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Abstract

This study aimed to compare the contents of copper (Cu), zinc (Zn), magnesium (Mg),
and iron (Fe) in healthy liver tissue from deceased liver donors (DGs), in cirrhotic tissue
from patients without (CIR) or with hepatocellular carcinoma (CIR-HCC) and in HCC
tissue from the latter patients. Liver tissue samples were obtained from cirrhotic liver
transplant recipients, with (n = 14) and without HCC (n = 14), and from DGs (1 = 18). In
patients with HCC, both cirrhotic and tumor tissue was collected. The tissue metal content
was measured using atomic absorption spectrometry. The Cu content of DG tissue was
significantly lower than that of CIR-HCC and HCC tissue but not CIR tissue. The tissue Zn
and Mg contents were significantly higher in DG tissue than in CIR, CIR-HCC, and HCC
tissues. No difference was observed for Fe. The Cu/Zn ratio progressively increased in
DG, CIR, CIR-HCC, and HCC tissues. The increased Cu content in cirrhotic and tumor
tissue of HCC patients and the fact that the latter had the highest value for the Cu/Zn ratio
indirectly suggest the potential role of these metals in hepatocarcinogenesis. These findings
support a pathophysiological basis for further experimental studies to investigate the
potential therapeutic implications of pharmacological agents targeting metal homeostasis
in this malignancy.

Keywords: cirrhosis; atomic absorption; hepatocellular carcinoma; cancer; liver; copper;
zinc; magnesium; metals; liver transplant
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1. Introduction

In hepatology, the relationship between various metals in the serum and/or liver
tissue and hepatocellular carcinoma (HCC) is intriguing and has been frequently debated.

Copper (Cu), zinc (Zn), magnesium (Mg), and iron (Fe) are metals involved in cellular
homeostasis. Furthermore, an increase or decrease in the cellular content of these metals
has been described as a cause or a contributing factor in various diseases and types of
cancer, including skin, gastrointestinal tract, lung, breast, and prostate cancers [1-7].

As an essential trace element, Cu is physiologically involved in various cellular pro-
cesses, including antioxidant defenses, as a cofactor of superoxide dismutase, oxidative
stress, protein synthesis, and energy metabolism as a cofactor of cytochrome oxidase [8].

However, given its broad spectrum of biological activity, Cu may play an ambivalent
role and its potential involvement in hepatocellular carcinoma (HCC) tumorigenesis has
also been described [7,9,10]. Indeed, on one hand, Cu can promote cell proliferation and
activate oncogenic pathways; on the other hand, it may also counteract tumor growth
by activating inflammatory cells, inducing oxidative stress, and regulating cell death
pathways [7,11].

Zinc is essential for the structure and function of a large number of macromolecules,
including over 300 enzymes [12]. An interesting aspect of Zn is its involvement in the
structure of zinc finger proteins. As transcription factors, these proteins perform various
fundamental regulatory functions within cells, and some of them appear to positively
influence oncogenic pathways related to cell cycle control, replication, and the immune
response [13,14].

This has prompted several authors to investigate the genetic signatures involved
in Zn and Cu metabolism, particularly their association with HCC and inflammation.
The findings increasingly support a role for the homeostasis of these metals in oncogenic
pathways. These insights have led to the hypothesis that modulating metal homeostasis
may offer therapeutic potential in patients with HCC [15-17].

Nonetheless, while evidence supports the involvement of these metals in hepatic
tumorigenesis, the precise nature of this relationship and its underlying mechanisms
remain unclear. Defining intracellular threshold levels above or below which harmful
effects occur is particularly challenging, as these metals are essential for numerous cellular
functions and overall biological balance.

In contrast to Zn and Cu, iron (Fe) presents a more complex picture. Patients with Fe
storage disorders, such as hereditary hemochromatosis, exhibit an increased risk of HCC. It
has also been hypothesized that Fe may exert an antitumor effect through its involvement
in the activation of a cell death mechanism known as ferroptosis [18,19].

Circulating metal concentrations have also been proposed as possible biomarkers for
diagnosing and predicting the prognosis of HCC. In particular, Zn has shown a protec-
tive role, whereas Cu has been associated with an increased risk of HCC and elevated
transaminase and yGT activities [20-24]. Accordingly, an elevated serum Cu/Zn ratio in
HCC patients has been identified as a significant prognostic marker associated with poorer
outcomes and a higher risk of HCC progression [21-25].

