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Abstract

Background: Knowing how cancer develops, progresses, and spreads (metastasis) is required to mobilize the
development of new ways to prevent, detect, diagnose and treat cancer. Essential elements present functions in
tumor progression, promoting proliferation, migration, among other protumoral cellular processes.
Understanding how those elements are related to the processes of tumor progression is of great relevance for
research. The study of the elemental profile in distant tissues, which can be modulated by tumor cells to
promote metastasis, has not been sufficiently investigated. Therefore, the main objective of this study is to
evaluate the distribution of medium to heavy elements during tumor progression, focusing on the tumor tissue
and distant tissues that could be affected.

Results: With this work, it was possible to observe significant changes in the concentrations’ distribution of P,
S, K, Ca, Mn, Fe and Cu in distant tissues caused by the presence of tumor cells. It was also possible to detect
a greater similarity between tumor tissue (which has the lung as tissue of origin) and a tissue of non-origin,
such as the liver, which is an unprecedented result. Moreover, changes in the distributions of concentrations
were detected and studied over time for the different tissues analyzed, such as primary tumor, liver and lung, in
Control and Tumor groups. Finally, the importance of elements for biological processes of normal cells, as well
as tumor cells during tumor progression was also discussed.

Conclusions: This work presents as contributions the study of the elemental profile in tumor and distant
tissues. Furthermore, this work evaluates several elements of known biological importance (P, S, K, Ca, Mn,
Fe, Cu, and Zn) allowing the study of different biological processes involved in cancer.

Keywords: tumor progression; essential mineral elements; Lewis Lung Carcinoma; elemental distribution;
SR-XRF

1 Background
Essential mineral elements are crucial for life, being
necessary for numerous biological processes in the hu-
man body. It is well known that such elements can
also have functions in tumor progression, promot-
ing its cellular division, migration, survival, angio-
genesis, maintaining cellular integrity, among other
processes[1, 2, 3, 4].

Knowing how cancer develops, progresses, and spreads
(metastasis), including how cancer cells interact with
normal cells and tissues in other parts of the body, is
required to mobilize the development of new ways to
prevent, detect, diagnose and treat cancer [5]. Under-
standing how the role of mineral elements is related to
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the processes of tumor progression is of great relevance
for research.

The literature presents research regarding the rela-
tionship between chemical elements and cancer. They
focus mainly on the determination of elements’ con-
centrations in different types of tumor to characterize
them [6, 7]; the comparison between distinct tissues
and cells, such as normal and tumor tissues [8], tu-
mor cells and surrounding healthy cells [9], normal,
benign and malignant tissues [10], primary tumor and
metastases [11]; the study of elements collected from
the environment that could be related to the incidence
of cancer [12, 13, 14]; the investigation of antitumoral
molecules [15, 16]; as well as the evaluation of tech-
niques of elemental analysis [17, 18, 19].

However, comparative studies of the elemental pro-
file between tumors and distant tissues are still scarce.
Among them, the work of Frank et al. from 1986
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[20], establishes the elements’ profile during tumor pro-
gression of Lewis Lung Carcinoma (LLC) cells. They
observed the elements and their fluctuations during
tumor growth in the tumor tissue as well as lung,
liver, and skeletal muscles, through the X-Ray fluo-
rescence technique induced by radioisotopes. The pa-
per highlighted the presence of large fluctuations in
the elements’ levels throughout tumor progression, in
addition to the elements profile of the primary tu-
mor greatly resembling its original tissue (the nor-
mal/healthy lung) and being very different from other
normal tissues studied.
In this context, there is currently a demand for pro-

gressing and updating the study on elemental profile
in tumors and distant tissues that can be modulated
by tumor cells to promote metastasis. This work ad-
dresses this demand by evaluating the elemental dis-
tribution of concentrations during tumor progression,
focusing not only on the tumor tissue but also on dis-
tant tissues. The role of several elements of known bi-
ological importance (P, S, K, Ca, Mn, Fe, Cu, and Zn)
are evaluated, allowing the study of different processes
of cancer [2, 3, 4].
For this work, we analyzed data indicating the

presence, concentration, and location of different el-
ements in different tissues, in control and experimen-
tal (tumor-bearing) groups, obtained in 5 weeks of tu-
mor progression. These data reveal the multielemental
composition of the primary tumor and distant tissues,
such as the lung and liver. In order to extract relevant
information inherent to the voluminous data available,
data preprocessing and statistical analyzes were per-
formed.
The simulation of tumor progression in vivo was

