All enrolled patients and healthy participants signed
an informed consent after being provided with a detailed
information leaflet describing the study procedures. The
study followed the principles of Declaration of Helsinki
and was approved by the Ethics Committee of Harokopio
University (49/29-10-2015).

Participants

The present cross-sectional study included 76 patients
with CD, 39 patients with UC and 38 healthy controls
(HC; both males and females), and took place in Athens,
Greece. Enrolment was stimulated through announcement
to the Hellenic Society of CD and UC patients and patients
were from different regions throughout Greece. The IBD
patients had a confirmed endoscopic diagnosis and were
enrolled in the IBD-GR cohort (22, 23). Exclusion criteria
were: age <18 years; positive stool culture for enteric
pathogens; bowel surgery <3 months prior to screening;
short bowel syndrome; intra-abdominal abscess or fistula
with clinical or radiological evidence of an associated
abscess; enteral
nutrition; alcohol or drug abuse; vitamin or inorganic

ileostomy or colostomy; or parenteral
supplement use <6 months prior to screening; a vegan
or macrobiotic diet <5 years prior to screening; any
malignancy <1 year- or cancer survivors <10 years prior
to screening; serious cardiovascular disease, peptic ulcer,

pregnancy or lactation.

Medical, anthropometric and dietary
assessment

Detailed medical history and disease characteristics were
obtained by one experienced gastroenterologist. Patients were
classified clinically as being in relapse or in remission.
The Partial Mayo Score (PMS) and the Harvey-Bradshaw
Index (HBI) were used to quantify the disease activity in
UC and CD, respectively (24, 25), and the Inflammatory
Bowel Disease Questionnaire (IBDQ) was administered to
assess quality of life (26). Body weight was measured to
the nearest 0.1kg, height was measured with a standard
stadiometer to the nearest millimeter and body mass index
(BMI) was calculated. Dietary intake was assessed by an
experienced dietitian using the 24-h recall record and the
software package Nutritionist Pro™ (Axxya Systems, Stafford,
TX, USA).
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Biological sample collection

Twenty ml of blood were collected after overnight fasting
and were centrifuged at 3,000 rpm for 10 min at 4°C for plasma
and serum isolationSerum was used for routine biochemical
analysis and quantification of biomarkers of inflammation and
oxidative stress. Plasma was used for evaluation of the metals.
Stool samples were collected using a stool preparation system
filled with extraction buffer IDK Extract® (Immundiagnostik,
AG) for measurement of fecal inflammatory biomarkers.

Biochemical analyses

total
low-density

Serum iron (Fe), albumin, bilirubin, glucose,

(HDL),
lipoprotein (LDL), triglycerides, urea and plasma fibrinogen,

cholesterol, high-density lipoprotein
amylase, lactate dehydrogenase (LDH), glutamic-oxaloacetic
transaminase (SGOT), glutamic—pyruvic transaminase (SGPT),
y-glutamyl transferase (y-GT), alkaline phosphatase (ALP) and
C-reactive protein (CRP) were quantified with an automatic
biochemical analyser (Cobas 8000 analyser, Roche Diagnostics
GmbH, Mannheim, Germany). Vitamin D was measured
with an automated immunoassay system Cobas €801 (Roche
Diagnostics, Mannheim, Germany).

Inflammatory and oxidative stress
biomarkers assessment

Interleukin-6 (R&D Systems, Inc., Minneapolis, USA),
IL-10 (OriGene Technologies, Inc., Maryland, USA), IL-
17A (Boster Biological Technology, Pleasanton, CA, USA),
oxidized low-density lipoprotein (ox-LDL; Mercodia, AB,
Uppsala, Sweden), myeloperoxidase (MPO; Thermo Fisher
Scientific Inc, Massachusetts, USA) were measured in serum
applying sandwich ELISA. Calprotectin, lysozyme, defensin
and lactoferrin were quantified in stool samples applying
sandwich ELISA (Immundiagnostik, AG, Bensheim, Germany).
All measurements were performed in duplicate in all patients.

Inductively coupled plasma mass
spectrometry

All plastic materials that came into contact with the
blood samples were previously washed thoroughly, soaked in
dilute HNO3 (Merck, Darmstadt, Germany), and rinsed with
ultrapure water of 18.2 M£2 cm (Millipore, Bedford, MA,
USA). Micropipettes used for the dilution of the samples
were calibrated regularly. For the preparation of all solutions
required, class A volumetric glassware was used. Samples were
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TABLE 1 Demographic and clinical characteristics of the participants.