Recent evidence also suggests greater avidity for Mg in cirrhotic patients with HCC,
reflected in lower circulating serum concentrations of this metal. This may be due to its
increased utilization in metabolic pathways essential for tumor proliferation [26].

To our knowledge, the tissue levels of Mg in HCC have not been investigated. How-
ever, experimental evidence has demonstrated both an upregulation of membrane trans-
porters for this metal in tumor cells and a reduction in tumor growth following their inhibi-
tion, thus supporting the hypothesis of a potential role for Mg in tumorigenesis [27-30].
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Further supporting the link between metals and tumorigenesis, several studies have
analyzed the metal content in liver tissues in relation to HCC. Notably, higher Cu levels
have been reported in tumor tissue compared to adjacent non-tumor or normal liver tissue.
These studies, conducted primarily in Asian and Latino populations, often included patients
without cirrhosis, and healthy liver samples were typically obtained post-mortem [1,31-36].
Additionally, the Cu content in cirrhotic tissue obtained during liver transplantation has
been shown to be higher than in donor-derived normal liver tissue [20].

In contrast, the Zn content appears to be lower in HCC tissue than in non-tumor liver
tissue [20,32-37]. An opposite trend to that of Cu has also been reported for the presence or
absence of cirrhosis. Some, but not all, studies observed reduced Zn content in cirrhotic
tissue compared to non-cirrhotic tissue [20,32,34,37].

The data regarding Fe are controversial, probably due to the heterogeneity between
the cohorts analyzed in the different studies [20,31,33,34].

To date, no study has concurrently assessed the content of Cu, Zn, Fe, and Mg in
healthy liver tissue, cirrhotic tissue from patients without HCC, cirrhotic tissue from pa-
tients with HCC, and HCC tissue itself, specifically within Western populations. Therefore,
our study aims to be the first to compare the tissue content of these metals in different liver
conditions and correlate them with serum markers of liver damage.

2. Results
2.1. Characteristics of the Study Population

Figure 1 shows histological examples of a healthy donor liver, cirrhotic liver tissue,
and HCC tissue. All HCCs were grade G2.

Figure 1. Histological examples of a healthy donor liver at original magnification 10x (panel (A)),
cirrhotic liver tissue at original magnification 2x (panel (B)), and HCC tissue at original magnification
2x (panel (C)).

Table 1 shows the demographic and clinical characteristics of liver transplant donors
with healthy livers, cirrhotic patients without HCC, and cirrhotic patients with HCC. There
were no differences in age, gender, and BMI between the groups. Donors had significantly
lower serum aminotransferase activity than the two groups of patients with cirrhosis,
which did not differ from each other. Cirrhotic patients with HCC had significantly higher
Model for End stage Liver Disease (MELD) scores and yGT activities than patients with
cirrhosis only.
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Table 1. Demographic and clinical characteristics of the study population.
p Value
Liver Graft Cirrhotic Cirrhotic p Value Donors p Value Donors Cirrhotic
Donors Patients Patients with vs. Cirrhotic vs. Cirrhotic Patients
(0 =18) Without HCC HCC Patients Patients with Without HCC
B (n=14) (n=14) Without HCC HCC vs. Those with
HCC
53.00 52.00 53.50
Age (years) (37.00-62.00)  (47.25-56.00) (48.00-63.75) 0.892 0.296 0.168
Sex M (%) 12 (66.7) 10 (71.4) 13 (92.9) 1.000 0.104 0.326
25.70 24.20 24.85
2
BMI (kg/m*) (24.95-2731)  (22.89-27.42) (22.65-29.98) 0.184 0.569 0.818
Serum AST 33.50 58.50 75.50
(Iu/L) (22.00-43.75) (41.75-92.00) (39.75-117.25) 0.006 0.006 0.520
Serum ALT 23.00 48.00 51.00
(IU/L) (18.00-29.50)  (25.00-59.25)  (36.75-117.00) 0.008 0.001 0.232
Serum ALP . 137.00 (105.00- 110.00
(IU/L) Not available 176.50) (83.50-204.25) - - 0.713
Serum yGT . 40.00 104.00
(IU/L) Notavailable g 7550 00)  (58.25-129.50) - - 0.0004
. 19.06 10.36
MELD score Not applicable (12.70-22.83) (7.75-14.12) _ _ 0.008
Etiology of Liver
Cirrhosis, n (%)
e  Viral Not applicable 8 (57.1) 12 (85.7) _ _ 0.103
e  Alcohol 6 (42.9) 5(35.7) _ _ 1.000
e MASLD 2 (14.3) 4 (28.6) _ _ 0.648

Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase;
BMI, body mass index; yGT, gamma-glutamyl transferase; HCC, hepatocellular carcinoma; MASLD, metabolic
associated steatotic liver disease; MELD, Model for End stage Liver Disease.

