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Despite advances in cancer research, cancer is still one of the leading causes of death worldwide. An early
diagnosis substantially increases the survival rate and treatment success. Thus, it is important to establish bio-
markers which could reliably identify cancer patients. As cancer is associated with changes in the systemic trace
element status and distribution, serum concentrations of selenium, iron, copper, and zinc could contribute to an
early diagnosis. To test this hypothesis, case control studies measuring trace elements in cancer patients vs.

matched controls were selected and discussed focusing on lung, prostate, breast, and colorectal cancer. Overall,
cancer patients had elevated serum copper and diminished zinc levels, while selenium and iron did not show
consistent changes for all four cancer types. Within the tumor tissue, mainly copper and selenium are accu-
mulating. Whether these concentrations also predict the survival probability of cancer patients needs to be

further investigated.

1. Introduction

Cancer is a multifactorial disease causing 9.6 million deaths annually
[1]. Both sexes combined, the most common organs susceptible to
cancer development are lung (LC), breast (BC), prostate (PC), and
colon/rectum (CRC) [1]. Cancer is characterized by a progressive
transformation of healthy cells into malignant progeny. During this
process, tumor cells acquire novel properties over time resulting in e.g.,
unrestricted proliferation and invasion capacity which have been sum-
marized in the so-called ‘hallmarks of cancer’ [2]. In general, progres-
sion of cancer is expressed as cancer stages, reflecting the spread of
tumors from unspread (I) to growing tumors penetrating in the adjacent
tissues (II-III) or other organs (IV). Depending on the tumor type, these
different stages can be identified and characterized by changes of tumor
biomarkers, e.g., K-Ras, HER2/NEU or different cancer antigens [3,4].
As early diagnosis is one of the most important contributors to a suc-
cessful cancer therapy, there is an urgent need for further reliable bio-
markers for detection of malignant cells in the body. During the last
decades, the focus was mainly on the identification of mutations in
driver genes which were both used for diagnostics but also for a
personalized tumor therapy [5]. Besides genetic modifications, tumor

cells are characterized by substantial changes in their metabolism
affecting the need for macronutrients but also for micronutrients.
Already in 1975, Schwartz reviewed the role of trace elements (TEs)
including copper (Cu), selenium (Se), and zinc (Zn) in cancer, discussing
their potential roles as diagnostic or prognostic markers [6]. In this mini
review, we aim to extend the current view by further testing the hy-
pothesis whether concentrations of the TEs Se, iron (Fe), Cu, and Zn are
suitable predictors for the diagnosis of cancer. To do so, recently pub-
lished case-control studies of the most common cancer types that
determined TE concentrations in serum/plasma or within the tumor
tissue were selected. As the measurement of total TE concentrations
might not appropriately indicate functional impairments, as reported e.
g., for Zn [7], also biomarkers are used for describing the TE status [8].
While selenoproteins such as selenoprotein P (SELENOP) and plasma
glutathione peroxidase (GPX3) are frequently used to analyse the Se
status, the Cu status can additionally be described by ceruloplasmin
concentrations. For Zn, the amount of free Zn in serum is discussed as
more appropriate biomarker but this still needs to be validated further.
Next to the Fe concentration itself, the Fe storage and transport proteins
ferritin and transferrin, respectively, are used to assess the Fe status.
Further biomarkers include total Fe binding capacity (TIBC), indicating
the capacity of transferrin to bind Fe, and transferrin saturation (TSAT),
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Abbreviations OR odds ratio
PC prostate cancer
ATP7a  ATPase copper transporting alpha RR relative risk
BC breast cancer Se selenium
CRC colorectal cancer SELENOP selenoprotein P
Cu copper SEPHS2 selenophosphate synthase 2
Ctrl Cu transporter 1 SLC7A11 solute carrier family 7 member 11
EPIC European Prospective Investigation into Cancer and SMD standardized mean difference
Nutrition TAM tumor-associated macrophages
Fe iron Zn zinc
GPX(s) glutathione peroxidase(s) TE(s) trace element(s)
HCC hepatocellular carcinoma TIBC total Fe binding capacity
LC lung cancer TSAT transferrin saturation
significantly higher Se concentrations in BC tumors as compared to
Table 1 adjacent tissue (0.15 vs. 0.05 pg/g, p < 0.0001) [21]. This observation

Reference ranges for the trace elements selenium (Se), iron (Fe), copper (Cu),
and zinc (Zn).

