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Abstract: Numerous nutritional factors increase the risk of hepatocellular carcinoma (HCC) develop-
ment. The dysregulation of zinc, copper, and selenium homeostasis is associated with the occurrence
of HCC. The impairment of the homeostasis of these essential trace elements results in oxidative
stress, DNA damage, cell cycle progression, and angiogenesis, finally leading to hepatocarcinogenesis.
These essential trace elements can affect the microenvironment in HCC. The carrier proteins for zinc
and copper and selenium-containing enzymes play important roles in the prevention or progression
of HCC. These trace elements enhance or alleviate the chemosensitivity of anticancer agents in
patients with HCC. The zinc, copper, or selenium may affect the homeostasis of other trace elements
with each other. Novel types of cell death including ferropotosis and cupropotosis are also associated
with hepatocarcinogenesis. Therapeutic strategies for HCC that target these carrier proteins for zinc
and copper or selenium-containing enzymes have been developed in in vitro and in vivo studies.
The use of zinc-, copper- or selenium-nanoparticles has been considered as novel therapeutic agents
for HCC. These results indicate that zinc, copper, and selenium may become promising therapeutic
targets in patients with HCC. The clinical application of these agents is an urgent unmet requirement.
This review article highlights the correlation between the dysregulation of the homeostasis of these
essential trace elements and the development of HCC and summarizes the current trends on the roles
of these essential trace elements in the pathogenesis of hepatocarcinogenesis.

Keywords: hepatocellular carcinoma; zinc; copper; selenium; antitumor effect; chemosensitivity;
nanoparticles

1. Introduction

It is well-established that hepatocellular carcinoma (HCC) is one of the most common
malignancies worldwide. According to current epidemiological studies, HCC is the fourth
leading cause of cancer death worldwide [1]. Persistent hepatitis B virus (HBV) or hepatitis
C virus (HCV) infection, alcohol abuse, and nonalcoholic fatty liver disease (NAFLD)
have already been identified as the primary risk factors for the development of HCC.
Despite the prevention of chronic HBV infection via universal HBV vaccination, which has
drastically reduced the incidence of HCC, many unvaccinated people are still infected with
HBV. Therefore, they are at risk for HCC development [2,3]. On the other hand, several
studies have revealed that antiviral treatments using nucleos(t)ide analogs, which achieved
sustained reduction but not the elimination of HBV-DNA, are closely associated with a
decrease in HCC incidence [1-4]. Likewise, the incidence of HCC was also reduced in
patients who underwent treatment with direct-acting antiviral agents (DAAs) against HCV
and achieved a sustained viral response (SVR) [1-4]. However, the fact is that the number
of NAFLD-related HCC patients is currently increasing worldwide [2,5].

Patients with HCC are generally characterized by having chronic liver damage includ-
ing advanced liver fibrosis or liver cirrhosis as an underlying liver disease. The treatment
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algorithm for HCC thus considers the liver functional reserve as well as the size and num-
ber of tumors, vascular invasion, and distant metastasis [6—8]. These chronic liver diseases
are frequently associated with several metabolic abnormalities including obesity and/or
insulin resistance, which are widely known to play crucial roles in carcinogenesis. Such
metabolic abnormalities are also attributed to the risk factors for HCC [9,10].

Some dietary factors including a high intake of sugar and saturated fat derived from
red meat may be associated with an increased risk of HCC development. Other factors such
as n-3 polyunsaturated fatty acid, coffee, and vitamin E may potentially have protective
effects in at risk populations for HCC [11-13]. In addition, there is increasing evidence
that supplementation with branched-chain amino acid results in an improvement of the
prognosis of patients with HCC [13,14]. Therefore, nutritional intervention should be
considered, especially in cirrhotic patients, for the prevention of HCC occurrence.

Essential trace elements are well-recognized as dietary elements that are required in
very minute quantities for the proper growth, development, and physiology of organisms.
Impaired balance of several essential trace elements is involved in the development of a
variety of cancers including colorectal, breast, and esophageal cancer as well as HCC [15-18].
While excessive levels of some essential trace elements such as iron (Fe) and copper (Cu) are
associated with carcinogenesis, the development of various types of cancers have also been
associated with deficient levels of other trace elements such as zinc (Zn) and selenium (Se).
Therefore, the supplementation or depletion of these trace elements has been considered as
potential therapeutic strategies for HCC.

In this review article, we primarily focus on the correlation between the dysregulation
of the homeostasis of these three essential trace elements and the development of HCC and
aim to summarize the current trends on the roles of these essential trace elements in the
process of hepatocarcinogenesis. Moreover, we mention the efficacy as the novel treatments
for HCC that target these trace elements.

2. Zinc
2.1. The Interaction between Zn Status and Carcinogenesis

Zn is an essential trace element that acts as a key constituent or cofactor of over
300 mammalian proteins. It plays crucial roles not only in stabilizing the structures of
many proteins, but also participates in DNA synthesis. Zn is also involved in the activity
of transcription factors, antioxidant defense, and DNA repair [19,20]. These processes are
largely mediated by metallothioneins (MTs), which are cysteine-rich cytosolic proteins
capable of binding to Zn and Cu [21].