obtained via the inoculation of C57BL/6 mice (iso-
genic) with LLC cells (murine Lewis Lung Carcinoma).
This tumor cell line has the lung as its tissue of ori-
gin and is widely used as a model of metastasis, be-
ing tumorigenic. They are known present tropism to
the lungs, especially and, in some cases, the liver
[21, 22, 23, 24, 25, 26]. The analysis of the biologi-
cal samples was performed through synchrotron radi-
ation X-Ray Fluorescence technique which is a non-
destructive technique for biological samples and is ef-
fective for determining the presence, quantity, and lo-
cation of elements in a sample. This technique is widely
used in elemental analysis, especially for elements that
present atomic numbers greater than 11, such as the
ones analyzed in this work [27, 28].
With this work, it was possible to observe significant

changes in the elemental concentrations’ distribution
in distant tissues caused by tumor cells. It was also
possible to detect the similarity between tumor tissue
and a tissue of non-origin, which is an unprecedented

result. Moreover, time-dependent elemental changes
were analyzed and compared in this work for the differ-
ent tissues and groups studied. Finally, the importance
of elements for biological processes of normal cells, as
well as tumor cells during their tumor progression was
also discussed.

2 Methodology
This research was conducted in two phases: biological
experiment ([29]) and data analysis. For the biological
experiment, tissue samples of liver, lung, and primary
tumor were collected from C57BL/6 mice. These ani-
mals were separated into two groups, a tumor-bearing
group, from now on called Tumor group, inoculated
subcutaneously with LLC cells; and a Control group,
that was inoculated with vehicle. All animals were kept
under standard conditions. The primary tumor (origi-
nated from the inoculation, establishment and growth
of LLC cells) and the liver had their samples collected
at weeks 0, 1, 3, and 5 allowing for the study of tumor
progression in a time-dependent manner. The lung, the
main tissue to which LLC cells migrate (already dis-
cussed in the previous section), had its samples col-
lected only at week 5. The samples were analyzed at
D09B X-ray Fluorescence beamline at room temper-
ature and ambient pressure according to Sartore et.
al. [30]. The X-ray fluorescence technique was per-
formed at the UVX Light Source at the Brazilian Syn-
chrotron Light Source Laboratory (LNLS). All proce-
dures involving animal experimentation were approved
by the Federal University of Rio de Janeiro Animal Ex-
perimentation Committee (protocol number: 015/18)
and were performed in accordance with the Brazilian
guidelines for scientific use of animals. For more de-
tails of the biological experiment refer to the work of
Stelling et al. [29].

2.1 Data Analysis
After the execution of the biological experiment,
the data obtained were prepared for analysis, going
through the preprocessing step. This phase involves
cleaning, transformation, integration, and data selec-
tion [31].

2.1.1 Data Preprocessing

The data obtained from the biological experiment con-
tains, for each tissue, group and week analyzed, val-
ues in mass fraction for each element detected at each
point/location of each sample. Data cleaning was car-
ried out, where data referring to elements affected by
artifacts, such as argon, an element within detection
range and present in the atmosphere, were filtered and
removed from the data for analysis. The mass frac-
tion values were transformed to ppm concentration.
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Next, data files were integrated generating a single
dataset containing 13 attributes regarding Group, Tis-
sue, Week, Sample (animal), and Point, in addition to
each of the eight elements (P, S, K, Ca, Mn, Fe, Cu,
and Zn). The integrated dataset features over 188,000
points detected for each element.
Finally in the preprocessing step, the data could be

selected according to the research objectives. There-
fore, the attributes ”Sample” (animal), and ”Point”
were removed. The attribute ”Point” was discarded
since it was not possible to compare the locations of the
elements in different samples. Such attribute (points)
can be used in the construction of spatial distribution
maps (imaging technique) however, this is not the fo-
cus of the current work. The sample attribute could
be removed, considering that the animals in question
are isogenic and were kept under the same conditions
during the biological experiment performed.

2.1.2 Statistical Analysis

During the statistical analysis, groupings were created
to allow comparisons within the data to be made from
a broader to a more detailed level. Thus, groupings
were obtained at the group level, at tissue level, and
week level, as seen in Figure 1. The first one contains
data from all tissues and weeks for each group, that is,
control and tumor. The second one presents data from
all weeks for each tissue within each group. Finally, the
week level refers to data for each week in each tissue
and group.
This work uses the week level grouping (more de-

tailed grouping) for analysis to allow the observation
of any changes in the distribution of elements that
occur over time. Also, in order to make comparisons
between all groups and tissues, week 5 (seen in the
week level) was used since this week possesses data
for all tissues and groups (figure 1). Thus at the week
level, one can compare tissues at week 5 of each specific
group, such as the liver and lung tissues of the control
group, or even compare tissues from different groups,
such as the liver of the control group versus liver of
the tumor group. Hence, with this grouping is possi-
ble to compare weeks of different tissues and groups or
even follow the weeks within the same tissue, observing
changes over time. To make time-dependent compar-
isons, weeks that have data in both groups were used,
hence weeks 1, 3, and 5.
Our research data present a non-normal distribution

since the concentrations distribution of each element
along the tissue is asymmetric. That is, very different
concentration values can be detected because, in the
same tissue sample, there can be high and very low
elemental concentrations in different locations. Thus,
the selection of statistical measures and relevance tests
resistant to such asymmetry is necessary [32].

