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Abstract

Background: Colorectal cancer is considered to be an environmental disease. In this context,
the study of environmental risk factors associated with the presence of chemical elements is
important, as well as improving our knowledge of the elemental fingerprint of tumor tissue
compared to non-cancer tissue.

Aims: The objective was to evaluate the element distribution in colorectal adenocarcinoma
biopsies, adjacent non-tumor tissues, and healthy controls (non-cancer colorectal biopsies
including occlusion or ischemic colons).

Methods: The study is a case-control study which compared the element distribution in
colon biopsies from two groups of patients: with colorectal cancer and without
colorectal cancer. Patients with colorectal cancer provided 2 different groups of
samples: colorectal cancer biopsies and adjacent non-tumor tissues. 15 metal
concentrations (Al, B, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Se, Si, Ti, V, and Zn) in colorectal
biopsies were quantified by using acid digestion procedures and then inductively
coupled plasma (ICP) atomic emission spectrometry.

Results: A total of 104 patients were included. 76 patients in the colorectal cancer group (i.e.
tumor and adjacent non-tumor tissues) and 28 patients in the healthy control group (i.e. non-
cancer colorectal biopsies). Among the 15 elements analyzed by ICP spectrometry, only
boron, chromium, zinc, silicon, and magnesium were found in colorectal tissue at clearly
detectable concentrations. Our data indicated that colorectal tumor biopsies have significantly
elevated concentrations of magnesium as compared to adjacent non-tumor or healthy tissues.
Zinc concentration followed the same trend but differences were not statistically significant.
In addition, silicon appears to be more accumulated in colorectal cancer tissue than in healthy

non-cancer tissue, while chromium was mostly found in adjacent non-tumor tissue.



Conclusion: Magnesium, chromium, zinc and silicon were found in noteworthy
concentrations in colorectal tumor. Their potential role in colorectal carcinogenesis should be

explored.
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Introduction

Colorectal cancer accounts for over 9% of all cancer incidences. In the European
Union, it is the third most common cancer diagnosis among men and women [1]. This
worldwide mortality is approximately half that of the incidence (i.e. about 4.5%). Several risk
factors are associated with the incidence of colorectal cancer. Among them, the non-
modifiable risks (i.e., those that an individual cannot control) include age and genetic.
Hereditary factors, which are involved in 5% of colorectal cancers, are represented by family
susceptibility, familial adenomatous polyposis, and Lynch syndrome. Some digestive diseases
are predictive factors of colorectal cancer, including chronic bowel diseases (Crohn’s disease
and hemorrhagic rectocolitis). However, colorectal cancer is also considered to be an
environmental disease. Thus, several lifestyle-related factors have also been identified, such
as nutritional practices, physical activity and obesity, cigarette smoking, and heavy alcohol
consumption. Although numerous environmental risk factors may play an important role,
those risk factors identified do not fully explain the frequency of colorectal cancer.
Occupational studies have tentatively linked colorectal cancer to asbestos [2,3] and to metal
dust [4]. Hence, a new field is receiving increasing attention, namely the study of
environmental risk factors associated with the presence of chemical elements [5,6], such as
exogenous micro- and nanoparticles [7].

Some elements are essential for numerous metabolic and physiological processes in
the body, as well as the synthesis and structural stabilization of enzymes, proteins, and
nucleic acids. For example, Zn is essential for the functioning of more than 300 enzymes [8]
and elements such as Cu, Fe, Mg, Ni, and Zn form compounds with proteins that have
important catalytic functions. Cancer is fundamentally a disease of tissue growth regulation.