The upregulation of MTs eventually leads to detoxification and protection against
oxidative stress. The function of MTs is closely associated with Zn%* redox status [22,23].
Major types of MT isoforms have been identified in mammals so far: MT1, MT2, MT3,
and MT4 [24,25]. Some of these are involved in the process of carcinogenesis including
the cell cycle arrest of tumor cells, facilitating the apoptosis of tumor cells as well as
antioxidant effects on tumor cells. P53 is a zinc-binding transcription factor that can
inhibit cell cycle progression and initiate apoptosis in response to DNA damage [26,27].
Therefore, Zn deficiency can result in DNA breaks and oxidative modification to DNA,
which initiates carcinogenesis [28,29]. Figure 1 illustrates the process of carcinogenesis
induced by Zn deficiency. Zn deficiency also promotes the cell cycle progression of the
cells. Another study revealed that the overexpression of p53 was observed in human tumor
cells under the condition of Zn deficiency. Zn deficiency induced the misfolding of p53 and
subsequently formed non-functional p53 tetramers and aggregated misfolded p53 isomers
in the cells. Both of these phenomena resulted in the attenuation of apoptosis, ultimately,
carcinogenesis [30]. It is of interest that the administration of zinc chloride is likely to
downregulate hypoxia-inducible factor 1o (HIF-1cx) expression in human prostate cancer
cells through the inhibition of vascular endothelial growth factor (VEGF) [31]. In addition,
several microRNAs that potentially promote the development of esophageal cancer have
been identified in Zn-deficient mice [32].
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Figure 1. Putative mechanism by which dysregulation of Zn homeostasis causes carcinogenesis.
HIF-1a: hypoxia-inducible factor-1x, MT: methallothioneine, VEGF: vascular endothelial growth
factor, Zn: zinc.

Zn manages to regulate the microenvironment created in the tumor. It is essential for
the host’s defense against the initiation and progression of cancer as an immune-mediated
property. Oral Zn intake was correlated with a reduced risk of cancers [33]. Zn plays crucial
roles in the maintenance of the helper T lymphocytel(Th1)/Th2 balance in the cancer
immune microenvironment. The correct Th1/Th2 balance is required for the initiation of a
proper immune response against tumor cells. Zn also facilitates the function of cytotoxic T
lymphocytes (CTLs), which exert direct cytotoxic effects on tumor cells. Zn is necessary for
the activation of natural killer (NK) cells, which are involved in the prevention of cancer
development [34,35]. In addition, Zn shows favorable anticancer effects by attenuating
the activity of signal transducer and activator of transcription 3 (STAT-3)-mediated in the
development of Th17 lymphocytes [36].

2.2. Zn Status in Patients with HCC

Several studies on Zn status in patients with HCC have been reported to date [18,37,38].
A previous nested case—control study demonstrated that lower circulating Zn levels at
baseline might predict the development of HCC [39]. However, serum Zn levels in liver
cirrhosis patients with and without HCC were conflicting: several studies revealed that these
levels were approximately equivalent between those patients with and without HCC [40,41],
although it is well-established that zinc deficiency is frequently observed in liver cirrhosis
patients [42]. Another report elucidated even lower Zn levels in those patients with HCC
than in those without HCC [43]. Surprisingly, Fang et al. found no correlation between the
serum Zn levels at the diagnosis of HCC and prognosis [44]. A 10-year follow-up study
elucidated no correlation between the serum Zn level at baseline and the development of
HCC in patients with HBV-related liver cirrhosis who were receiving nucleoside /nucleotide
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analogs or had received interferon therapy [45]. Dietary intake of Zn was also not associated
with the risk of liver cancer in China [46]. Further epidemiological studies will be required
to verify the correlation between zinc status and prognosis of other populations of HCC
patients.

MTs also play essential roles in the prevention of HCC development. Previous studies
have revealed that the expression of MT1G is mainly downregulated in HCC cell lines [47].
According to a recent study by Udai et al., the expressions of MT1G and MT1H were
downregulated in human HCC tissues, and the expressions were dependent on the hepatic
Zn contents [48]. In the Zn deficiency condition, the function of MT1G as an antioxidant
action may be impaired, leading to the development of HCC.

It is of interest that HCC patients with lower serum Zn levels who underwent an initial
hepatectomy showed unfavorable prognosis [49]. Likewise, early stage HCC patients with
lower zinc levels who received curative local treatment showed worse overall survival [50].
In patients who achieve the eradication of HCV, lower Zn levels may predict the occurrence
of HCC [51].

Several studies that have revealed that Zn contents are significantly lower in HCC
tissues than those in surrounding liver tissues has accumulated thus far [18,37,38,48,52,53]
because zinc regulates the proliferation, growth, and apoptosis of HCC cells. Cellular Zn
homeostasis is largely mediated by two types of zinc transporters: the zinc transporter
(ZnT) family and Zrt- and Irk-like protein (ZIP) family. The ZnT family acts as a Zn
transporter that sequesters zinc among organelles or exports zinc from the cells, while ZIP
transporters are required for zinc uptake from the extracellular fluid. Dysregulation of Zn
transporters may be associated with the occurrence of several kinds of cancers [54]. In situ
RT-PCR revealed that the expression of ZIP14 was markedly downregulated in HCC cells
accompanied by a decrease in zinc content [55]. However, ZIP4 mRNA and protein were
markedly elevated in HCC tissues than those in the non-cancerous surrounding tissues [56].
Gartmann et al. elucidated higher expressions of ZIP14 and ZIP4 in HCC tissues than in
the surrounding non-tumor tissues. The severity of ZIP4 and 14 expressions in the HCC
tissues was inversely correlated with overall survival [57].

It is of interest that five hub genes have been identified as key candidates that are
potentially associated with the occurrence of HCC. Insulin-like growth factor-1 (IGF-1),
one of the five hub genes linked with the development of HCC, was downregulated in the
HCC tissues and enriched in cellular response in zinc ions. Therefore, a lower expression
of IGF-1 may predict unfavorable prognosis of HCC patients [58].