CD CD relapse CD remission ucC UC relapse UC remission HC p! P>
(N=76) (N =38) (N =38) (N=39) (N=18) (N=21) (N =38)

Sex (M/F) 42/34 18/20 24/14 17/22 7/11 10/11 16/22 0.151 0.335
Age (years) (mean =+ SD) 38.7 £ 14.0 40.6 £ 16.7 36.8 £10.6 393+11.8 413+ 144 37.6 £9.0 33.0£12.2 0.062 0.096
BMI (kg/mz) (mean =+ SD) 235+4.4 235448 243+3.8 246+£54 24.6 £6.2 24.6 £4.8 249+45 0.245 0.312
Smoking (Yes/No) 28/48 14/24 14/24 13/26 4/14 9/12 N/A 0.367 0.403
Disease duration (years) (mean =+ SD) 11.3+8.1 11.9+09.1 10.7 +£7.1 9.4+6.9 94+£72 94+69 - 0.214 0.575
Disease location (N)

Colonic 2 0 2 3 1 2 -

Tleo-colonic 30 14 16 0 0 0 -

Tleal 24 15 9 0 0 0 -

Left-sided 3 2 1 10 5 5 -

Pancolitis 1 0 1 20 10 10 -

Other 16 7 9 6 3 3 -
IBDQ score (mean =+ SD) 162.6 £27.8 148.0 £22.4 176.4 £25.5 162.9 £ 35.0 145.6 £31.3 177.7 £31.5 - 0.966 <0.01
HBI (mean + SD) 4.8+32 73+£24 23+14 - - - - <0.01
PMS (mean + SD) - - - 23+21 41+£18 0.7 £0.5 - <0.01

CD, Crohn’s disease; UC, ulcerative colitis; HC, healthy control; BMI, body mass index; IBDQ, Inflammatory Bowel Disease Questionnaire; HBI, Harvey Bradshaw index; PMS, Partial Mayo score.
Student’s t-test was used to analyse differences between two independent groups and One-way ANOVA between more than two independent groups. Posthoc comparison was conducted using Bonferroni’s correction. Chi-squared test was used for the
comparison of proportions. Difference was considered significant at p-value < 0.05. p!, comparison between CD, UC and HC; p?, comparison between CD relapse, CD remission, UC relapse, UC remission, and HC (when applicable). Values in bold

indicate significant differences.
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digested using a mixture of HNOj3 (suprapur 65%; Merck) and
H,0; (suprapur 30%; Merck), according to the procedures
described by Batdriova et al. and Jin et al., slightly modified
(27, 28). The digested samples were analyzed by inductively
coupled plasma mass spectrometry (ICP-MS; Thermo Scientific
ICAP Qc, Waltham, MA USA). Measurements were carried out
in a single collision cell mode, with kinetic energy discrimination
(KED) using pure He. Matrix-induced signal suppressions
and instrumental drift were corrected by the use of internal
standards (*Sc, 103Rh). Plasma samples were analyzed in
duplicate and the average of the two measurements was used
for statistical analysis. The limits of detection (LOD), calculated
according to US EPA (29), varied from 0.03 pg/L for cesium
and thallium to 0.8 for iron. For statistical calculations, values
below the minimum were assigned the method detection limit
divided by /2.

Statistical analysis

Data are presented as mean =+ standard deviation (SD) or
median and interquartile range (IQR). Normal distribution
was assessed with Kolmogorov-Smirnov test. Chi-square test
was used for the comparison of proportions. Student’s ¢-test
and Mann-Whitney U-test were used for the comparisons of
means between two independent groups. For the comparisons
of means for more than two groups we used ANOVA or
Kruskal-Wallis H-test, applying posthoc comparison using
Bonferroni’s correction. Spearman’s correlation test was used for
the correlation analysis, whereas linear regression models were
applied for the exploitation of the relationships of parameters
showing a significant bivariate correlation. Parameters
that were not normally distributed were log transformed
where needed. Statistical analysis was conducted with the
SPSS software (SPSS for Windows, version 21.0, SPSS Inc.,

Chicago, IL, USA).

Results

Demographic and clinical characteristics of the study
population are presented in Table 1. CD, UC patients and HC
were well matched for age, sex and BMI. Disease duration and
IBDQ scores did not differ between CD and UC patients. HBI
and PMS differed significantly according to clinically assessed
disease activity (HBL: 7.3 + 2.4 vs. 2.3 £ 1.4 with p < 0.01,
PMS: 41 £ 1.9 vs. 0.7 &+ 0.5 with p < 0.01 in active vs.
inactive CD and UC patients, respectively), and IBDQ was
highly negatively correlated with both disease activity indices
(rho: —0.559, p < 0.01 and rho: —0.639, p < 0.01 for HBI
and PMS, respectively). Levels of biochemical, inflammatory and
oxidative stress biomarkers in the two patient groups are shown
in Supplementary Tables S1, S2.
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TABLE 2 Levels of trace metals (jLg/L) in the plasma of CD, UC patients
and HC.