2.2. Metal Content in Liver Tissue

Firstly, we investigated the metal content of liver tissues.

In this regard, Figure 2 shows the Cu content in the four liver tissue groups ana-
lyzed in the study. Interestingly, the median Cu content was increased progressively from
the livers of transplant donors [6.26 (IQR 4.88-6.85) ug/gl, to cirrhotic tissue from pa-
tients without HCC [8.15 (IQR 6.39-11.75) ng/g], to cirrhotic tissue from patients with
HCC [14.73 (IQR 12.28-24.82) pg/g], and to HCC tissue from patients with HCC [25.50
(IQR 17.00-32.59) ng/g] (p for trend = 0.000004).

Comparing the Cu content in different tissues, we observed that the Cu content was
significantly lower in donor livers compared to both cirrhotic liver from HCC patients
(p <0.01) and tumor tissue (p < 0.01). However, no significant differences in tissue Cu
content were found between the livers of donors and the cirrhotic livers of patients without
HCC, nor when comparing the three diseased liver groups.

Figure 3 shows the median Zn content in the tissues. Unlike Cu, the median Zn content
was significantly higher in liver transplant donors [69.79 (IQR 60.69-77.61) ug/g] than in
cirrhotic tissue from patients without HCC [19.47 (IQR 16.81-25.18) pg/g; p < 0.00001], in
cirrhotic tissue from patients with HCC [23.86 (IQR 20.12-31.05) ug/g; p < 0.0001], and in
HCC tissue from patients with HCC [17.26 (IQR 15.87-20.47) ug/g; p < 0.0001]. However,
the three groups with diseased livers did not differ significantly from each other with
regard to tissue Zn content.
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Figure 2. Box plot of copper content measured in the livers of donors, in the cirrhotic tissue of patients
without and with HCC, and in tumor tissue. Significant p values are reported as follows: ** = p < 0.01.
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Figure 3. Box plot of zinc content measured in the liver of donors, in the cirrhotic tissue of pa-
tients without and with HCC, and in tumor tissue. Significant p values are reported as follows:
#4% = 1 < 0.0001.

As shown in Figure 4, the median Mg content was significantly higher in liver trans-
plant donors [161.29 (IQR 144.64-168.33) pug/g] than in cirrhotic tissue from patients without
HCC [110.91 (IQR 101.20-125.66) pg/g; p < 0.001], in cirrhotic tissue from patients with
HCC [115.27 (IQR 113.13-125.90) ug/g; p < 0.0001], and in HCC tissue from patients with
HCC [117.15 (IQR 109.35-122.5) pug/g; p < 0.0001]. The three groups with diseased livers
did not differ significantly from each other with regard to tissue Mg content.
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Figure 4. Box plot of magnesium content measured in the liver of donors, in the cirrhotic tissue of
patients without and with HCC, and in tumor tissue. Significant p values are reported as follows:
#** = p <0.001; **** = p < 0.0001.

The median Fe content did not differ between any of the groups, with values of [83.19
(IQR 36.0-156.98) ng/gl, [121.29 (IQR 69.91-350.74) pg/gl, [104.23 (IQR 60.25-120.12) ug/g],
and [100.93 (IQR 31.76-391.04) ng/g] in the livers of donors, in the cirrhotic tissue of patients
without HCC, in the cirrhotic tissue of patients with HCC, and in HCC tissue, respectively
(Figure 5).
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Figure 5. Box plot of iron content measured in the livers of donors, in the cirrhotic tissue of patients
without and with HCC, and in tumor tissue.

We then aimed to investigate whether the Cu/Zn ratio differed among the four liver
tissue groups. As shown in Figure 6, the median Cu/Zn ratio increased progressively
from liver transplant donors [0.091 (IQR 0.076-0.098)], to cirrhotic tissue from patients
without HCC [0.350 (IQR 0.270-0.467)], to cirrhotic tissue from patients with HCC [0.535
(IQR 0.376-1.026)], and to HCC tissue from patients with HCC [1.080 (IQR 0.872-1.823)]
(p for trend = 1.9955 x 10~1%). The Cu/Zn ratio was significantly lower in donor livers
than in each of the three diseased liver groups (p < 0.0001). Furthermore, the Cu/Zn ratio
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was significantly lower in cirrhotic tissue from patients without HCC than in HCC tissue
(p < 0.05).