2.3. The Effects of Zn Supplementation in HCC Cell Lines or Experimental HCC Models

Treatments with Zn compounds have shown favorable effects on HCC cell lines. Wang
et al. demonstrated that a high concentration of zinc sulfate (ZnSO,) treatment (200 pM)
resulted in the initiation of the apoptosis of HepG2 cells in 24 h [59]. Another study revealed
that treatment with polaprezinc, a complex of zinc with L-carnosine, inhibited cell growth
in HepG2 and Huh? cells [60]. Recently, we reported that the administration of zinc acetate
resulted in the induction of the apoptosis of Huh? cells in 24 h [61].

Additional treatment of zinc to vitamin B17 (amygdalin) also acted as an anticancer
agent through the remarkable apoptotic effect of HepG2 cells [62]. The zinc—curcumin
complex significantly inhibited the growth of HepG2 cells in a dose-dependent manner [63].
Curcumin, which is a polyphenol compound isolated from turmeric rhizome, serves as a
ligand of Zn and forms a complex with Zn [64]. Interestingly, the complex also enhanced
the chemosensitivity to doxorubicin in the HepG2 cells [63].

The use of nanomaterials for the delivery of pharmaceutical or diagnostics agents
has been considered as a potential cancer treatment. Zinc oxide nanoparticles displayed
antitumor effects in both a cell line of HCC and a rat HCC model through the suppression
of reactive oxygen species (ROS) generation [65].
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2.4. The Preventive Effects of Zinc Supplementation on the Progression of HCC in the
Clinical Trials

Evidence that Zn supplementation shows preventive effects on the progression of
HCC in patients with HCV-related chronic liver disease (CLD) is provided in Table 1. To the
best of our knowledge, Matsuoka et al. were the first to demonstrate the clinical efficacy of
Zn supplementation on the prevention of HCC development. The authors revealed that the
serum Zn levels after the administration of polaprezinc were important for the prediction of
HCC development in patients with CLD-C. Notably, CLD-C patients whose serum Zn levels
were increased by the treatment with polaprezinc (Zn responder) had a lower cumulative
incidence of HCC [66]. Later, the same group documented that additional treatment
with polaprezinc to the hepatoprotective agents significantly inhibited the occurrence of
HCC compared to the treatment with hepatoprotective agents alone [67]. Another study
retrospectively verified the clinical efficacy of Zn supplementation in patients with CLD-C
who achieved SVR. The cumulative incidence rate of HCC for 3 years was significantly
lower in the group supplemented with zinc sulfate or zinc acetate (50-150 mg of Zn/day)
compared to that in the group without Zn supplementation [68]. Taking these results
into consideration, Zn supplementation may improve the immunological function for the
prevention of HCC development. Cu deficiency should be noted when a high-dose of Zn
supplementation is prolonged [69].

Table 1. Clinical efficacy of Zn supplementation for the prevention of HCC development.

Assigned Dosage and

Reference Study Design Patients Formulation Duration Outcomes
Prospective
tudy (Zn Lower incidence
Matsuoka et al. study HCV-related . .
(2009) [66] resporéders vs. CLD (n = 32) Polaprezinc 150 mg, 5 years of HCC in Zn
n responders
non-responders)
Matsumura et al. corIftarrt;‘ljgt'rSélzye((iZn HCV-related Lower incidence
012) [67] group vs. CLD (n = 62) Polaprezinc 150 mg, 10 years of HCC in Zn
untreated group) group
Retrospective HCV-related Lower incidence
Hosui et al. study (Zn group CLD who Zinc sulfate or Zinc 50-150 mg, of HCC in Zn
(2021) [68] vs. untreated achieved SVR zinc acetate 3 years .
group) (n=599) group

CLD: chronic liver disease; HCC: hepatocellular carcinoma; HCV: hepatitis C virus; SVR: sustained virological
response; Zn: zinc.

3. Copper
3.1. Cu Homeostasis

Cu is another essential trace element that is required for a wild range of physiolog-
ical processes including maintaining DNA integrity, synthesizing essential metabolites,
transporting oxygen to the mitochondrial respiratory chain, and involving redox reactions.
It acts as a dynamic signaling metal and metalloallosteric regulator, participating in cell
growth and proliferation, autophagy, and antioxidant defense [70,71]. There are four types
of components involved in Cu homeostasis: (i) transporters that mediate Cu absorption
(copper transporter receptor-1: CTR1), (ii) enzymes that initiate Cu ion efflux (ATP7A/B),
(iii) biomolecules that sequester or store Cu (metallothionein), and (iv) Cu chaperones that
deliver Cu to the organelles including copper chaperone for superoxide dismutase (CCS),
superoxide dismutase-1 (SOD1), and antioxidant protein 1 (ATOX1) [70-73].

Extracellular Cu?* is reduced to Cu'* by the reductase protein family, STEAP proteins.
Cu" is delivered into the cells by way of CTR1, and its expression is mediated in a Cu-
dependent manner [74]. The expression of CTR1 is downregulated under an excessive Cu
state. The fraction of Cu™ is transported to cytosolic Cu chaperons such as CCS and SOD1 in
order to scavenge free radicals [73,74]. Another chaperone of antioxidant protein 1 (ATOX1)
can deliver Cu* to copper-transporting ATPase 1 (ATP7A) and copper-transporting ATPase
2 (ATP7B), which are located in the trans-Golgi network and act as a major transporter
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for the export of cellular Cu. ATP7A transports Cu from the enterocytes to the blood,
while ATP7B excretes Cu from the hepatocytes to the bile. These transporters also promote
the synthesis of cuproproteins including ceruloplasmin and lysyl oxidase (LOX) for the
removal of excessive Cu* [73,74]. ATOXI1 also delivers Cu into the nucleus, leading to
the upregulation of a transcriptional activator of cyclin D [74]. The other chaperone,
cytochrome c oxidase copper chaperone 17 (COX17), is responsible for the delivery of Cu*
to the mitochondrial intermembrane space to generate ATP [75,76].