During tumorigenesis, some metal ions (e.g., Fe, Mg, Ni, Zn) induce binding competition



with chromatin (e.g., DNA, histones, transcription factors, DNA repair enzymes) and other
regulatory molecules that first give rise to tumors and then are responsible for controlling
tumor growth. In addition, many studies have identified metal-induced carcinogenicity,
demonstrating strong oxidative stress induced by elements such as Cd, Co, Cr, Cu, Fe, and
Ni. Free radicals are highly reactive chemical species that have the potential to harm cells,
including damage that may lead to cancer. In fact, the generation of reactive oxygen species
(ROS) can cause DNA damage and enhance lipid peroxidation. The first-line antioxidant
defense of the organism interacts with and neutralizes the effects of ROS, thus preventing
them from causing damage. Antioxidants are also known as “ROS scavengers.” However,
many antioxidant enzymes, such as superoxide dismutases, have an active metal center (Cu,
Mn, or Zn). So, the metal element concentrations in tissues can have a strong impact both on
the oxidative stress and the antioxidant defense system. In other words, an imbalance in the
optimum level of certain elements may lead to colon carcinogenesis due to a poor redox
regulation. However, data on the elemental concentration ranges in human colorectal biopsies
are scarce and fragmentary. As a result, a main challenge is to improve our knowledge of the
elemental fingerprint of tumor tissue compared to non-cancer tissue.

The aim of this study was to evaluate the element distribution in colorectal
adenocarcinoma biopsies, adjacent non-tumor tissues, and healthy controls. To do so, we
investigated the elemental distribution in colorectal biopsies of cancer patients (i.e., in tumor
and adjacent non-tumor tissues) compared to those of healthy controls (occlusion or ischemic
colons). We used the same patients for evaluating the concentrations of various elements (Al,
B, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Se, Si, Ti, V, and Zn) in cancer and non-cancer tissue, this
way allowing for a reliable comparison with potential biases such as genetic, environmental,

or dietary factors being eliminated.



Methods

Patients

This case-control study was performed in the Digestive Surgery and Gastroenterological
Departments of the University Hospital of Saint Etienne (France). To avoid the bias of
selection, the clinical protocol was proposed to each collectomized patient between March
2011 and June 2013 at the University Hospital of Saint Etienne. Patients were considered
for the study if they were at least 18 years old and an affiliated member of the social security
system at the time of the surgical procedure, which included total or partial colectomy.
Before inclusion, each patient provided written informed consent. The exclusion criteria were
refused consent, patients under guardianship, rectal cancers initially irradiated, adenomatous
polyposis, inflammatory bowel disease (i.e., Crohn’s disease or hemorrhagic rectocolitis),
familial adenomatous polyposis, or Lynch syndrome. Data on patients’ treatment were
collected.

A total of 104 patients were included. The colorectal cancer group comprised 76
patients. A first colorectal biopsy was performed within the tumor area, and a second was
performed within adjacent non-tumor (i.e., peritumor) tissues. Patients were eligible for
inclusion in the colorectal cancer group if the histological findings confirmed the cancer as an
adenocarcinoma, regardless of the tumor staging. The control group comprised 28 patients
with occlusion or ischemic colons. Patients were eligible for inclusion in the control group if
they underwent a colectomy for any etiology except colorectal cancer or inflammatory bowel
diseases. Histological analysis of all colorectal biopsies included in this study was performed

at the Anatomopathology Department.

Sampling and conservation of samples



The colorectal biopsies were transported to the Anatomopathology Department in sterile
packaging without being fixed. The colectomies were put on a sterile sheet and manipulated
with sterile and disposables scissors, pliers, and bistouries. Pieces of colectomy were opened
following the central line of haustrations. In case of tumor invasion of this line, the tumor was
avoided in order not to disseminate tumor cells remotely. For the patients in the colorectal
cancer group, we performed a mucosal biopsy (about 1 cm” and 0.2 g) in the tumor area and
in the adjacent non-tumor tissue; in the latter case, the biopsy was taken at least 10 cm away
from the tumor tissue area. For the control group, one mucosal colic biopsy (about 1 cm? and
0.2 g) was performed. Consequently, three groups of biopsies were collected: (1) colorectal
biopsies from tumor tissue, (2) colorectal biopsies from adjacent non-tumor tissue, and (3)
colorectal biopsies from non-cancer patients (i.e., healthy tissue). Colorectal biopsies were
rinsed thoroughly with sterile water, placed into sterile standard containers, and snap-frozen

with liquid nitrogen at —196°C until later analysis.