%k %k %k %k
3.0- | %k Xk kK %k
1
:g 2.7 "
E 2.4_ I
§ 2.1
3 1.8
o
o 1.5-
§ 1.2 * % % %
= - |
+ 0.9
S 0.6
ol |l & E
0.0 T T T T
& &° o O
o‘ .\‘& ¢0 .\'Q
(¢ Q
& o
Q » @
2 .q,\
& &
&
0\

Figure 6. Box plot of copper/zinc ratio in the livers of donors, in the cirrhotic tissue of patients
without and with HCC, and in tumor tissue. Significant p values are reported as follows: * = p < 0.05,
% = p < 0.0001.

2.3. Correlations Between Tissue Metal Content and Serum ALT and vGT

Finally, we investigated whether there were any correlations between the tissue Cu
content and serum ALT and yGT activity analyzed separately within donors, cirrhotic
patients without HCC, and patients with HCC. As shown in Table 2, a positive correlation
was found between tissue Cu content and serum ALT activity in donors. In cirrhotic
patients without HCC, tissue Cu content was positively correlated with serum ALT and
vGT activity. However, these correlations were absent in cirrhotic tissue from patients
with HCC.

Table 2. Correlations between tissue Cu content and serum ALT and yGT activity.

Tissue Cu Content Serum ALT Serum yGT
r p Value r p Value
Donor grafts 0.520 0.027 N.A. N.A.
Cirrhotic tissue
(pts W/O HCC) 0.873 <0.001 0.846 <0.001
Cirrhotic tissue
(pts with HCC) —0.006 0.983 —0.004 0.990

Abbreviations: ALT, alanine aminotransferase; Cu, copper; YGT, gamma-glutamyltransferase; HCC, hepatocellular
carcinoma; W /O, without; Zn, zinc.

3. Discussion

In this study, we investigated the association between Cu, Zn, Mg, Fe and hepatic
tissues from different liver diseases. Specifically, we examined normal liver tissue from
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liver transplantation donors, cirrhotic liver tissue from patients without HCC, cirrhotic
liver tissue from patients with HCC, and HCC tissue from the same patients in the latter
group. This comprehensive approach allowed us to identify significant differences in metal
content across these tissue types.

One of the most interesting findings of our study was the significant increase in Cu
content in cirrhotic tissue obtained from HCC patients and in tumor tissue compared to
normal liver, while cirrhotic tissue from patients without HCC did not differ from normal
liver tissue. Notably, the median Cu content in tumor tissue and cirrhotic tissue from these
patients was four and two times higher, respectively, than in healthy liver tissue.

These results are consistent with previous studies suggesting a high tissue Cu content
in HCC, with the added value of also offering, in Western subjects, new simultaneous
comparative data between cirrhotic tissue from patients with and without HCC [11,31-36].

Although observational in nature, our data could be relevant to the pathogenesis of
HCC. Indeed, we found that both HCC and cirrhotic tissue from HCC patients contained
more Cu than healthy livers but not cirrhotic tissue from non-HCC patients. While our
study does not provide data on this, it is likely that the mechanism of Cu enrichment
in HCC tissue and in cirrhotic tissue of patients with this type of tumor is due to its
excessive cellular uptake. This hypothesis is supported by recent experimental data on
the malignancy-promoting role of the Six Transmembrane Epithelial Antigen of Prostate
2 (STEAP2) in HCC cells, which indirectly contributes to the cellular entry of Cu [11].
However, the oncogenic mechanism of Cu is unclear for two reasons. Firstly, although
a higher severity of cirrhosis is considered a risk factor for the development of HCC,
in our study, a high Cu content in both tumor and cirrhotic tissue was associated with
a lower cirrhosis severity, as indicated by lower MELD score values [38—42]. Secondly,
although high yGT activity have previously been associated with an increased risk of
HCC and in our patients with HCC it was higher than in cirrhotic patients without HCC,
the tissue Cu content correlated with yGT in cirrhotic patients without HCC but not in
those with HCC [43-45]. Therefore, although our study does not provide causal data, it is
possible that the high Cu content in tissues is an oncogenic factor unrelated to the severity
of cirrhosis, the extent of oxidative stress or the degree of liver inflammation related to
the severity of cirrhosis, as represented by yGT activity [6,9-11,46]. As demonstrated in
other studies, excessive Cu* accumulation in cells could lead, per se, to the production of
reactive oxygen species and cellular damage, increasing oxidative stress, inflammation,
and DNA damage, with subsequent stimulation of cell proliferation and angiogenesis [47].
Although we did not investigate this aspect in our study, there is also emerging research
on the oncogenic role of cuproptosis, a novel form of copper-induced cell death mediated
by protein lipoylation [47]. The interplay between HCC and cuproptosis represents a
nascent but rapidly evolving area of investigation, focusing on the regulatory role of copper
metabolism and the contribution of cuproptosis in HCC initiation and progression [48].