Ceruloplasmin is a major carrier for Cu and binds to approximately 90% of serum
Cu. Although ceruloplasmin synthesis and secretion are independent of serum Cu levels,
Cu deficiency results in a decline in the stability and activity of ceruloplasmin [75,76].
Ceruloplasmin is also responsible for iron homeostasis as well as Cu metabolism. It
facilitates the oxidization of iron ion from Fe?* to Fe 3* [77,78].

Excessive Cu* accumulation in the cells leads to the production of reactive oxygen
species (ROS), and subsequently the damage to the cells. In order to prevent Cu toxicity,
excessive Cu is sequestered by MTs in a reaction probably mediated by glutathione (GSH).
The synthesis of MTs is facilitated under the condition of oxidative stress [79].

3.2. The Relationship between Cu Status and Carcinogenesis

Cu ions are considered harmful to the human body whether in excessive or deficient
states. Cu-ion deficiency causes a decrease in the activities of multiple enzymes, leading to
the impairment of energy level, impaired glucose tolerance, and dyslipidemia as well as
bone marrow suppression. Cu deficiency affects the immune system [72,79]. In contrast,
when Cu ions are in an excessive state, it enhances radical change and decreases the
activity of proteins and enzymes, causing cellular injury by way of promoting oxidative
stress, inflammation, and DNA damage [80]. Therefore, excessive Cu status is involved in
malignant cell transformation as a central hub in the cell signaling pathway including cell
proliferation, angiogenesis, and metastasis, as shown in Figure 2 [72-74].
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Figure 2. Putative mechanism by which the dysregulation of Cu homeostasis causes carcinogenesis.
ATOX1: antioxidant protein 1, CTR1: copper transporter receptor 1, EMT: epithelial to mesenchymal
transition, HIF-1«: hypoxia-inducible factor-1&, LOX: lysyl oxidase, VEGF: vascular endothelial
growth factor. The arrow 1 indicates activation.
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Indeed, previous studies have documented that the expression of CTR1 is upregu-
lated in various types of malignant tumors [74]. Cu uptake through CTR1 activates the
mitogen activated protein kinase (MAPK) signal cascade, leading to the promotion of
tumor growth [72-74]. The Cu chaperon ATOX1 is likely to serve as a modulator of tumor
angiogenesis [73,74,81]. Cu regulates the hypoxia-inducible factor-1 (HIF-1) transcriptional
complex and eventually mediates potent angiogenetic factors including vascular endothe-
lial growth factor (VEGF) and ceruloplasmin [82]. Ceruloplasmin plays key roles not only
in the transport of Cu, but also in the formation of novel blood vessels in cancer tissues.
Indeed, the incidence of cancer development is associated with serum ceruloplasmin levels
in several types of cancers [83,84], implying that serum ceruloplasmin levels may be a
predictive hallmark for cancer development.

The family of Cu-dependent lysyl oxidase (LOX) and lysyl oxidase-like (LOXL) is
involved in the metastasis of neoplastic cells [74,81]. The LOX family of enzymes mediates
the crosslinking of collagen and elastin and promotes the maturation of the extracellular
matrix. Cancer cells secrete LOX to remodel the extracellular matrix and create an envi-
ronment more conductive to metastasis [74,81]. Previous studies have revealed that the
expression of LOXL2 is upregulated in highly invasive cancers, and that LOXL2 ultimately
leads to epithelial-mesenchymal transition by suppressing the expression of E-cadherin,
which is a protein involved in tight junction [74,81,82].

It is of great interest that the Cu-ion concentration in tumor cells is strongly depen-
dent on the expression of programed death-ligand 1 (PD-L1), which acts as an immune
checkpoint inhibitor associated with cancer immune evasion. A recent study found the
upregulation of PD-L1 gene expression in cancer cells by Cu supplementation [85]. The
study also revealed that the administration of TEPA, a Cu chelator, initiated the degradation
of PD-L1 and thereby inhibited tumor growth in a neuroblastoma xenograft mouse model,
providing novel insights into the mechanism of tumor immune evasion.

Recently, a novel concept of “cuproptosis” has been established, which is recognized
as copper-induced cell death, distinct from other cell death including apoptosis, ferroptosis,
and necroptosis [86]. Cuproptosis may also be involved in the process of carcinogenesis.
Potential therapeutic strategies that target cuproptosis have been developed for cancer
patients [74,87].

3.3. The Relationship between Cu Metabolism and Chemoresistance in Cancer

Previous studies have revealed that the high affinity Cu transporter CTR1 mediated
the cellular uptake of platinum-based chemotherapeutics such as cisplatin. Ishida et al.
found that elevated levels of Ctr1 mRNA were associated with sensitivity to platinum-
based chemotherapy in human ovarian cancer [88]. In contrast, the low expression of CTR1
in patients with ovarian cancer showed a resistance to platinum-based chemotherapy [89].
However, the levels of the cellular uptake of the platinum-based drug were not correlated
with the degree of CTR1 expression [88]. As an explanation to the result, Shanbhag et al.
speculated that CTR1 mediated the uptake of cisplatin via an endocytic mechanism rather
than direct transport across the lipid bilayer [90]. However, the detailed mechanism of
platinum-based drug accumulation remains uncertain.

In addition, Komatsu et al. found that the expression of ATP7B was upregulated in
cisplatin-resistant prostate cancer cells [91]. The result indicated that ATP7B expression
might also be associated with cisplatin-resistance in cancer cells. In fact, HCC patients with
a high expression of ATP7B had an unfavorable prognosis [92].