CD ucC HC P! P2
(N=76) (N=39) (N=238)

Vanadium 0234092 0334082 0.08+0.54 0.928 ns

Chromium 2.6 +3.8 1.6 +5.1 23+34 0148 ns
Manganese 1.8+43 1.4 +3.0* 24 +2.4 0.042 a=0.041

Iron 1451 +794 1258 +935 1341756 0.269 ns

Cobalt 0494074 0264069 034072 0.549 ns
Nickel 294104 124123 55474 0017 a=0.014

Copper 1021 £389 951 +272 909 £ 226.7 0.851 ns
Zinc 818+ 1412 570 +846° 968 £871° 0.027  a=0.022

Arsenic 089414 044414 071412 0458 ns
Selenium 50 + 39° 44 + 41° 77 +£30%°  0.009  a=0.018,
b =0.020

Rubidium 5424227 4744120 488495  0.469 ns
Strontium 37+ 19° 29 + 1280 35420 0.024  a=0.041,
b =0.053

Cadmium 0324069 0334075 0194036 0.09 ns

Cesium 0.68£0.54 0.6540.27 0.64+043 0.675 ns

Thallium  0.02+0.02 0024000 0024005 0.578 ns

Values are presented as mean =+ standard deviation of the mean. Data are presented as
median (interquartile range).

p!, differences between groups were analyzed using Kruskal-Wallis test. p?, adjusted p-
values after Bonferroni correction for pairwise comparisons. Difference was considered
significant at p-value < 0.05. Values sharing the same superscript differ significantly.

ns, non-significant. Values in bold indicate significant differences.

Table 2 and Supplementary Table S3 present the different
levels of metals in the three examined study groups (CD,
UC, and HC) and among different disease activity categories
and HC, respectively. UC patients exhibited lower levels of
manganese, nickel, zinc, selenium and strontium compared
with HC. CD patients had significantly lower levels only of
selenium compared to HC, and higher levels of strontium
than patients with UC. Nickel was elevated in CD patients in
relapse, compared to UC patients in remission, and lower in UC
remission compared with HC.

The results of the correlation analysis between metals
levels and parameters that reflect disease activity in CD
and UC patients are presented in Supplementary Tables 54, S5,
respectively. A linear regression analysis was applied to address
the significant associations presented above (Table3). We
applied three approaches, one unadjusted, one adjusted for
age, sex and BMI (Model 1), and one adjusted for age, sex,
BMI, smoking, disease activity, location, duration, nutritional
supplementation, and dietary intake of the respective metal
if available from Nutritionist Pro analysis (Model 2). The
relationships with the statistically significant results in all three
modes are presented in Table 3. In CD, chromium was negatively
associated with log IL-6 (Beta: —3.558, p = 0.011), and cesium
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TABLE 3 Regression analysis addressing the associations between trace metals and other data where there were significant correlations (only

relationships with significant results in Model 2 are presented).

Unadjusted Model 1* Model 2P

Beta P-value Beta P-value Beta P-value
CD
Chromium
log IL-6 —2.033 0.004 —1.862 0.013 —3.558 0.011
Copper
log CRP 1.696 x 102 0.004 2.020 x 10? <0.01 2.548 x 107 0.033
Cesium
log calprotectin —0.328 0.006 —0.389 0.003 —0.481 0.038
log IL-10 —1.514 0.008 —1.945 0.002 —1.912 0.050
uc
Iron
logMPO —8.645 x 102 0.033 —9.226 x 107 0.025 —1.270 x 10° 0.044
Thallium
logPMS 0.444 0.032 0.500 0.023 3.899 <0.01

Fe, iron; CRP, C-Reactive Protein; IL, Interleukin; MPO, myeloperoxidase; PMS, Partial Mayo score.

Significance level was set at p < 0.05.
“Model 1: adjusted for age, sex, BMI

" Model 2: adjusted for age, sex, BMI, smoking, disease activity, location, duration, nutritional supplementation, and dietary intake of the respective metal if available from Nutritionist Pro

analysis.

CRP, IL-6, IL-10, calprotectin, MPO, and PMS were not normally distributed therefore their logarithm was used for the regression. Values in bold indicate significant associations.

with log calprotectin (Beta: —0.481, p = 0.038) and log IL-
10 (Beta: —1.912, p = 0.050). Copper was positively associated
with log CRP (Beta: 2.548 x 102, p = 0.033). In UC, iron
was negatively associated with log myeloperoxidase (MPO; Beta:
—1.270 x 10%, p = 0.044) and thallium positively with log PM$
(Beta: 3.899, p = <0.01).

Discussion

The IBDs are complex conditions where genetics, immune
response, gut microbiota and environmental factors overlap
to manifest these pathologies. Since approximately two-thirds
of IBD patients show no identifiable genetic defect, it is
suggested that other factors, such as the environment may play
a critical role (30). Heavy metals are naturally occurring in the
environment and some of them are essential as trace elements
in the human body. However, their alarmingly increased
concentrations firstly in the habitat and secondly in the living
organisms entails hazards that are sustained due to the nature of
these metals and their accumulation in the ecosystems.