In order to obtain statistical summaries of the con-
centration data, the median and interquartile range
were used. The Wilcoxon test (with 95% confidence)
was chosen to analyze the statistical relevance of the
differences between the concentration distributions.
This test stands out from others as it is resistant to
non-normal distribution and can still be used for log
data [33].
Both preprocessing step and data analysis were car-

ried out via the R language and computational envi-
ronment. R is one of the main languages for statisti-
cal data analysis, including its preprocessing [34]. The
data obtained from the experiment and the code used
in the preprocessing and analysis of these are available
at GitHub[1].

3 Results
Figure 2 shows elements’ concentrations distribution
in the tissues (primary tumor, liver and lung) for the
Control and Tumor groups at 5th week of tumor pro-
gression. This figure shows density plots correspond-
ing to the distribution. In these plots, the greater the
frequency of concentration values in that range, the
greater the peak observed.
With this grouping (at the week level), it’s possible

to observe changes that occurred in the tissues between
the two groups and it becomes possible to detect al-
terations in distant tissues caused by the presence of
the primary tumor.
It is possible to highlight that 7 of the 8 elements ob-

tained a statistically significant difference in their dis-
tributions between the groups. Zinc (Zn) was the only
one that presented not statistically significant differ-
ences in its distributions between Control and Tumor.
When analyzing figure 2 it is noticeable that, for

most elements, the distributions present considerable
differences between liver and lung tissues. In addition,
a greater similarity between the primary tumor and
the liver can be observed when compared to the pri-
mary tumor and lung. Furthermore, when comparing
the liver and lung distributions between their Control
and Tumor groups at week 5, it can be observed that
while the lung does not seem to be much altered, the
liver appears to show more differences between Control
and Tumor. Iron (Fe) also stands out since it presents
greater differences in its distributions between tissues
and groups. Copper (Cu), although still presents rele-
vant differences between its tissues and groups, shows
some stability in its distributions, when compared to
the other elements.
In addition to observing the primary tumor against

the other analyzed tissues, it was also possible to focus

[1]https://github.com/SamellaSalles/elemental-distribution

https://github.com/SamellaSalles/elemental-distribution
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Figure 1 Groupings created for analysis. The different shades of grey highlight the three different groupings created, such as Group,
Tissue, and Week level, from most broad to more detailed level.

only on the tumor tissue. Figure 3 shows boxplots that
represent the distribution of each element throughout
the weeks, in which the medians of concentration for
each week are emphasized. Hereby, it was possible to
observe elements with distinct distributions, present-
ing alterations in their distribution for each week. It
can be highlighted the increase in the level of iron (Fe)
over time, the increase in the level of potassium (K)
from week 1 to 3, in addition to the elements sulfur
(S) and phosphorus (P) showing similarities between
their levels of concentration and behavior throughout
the weeks.
Figure 4 shows the concentration distributions of the

elements in the liver, throughout the weeks (1, 3, and
5), for the Control and Tumor Groups. These data
were also compared with those obtained for the tumor
tissue. Thus, with this figure, we can observe alter-
ations, caused by the presence of the primary tumor,
in the liver (distant tissue) over time, in addition to
observing possible similarities between these two tis-
sues.
In this figure, the elements phosphorus (P) and sulfur

(S) seem to have both their concentration values and
distributions similar. Over the weeks, the distributions
of these two elements also show similarities. With the
statistical analysis performed, it was also possible to
notice that zinc (Zn) presents its distributions with no
statistically relevant differences in the liver, between
Control and Tumor Groups, in weeks 3 and 5.

In addition to investigating how the elements had
their distribution modified over time between the two
groups, we also looked for similarities between the liver
(Tumor Group) and the primary tumor. Interestingly,
in figure 4, it was observed that potassium (K), while
presenting distributions with statistically significant
differences between the Control and Tumor groups, as
seen in figure 2, had its distributions showing smaller
differences between liver (Tumor Group) and the pri-
mary tumor over the weeks, where at week 5 there
were not statistically relevant differences in the distri-
butions between these two tissues.