3.4. Cu Status in Patients with HCC

Evidence that HCC patients have higher serum Cu levels than those with chronic liver
disease has accumulated [93]. Cu accumulation is also more severe in HCC tissues com-
pared to that in the surrounding liver parenchyma [18,52,53]. Therefore, it is conceivable
that the incidence of HCC is significantly higher in patients with Wilson’s disease, which is
well-recognized as a Cu overload [94,95].
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An increase in the ratio of serum Cu to Zn levels (Cu/Zn) may be a predictive marker
for the development of HCC [39,44,96], as it is in other malignant tumors [97,98]. The
Cu/Zn ratio may also indicate the prognosis of HCC patients [44,99]. However, dietary Cu
intake is not associated with the risk of liver cancer [46].

According to a previous study by Ebara et al., no significant differences in MT levels
were found between HCC and the surrounding liver parenchyma [100]. The levels of
MTs in HCC tissues were independent of tumor size. It is noteworthy that the fraction of
Cu-MT was significantly increased in HCC compared to the fraction in the surrounding
liver parenchyma.

Ceruloplasmin is also associated with the occurrence of HCC. A previous study
documented that serum ceruloplasmin levels were higher in patients with HCC compared
to those in patients with liver cirrhosis [101]. Similar results were obtained between patients
with HCV-induced alcoholic liver cirrhosis with and without HCC [102]. It is of interest
that the core-fucosylation changes of ceruloplasmin were useful to distinguish the alcohol-
related HCC from alcoholic liver cirrhosis. The changes were not valid between HBV-or
HCV-related HCC and HBV-or HCV-related liver cirrhosis [103], although the reason
remains unclear. In a recent in vitro study, the deletion of ceruloplasmin resulted in the
facilitation of ferroptosis [104], which is programmed cell death dependent on iron ions
and different from apoptosis, necrosis, and autophagy, in HCC cells [105].

The association between the expression of Cu-transporter proteins and other clinical
parameters have been verified in HCC patients. Porcu et al. documented that the expression
of CTR1 protein was more upregulated in nonalcoholic steatohepatitis (NASH)-related
HCC tissues compared to that in the underlying NASH tissues, and that its expression was
paralleled with MYC expression in those patients. The result might suggest that MYC binds
to a specific lesion of the CTR1 promotor and then mediates the transcription [91]. On the
other hand, some HCC patients displayed ATP7B expression in the bile duct epithelial
cells as well as the tumor cells. The expression of ATP7B may predict cisplatin-resistance
in those patients [92]. Another report revealed that HCC patients with a high expression
of COX17 displayed more favorable prognosis. Interestingly, the COX 17 expression was
negatively correlated with CD274, which referred to PD-L1, in such patients [106].

HIF-1« is also involved in the development of HCC [107]. Our previous study revealed
that the serum HIF-1«x levels were significantly correlated with the serum Cu levels in
HCC patients [108]. We speculate that Cu accumulation resulted in the upregulation of
HIF-1o expression, promoting the transcription of genes responsible for angiogenesis in
those patients.

3.5. Therapeutic Strategies Which Target Cu in HCC Cell Lines or Experimental HCC Models

Targeting Cu ions could become a promising candidate for cancer treatment. Several
Cu chelators and Cu ionophores are well-established as the main therapeutic strategies
for targeting Cu in cancers [72-74,81,82]. Cu chelators reduce the bioavailability of copper
by binding to Cu, leading to the inhibition of carcinogenesis such as angiogenesis, tumor
growth, and metastasis. The antitumor effects of some Cu-chelating agents including
trientine, tetrathiomolybdate (TTM), and d-penicillamine have been fully recognized in
human studies as well as animal models [72,73,81,82]. Trientine and TTM are largely
selected as Cu chelators in HCC cell lines or experimental HCC models.

Sone et al. demonstrated that the long-term administration of trientine suppressed
the incidence of HCC in Long-Evans Cinnamon (LEC) rats, which have been developed
as an experimental animal mode of Wilson’s disease [109]. In a murine HCC model, the
administration of trientine resulted in the inhibition of angiogenesis and the induction of
apoptosis in the tumor cells [110]. The antiangiogenic action by trientine may derive from
the inhibition of interleukin-8 (IL-8) production from HCC cells [111]. Another Cu chelator,
TTM, can also alleviate tumorigenic properties in HCC cell lines in a dose-dependent
manner [112]. The same authors revealed that TTM-induced Cu deficiency caused the
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attenuation of glycolysis under the hypoxic condition, leading to a decrease in glucose
utilization and lactate excretion [112].

In contrast, Cu ionophores can raise the intracellular Cu levels and exert antitumor
effects through the induction of ROS, suppression of proteosome activity, and ultimately,
apoptosis in cancer cells. Chloroquinol, disulfiram (DSF), and elesclomol are primarily
utilized as Cu ionophores that possess antitumor properties.

DSF is an aldehyde dehydrogenase inhibitor that is originally used as a therapeutic
agent for alcoholism [74]. DSF turns out to be highly toxic in cancer cells in a Cu-dependent
manner [113]. Cu ions react with DSF to form a complex of diethyldithiocarbamate-
copper. The complex selectively acts on the tumor cells. A previous in vitro study provided
evidence that DSF combined with Cu inhibited the proliferation, migration, and invasion of
HCC cells through the suppression of nuclear factor-kB (NF-kB) and transforming growth
factor-f3 (TGF-p) signaling [114]. In addition, the combined treatment of DSF/Cu with
sorafenib, which is a multi-tyrosine kinase inhibitor and is well-recognized as a molecular
target medicine for advanced HCC [115], had synergistic effects on HCC cells via the
inhibition of nuclear factor erythroid2-related factor 2 (NRF2) and MAPK activity [116].
Another study revealed that DSF/Cu upregulated PD-L1 expression in the murine HCC
model through the inhibition of poly(ADP-ribose) polymerase 1 (PARP1) activity, the
enhancement of glycogen synthase kinase-33 (GSK-3f3) phosphorylation at Ser9, and the
consequent inhibition of T cell infiltration [117].