Element analysis
To avoid classification bias, the multi-element analysis was performed in a blind manner by a
technician. Acid digestion procedures are necessary to quantify elements in organic samples
using atomic spectrometric methods such as inductively coupled plasma atomic emission
spectrometry (ICP-AES). This mineralization step allows complete transfer of the analytes
into solution, so that they can be dosed in liquid form. As a result, the goal of the digestion
procedure is to obtain the complete dissolution of the analytes and complete decomposition
of the organic matrix, while avoiding loss or contamination of analytes.

Each colorectal sample was thawed and weighed. For the acid digestion, biopsies
were placed individually in a small Petri dish previously rinsed with 70% alcohol. First, a

mechanical dissolution was performed by dilacerating biopsies with disposable sterile



scalpels. Then 3 M HCI was introduced, and samples were incubated overnight under soft
agitation. The next day, the supernatant and remaining tissue debris were placed into Salivex
tubes for ICP-AES analysis. Tubes were heated on a hotplate (99°C) until all the liquid had
evaporated. Finally, samples were put into suspension in 10 ml of 2 M HCI and preserved at
4°C until ICP-AES analysis. There was no further analytical dilution.

ICP-AES was used to quantify the concentrations of minor elements in each colorectal
biopsy. Based on previously published data [6] we investigated the presence of 15 elements.
Each element has a specific limit of detection (LoD, concentration of elements expressed in
parts per billion i.e. in ng per g of wet tissue): aluminum (LoD of 14.1 ng/g), boron (LoD of
1.5 ng/g), cadmium (LoD of 1.3 ng/g), chromium (LoD of 2.8 ng/g), copper (LoD of 2.4
ng/g), iron (LoD of 1 ng/g), magnesium (LoD of 0.1 ng/g), manganese (LoD of 0.2 ng/g),
nickel (LoD of 4.1 ng/g), lead (LoD of 25.1 ng/g), selenium (LoD of 58.3 ng/g), silicon (LoD
of 4.4 ng/g), titanium (LoD of 0.6 ng/g), vanadium (LoD of 3.6 ng/g), and zinc (LoD of 0.8
ng/g). Results of concentration of minor element in each colorectal biopsy are expressed in
parts per million (i.e. ppm or ug of element per g of wet tissue). A negative control was
performed for each series of analyses. This negative control aimed at evaluating the
background noise due to the presence of metallic impurities into the biopsy tubes and all the
devices in contact with the biopsy especially in the operating room (scalpel ...) and/or the
possible contamination of analytes during the acid digestion procedure just before the ICP
quantification. This negative control can be a crucial step in order to differentiate the
elements coming from colorectal biopsies from a possible pollution of samples during the

analytical procedure.

Statistical analysis

Statistical analysis was performed on the elements that had detectable concentrations and



were above the negative control. We compared the elemental fingerprints between three sets
of biopsies: (1) healthy tissue versus tumor tissue, (2) tumor tissue versus adjacent non-tumor
tissue, and (3) adjacent non-tumor tissue versus healthy tissue. The normality of the variable
distribution was assessed with the Kolmogorov—Smirnov test. The median and mean
concentrations that had a normal distribution were compared between groups with the Z-test,
whereas the others were compared by using the Wilcoxon test for matched series and the
Mann-Whitney test for independent series. The significance of relationships between
variables was examined by using Student’s #-test on the correlation coefficients. The
comparison between colorectal cancer patients and the control group was performed with the
Z-test or the Mann-Whitney test. For all analyses, a p value < 0.05 was considered to be

significant.

Results

The characteristics of the two patient groups were comparable except for age (p < 0.001)
(Table 1). The significant age difference between the two groups can be explained
epidemiologically: the mean age of colorectal cancer patients is around 70 years (this study,
75 years), whereas it is around 55 years for occlusion or ischemic colons (control group
mean, 60 years). In addition, the two groups had a similar proportion of males to females, and
both reflected the fact that colorectal cancer as well as occlusion or ischemic colons are more
prevalent in men than in women.