4 Discussion
The first question we sought to answer is regarding
the existence of alterations in elemental distributions
in distant tissues. These distant tissues (liver and lung)
are described in the literature as primary tumor tar-
gets for the formation of pre-metastatic niches that
could facilitate invasion and colonization by tumor
cells during metastasis.

When evaluating the differences in the distribution
of elements between the groups (Control and Tumor)
for the liver and lung (figure 2), it was possible to no-
tice that, with the exception of zinc, all elements ob-
tained statistically significant differences in their dis-
tributions.
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Figure 2 Comparison of elements distributions, at week 5, in all tissues and groups analyzed. The density plots in shades of blue
represent the Control group and those in shades of red the Tumor group. Tissues can be seen on the left of the plot, where liver,
lung, and primary tumor are seen. The symbol # represents the only element showing not statistically significant differences between
their groups’ distributions.

Since the most relevant difference among the ana-
lyzed groups is the subcutaneous inoculation of LLC
cells that developed into a tumor (Tumor group), with
this work, it is possible to observe statistically signifi-
cant changes in the distribution of elements in distant
tissues caused by the presence of the tumor.

According to the literature, among the liver and
lung, LLC cells have a preference for the lung, when in-
oculated ex-situ, during the metastasis process, which
can be attributed to its lung epithelial origin [24, 25,
26]. Interestingly, in this work, it was possible to ob-
serve statistically significant differences in the distribu-
tion of elements for these two tissues, not being high-
lighted a preference for tumoral modulation for a tissue
in particular.

When we analyzed elements’ concentrations distri-
bution in all tissues (figure 2) at week 5, it was pos-
sible to observe a greater similarity between the liver
and the primary tumor, compared to the tumoral tis-

sue and lung. This fact is unexpected due to the LLC
lineage pulmonary origin, besides the similarity of this
lineage type with the tissue of origin, but differences
with other tissues has already been established in the
work by Frank et al. [20]. While researching for bib-
liographies that address such similarity between tu-
moral tissue and liver, it was not possible to find such
a result in other works. Thus, such a result showed to
be unprecedented.

As seen in figure 2, in addition to zinc (Zn), cop-
per (Cu) also showed fewer variations in their distri-
butions among different groups and tissues, although
copper (Cu) still showed a statistically significant dif-
ference between Control and Tumor. This makes sense,
since these two elements (zinc and copper) are of great
importance to cells and are closely related. These two
elements have known essential functions such as: main-
taining the integrity of the cell membrane; cell prolif-
eration and growth; having antioxidant properties, by
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Figure 3 Comparison of the elements’ distributions throughout the weeks (1, 3, and 5) in the primary tumor. Boxplots represent
the distribution of each element throughout the weeks. The medians of concentration for each week are emphasized.

participating in the structure of the antioxidant en-
zyme superoxide dismutase (SOD), guaranteeing de-
fense against reactive oxygen species (ROS) and con-
sequently also maintaining the integrity of the DNA;
being involved in gene expression, apoptosis, among
other processes[35, 36, 37, 38, 39, 40, 41, 42, 43, 44].
Due to such functions and their importance, the level
of these elements and their transport are tightly regu-
lated [2].
In contrast with the two elements above, iron was an

element that showed noticeable variations in its distri-
butions over the weeks for groups and tissues. Despite
each tissue having its specific need for this element, in
the figures 2 and 4 a greater variation in iron distri-
butions between the Control and Tumor groups of the
liver can be seen, in addition to an apparent increase
of this element, over the weeks in the tumor tissue,
also observed in the figure 3.
Iron is essential in a vast number of biological phe-

nomena [2]. This element controls cell proliferation and
growth by regulating DNA synthesis, besides having a

role in the tumor microenvironment, angiogenesis and
metastasis [45, 1, 46, 47]. Therefore, this element is
important for tumor progression, the formation of pre-
metastatic niches and the colonization of tissues.
Since tumor cells present excessive proliferation

rates, it is believed that tumor cells require higher
concentrations of this element. Consequently, higher
concentrations of iron are often observed in tumor tis-
sues, in which there are increases and decreases in the
expression of proteins involved in iron uptake and its
efflux [48, 46, 49, 45]. This increase can be seen in fig-
ures 3 and 4, where the median of iron concentrations
(seen in the boxplot) increase over the weeks.
When we focus on the primary tumor (figure 3),

it is important to highlight that every tissue has its
specific needs and functions, which may require differ-
ent concentrations and distributions of elements, even
throughout the weeks, specially during tumor progres-
sion [50].
As seen in figure 3 greater differences can be observed

between the distributions over the weeks. This result is
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consistent with the literature and with what has been
described, since the tumor tissue is developing, adjust-
ing to its environment and reciprocally modulating it
[51]. Thereby, the changes in the distribution of the
elements in this tissue are part of the stages of tumor
progression, such as: the increase in iron (Fe) levels
throughout time within this tissue [45]; the increase in
zinc (Zn) levels, which is already known to be captured
from the circulation by tumor cells to maintain their
growth and the integrity of their membrane [41, 43];
in addition to the increase in potassium level in the
initial weeks of tumor progression, as will be explored
next [52].