Elesclomol is a novel Cu ionophore that directly transports Cu ions to the mitochondria
inside cells [73,74]. Currently, findings that elesclomol can induce cuproptosis in HCC cell
lines in a dose-dependent manner have been reported [118,119].

Recently, CD 147, which is a type I transmembrane glycoprotein, has been identified as
a novel molecular target of Cu in the treatment for HCC [120]. CD 147 is highly expressed
in a various type of cancers and plays an important role in the signaling receptor for
extracellular Cu?* in cancer patients [121].

Tonic #CuCl, is considered to be a potentially therapeutic radiopharmaceutical in
tumors that express high levels of human copper transporter 1 (hctrl) [122]. Therefore,
64CuCl, may become a promising radionuclide therapy for HCC [123] because the upregu-
lation of the hctrl gene is frequently observed in HCC cells.

The use of copper oxide nanoparticles (CuONPs) was applied as a therapeutic agent
for HCC in one in vitro study. Siddiqui et al. revealed the antitumor effects of CuONPs in
Hep G2 cells via the upregulation of caspase-3 gene expression [124].

3.6. Therapeutic Strategies Which Target Cu in Patients with HCC

No clinical trials on the efficacy of Cu chelators or Cu ionophores in HCC patients have
been conducted so far, although several clinical trials (phase I or phase II) on the efficacy of
a Cu chelator, TTM, have already been completed in other types of cancer patients [125,126].
It is noteworthy that the serum ceruloplasmin levels were monitored during the trial as a
surrogate marker for total body copper [125].

D-penicillamine is widely utilized as a therapeutic agent for Wilson's disease to im-
prove Cu deposition in the liver. Surprisingly, patients who are treated with d-penicillamine
have an increased risk of HCC development because the administration of d-penicillamine
often causes iron accumulation and synergistic radical formation in the liver [127].

Many candidates have been proposed as therapeutic agents that target Cu in HCC
patients. Some of them may become complementary therapeutic strategies for HCC to en-
hance the efficacy of the molecular targeting agents. Clinical application of these therapeutic
agents is urgently required.

4. Selenium
4.1. The Relationship between Se Status and Carcinogenesis

Selenium (Se) is also an essential trace element that is required for human health.
It serves as antioxidant and detoxication actions [128,129]. The fact is that the optimal
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amount of Se necessary for cellular function is in a narrow range. In the Se deficient state,
various types of symptoms or disorders occur due to the decreased activity of Se-containing
enzymes. An excessive Se state, on the other hand, can be toxic to bodies.

The involvement of Se in carcinogenesis is primarily dependent on its concentration,
as illustrated in Figure 3. In the Se-deficient state, ROS generation is facilitated due
to decreased activities of selenoproteins including glutathione peroxidases (GPxs) and
thioredoxin reductases (TrxRs) [130-132]. A moderate degree of ROS leads to cancer
progression by way of PI3/Akt/mTOR signaling [133]. Se deprivation can also upregulate
the expression of cell cycle-related genes including c-Myc and cyclin C [134].

Se-deficient 1 Se-adequate Se-excessive
(Nutritional level) (Supra-nutritional level)

!

!

|

Reduced selenoprotein Anti-oxidant function
activity

Thiol oxidation }

by selenoprotein

!

! !

{

generation

generation

!

! !

PI3/Akt/mTOR Prevention of DNA
signaling

Facilitation o EREGS } { Scavenging ROS } [ el ono RO }

. ( Caspase-3 activation
damage and mutation

!

! !

|

Cancer

progression

Preventive effect of :
] Apoptosis of cancer cells
cancer development

Figure 3. The roles of selenium depending on its concentration.

At the nutritional Se level, which is defined as the amount sufficient to saturate
selenoproteins [130-133], these selenoproteins serve as scavengers of ROS and prevent DNA
damage and mutation. Thus, Se plays an antioxidant role in the process of carcinogenesis
at a nutritional Se level.

Whereas at a supra-nutritional Se level, which indicates a nontoxic dose greater than
that required to support the maximal expression of the selenoenzymes [130], Se serves as
a pro-oxidant agent in cancer cells [130-133,135-137]. A supra-nutritional Se level causes
thiol oxidation, a high degree of ROS, and finally alleviates cancer progression through
caspase-3-induced apoptosis of the tumor cells. A supra-nutritional Se level by a long-term
treatment with sodium selenite, one of the inorganic forms of Se, can cause DNA damage
in HCC cells [138]. It is of particular interest that selenite-induced DNA damage was
associated with the induction of p53 in cervical cancer cells [139]. Such a Se level may also
affect the late stage of carcinogenesis like apoptosis. Moreover, the supra-nutritional Se
level by treatment with sodium selenite can cause G2/M cell cycle arrest in colon cancer
cells [140]. Corcoran et al. demonstrated that the supra-nutritional dose of sodium selenite
significantly retarded the growth of primary prostatic cancer and the development of lymph
node metastases in murine, being accompanied by the inhibition of angiogenesis [141].