Among the 15 elements of interest, only B, Cr, Mg, Si, and Zn occurred at
concentrations above the trace element quantification obtained for the negative control. For
these 5 elements, the concentrations found in our study were 1 000 000 times the LoD for

Mg, 10 000 times the LoD for Zn, 1000 times the LoD for Si and Cr, and 10 times the LoD
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for B. It should be noted that Cu and Fe were quantified but their median concentrations for
all samples (4.5 [Interquartile Range = 3.8] ug/g and 89;2 [69.1] ug/g respectively) were
found to be close to concentrations obtained in the negative control experiments (background

noise) which make them impossible to interpret.

Concentrations in tumor tissue versus healthy tissue

A significantly higher Mg and Si concentrations were found in the colorectal tumor tissue
than in the healthy tissue (Fig. 1, 2 and 3, Table 2). Although the Zn and Cr concentrations
were also higher in the tumor tissue than in the healthy tissue, the differences were not
significant (p = 0.51 and p = 0.30, respectively). Finally, the median concentration of B was

lower than 0.5 pg/g in each group and was similar in the tumor and healthy tissues (p = 0.62).

Concentrations in tumor tissue versus adjacent non-tumor tissue

The Mg concentration was significantly greater in the tumor tissue than in the adjacent non-
tumor tissue, with median concentrations of 147.0 [52.2] and 114.6 [38.8] ug/g respectively
(p = 0.0008: Fig. 2; Table 2). Zn was also higher in the tumor tissue than in the adjacent non-
tumor tissue; however the differences did not reach the level of significance (p = 0.1143). The
Cr concentration followed an opposite trend: 7.9 [8.8] ug/g in the tumor tissue and 10.0 [9.1]
ug/g in the adjacent non-tumor tissue (p = 0.0433). Si and B concentrations exhibited no

significant difference between the two tissue types (p = 0.4445 and p = 0.6182, respectively).

Correlation analyses
Because there was a predictable difference of age between the two patient groups, we
examined whether there was a link between the age of patients and the Mg, Zn, and Si

concentrations. No relationship was noted for Mg, Cr or Si concentrations (Mg vs. age: r =
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0.13, p = 0.18; Cr vs. age: r =-0.15, p = 0.14; Si vs. age: r = 0.1, p = 0.32), whereas a weak
inverse correlation was found for Zn (r = -0.24, p = 0.01): the more a patient aged, the

greater the Zn deficiency was (Fig. 4).

Discussion

The aim of our study was to evaluate the element distribution in colorectal
adenocarcinomas, adjacent non-tumor tissues, and healthy controls. Among the 15 elements
analyzed by ICP-AES, only B, Cr, Zn, Si, and Mg were found in colorectal tissue at clearly
detectable concentrations. It should be noted that Cu and Fe were quantified but their
concentrations were found to be close to concentrations obtained in the negative control
experiments. Comparison between groups showed that patients with colorectal cancer had
higher Mg, Zn, Si and Cr concentrations in their biopsies than others, even if these
differences were only statistically significant for Mg and Si. The differences of concentration
between colorectal tumor biopsies and adjacent non-tumor biopsies were clearly element-
dependent. As a matter of fact Mg concentration was significantly higher in tumor biopsies
while Cr was significantly lower. Besides, there were no significant statistical differences
between Si and Zn concentration quantified in tumor tissues and adjacent non-tumor tissues .
However, a slight tendency seemed to indicate a Zn concentration higher in tumor biopsies
than in adjacent non-tumor biopsies. Even if our study design does not allow us to draw
conclusions about a possible involvement of Mg, Cr, Si and Zn elements in the development
of colorectal tumor, the rise of their concentration in colorectal biopsies intrigues.