Trace element Reference ranges in serum Reference

Se 70-150 pg/1 [11]

Fe men: 0.55-1.60 mg/1 [12]
women: 0.40-1.55 mg/1

Cu 0.64-1.40 mg/1 [12]

Zn 0.66-1.10 mg/1 [13]

calculated by dividing serum Fe by TIBC [9]. However, several of these
biomarkers are frequently distorted by other clinical factors e.g.,
inflammation, hydration status or hemolysis (in case of serum Fe),
resulting in incorrect conclusions regarding the patient’s TE status [9,
10]. The physiological reference ranges for the considered TEs are given
in Table 1.

2. Selenium

Se becomes cotranslationally incorporated into selenoproteins,
encoded by 25 genes in humans. Most selenoproteins like GPXs or thi-
oredoxin reductases are important regulators of cellular redox balance
[14]. With regard to primary tumor prevention, the antioxidant function
of selenoproteins appears to protect from DNA damage and thus tumor
initiation. Several large prospective studies, including the European
Prospective Investigation into Cancer and Nutrition (EPIC) study with
more than 521,000 study participants enrolled in 10 western European
countries, have shown that a low Se status increases the risk to develop
cancer e.g., CRC [15]. Likewise, a large meta-analysis revealed a pro-
tective effect of higher Se serum/plasma concentration compared to the
lowest category for all observed cancer types [16]. On the contrary,
others conclude from the available data that there is no evidence for
overall cancer prevention by a higher Se intake [17].

Recent case-control studies with BC patients revealed a consistent
picture regarding the relationship between serum Se levels and cancer.
The comparison of 229 BC patients and 200 healthy controls in two
Korean studies indicated a significant reduction of Se concentrations in
the blood of BC patients (107 vs. 109 pg/1, p = 0.024) or at least its trend
(98 vs. 102 pg/1, p = 0.085) [18]. Comparably, two Indian studies with
140 BC and 140 healthy patients reported significantly diminished blood
Se levels in cancer patients compared to controls (47 vs. 102 pg/1', p <
0.0001 [19]; 43 vs. 68 pg/l, p < 0.05 [20]). The changes in serum Se
concentrations might also affect the Se content of tumor tissue. The
analysis of 42 sets of tumors and adjacent healthy tissue revealed

1 Recalculated based on published information.

was already described a decade ago, with almost four-times higher Se
levels in neoplastic breast tissue compared to healthy surrounding tissue
[22], indicating a redistribution of Se.

For the second most prevalent cancer in males, PC, a recent study
comparing serum samples of 141 cases and 114 controls within the
Singapore Prostate Cancer Study reported 1.2-times higher Se concen-
trations among cancer cases in comparison to controls (131 vs. 109 pg/1,
p < 0.0001) [23]. Contrary, analysis of blood Se in PC patients (n = 20)
compared to matched controls (n = 21) from Turkey showed lower
values in PC patients (77 vs. 95 pg/1, p < 0.001) [24]. In prostatic tissue,
no variances between 36 patients with adenocarcinoma and 37 healthy
males were recognized for Se values (0.6 vs. 0.8 ug/g, p = 0.16) [25].

Similarly, when 440 incident LC cases and matched 1,320 healthy
controls from the Dongfeng-Tongji Cohort (China) were compared,
both, cancer and control cases, showed comparable Se levels in plasma
(60 vs. 59 pg/l, p = 0.551) [26]. SELENOP is supposed to be a more
suitable marker to reflect the Se status. A study including serum samples
from 48 mostly male LC patients and 39 healthy controls not only
quantified SELENOP but further selenoproteins and selenometabolites.
The sum of selenocompounds tended to be higher in LC patients than in
controls (171 vs. 149 pg/1%, p > 0.05) [27].

A case-control subgroup of the EPIC cohort was analyzed regarding
pre-diagnostic Se status before development of CRC, including 966 in-
dividuals who were diagnosed for cancer in the follow-up and 966
matched controls. Whereas serum Se concentration did not differ be-
tween cases and controls in total (pc = 0.147) and among cancer sub-
sites (colon 80 vs. 82 pg/l, pcolon = 0.097; rectum 83 vs. 84 pg/1, Prectum
= 0.816), SELENOP concentrations were reduced in cases compared to
controls in total (4200 vs. 4300 pg/l, p = 0.027) and in colon cancer
(4100 vs. 4300 pg/1, p = 0.008) [15]. In line with cancer-driven changes
in breast tumor tissue, the Se content of malignant colon samples (n =
59) were significantly higher than in adjacent healthy tissue (0.17 vs.
0.11 pg/g, p=<0.0001) [28].