The role of heavy metals in the establishment and
progression of IBD and in the maintenance of gut health has
been explored. However, only a few studies have addressed the
potential relationship of their circulating levels in IBD patients
with parameters reflecting disease activity, such as that of
Stojsavljevi¢ et al. (31) where they explored the circulating levels
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of essential and toxic trace elements in patients with CD and
potential correlations of metal ratios with CRP and calprotectin.
To the best of our knowledge, this is the first study that examines
the associations of metals with disease activity indices (such
as PMS, HBI, inflammatory and oxidative stress biomarkers),
more importantly including regression analysis and adjustment
for strong potential confounders. Also this is the first study
exploring the above relations in a Greek population.
Manganese, nickel, zinc, selenium, and strontium were
generally lower in UC patients than in HC and selenium was
lower in CD patients. Strontium was higher in CD than in UC.
Nickel was elevated in patients with active CD compared to
those in remission, but was lower in inactive CD. Our results are
therefore broadly in line with previous research evidence where
this exists. Particularly in the case of zing, the circulating element
is largely bound to albumin and so when albumin concentrations
decrease, total zinc concentrations would also be expected to
decrease. Other trace elements have specific high affinity carrier
proteins such as transferrin (iron) and caeruloplasmin (copper)
which may themselves be acute phase reactants. In addition,
several trace elements and carrier proteins have been found to
cause negative inflammatory responses, and a low level of these
analytes in inflammatory diseases is not necessarily indicative of
nutritional deficiency (32). In the case of CD, there are several
processes, other than reduced dietary intake, which can result in
apparent trace element deficiency, including impaired mucosal
absorption, increased excretion, and hypoalbuminaemia (33).
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Mucosal malabsorption and nutritional deficiencies of trace
elements are nonetheless likely to play a central role.

Zinc is absorbed in the small intestine and plays an
important role as an enzyme cofactor involved in immune
function (18). Its deficiency is common in IBD patients.

Manganese is essential for cell function, as it serves
as a cofactor in reactions catalyzed by several enzymes,
some of them implicated in defense against oxidative
stress and therefore possibly in IBD pathogenesis as well.
Experimental mice with manganese deficiency exhibited
impaired intestinal tight junctions and disturbed intestinal
permeability, while they showed increased tolerance to colitis
when supplemented with manganese (34). In line with our
results selenium and manganese were found at significantly
lower levels in the hair of pediatric patients with CD and
UC than in healthy controls (35). The inverse association
of selenium with IBD is better established, with several
selenoproteins mediating gut inflammation and activating
immune response (36).

Nickel levels have not previously been evaluated in IBD,
but several studies refer to the disrupting role of nickel in gut
microbiota eubiosis (37). Our results agree in part with these as
nickel levels were higher in active CD compared to inactive UC
(although controls had higher levels than UC patients).

Strontium is known for its anti-inflammatory role and is
used for the treatment of inflammatory conditions as it inhibits
TNF-a induced NFkB signal transduction. It has also been
proposed as a treatment option for UC, since strontium chloride
suppressed inflammation in a rat ulcerative colitis model (38).

Regression analysis revealed interesting relationships
between plasma metals and disease-related factors in our
cohort. In CD, chromium was negatively associated with serum
IL-6, and cesium with fecal calprotectin and serum IL-10.
Copper was positively associated with CRP.

Chromium has a well-known anti-inflammatory role, as
it inhibits NFkB activation and its supplementation has been
linked to reductions of serum CRP, TNF-a, and IL-6 in a
meta-analysis of randomized controlled trials (20, 39). Also,
chromium supplementation improved histological findings,
upregulated IL-10, and downregulated TNF-a, and IFN-y in
experimental colitis (40).

Although there was no prior evidence for a role of cesium
in IBD, this element is usually found at lower levels in
other inflammatory disorders when compared with healthy
controls and has been shown to exhibit anti-inflammatory
and antioxidant effects (41-43). The apparently contradictory
findings in our study, cesium correlating with lower levels
of calprotectin and IL-10, are in line with previous research
findings that suggested an immunomodulatory role of cesium
regulating both pro- and anti-inflammatory cytokines (43).

The role of copper in IBD is well-documented as it affects
the immune response, by serving as an enzyme cofactor in
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several pathways, such as antioxidant mechanisms. Inflamed
mucosa in IBD patients seems to bear lower levels of the
copper-containing protein superoxide dismutase, known for
its antioxidant activity, suggesting a decreased protection
against oxidation (44). Similarly, in our population, copper was
positively associatedwith CRP.

Regression analysis in UC revealed a negative association of
iron with MPO. Iron deficiency is very common in IBD patients
due to inadequate dietary intake, malabsorption and chronic
blood loss and has been associated with disease activity, while
increased CRP levels have been linked with increased prevalence
of anemia in patients with IBD (45). In the present study, iron
levels in blood were within the normal range in both UC and
CD patients, but in UC iron was associated with lower MPO, an
enzyme with bactericidal function known for its upregulation in
IBD and correlation with disease activity markers, supporting a
crucial role of iron in the disease (46).