In contrast to Cu, normal liver tissue exhibited a significantly higher Zn content
than all of the diseased liver tissues analyzed, and there were no differences between the
diseased liver groups. Our in vivo data confirm the previous finding of a lower Zn content
in HCC tissue compared to normal liver obtained at autopsy [32,33,35,37]. Regarding
the comparison between HCC and cirrhotic liver tissue, our data do not show significant
differences, even though cirrhosis in HCC patients had slightly higher values than HCC
tissue. These data are in disagreement with previous studies where non-tumor tissue
showed significantly higher values [33-37]. These differences may be due to a lower
severity of chronic liver disease in these studies compared to our patients, who were
candidates for liver transplantation. In fact, in most of these studies, many or all patients
did not have cirrhosis [33-36]. In the one study (including only black cirrhotic patients)
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where tissue sampling was performed at autopsy, no data are reported for the severity of
cirrhosis, which may have been lower than in our patients [37].

The data from our study do not allow us to hypothesize the causes of the reduced Zn
content in diseased liver tissue compared to controls. In patients with advanced chronic
liver disease, several possible mechanisms have been described, including alterations
in hepatocyte cellular transport mediated by inflammatory cytokines, redistribution in
other body compartments secondary to the opening of spontaneous portosystemic shunts,
and intestinal malabsorption and increased urinary loss [32,33,35,37,49]. Therefore, our
data indirectly support the possibility that Zn plays an overall protective role against
hepatic oncogenesis and that its reduction may favor HCC development. Indeed, even
with regard to the possible oncogenic role of Zn reduction in liver cells, our study does
not provide causal data. We can only speculate, as demonstrated in other studies, that
Zn deficiency may promote the cell cycle and reduce apoptosis, the latter through the
reduction of metallothienin synthesis, oxidative stress, and a reduction in the ability to
repair DNA [47]. Finally, a Zn reduction in the tumor microenvironment could also inhibit
the normal immunological response against tumor cells [47].

For the first time, we also evaluated the Cu/Zn ratio (which has previously only been
studied in blood) in different types of liver tissue [21-25]. We confirmed the association
between a high Cu/Zn ratio and HCC at the tissue level. We observed a progressive increase
in Cu/Zn ratio at the tissue level from healthy liver tissue to cirrhotic liver without HCC,
to cirrhotic liver with HCC, and finally to HCC tissue. Furthermore, pairwise comparisons
demonstrated significant differences between healthy liver tissues and all other tissues and
showed that the values in cirrhotic tissue from patients without HCC were significantly
lower than those in HCC tissue. Therefore, the higher Cu/Zn ratio at the tissue level could
favor tumorigenic pathways. However, this remains a speculative interpretation, since the
mechanisms underlying this observation cannot be definitively established. Although this
aspect was also not investigated in our study, the inverse interplay between Cu and Zn
could be mediated by metallothioneins, a family of small, cysteine-rich, ubiquitous proteins
that bind various metals, including Cu and Zn. Kubo et al. (2005) found that normal
hepatic tissue showed an absence of Cu bound to metallothionein, whereas the Cu content
bound to this protein in tumors was significantly higher than that in a normal liver [32].
Conversely, the content of Zn bound to metallothionein in tumors was significantly lower
than that in a normal liver.