Overall, the data show that Se homeostasis is modulated in cancer
patients. While plasma/serum Se levels were reduced in BC, no consis-
tent changes were observed for LC, PC, and CRC patients. However, Se
concentrations increased in tumor tissue of BC and CRC. Recently, a
mechanism has been proposed explaining accumulation of Se in tumor
tissue [29]. Especially breast but also other cancer cells are described to
be selenophilic, catalyzed by the cystine/glutamate antiporter solute
carrier family 7 member 11 (SLC7A11) that promotes Se uptake and
selenoprotein synthesis. In addition, selenophosphate synthase 2
(SEPHS2) essential for selenoprotein synthesis was upregulated in BC

2 Recalculated based on standard serum or whole blood density of 1.03 mg/1
and 1.06 mg/l, respectively.
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compared with normal breast tissue, positively associated with poor
survival of BC patients [30]. Thus, several types of tumors actively
accumulate Se. Whether this is also the reason for lower systemic Se
levels is unclear so far.

3. Iron

Fe is essential for basal cellular processes including utilization of
oxygen or DNA synthesis [31]. However, high Fe concentrations are
detrimental for cells resulting in concomitant lipid peroxidation and cell
death via ferroptosis [32]. But eventually not all cells die in response to
excess Fe levels as Fe overload favors tumor development which has
been shown e.g., for hepatocellular carcinoma (HCC) and other types of
cancer [33,34].

A case-cohort study, based on the EPIC-Heidelberg cohort, analyzed
pre-diagnostic serum concentrations of Fe, ferritin, transferrin, and
TSAT in relation to cancer risk and mortality in a random subcohort (n
= 2,738) and incident cases of CRC (n = 256), LC (n = 195), BC (n =
627), PC (n = 554), and cancer mortality (n = 759) 10 years after basal
evaluation [35]. Here, none of the analyzed markers was significantly
associated with PC, LC or CRC risk. Only ferritin levels were inversely
associated with BC risk (HR = 0.67, p = 0.04) and total cancer mortality
(HR = 0.70, p = 0.02). In line with this, the ‘Rotterdam Study’ with 5,
435 participants and a follow-up period of 22 years reported an inverse
correlation between Fe intake and LC risk (HR = 0.58, p = 0.021) [36].
On the contrary, a meta-analysis revealed an increased risk for CRC (RR
= 1.14) with higher heme Fe intake based on eight prospective cohort
studies [37].

There is not much evidence of possible shifts in blood Fe levels based
on case-control studies with regard to BC. An Indian study with 40
healthy and 40 BC patients’ blood samples showed significantly higher
Fe levels in cancer patients in comparison to controls (3.38 vs. 1.68 mg/
1*, p < 0.0001) [19]. Also, tissue sets (tumor and adjacent tissues) from
42 women diagnosed with primary BC in Poland revealed significantly
higher contents of Fe in tumors compared to adjacent tissue (67 vs. 41
pg/g, p = 0.044) [21].

There is also very little data on PC, especially with regard to studies
from the past decade. However, one study compared blood Fe level of PC
patients (n = 74) with matched healthy controls (n = 66), revealing
higher Fe concentrations in cancer patients (902 vs. 492 mg/lz, p <
0.05) [38]. Older studies do not indicate altered Fe concentrations in
blood and serum from PC patients compared to matched controls (623
vs. 602 mg/l, p > 0.05 [24]; 0.94 vs. 1.03 mg/l°, p = 0.278 [39]).
However, the latter reported significantly reduced levels for serum
ferritin (0.16 vs. 0.255 mg/l, p = 0.043) and TSAT (24 vs. 32%, p =
0.014), and an inverse correlations for TIBC (3.90 vs. 3.37 mg/13, p=
0.018) in cancer cases [39]. A study on Fe levels in prostatic tissue of
patients with prostate adenocarcinoma (n = 36) and healthy males (n =
37) showed that the Fe content is higher in PC patients (163 vs. 111
pg/g, p = 0.03) [25].