Finally, thallium was positively associated with the PMS in
UC. Thallium is one of the main hazardous metals according to
the World Health Organization and can affect several organs,
including the gastrointestinal tract. Its serum levels correlate
with TNF-a, and IL-6 in pregnant women, whereas its urine
levels correlate with CRP in smokers (47, 48). In our study
thallium correlated with PMS, a disease activity index that
correlates well with several disease markers.

The relative small sample size, as well as the lack of
recent endoscopy to determine the disease activity are the main
limitations of our study, but they are compensated by several
strengths. All the tools that have been used (disease activity
indices, dietary analysis) are validated and the methodologies
for biomarker assessment offer high sensitivity and specificity.
ICP-MS is a well-established high-throughput technique with
very low detection limits and in our study was able to
detect 16 metals simultaneously. Of course, as the above
data have been collected in a cross-sectional design and a
causal relationship between heavy metals and IBD cannot be
speculated, the results should be interpreted with caution.
To the best of our knowledge this is the first study that
quantifies such a wide variety of metals in the plasma of
IBD patients.

Conclusions

The contribution of circulating metals to IBD pathogenic
mechanisms is interesting and is gaining increased attention.
There have not been adequate data on the levels of metals in
IBD patients, nor on the association with disease activity
and inflammation, and our study offers new insights
into these relationships. Further research should focus on
further evaluation of the associations demonstrated and their

underlying mechanisms.

frontiersin.org


https://doi.org/10.3389/fnut.2022.997356
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Amerikanou et al.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material, further inquiries
can be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics Committee of Harokopio University (49/29-
10-2015). The patients/participants provided their written
informed consent to participate in this study.

Author contributions

AK conceptualized and designed the study. CA, AG, EP, SK,
DT, and AS were involved in the investigation. CA performed
the analysis and drafted the initial version of the manuscript.
AG, SK, DT, AS, EP, NK, AF, and AK reviewed the manuscript.
All authors approved the final version.

Acknowledgments

We are grateful to the participants of this study.

References

1. Gu P, Feagins LA. Dining with inflammatory Bowel disease: a review of the
literature on diet in the pathogenesis and management of IBD. Inflamm Bowel Dis.
(2020) 26:181-91. doi: 10.1093/ibd/izz268

2. Wark G, Samocha-Bonet D, Ghaly S, Danta M. The role of diet in the
pathogenesis and management of inflammatory Bowel disease: a review. Nutrients.
(2020) 13:135. doi: 10.3390/nul13010135

3. Torres J, Mehandru S, Colombel JE, Peyrin-Biroulet L. Crohn’s disease. Lancet.
(2017) 389:1741-55. doi: 10.1016/S0140-6736(16)31711-1

4. Ungaro R, Mehandru S, Allen PB, Peyrin-Biroulet L, Colombel JF. Ulcerative
colitis. Lancet. (2017) 389:1756-70. doi: 10.1016/S0140-6736(16)32126-2

5. Ananthakrishnan AN, Bernstein CN, Iliopoulos D, Macpherson A, Neurath
ME, Ali R, et al. Environmental triggers in IBD: a review of progress and evidence.
Nat Rev Gastroenterol Hepatol. (2018) 15:39-49. doi: 10.1038/nrgastro.2017.136

6. Kaplan GG, Hubbard J, Korzenik J, Sands BE, Panaccione R, Ghosh S, et al.
The inflammatory bowel diseases and ambient air pollution: a novel association.
Am ] Gastroenterol. (2010) 105:2412-9. doi: 10.1038/ajg.2010.252

7. Ahmad W, Alharthy RD, Zubair M, Ahmed M, Hameed A, Rafique S. Toxic
and heavy metals contamination assessment in soil and water to evaluate human
health risk. Sci Rep. (2021) 11:17006. doi: 10.1038/s41598-021-94616-4

8. Ali H, Khan E, Ilahi I. Environmental chemistry and ecotoxicology of
hazardous metals: environmental persistence, toxicity, and bioaccumulation. ]
Chem. (2019) 6730305. doi: 10.1155/2019/6730305

9. Legaki E, Gazouli M. Influence of environmental factors in the development
of inflammatory bowel diseases. World ] Gastrointest Pharmacol Ther. (2016)
7:112-25. doi: 10.4292/wjgpt.v7.il.112

10. Popov Aleksandrov A, Mirkov I, Tucovic D, Kulas J, Zeljkovic M, Popovic D,
et al. Immunomodulation by heavy metals as a contributing factor to inflammatory

Frontiersin Nutrition

08

10.3389/fnut.2022.997356

Conflict of interest

AF receives honoraria from Fresenius Kabi, Takeda, and
B Braun.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.997356/full#supplementary-material

diseases and autoimmune reactions: cadmium as an example. Immunol Lett. (2021)
240:106-22. doi: 10.1016/j.imlet.2021.10.003