Similar to Zn, Mg showed comparable content in cirrhotic liver tissue from patients
with and without HCC, as well as in HCC tissue, but a higher content was observed in
healthy liver tissue compared to diseased liver. This is in line with the previous results
of our group comparing cirrhotic and normal liver tissue [50]. However, in our current
study, we did not find higher values in HCC tissue than in cirrhotic tissue from the
same patients. These results do not support our previous hypothesis, which was based
exclusively on serological data and which indirectly suggested that the tumor exhibits high
Mg avidity [26].

In contrast to other metals investigated, our study did not reveal any significant
differences in tissue Fe content. This finding contributes to the overall heterogeneity of
existing data on Fe levels in cirrhotic livers and HCC [31,33,34]. One possible explanation
for this variability is that the potentially deleterious/oncogenic versus tumor-suppressive
roles of Fe may differ substantially depending on the specific conditions, tissue content,
and underlying hepatic pathology. However, a limitation of our study is that we did not
measure the blood concentrations of metals. In addition to correlating the tissue Cu/Zn
ratio with the serum ratio, it would have been important to correct the tissue Fe data for
circulating Fe, also considering that Fe is bound to hemoglobin, which can be influenced
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by a history of anemia, red blood cell transfusions, and iron therapy. Therefore, studies
involving larger patient cohorts and correcting for circulating Fe values are needed to verify
whether elevated tissue Fe levels may or may not be associated with HCC. As for Cu, Zn,
and Mg, it is unlikely that circulating amounts of these metals could have altered the results.
Indeed, the extracellular concentrations of Cu, Zn, and Mg are approximately 300, 100, and
100 times lower than their concentration in cells, respectively [51,52].

Our study has additional limitations that must be acknowledged. First, it is a single-
center early exploratory study with mainly descriptive results. Indeed, because the liter-
ature on the subject is inconsistent and scarce, we did not perform a formal sample size
calculation. This resulted in relatively small numbers for each group that did not allow for
in-depth multivariate statistical analyses, thus significantly reducing the ability to support
causality and the independence of our results. Second, it was not possible to evaluate the
metal content in relation to the histopathological features of liver tissues and HCC. Further-
more, by excluding the four HCC tissues with locoregional treatment-induced necrosis, a
selection bias may have been introduced by excluding the most aggressive tumors. If this
were true, it is likely that the differences between the HCC group and the other groups
were diminished by these exclusions. As a final limitation of our study, we did not analyze
potential confounders such as some complications of cirrhosis, drug therapies, nutritional
status, or ceruloplasmin and metallothionein levels. Nevertheless, a major strength of
our study is its comprehensive evaluation of key metals involved in fundamental cellular
processes across different types of hepatic tissue, providing new data that have not been
documented in previous studies. In fact, although our study is descriptive, it has several
strengths compared to previous studies that analyzed metal content in HCC [11,20,31-36].
First, we analyzed the hepatic content of four metals in HCC and cirrhotic liver samples
from the same patients, which were taken at an adequate distance from the tumor and
not in the tissue surrounding the tumor. Second, our study also compared these tissues
with the cirrhotic livers of patients without HCC and with healthy livers, not using any
samples obtained at autopsy. Finally, with the sole exception of the few cases enrolled in
a previous study in which only hepatic Cu was measured, our study is the only one that
enrolled Caucasian subjects [20].

Based on our findings, we believe that further research is essential to better elucidate
the relationship between tissue metal content and HCC oncogenesis. If these associations
are confirmed, it may be worthwhile to investigate the potential therapeutic implications of
pharmacological agents targeting metal homeostasis in this malignancy through experi-
mental studies.

4. Materials and Methods
4.1. Study Design
The present study is a single-center retrospective study that was conducted at Sapienza
University of Rome, Azienda Ospedaliero-Universitaria Policlinico Umberto I, Rome, Italy.
In this study, liver tissue samples and clinical data were analyzed from cirrhotic
patients undergoing liver transplantation and from liver donors. The study was conducted

in accordance with the Declaration of Helsinki and was approved by the Ethics Committee
of Sapienza University-Policlinico Umberto I (Ref. N. 3420/27/11/2014).

4.2. Study Population and Data Collection

A total of 14 cirrhotic patients with HCC, 14 cirrhotic patients without HCC, and
18 liver donors were enrolled in this study.
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Liver tissue samples were collected from each subject enrolled in the study at the time
of liver transplantation in cirrhotic patients or at the time of organ procurement in deceased
donors. All liver tissue samples were analyzed to determine their metal content.