With regard to LC a recent study from Poland consisting of 200 un-
treated patients diagnosed for LC and 200 matched controls reported
that serum Fe levels (1.40 vs. 1.20 mg/l, p = 0.01), ferritin (0.26 vs.
0.22 pg/l, p = 0.007), and TIBC (3.40 vs. 3.17 mg/l, p = 0.006) were
significantly higher in cancer patients compared to healthy controls
[40]. Within a meta-analysis with 1,118 LC patients and 832 controls Fe
serum levels of cancer patients were unchanged to those of healthy
controls (SMD = —0.125, p = 0.189) [41].

CRC is generally assumed to be associated with Fe deficiency, which
is claimed to be prevalent in approximately 60% of patients, probably
due to chronic tumor-induced blood loss and reduced intestinal Fe ab-
sorption [42]. However, comparing serological samples of 356 cases and
396 controls in the United States did not indicate any differences for Fe

3 Recalculated with molar mass.
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(1.07 vs. 1.06 mg/1, p = 0.93), ferritin (0.14 vs. 0.16 mg/1, p = 0.53) or
TSAT (31 vs. 30%, p = 0.25). In comparison, TIBC indicate a trend to-
wards higher levels in controls (3.47 vs. 3.51 mg/l, p = 0.07) [43]. An
Iranian study reported significantly diminished Fe concentrations (CRC
8.3x lower, pere <0.001; colon 4.8x lower, peolon = 0.072; rectum 65.5x
lower, prectum = 0.001) in cancerous tissue in comparison to
non-cancerous tissue of the colon and rectum of 50 patients [44]. In
contrast, a Serbian analysis of tumor and adjacent healthy tissue in 59
subjects revealed no variances in Fe concentrations (23 vs. 22 ug/g, p =
0.546) [28].

In summary, the cancer-related effects of Fe are not clear yet and
might differ with regard to tissue type and cancer progression. Indeed,
several studies explained changes in Fe concentrations by altered
expression levels of Fe-regulatory proteins/Fe-related genes involved in
import, export, and storage of cellular Fe, e.g., in BC pathogenesis
(reviewed in Ref. [45]) and liver cancer [46,47]. Additionally,
tumor-associated macrophages (TAM) are supposed to affect dysregu-
lation of cancer cells’ Fe metabolism and their microenvironment by
providing tumor cells with Fe [48], crucial to fulfill the enhanced de-
mands of Fe for division, growth, and survival.

4. Copper

Cu is a redox active metal but Cu-dependent enzymes also contribute
to many physiological processes, e.g., cellular respiration, Fe homeo-
stasis, and angiogenesis [49]. Cu is most widely discussed to accumulate
in serum and tumor tissue of cancer patients (reviewed in Ref. [50]), but
prospective studies are inconsistent regarding a possible link between
high Cu levels and an increased cancer risk. While such an association
has been described for CRC [51], it has not been reported for HCC and
LC [26,36,52].

A recently published case-control study with two independent co-
horts from Korea, including 229 BC patients and 200 controls revealed
contradicting results. The first cohort showed significantly higher serum
Cu concentrations in cancer patients (1.00 vs. 0.95 mg/1, p = 0.0002)
with highest values in sera of women with cancer stage IV (p = 0.048),
whereas the second cohort did not (0.90 vs. 0.92 mg/1, p = 0.281) [18].
An Indian study including 100 BC patients and 140 healthy controls
reported higher Cu serum levels in BC patients compared to healthy
controls (1.17 vs. 0.89 mg/1*, p < 0.0005 [19]).

A meta-analysis based on 11 publications with 653 cases and 614
controls, which focused on serum Cu levels, found no significant dif-
ference between cancer patients and healthy controls (SMD = 0.01, p =
0.975) [53]. In contrast, a comprehensive meta-analysis that took into
account other publications in addition to those of Jouybari et al. [53],
ending up by 36 studies with 5,747 female subjects (2,369 BC patients,
901 patients with benign breast diseases, and 2,477 healthy controls)
indicated significantly higher serum Cu levels in BC patients than in
healthy controls (SMD = 1.99, p < 0.001) and patients with benign
breast diseases (SMD = 0.99, p = 0.002) [54].