In figure 4, when we focus on the liver and com-
pare it with the primary tumor, looking for signs of
alterations in this distant tissue over time, an ele-
ment stands out. The statistical analysis performed
showed that potassium (K) had its distributions with
statistically relevant differences between the Control
and Tumor groups in all weeks analyzed. However this
element had its distributions between liver (Tumor
Group) and primary tumor showing smaller differences
over the weeks (figure 4), obtaining no statistically rel-
evant differences at week 5. This fact is interesting
since the tumoral tissue could be modulating the levels
of potassium in the distant tissue (liver) during tumor
progression to levels different of Control, but similar
to the primary tumor in itself. The importance of this
element for cell functions and tumoral progression, es-
pecially for mestastasis could explain its modulation
in the tissue.

When discussing potassium role, it is essential to ac-
knowledge potassium ion channels (the most abundant
type of ion channel)[53, 54]. These channels are cru-
cial for the proper functioning of cells, including tu-
mor cells, besides being important for the metastatic
process being envolved in: cell mobility; loss of cell-
cell contact; interaction of cells with their environ-
ment, a process that is also relevant for tumor pro-
gression since cancer cells can modulate their microen-
vironment, as well as distant tissues, as seen in pre-
metastatic niches; regulation of cell volume; apoptosis;
angiogenesis [53, 54, 55, 56, 51]. Furthermore, it has
already been established that integrins (adhesion pro-
teins relevant to cell migration) and potassium chan-
nels are profoundly correlated [57].

Moreover, in several types of tumor cells, the ex-
pression of these potassium channels, as well as genes
involved in their production, was observed to be in-
creased, especially in the early stages, due to their im-
portance in cell proliferation [52, 53, 58]. This may
explain the rapid increase in potassium levels at the
primary tumor at weeks 1 to 3 seen in figures 3 and 4.

Finally, two elements presented a similar behavior
(as seen in figures 3 and 4), with concentrations dis-
tributions showing similarities even over the weeks.
Those were phosphorus (P) and sulfur (S). The func-
tion of these elements can explain such simillarities,
since both P and S are extremely necessary for cell
division and, for tissues that undergo rapid cell divi-
sion, such as tumor tissue, this proccess is continu-
ally required [59, 60]. Phosphorus is an essential ele-
ment for nucleic acid, phospholipids and high-energy
molecules, such as ATP, synthesis. Sulfur is necessary
for the synthesis of amino acids such as methionine,
cysteine, among others [61, 62].

5 Conclusion
Although the importance of essential mineral elements
in biological processes and tumor progression is well es-
tablished in the literature, there is a scarcity of stud-
ies focusing on the investigation of distant tissues that
could be conditioned by tumor cells to promote metas-
tasis. In this context, the main objective of this study
was to evaluate the elemental distribution of concen-
trations of several elements of known biological impor-
tance during tumor progression, focusing not only on
the tumor tissue but also distant tissues.
This paper allowed the detection of significant

changes in the elemental distribution of concentra-
tions in distant tissues caused by the presence of a
primary tumor, which could indicate a new aspect of
pre-metastatic niche formation. It was also possible
to observe the similarity between primary tumor and
a tissue of non-origin, which is an unexpected and
unprecedented result. Furthermore, it was possible to
analyze and compare the elements’ concentrations dis-
tribution in a time-dependent manner for different tis-
sues, such as primary tumor, liver, and lung, in Control
and Tumor groups. The importance of elements for the
biological processes of normal cells, as well as tumor
cells during tumor progression, was also highlighted.
Perspectives of the present work include further in-

vestigations on the role of essential mineral elements
in the formation of pre-metastatic niches. It is also
our goal to explore the elemental signature presented
by the primary tumor, as well as the greater similar-
ity presented by the primary tumor with a tissue of
non-origin.
The role of essential mineral elements as modulators

of the tumor microenvironment and cell fate is a rel-
evant aspect of tumor progression and this work is a
contribution to this field. The description of elemental
distribution patterns from an in vivo model of tumor
progression described in this work highlights the com-
plexity of tumoral metallomics and ionic equilibrium.
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