The following exclusion criteria were applied for both donors and cirrhotic patients:
age > 70 years and acute or chronic renal failure with an estimated glomerular filtration
rate < 50. Donors with any degree of hepatic steatosis were excluded. In addition, for
cirrhotic patients, treatment with any supplement containing Mg, Zn, Cu, vitamin D,
calcium, or bisphosphonates in the 6 months prior to enrollment, acute alcoholic hepatitis
or acute-on-chronic liver failure, Wilson's disease, hemochromatosis, and thyroid disease
were excluded.

Liver tissue samples were obtained through wedge biopsies performed on the left
hepatic lobe immediately after liver explantation in cirrhotic livers and before ischemia
in donors. In cirrhotic patients with HCC, two wedge biopsies were performed, one on
the tumor tissue and one on cirrhotic tissue at least 5 cm from the tumor. Half of each
biopsy was immediately fixed in 10% neutral buffered formalin and then sections were
created in paraffin and stained with hematoxylin and eosin for histological confirmation
of tissue type. The other half was rapidly frozen and stored in liquid nitrogen until metal
analysis. In 4 of the cirrhotic patients with HCC, the tumor tissue was largely necrotic due
to locoregional treatments performed as a bridge to transplantation and, therefore, was not
analyzed for metal content. Thus, according to the sampling site, the analyzed liver tissues
were donor graft (n = 18), cirrhotic tissue from patients without HCC (n = 14), cirrhotic
tissue from patients with HCC (n = 14), HCC tissue (n = 10). Clinical data were collected in
the hours preceding surgery.

4.3. Study Aims

The primary aim of this study was to evaluate whether the content of metals (Zn, Cu,
Fe, and Mg) in liver tissue varies according to the presence or absence of liver cirrhosis
and HCC. As a secondary objective, we also investigated the possible correlations between
the metal content in normal livers and the cirrhotic tissues in patients with and without
HCC and ALT and yGT activities, which are serum markers of liver and cholangiocyte
damage, respectively.

4.4. Metal Quantification in Liver Tissue Using Atomic Absorption Spectrometry

Liver tissue sample preparation and analysis were carried out according to a previously
published protocol [50]. Biopsies of liver tissue were placed in individual acid-washed
Teflon jars and were digested with 2 mL 65% HNO3 and 0.5 mL 30% H,O, in a microwave
oven for 5 min at 250 W, 5 min at 400 W, 5 min at 500 W, and finally 1 min at 600 W. The
cooled samples were transferred to polyethylene volumetric flasks, diluted to 10 mL, and
analyzed using a flame atomic spectrophotometer (A Analyst 100, Perkin Elmer, Waltham,
MA, USA). Iron, Zn, and Cu were analyzed by direct aspiration of the solutions into
the flame of the spectrophotometer, while Mg was analyzed after diluting the solutions
1:10. The accuracy of the method was evaluated using the analysis of an internationally
certified reference material (ERM®-BB422 fish muscle). The metal content determined
with the method used in this study fell within the certified uncertainty interval provided
by ERM, corresponding to a 95% confidence level. The detection limits for flame atomic
absorption spectroscopy were 0.04 ng/mL for Mg, 0.09 pg/mL for Fe, 0.04 ng/mL for
Zn, and 0.01 pg/mL for Cu. The metal content in liver biopsies was expressed as ng/g
wet weight (ww). All the reagents were purchased from Merck (Merck-Sigma-Aldrich,
Darmstadt, Germany) and were of Suprapur grade.
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4.5. Statistical Methods

There were no missing data in the study, therefore no imputations were performed.
Continuous variables were assessed for normality using the Shapiro-Wilk test and sub-
sequently expressed as either the median and interquartile range (IQR) or mean and
standard deviation (SD), depending on their distribution. Categorical data are presented as
frequencies and percentages.

Differences in demographic and clinical characteristics between donors and patients
with cirrhosis with and without HCC and within the latter two groups were assessed using
the Mann-Whitney U test, t-test, or chi-square test as appropriate.

Differences in the metal content among the four tissue types were first analyzed with
the Jonckheere-Terpstra test for ordered alternatives in k samples and then by pairwise
multiple comparisons with Bonferroni correction.

Correlations between the tissue metal content and serum ALT and GGT activities were
assessed using Pearson’s r coefficient.

All tests were two-tailed, and a p-value < 0.05 was considered statistically significant.
Statistical analyses were performed using SPSS 27.0 (SPSS Inc., Chicago, IL, USA).
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