With regard to BC tissue, an additional meta-analysis compared six
studies with regard to Cu levels in breast tissue (129 cases and 156
controls), indicating no differences between BC cases and controls [53].
But there are older studies indicating higher concentrations of Cu in
malignant breast tissue [55,56].

A recently published Asian study on PC, comparing PC diagnosed
patients (n = 141) with matched controls (n = 114), did not demonstrate
variances in serum Cu levels (1.05 vs. 1.05 mg/1, p = 0.37) [23]. Like-
wise, a study from Pakistan with 74 and 66 PC patients and controls,
respectively, showed no difference in blood Cu concentration (2.02 vs.
2.07 Ing/12, p > 0.05) [38], whereas another investigation from Turkey
revealed higher blood Cu levels in PC patients (n = 20) in relation to
matched controls (n = 21) (0.45 vs. 0.28 mg/1, p < 0.0001) [24].

In comparison to PC, the latest studies on LC provide more consistent
effects. A comprehensive meta-analysis based on 33 articles including
3,026 LC cases and 9,439 controls identified an association between
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serum Cu levels and LC. The overall results showed higher serum Cu
levels in LC patients compared to controls (SMD = 1.10, p < 0.001) [57].
In accordance with this, a Polish study with blood samples from 44 LC
patients and 44 control subjects reported significantly higher serum (but
not whole blood) Cu levels (1.32 vs. 1.10 mg/l, p < 0.001) in cancer
patients compared to controls. Further, advanced disease had signifi-
cantly higher whole blood (but not serum) Cu levels (1.19 vs. 0.81 mg/1,
p < 0.05) compared to patients with lower clinical stages [58]. The same
trend was recognized in a nested case-control study (0.95 vs. 0.90 mg/1,
p = 0.044) with 440 incident LC cases and 1,320 matched healthy
controls from the Dongfeng-Tongji Cohort (China) [26].

Looking at the distal parts of the alimentary tract, a case-control
study nested within the EPIC cohort with 966 CRC cases (569 colon
and 370 rectal cancers) and 966 matched controls was considered. Here,
CRC cases diagnosed within the first two years after recruitment did
reveal markedly increased circulating Cu concentrations (p = 0.005),
whereas no association was found for cancer cases diagnosed after more
than two years of follow-up (p = 0.990) [51]. In line with this, studies
examining the Cu content in CRC tissue observed significantly higher Cu
levels than those in control tissue (1.3x higher, p = 0.002 [44]; 1.47 vs.
1.26 pg/g, p = 0.011) [28].

Overall, Cu levels are increased in serum/blood of cancer patients as
well as in tumor tissue. This is in line with an increased need of the
tumor for Cu to enable angiogenesis, growth, and metastasis [50]. The
upregulation of both circulating and intra-tumoral Cu concentrations
indicates that the systemic Cu homeostasis is modulated in cancer pa-
tients. Tumor cells have been described to accumulate Cu by upregu-
lating Cu transporter 1 (Ctrl) and via macropinocytosis. Additionally,
the Cu exporter ATPase copper transporting alpha (ATP7A) is trans-
located to the plasma membrane to fine tune cellular Cu levels and to
protect cells from excessive Cu and concomitant toxicity [59]. Cu levels
have been discussed to correlate with poor prognosis and therapy
resistance indicating that it could indeed act as a potential marker [50].
Based on this, reducing Cu levels e.g., by treatment with Cu chelators
should be further studied as putative therapeutic intervention for cancer
patients.

5. Zinc

Zn acts as constituent and cofactor of numerous enzymes, involved in
signaling pathways important for e.g., proliferation, differentiation,
apoptosis, cell cycle regulation, and immune function (reviewed in Refs.
[60,61]). Thus, many hallmarks of cancer are affected by Zn. However, a
recent cross-sectional study including 3,607 participants did not reveal
any association between serum Zn levels and the incidence of (all kind
of) cancer in multivariate logistic regression analysis (OR = 1.001, p =
0.980) [62]. Contrary, many other studies indicate an inverse relation-
ship between Zn intake/levels and cancer risk of various tissue types, e.
g., BC [48], LC [26,36], CRC [37,51], and HCC [52].