Se regulates both the innate and adaptive immune systems in cancer patients [130].
Sodium selenite supplementation displays antitumor effects by promoting the recruitment
of CTLs and M1 polarization of macrophages in the tumor microenvironment [142,143].
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A Se-containing complex enhanced the activity of NK cells against prostatic cancer cells
through tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) signaling [144].
Selenium nanoparticles (Se NPs) have the possibility of stimulating the maturation of
dentritic cells with antigen-presenting function through regulating selenoproteins [145].

4.2. Interaction of Se with Other Essential Trace Elements

Combined supplementation with Se and Zn has largely been conducted in patients
with prostatic cancer [146]. However, it should be noted that Se supplementation may
affect the Zn status and consequent dysregulation of MT synthesis [132]. Therefore, Se
supplementation may affect Zn homeostasis in patients with prostatic cancer.

It is of interest that a high dose of sodium selenite caused ferroptosis, which is a
new type of cell death that is different from apoptosis, necrosis, and autophagy [147]
in ovarian cancer cells [148]. Excessive Se supplementation generated a high degree of
ROS and dysregulated GPx4 activities, which play an important role in the prevention of
lipid peroxidation [149]. Therefore, a decrease in GPx4 activity results in lipid peroxide
accumulation, iron overload, and ultimately, ferroptosis [150]. This is why a high dose of
Se supplementation affects the iron status.

4.3. Se and Chemosensitivity in Cancer

Liu et al. investigated the correlation between trace elements and the sensitivity of
cytotoxic anticancer agents in HCC patients. It is noteworthy that the carboplatin sensitivity
was inversely corelated with the Se level in the cancer tissues [151]. In addition, evidence
that Se nanoparticles (SeNPs) potentially raise the chemosensitivity of anticancer agents
has been provided. For example, SeNPs initiated the chemosensitivity of fluorouracil
nanoparticles in the breast and colon cancer cell lines [152]. Another study documented
that the Se-sorafenib nanocomplex could bypass the chemoresistance in glioblastoma
cells [153]. It is of particular interest that this Se-sorafenib nanocomplex induced the
apoptosis of cancer cells via Ca?*-dependent endoplasmic reticulum stress.

4.4. Se Status in Patients with HCC

It is well-recognized that serum Se levels are gradually decreased as the severity of
hepatic fibrosis becomes more severe [154]. However, it remains controversial whether
the serum Se levels are lower in patients with HCC compared to those in patients with
liver cirrhosis [155,156]. A previous large prospective cohort study revealed that higher
serum selenoprotein P as well as Se levels were associated with a lower risk of HCC
occurrence [157]. Likewise, several meta-analysis studies elucidated an inverse correlation
between the serum Se levels and the risk of HCC in human populations [158,159].

The correlation between dietary Se intake and the incidence of HCC was also explored.
Unexpectedly, the amount of dietary Se intake was not associated with the incidence of
HCC [46,159].

The association of serum Se levels with tumor sizes were also investigated in HCC
patients. Rotor-Udilova et al. documented that the serum Se levels were inversely correlated
with tumor sizes in HCC patients, although the correlation was limited within diameters
less than 3 cm [160]. The authors also confirmed inverse correlations between the serum
Se levels and VEGEF or IL-8 levels in those patients. In addition, the Se content in HCC
tissue declined in proportion to the malignant grade. The Se content in the tumor tissue
was significantly lower compared to that in the liver of the normal control [161].

Several studies have elucidated the clinical characteristics of the expression of se-
lenoproteins in human HCC tissues. HCC patients with a higher expression of GPx4
significantly exhibited more a favorable prognosis than those with a lower expression
of GPx4 because GPx4 inhibited the development of HCC by way of the regulation of
angiogenesis and the modulation of immune-mediated cells [162]. The authors demon-
strated that regulatory T cells and NK cells were recruited more, but the grade of the yoT
cells and infiltration of the activated dendritic cells were decreased in tumors with high
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GPx4 expression. A shift in macrophage distribution was also observed from M2 to M1
in such HCC tissues. In contrast, a low expression of GPx4 in the HCC tissues indicated
an unfavorable overall survival rate [163]. Another study documented that the expression
of GPx4 was stronger in HCC tissues with high-grade malignancy than that in those with
low- or moderate-grade malignancy, which is shown in the conflicting results described
above [164].

GPx1 participates in the neutralization of hydrogen peroxide (H,O,) and organic
hydroperoxides by preventing damage to mitochondrial DNA and the protection of cells
from free radicals [165]. Activated GPx1 can protect cancer cells from ROS and anticancer
agents. On the other hand, selenium-binding protein-1 (SBP-1) is a selenium-containing
protein that transports Se [166]. SBP-1 is extensively expressed in normal liver tissues,
although its expression is weak in HCC tissues [167]. Decreased SBP-1 expression resulted
in the macrovascular invasion of HCC by way of increasing the GPx1 activity and dimin-
ishing HIF-1oc expression [168] or the upregulation of C-X-C motif chemokine receptor 4
(CXCR4) [169] in the HCC tissues.

The relationship between the genetic polymorphism of GPx1 and cancer development
has also been explored in various types of cancers. Sutton et al. revealed that the GPx1
polymorphism was associated with the occurrence of HCC in patients with alcoholic liver
cirrhosis. The authors identified two pro-GPx1 alleles that indicated the low incidence of
HCC in such patients [170].

Thioredoxin reductase (TrxR1) is an important selenocysteine (Sec)-containing antioxi-
dant enzyme that is involved in the reduction of oxidized thioredoxin-1 (Trx1) [165]. It is
well-known that TrxR1 is upregulated in many malignant diseases, and that it can promote
tumor growth [171]. Indeed, the expression of TrxR1 protein was much higher in human
HCC tissues compared to that in non-tumorous lesions. The severity of TrxR1 expression in
the HCC tissues was associated with tumor stage. Moreover, HCC patients with high TrxR1
expression displayed unfavorable prognosis [172,173]. Likewise, higher serum TrxR1 levels
in patients with HCC may predict poor prognosis including the recurrence of HCC [174].
Recently, Hua et al. demonstrated that TrxR1 was directly targeted by miR-125-5p in those
patients [175].