11. Becker HM, Bertschinger MM, Rogler G. Microparticles and their impact on
intestinal immunity. Dig Dis. (2012) 30:47-54. doi: 10.1159/000342602

12. Ruiz PA, Morén B, Becker HM, Lang S, Atrott K, Spalinger MR, et al.
Titanium dioxide nanoparticles exacerbate DSS-induced colitis: role of the NLRP3
inflammasome. Gut. (2017) 66:1216-24. doi: 10.1136/gutjnl-2015-310297

13. Rice KM, Walker EM Jr, Wu M, Gillette C, Blough ER. Environmental
mercury and its toxic effects. | Prev Med Public Health. (2014) 47:74-
83. doi: 10.3961/jpmph.2014.47.2.74

14. Jiang Z, Mu W, Yang Y, Sun M, Liu Y, Gao Z, et al. Cadmium exacerbates
dextran sulfate sodium-induced chronic colitis and impairs intestinal barrier. Sci
Total Environ. (2020) 744:140844. doi: 10.1016/j.scitotenv.2020.140844

15. Breton J, Daniel C, Vignal C, Body-Malapel M, Garat A, Plé C, et al
Does oral exposure to cadmium and lead mediate susceptibility to colitis?
The dark-and-bright sides of heavy metals in gut ecology. Sci Rep. (2016)
6:19200. doi: 10.1038/srep19200

16. Forbes A, Britton TC, House IM, Gazzard BG. Safety and efficacy of acetarsol
suppositories in unresponsive proctitis. Aliment Pharmacol Ther. (1989) 3:553-
6. doi: 10.1111/j.1365-2036.1989.tb00247.x

17. Mohammadi E, Qujeq D, Taheri H, Hajian-Tilaki K. Evaluation of
serum trace element levels and superoxide dismutase activity in patients with
inflammatory bowel disease: translating basic research into clinical application.
Biol Trace Elem Res. (2017) 177:235-40. doi: 10.1007/s12011-016-0891-0

18. Siva S, Rubin DT, Gulotta G, Wroblewski K, Pekow J. Zinc deficiency
is associated with poor clinical outcomes in patients with inflammatory Bowel
disease. Inflamm Bowel Dis. (2017) 23:152-7. doi: 10.1097/MIB.0000000000000989

frontiersin.org


https://doi.org/10.3389/fnut.2022.997356
https://www.frontiersin.org/articles/10.3389/fnut.2022.997356/full#supplementary-material
https://doi.org/10.1093/ibd/izz268
https://doi.org/10.3390/nu13010135
https://doi.org/10.1016/S0140-6736(16)31711-1
https://doi.org/10.1016/S0140-6736(16)32126-2
https://doi.org/10.1038/nrgastro.2017.136
https://doi.org/10.1038/ajg.2010.252
https://doi.org/10.1038/s41598-021-94616-4
https://doi.org/10.1155/2019/6730305
https://doi.org/10.4292/wjgpt.v7.i1.112
https://doi.org/10.1016/j.imlet.2021.10.003
https://doi.org/10.1159/000342602
https://doi.org/10.1136/gutjnl-2015-310297
https://doi.org/10.3961/jpmph.2014.47.2.74
https://doi.org/10.1016/j.scitotenv.2020.140844
https://doi.org/10.1038/srep19200
https://doi.org/10.1111/j.1365-2036.1989.tb00247.x
https://doi.org/10.1007/s12011-016-0891-0
https://doi.org/10.1097/MIB.0000000000000989
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Amerikanou et al.

19. Nakata T, Creasey EA, Kadoki M, Lin H, Selig MK, Yao J, et al. A missense
variant in SLC39A8 confers risk for Crohn’s disease by disrupting manganese
homeostasis and intestinal barrier integrity. Proc Natl Acad Sci U S A. (2020)
117:28930-8. doi: 10.1073/pnas.2014742117

20. Zhang X, Cui L, Chen B, Xiong Q, Zhan Y, Ye J, et al. Effect of chromium
supplementation on hs-CRP, TNF-a and IL-6 as risk factor for cardiovascular
diseases: a meta-analysis of randomized-controlled trials. Complement Ther Clin
Pract. (2021) 42:101291. doi: 10.1016/j.ctcp.2020.101291

21. Gilca-Blanariu GE, Diaconescu S, Ciocoiu M, Stefanescu G. New
insights into the role of trace elements in IBD. Biomed Res Int. (2018)
2018:1813047. doi: 10.1155/2018/1813047

22. Papada E, Amerikanou C, Torovi¢ L, Kalogeropoulos N, Tzavara C, Forbes
A, et al. Plasma free amino acid profile in quiescent inflammatory Bowel disease
patients orally administered with Mastiha (Pistacia lentiscus); a randomised clinical
trial. Phytomedicine. (2019) 56:40-7. doi: 10.1016/j.phymed.2018.08.008