Two recent Korean case-control studies, comparing 229 BC patients
with 200 controls in total, revealed either that cancer patients had
significantly lower serum Zn levels than controls (0.95 vs. 1.10 mg/1, p
< 0.0001) or showed no difference between both groups at all (0.76 vs.
0.75 mg/l, p = 0.596) [18]. Even two times lower Zn concentrations in
whole blood samples were observed in BC patients from India
comparing 40 BC and 40 healthy patients (0.59 vs. 1.15 mg/1*, p <
0.0001) [19]. The same trend, albeit with only a 1.15-fold lower Zn
content in cancer patients, was found in a second Indian study (p < 0.05;
n=100) [20]. A meta-analysis from 2015, including 14 studies with 662
BC patients and 775 healthy controls, did not identify differences of the
Zn status between BC patients and healthy subjects (SMD = —0.65) [63].
However, a later analysis based on studies included in Wu et al. and
additional publications (from e.g., India and China ending up in 19
summarized studies) indicated that BC patients had significantly lower
serum/plasma Zn concentrations than healthy controls (SMD = —1.61,
p < 0.001) [64]. The same conclusion was drawn in a recently published
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meta-analysis, comparing 35 publications primarily from China and
India (SMD = —1.20, p < 0.001) [54].

In terms of tissue, several studies indicate that Zn levels in BC tissue
are significantly elevated compared with normal tissue, as summarized
and verified by Riesop et al. and Rusch et al. [65,66]. Here, 8 and 26
tissue samples of BC cells and healthy stroma, respectively, were
analyzed by laser ablation inductively coupled plasma mass spectrom-
etry, revealing about twice as high Zn concentrations in BC tissue
(4.2-8.1 vs. 6.9-17.9 mg/kg [65]; 0.8-11.4 vs. 3.5-19.5 mg/kg [66].
Additionally, results indicate a direct correlation between Zn concen-
tration and histological grade [65,66].

Zn is an important factor for prostatic function [67]. Previous ob-
servations suggest that related to the development and progression of PC
Zn concentrations decline in cancerous tissue [68]. Indeed, lower Zn
concentrations were observed in adenocarcinoma of the prostate vs.
healthy tissue (n = 36 vs. 37; 122 vs. 1,031 ug/g, p < 0.0001) [25].
However, inconsistent results are reported with regard to serum Zn
levels (reviewed in Ref. [69]). Within the Singapore Prostate Cancer
Study mean Zn concentrations in serum samples of 141 cases were 1.2
times higher (0.86 vs. 0.69 mg/l, p < 0.0001) than in 114 control
samples [23]. A study consisting of 197 patients and 197 healthy par-
ticipants, reported a less pronounced increase of serum Zn levels in PC
patients (0.90 vs. 0.86 mg/l, p < 0.1) [70]. Contradictory, the com-
parison of 220 PC patients and 220 age-matched healthy controls
revealed lower plasma Zn levels (0.62 vs. 1.00 mg/1°, p < 0.001) in the
PC patients and even further reduced Zn concentrations in males with a
higher disease grade [71]. Congruently, within a comprehensive
meta-analysis including 1,318 patients with prostate disease and 1,413
controls serum Zn concentrations of PC patients were significantly lower
compared to healthy controls (SMD = —0.94) [72]. Two other studies
also indicated lower blood Zn values in PC patients compared to
matched controls (4.4 vs. 5.8 mg/1, p < 0.001, [24]; 4.54 vs. 7.00 mg/lz,
p < 0.05 [38D).

Comparable trends were reported in a current meta-analysis with
respect to LC [73]. Here, 27 from 32 studies (including 2,894 cases and
9,419 controls), mostly from Asia (including three European studies),
indicated lower serum Zn levels in LC patients than in controls (SMD =
—0.88, p < 0.001), while in four and two studies no significant and a
positive association, respectively, were recognized. In a further nested
case-control study 440 incident LC cases and 1,320 matched healthy
controls were compared, revealing higher Zn levels in controls (1.18 vs.
1.28 mg/1, p = 0.019) [26].

For the colon, a nested case-control study was conducted within the
EPIC cohort to investigate the association between serum Zn concen-
trations with the risk to develop CRC. Therefore, Zn levels of 966 cases
(569 colon and 370 rectal cancers) and 966 matched controls were
determined, revealing no difference (0.96 vs. 0.97 mg/1, p = 0.37) [51].
The same was true for cancerous rectum tissue (mean difference 1.2x, p
= 0.379) from 50 CRC patients, whereas colon tissue revealed higher Zn
concentrations than adjacent healthy tissue (0.12 vs. 0.00 pg/ml, p =
0.001) [44]. In contrast, 59 malignant colon (mainly CRC stage III) and
adjacent healthy tissue samples from CRC patients revealed that the Zn
content of tumors was significantly reduced compared to healthy tissue
(17 vs. 19 mg/kg, p < 0.0001) [28].