Some other studies have already examined the element fingerprints of colorectal
biopsies. Overall the amount of elements found in these studies was slightly higher than in
ours. A possible explanation is that most studies worked on dry tissue while we worked on

wet tissue. Bocca [6] used ICP spectrometry to determine the concentrations of 30 elements
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in colorectal biopsies of healthy patients. Median Mg, Zn and Cr concentration were
respectively 1090 ng/g; 86.5 ng/g and 343 ng/g. Lavilla et al. [5] assayed 18 elements in
biopsies from 38 patients with colorectal cancer, revealing that the tumor tissue may
accumulate trace of minor elements, especially Mg (573 pg/g in tumor tissues vs. 296 ug/g in
healthy controls). In Lavilla et al. study, there was no significative difference for Zn (90 pug/g
in tumor tissue vs. 79 pug/g in healthy tissue). Their findings are consistent with our results.
Alimonti et al. [9] examined the involvement of metals in colorectal polyps and found that
Mg median concentration (from 1045 to 1283 pg/g) and Zn median concentration (89 to 102
ug/g) were not significantly different between polypes, adjacent non-polype tissues and
healthy controls. Although, Cr has only been found at trace level, it was significantly lower in
polype than in adjacent non-polype tissues (455 vs. 163 ng/g). In two different studies,
Kucharzewski et al. determined the concentrations of Fe, Se, Zn and Cu in colorectal polype
and cancer. They found that Fe and Zn mean concentration were higher in cancer than in
polype (46.1 pg/g vs. 43.2 ug/g and 14.8 ng/g vs. 9.84 ng/g respectively). Overall, the results
of those previous studies are quite consistent with ours.

Several Japanese studies revealed that a diet with a low Mg content is a potential risk
factor of colon cancer, although the results were not significant for rectum cancers [10-14].
Similar results were observed on the impact of Mg concentration in drinking water [15,16],
whereas another study found no such influence of Mg on colorectal adenoma [9]. Studies on
mice using a diet supplemented with Mg found a protective role of Mg, as an antioxidant that
inhibits oncogenes [17]. A meta-analysis of studies (8000 colorectal cancers in 338,797
patients) suggested a protective effect of Mg in colon cancers, although those results were not
significant for rectal cancers [18]. However, the role of Mg could be complex, with a
protective effect at the beginning of carcinogenesis and a pro-oncogenic role at the ultimate

stages promoting cellular division [19]. We know that the dissemination of neoplastic cells
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during surgery can lead to the development of metastasis via the adhesion of cells. This
adhesion process is principally induced by integrins and matrix receptors that are influenced
by divalent cations. A study suggested that the high content of Mg2+ in endogenous wound
fluid may potentiate tumor cell adhesion, whereas Ca® may inhibit it [20]. Consequently, it
was proposed that irrigating with dilute CaCl, could decrease local tumor recurrence by
inhibiting the adhesion of tumor cells. Another explanation of the abundance of Mg in
colorectal tumor could be an accumulation of Mg due to the cancerous process. In this case,
Mg accumulation would be a consequence of the cancer not a cause.

Few studies have examined Zn profiles. Our results suggest a correlation between
Zn concentration and the age of patients, and indeed Zn deficiency is more frequent in
the elderly [21]. According to a literature review, the role of Zn in carcinogenesis is not
well understood [22]. Some authors proposed that Zn is not related to colorectal cancer
[23], others that Zn could inhibit the growth of neoplastic cells [24,25] and others found
higher Zn blood concentrations in rats with colorectal cancer [26]. Carter et al. showed that a
diet low in Zn favors the development of adenoma and non-invasive cancers, whereas a diet
enriched in Zn favors the development of invasive cancers [27]. The etiologic relationship
could not be demonstrated, but the main assumptions concern the role of Zn in regulating
oxidative stress and cell division, proliferation, and DNA replication. In the same way as for
magnesium, the design of our study does not allow us to judge if the elevation of Zn in the
tumor is a cause or a consequence of the colorectal cancer development. Indeed, it has been
shown that metallothionein which bind Zn accumulate in rapidly proliferating human
colonic cancer cells [28].