23. Papada E, Forbes A, Amerikanou C, Torovi¢ L, Kalogeropoulos N, Tzavara C,
et al. Antioxidative efficacy of a pistacia lentiscus supplement and its effect on the
plasma amino acid profile in inflammatory bowel disease: a randomised, double-
blind, placebo-controlled trial. Nutrients. (2018) 10:1779. doi: 10.3390/nu10111779

24. Harvey RE, Bradshaw JM. A simple index of Crohn’s-disease activity. Lancet.
(1980) 1:514. doi: 10.1016/S0140-6736(80)92767-1

25. Lewis JD, Chuai S, Nessel L, Lichtenstein GR, Aberra FN, Ellenberg JH. Use
of the noninvasive components of the Mayo score to assess clinical response in
ulcerative colitis. Inflamm Bowel Dis. (2008) 14:1660-6. doi: 10.1002/ibd.20520

26. Guyatt G, Mitchell A, Irvine EJ, Singer J, Williams N, Goodacre R, et al.
A new measure of health status for clinical trials in inflammatory bowel disease.
Gastroenterology. (1989) 96:804-10. doi: 10.1016/0016-5085(89)90905-0

27. Batariovd A, Spevackovd V, Benes B, Cejchanova M, Smid ], Cernd M.
Blood and urine levels of Pb, Cd and Mercury in the general population of the
Czech Republic and proposed reference values. Int | Hyg Environ Health. (2006)
209:359-66. doi: 10.1016/j.ijheh.2006.02.005

28.Jin L, Liu ], Ye B, Ren A. Concentrations of selected heavy metals in maternal
blood and associated factors in rural areas in Shanxi Province, China. Environ Int.
(2014) 66:157-64. doi: 10.1016/j.envint.2014.01.016

29. United States Environmental Protection Agency. Definition and Procedures
for the Determination of the Method Detection Limit, App B, Part 136, 343-345, 40
CFR Ch (7-1-12 edition). Washington, DC (1997).

30. Dutta AK, Chacko A. Influence of environmental factors on the onset and
course of inflammatory bowel disease. World ] Gastroenterol. (2016) 22:1088-
100. doi: 10.3748/wjg.v22.i3.1088

31. Stojsavljevi¢ A, Soki¢-Milutinovi¢ A, Rov¢anin B, Tonéev L, Manojlovi¢
D. Profiling of circulatory elements reveals alteration of essential and toxic
trace metals in Crohn’s disease. Biol Trace Elem Res. (2022) 200:2572-
80. doi: 10.1007/s12011-021-02862-4

32. Galloway P, McMillan DC, Sattar N. Effect of the inflammatory response
on trace element and vitamin status. Ann Clin Biochem. (2000) 37(Pt 3):289-
97. doi: 10.1258/0004563001899429

33. Johtatsu T, Andoh A, Kurihara M, Iwakawa H, Tsujikawa T, Kashiwagi
A, et al. Serum concentrations of trace elements in patients with Crohn’s
disease receiving enteral nutrition. J Clin Biochem Nutr. (2007) 41:197-
201. doi: 10.3164/jcbn.2007028

34. Choi EK, Aring L, Das NK, Solanki S, Inohara N, Iwase S, et al. Impact
of dietary manganese on experimental colitis in mice. FASEB J. (2020) 34:2929-
43. doi: 10.1096/£].201902396R

Frontiersin Nutrition

09

10.3389/fnut.2022.997356

35. Cho JM, Yang HR. Hair mineral and trace element contents as reliable
markers of nutritional status compared to serum levels of these elements in
children newly diagnosed with inflammatory Bowel disease. Biol Trace Elem Res.
(2018) 185:20-9. doi: 10.1007/s12011-017-1225-6

36. Kudva AK, Shay AE, Prabhu
bowel disease. Am ] Physiol Gastrointest
309:G71-7. doi: 10.1152/ajpgi.00379.2014

37. Lombardi E Fiasca F Minelli M, Maio D, Mattei A, Vergallo I,
et al. The effects of low-nickel diet combined with oral administration
of selected probiotics on patients with systemic nickel allergy syndrome
(SNAS) and gut dysbiosis. Nutrients. (2020) 12:1040. doi: 10.3390/nul20
41040

38. Topal E Yonem O, Tuzcu N, Tuzcu M, Ataseven H, Akyol M. Strontium
chloride: can it be a new treatment option for ulcerative colitis? BioMed Res Int.
(2014) 2014:530687. doi: 10.1155/2014/530687

39. Sheikhhossein E Amini MR, Shahinfar H, Djafari E Safabakhsh
M, Shab-Bidar S. Effects of chromium supplementation on inflammatory
biomarkers: a systematic review and dose-response meta-analysis of randomized
controlled trials. Eur J Integr Med. (2020) 37:101147. doi: 10.1016/j.eujim.2020.1
01147

40. Odukanmi O, Salami A, Koda K, Morakinyo O, Olaleye S.
Trivalent chromium promotes healing of experimental colitis in mice by
suppression of inflammation and oxidative stress. ] Biosci Med. (2017)
5:108-26. doi: 10.4236/jbm.2017.58009