In summary, blood/serum Zn levels are reduced in most cancer pa-
tients, which has been linked to an aberrant expression of Zn trans-
porters, e.g., in breast and prostate cancer (reviewed in Refs. [74-76]),
indicating that comparable to Cu homeostasis systemic Zn homeostasis
is also affected by cancer independent of the tissue of origin. However,
Zn concentrations within the malignant tissue is more variable and ap-
pears to depend on the affected tissue and probably the stage and ma-
lignancy of the respective tumor.

6. Perspective

The studies presented here describe the current state of knowledge
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reference size refers to serum and cellular
concentrations of healthy controls

4

Fig. 1. Shifting trace element concentrations including selenium (Se), iron (Fe), copper (Cu), and zinc (Zn) in serum (depicted as blood vessel) and tumor tissue
(depicted as cell) of cancer patients based on case-control studies published within the last years and referred within this review. Trace element differences of cancer
patients compared to controls are illustrated by size deviations from the reference circle. ! particularly robust in breast cancer studies, 2 particularly robust in prostate

cancer, ® depending on cancer type contradictory changes occur.

on TE concentrations in the serum and tumor tissue of cancer patients.
On the one hand, TE disturbances may be involved in tumor initiation by
increasing cell damage, DNA injuries, and cellular redox imbalance. On
the other hand, redistribution of TEs may be a feature which develops
during tumorigenesis. Based on the available data it is very difficult to
judge whether changes in TE homeostasis are one of the factors causing
tumor development or whether they are just a consequence of malignant
transformation. In blood, Cu concentrations appear to be increased
while Zn levels decrease in cancer patients. As for Cu consistent changes
in circulating blood and in tumor tissue occur, principles of homeostatic
regulation might be deregulated in cancer patients. In contrast, Se levels
are specifically accumulating within tumor tissue while serum/plasma
Se levels are rather constant or even declining in cancer patients. For Fe
the picture is rather heterogeneous and changes obviously depend on
the type of cancer, as it’s the case for Zn concentrations in cancer tissue.

Herein, we describe TE profiles for four TEs which appear to be
typical for cancer (Fig. 1). However, these profiles are based on different
studies and the comparison of the data is very limited due to study
differences in geographic, gender, age, sample size, sample collection,
and (at least partly) missing classification of tumor grade. Some of the
studies reported TE concentrations far beyond physiological concen-
trations (Table 1) which might depend on the methods of measurements
and sample preparation. Accordingly, it is difficult to conclude whether
the reported changes of individual TEs can also be verified within one
study population. So far, it cannot be ruled out that the amount of
biologically available free TEs is different in tumor tissue in comparison
to healthy tissue even though no difference in total TE concentrations
could be detected. For future studies, several TEs and functional bio-
markers should be analyzed in parallel in whole sample sets to reliably
identify TE profiles both in serum and tumor tissue. Extensive

verification of the control group should also be performed as the absence
of cancer or other diseases is not necessarily synonymous for a healthy
control. In this respect, observed differences within the control groups
may be subject to bias.

Further, mechanistic studies are needed to understand how tumor
cells modulate their TE balance in comparison to healthy cells and how
several TEs interfere with each other when shifting TE patterns are
achieved. Considering several TEs at once is also very important when
modulation of TE levels becomes a therapeutic option. The use of che-
lators, e.g., to reduce Cu levels, most often also affects other TEs which
needs to be taken into account.

So far, available data does not allow to use TE concentrations as
biomarker for cancer diagnosis maybe with the exception of Cu which is
upregulated very consistently and independent of the type of tumor.

There are a few studies addressing the question whether TE con-
centrations can predict the survival probability of cancer patients or
whether they could even be used as therapeutic targets. To come to this
point, more studies are needed to understand underlying mechanisms
and to better describe differences in TEs e.g., in relation to tumor stage
and other characteristics of a tumor. TEs are essential nutrients but
eventually they need to be depleted from tumor tissue in case of Fe, Cu,
and Se or even brought back in case of Zn to reduce the survival of
cancer cells.
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