4.5. Therapeutic Strategies Which Target Se in HCC Cell Lines or Experimental HCC Models

The administration of the inorganic form of Se, sodium selenite, has been used as
a therapeutic strategy for HCC in in vitro and in vivo studies. It is noteworthy that the
antitumor effect of sodium selenite, which belongs to an inorganic selenium compound, is
dependent on its concentration. The administration of sodium selenite eventually causes the
apoptosis of Hep G2 cells in a dose-dependent manner ranging from 10 uM to 50 uM [176].
Another study revealed that treatment with 50 nM of sodium selenite increased GPx4
expression and decreased VEGF expression as well as tumor growth in HCC cells [160].
The antitumor effects of selenium sulfide (SeS,), which is another inorganic type of selenium
compound and was originally used as a therapeutic agent for seborrheic dermatitis [177],
were also confirmed in HCC cell lines [178].

Selenium methylselenocysteine (SeMSC) is an organic form of selenium compound
that is also used as a therapeutic strategy for HCC. Treatment with SeMSC had a remark-
able protective effect on HepG2 cells including decreases in malondialdehyde (MDA)
concentration and GPx activity in the nanomolar to micromolar range [179]. The efficacy of
selenium-enriched malt (SEM), another type of organic Se compound, on rat HCC was also
confirmed. The treatment with SEM improved the mortality and reduced the number of
HCC nodules by inhibiting the expression of VEGF and protein kinase C-« in the tumor
tissues [180]. The inhibitory effects of SEM on rat HCC proved to be stronger than those
of sodium selenite. It is of interest that the Se-enriched Grifola frondosa polysaccharide
(Se-GP11) enhanced the antitumor effects of 5-fluorouracil (5-Fu) on Heps-bearing mice
through an increase in SOD activities and a decrease in MDA levels [181].
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Se-nanoparticles (SeNPs) may be a novel therapeutic strategy to overcome HCC in a
drug delivery system because it possesses lower toxicity and higher bioavailability com-
pared to organic and inorganic Se compounds. It serves as a mRNA-based nanocarrier [182].
Singh et al. developed the method for the delivery of Fluc-mRNA to HepG2 cells by func-
tionalized SeNPs [183]. Fluc-mRNA was selected to confirm the transfection efficiencies
in HCC cells. In addition, galactose-modified Se nanoparticles loaded with doxorubicin
were developed to improve the antitumor efficacy of doxorubicin against HCC [184]. Se
nanoparticles also had the ability to overcome sorafenib resistance in a rat HCC model by
modulating apoptosis and mTOR/NF-kB signaling [185].

Recently, the efficacy of novel TrxR1 inhibitors including butaselen and piperlongu-
mine have been verified in HCC cells or murine HCC models [173,186-188]. There may be
a possibility for these TrxR1 inhibitors to become a promising therapeutic strategy for HCC.

4.6. Therapeutic Strategies Which Targeting Se in Clinical Studies

Several clinical trials on the efficacy of treatment with selenium compounds alone or
combined treatment of a Se compound with antioxidants have been performed in breast,
colorectal, and prostate cancer [146,165], although its efficacy has not been verified in
patients with HCC. We need to determine which type of Se compound is the most effective,
or how much and how long the Se compound is administrated in such patients. The admin-
istration of a Se compound may be effective in light of an increase in the chemosensitivity
of anticancer agents or immune check point inhibitors in HCC patients. Further clinical
trials on the efficacy of Se compounds should be considered in these patients.

5. Conclusions

The efficacy of Zn supplementation for the prevention of HCC development has
been confirmed in several clinical trials, although the efficacy of Cu depletion and Se
supplementation has not. The optimal dose of Zn and the most effective type of Zn
compound should be immediately determined for the prevention of HCC development.
Cu chelators and Cu ionophores are widely recognized as potential therapeutic agents for
HCC. Likewise, inorganic and organic Se compounds also seem to be promising in such
patients. Moreover, numerous candidates that serve as carrier proteins for Zn and Cu or
Se-containing enzymes have been identified as potential therapeutic strategies in HCC cell
lines and experimental HCC models. The development of Zn-, Cu-, and Se-nanoparticles
may enhance the antitumor effects through the improvement of the drug delivery system
in HCC patients. These therapeutic agents should be clinically applied to these patients in
the near future.
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ATOX1 Antioxidant protein 1

ATP7A/B  Copper-transporting ATPase 1/2
CLD Chronic liver disease

COX17 Cytochrome C oxidase 17



Nutrients 2024, 16, 472 14 of 21

CTL Cytotoxic T lymphocytes

CTR1 Copper transporter receptor 1
Cu Copper

DSF Disulfiram

EMT Epithelial mesenchymal transition
GPx Glutathione peroxidase

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

HIF-1a Hypoxia-inducible factor-1o
LOX Lysyl oxidase

LOXL Lysyl oxidase-like

MAPK Mitogen-activated protein kinase
MT Methallothioneine

NK Natural killer

PD-L1 Programed death-ligand 1

ROS Reactive oxygen species

Se Selenium

SeNP Selenium nanoparticle

SVR Sustained viral response

TrxR Thioredoxin reductase

TT™M Tetrathiomolybdate

VEGF Vascular endothelial growth factor
ZIP Zrt- and Irk-like protein

Zn Zinc
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