41. Almulla AE, Moustafa SR, Al-Dujaili AH, Al-Hakeim HK, Maes M. Lowered
serum cesium levels in schizophrenia: association with immune-inflammatory
biomarkers and cognitive impairments. Rev Bras Psiquiatr. (2021) 43:131-
7. doi: 10.1590/1516-4446-2020-0908

42. Le Gallic C, Phalente Y, Manens L, Dublineau I, Benderitter M, Gueguen
Y, et al. Chronic internal exposure to low dose 137Cs induces positive
impact on the stability of atherosclerotic plaques by reducing inflammation
in ApoE-/- Mice. PLoS ONE. (2015) 10:€0128539. doi: 10.1371/journal.pone.01
28539

KS. Selenium and inflammatory
Liver  Physiol. ~ (2015)

43. Lestaevel P, Grandcolas L, Paquet F, Voisin P, Aigueperse ], Gourmelon
P. Neuro-inflammatory response in rats chronically exposed to (137)Cesium.
Neurotoxicology. (2008) 29:343-8. doi: 10.1016/j.neuro.2008.01.001

44. Schneider T, Caviezel D, Ayata CK, Kiss C, Niess JH, Hruz P.
The Copper/Zinc Ratio correlates with markers of disease activity in
patients with inflammatory bowel disease. Crohn’s Colitis 360. (2020)
2:0taa001. doi: 10.1093/crocol/otaa001

45. Mahadea D, Adamczewska E, Ratajczak AE, Rychter AM, Zawada A, Eder
P, et al. Iron deficiency anemia in inflammatory bowel diseases-a narrative review.
Nutrients. (2021) 13:4008. doi: 10.3390/nu13114008

46. Ahmad G, Chami B, Liu Y, Schroder AL, San Gabriel PT, Gao
A, et al. The synthetic myeloperoxidase inhibitor AZD3241 ameliorates
dextran sodium sulfate stimulated experimental colitis. Front Pharmacol. (2020)
11:556020. doi: 10.3389/fphar.2020.556020

47. Dai J, Wu X, Bai Y, Feng W, Wang S, Chen Z, et al. Effect of thallium
exposure and its interaction with smoking on lung function decline: a prospective
cohort study. Environ Int. (2019) 127:181-9. doi: 10.1016/j.envint.2019.
03.034

48. Zhu YD, Liang CM, Hu YB, Li ZJ, Wang SE Xiang HY, et al. Repeated
measures of prenatal thallium exposure and placental inflammatory cytokine
mRNA expression: the Ma'anshan birth cohort (MABC) study. Chemosphere.
(2020) 246:125721. doi: 10.1016/j.chemosphere.2019.125721

frontiersin.org


https://doi.org/10.3389/fnut.2022.997356
https://doi.org/10.1073/pnas.2014742117
https://doi.org/10.1016/j.ctcp.2020.101291
https://doi.org/10.1155/2018/1813047
https://doi.org/10.1016/j.phymed.2018.08.008
https://doi.org/10.3390/nu10111779
https://doi.org/10.1016/S0140-6736(80)92767-1
https://doi.org/10.1002/ibd.20520
https://doi.org/10.1016/0016-5085(89)90905-0
https://doi.org/10.1016/j.ijheh.2006.02.005
https://doi.org/10.1016/j.envint.2014.01.016
https://doi.org/10.3748/wjg.v22.i3.1088
https://doi.org/10.1007/s12011-021-02862-4
https://doi.org/10.1258/0004563001899429
https://doi.org/10.3164/jcbn.2007028
https://doi.org/10.1096/fj.201902396R
https://doi.org/10.1007/s12011-017-1225-6
https://doi.org/10.1152/ajpgi.00379.2014
https://doi.org/10.3390/nu12041040
https://doi.org/10.1155/2014/530687
https://doi.org/10.1016/j.eujim.2020.101147
https://doi.org/10.4236/jbm.2017.58009
https://doi.org/10.1590/1516-4446-2020-0908
https://doi.org/10.1371/journal.pone.0128539
https://doi.org/10.1016/j.neuro.2008.01.001
https://doi.org/10.1093/crocol/otaa001
https://doi.org/10.3390/nu13114008
https://doi.org/10.3389/fphar.2020.556020
https://doi.org/10.1016/j.envint.2019.03.034
https://doi.org/10.1016/j.chemosphere.2019.125721
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	Clinical and inflammatory biomarkers of inflammatory bowel diseases are linked to plasma trace elements and toxic metals; new insights into an old concept
	Introduction
	Materials and methods
	Ethics
	Participants
	Medical, anthropometric and dietary assessment
	Biological sample collection
	Biochemical analyses
	Inflammatory and oxidative stress biomarkers assessment
	Inductively coupled plasma mass spectrometry
	Statistical analysis

	Results
	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