The different elements found in colon biopsies could be from endogenous (e.g., ions
from metabolic and physiological processes) or exogenous sources (e.g., inorganic and non-

biodegradable pollutants of environmental origin). Whereas Zn and Mg could be from
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endogenous sources, Si and Cr are more probably of exogenous origin. Indeed silica (silicon
dioxide) is a common additive in the production of foods, and colloidal silica is also used as a
wine, beer, and juice fining agent. Moreover, the detection of Si could suggest a potential role
of exogenous micro- or nanoparticles in diseases that usual histopathology exams not take
into account. In this context, exposure to ultra-fine particles could be of interest. As a matter
of fact, ultra-thin particles are toxicants present in air pollution contributing to asthma,
cardiovascular disease, and overall mortality [29]. Significant quantities of titanium dioxide
and silicon dioxide are swallowed, both as natural contaminants of food and as additives.
More than 10'? mineral particles per day are ingested, and it is possible that the ingested
elements are not as innocuous as we have assumed [7,30-33]. Recent studies have shown that
the accumulation of debris from dental prostheses could cause multi-organ parenchymal
granulomatosis [34], and several studies have described a relationship between debris from
hip prosthesis and local inflammatory reaction with granulomatosis [35,36]. Finally, some
other studies, showed that the composition of drinking water and diet with higher or lower
concentrations of elements such as Mg, Fe, Cr or Zn can be associated with colorectal cancer

[12,30,37-39].

Conclusion

Although alterations in element homeostasis and the etiology of cancer are of great interest,
the elemental distribution in human colorectal biopsies remains unclear. This study
demonstrated that various types of colorectal biopsies have specific elemental fingerprints.
We observed significantly higher Mg concentration and a nearly significantly higher Zn
concentration in adenocarcinoma tissues than in adjacent non-tumor tissues, as well as higher

Si and Cr concentrations in colorectal cancer than in healthy non-cancer biopsies. Mg and Zn
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could be from endogenous sources, whereas Si and Cr may be from exogenous sources.
Further clinical trials should be dedicated to investigating the impact of Zn, Si, Cr and Mg at
the different steps of the adenoma—carcinoma sequence. Finally, the distribution of chemical

elements in colorectal polyps should be investigated as well.
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Table 1. Patient characteristics of the two groups (pTNM: size, nodes, metastasis from the

internal classification of tumors; PY: pack-years)

Characteristics Colorectal Control
cancer
Sex Male 54% 54%
Female 46% 46%
Mean age (years) 75 +/-11 60 +/-15
Differentiation Poor 13%
Medium 46%
Well 33%
Undefined 8%
pTNM T1 9%
T2 20%
T3 46%
T4 25%
Tx 0
NO 62%
N1 22%
N2 16%
Nx 0
MO 58%
M1 34%
Mx 8%
Tobacco N 41% 50%
Mean consumption in PY 31 +/-21 28 +/-27
Alcohol N 33% 29%
Mean drink (g/day) 55 +/-41 31 +/-28
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Table 2. Median concentrations (ug of element per g of wet tissue) and [interquartile range] of

Mg, Zn, and Si
Tumor tissue | Adjacent non- Healthy tissue
tumor tissue

Mg 147.0 [52.2] 114.6 [38.8] 103.3 [37.1]
Zn 19.7 [12.5] 17.2 [9.4] 15.7 [12.9]

Si 22.3[29.9] 23.8 [26.0] 11.2[11.8]

Cr 7.9 [8.8] 10.0 [9.1] 5.713.9]

B 0.4 [4.1] 0.3[3.2] 0.4 [1.5]
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Figure 1: Median concentrations of Mg, Zn, Si and Cr expressed in pg of element per g of

wet tissue (NS: not significant, *p < 0.05, **p < 0.01, Z-test, Wilcoxon test and Mann-

Whitney test for independence)
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Figure 2: Median Mg concentrations expressed in pg per g of wet tissue
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Figure 4: Correlation graph showing a weak inverse correlation between Zn concentration in

colorectal tissue and patients age (r =—0.21, p = 0.03).



