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ABSTRACT

BACKGROUND: Hepatocellular carcinoma (HCC) is one of the main cancer-related mortality worldwide. Thus, there is a constant
search for improvement in treatment strategies to enhance the prognosis of this malignancy. The study aims to investigate the com-
bined antitumor activity of ammonium tetrathiomolybdate (TM, copper chelator) combined with hepatic artery ligation (HAL) for liver
cancer.

METHODS: A total of 40 Sprague-Dawley (SD) rats bearing hepatic tumors were randomly divided into four groups: the control group with-
out any treatment (control), HAL only (HAL), given TM by gavage (TM), and given TM combined with HAL (HAL + TM). The concentrations
of serum copper were measured at the predetermined time points. Tumor growth rate, overall survival (OS), expression of hypoxia-inducible
factor-1a. (HIF-1a), vascular endothelial growth factor (VEGF), and microvessel density (MVD), as determined by immunohistochemical
examination, were compared.

RESULTS: HAL treatment transiently could elevate alanine transaminase (ALT) and aspartate transaminase (AST) but resumed to baseline
within 1week. Serum copper was significantly increased in tumor-bearing animals over time. The values of serum copper in the three treat-
ment groups were significantly lower than those in the control group at different time points, with the lowest values observed in the TM group
(P<.05). The average tumor size was 30.33 +2.58, 20.83 +2.93, 16.80 = 3.84, and 10.88 = 1.08 mm in the control, HAL, TM, and HAL + TM
groups, respectively (HAL + TM vs other groups, all P<.05). In addition, the expression levels of HIF-1a, VEGF, and MVD were significantly
lower in the HAL + TM group than those in the other groups (P<.05). The OS of rats in the combined groups was significantly prolonged
combined to the other groups (P<.05), with survival time of 19.1 £0.64, 25.4 = 1.24, 25.3+ 1.78, and 29.9 = 2.22 days in the control, HAL,
TM, and HAL + TM groups, respectively.

CONCLUSION: These findings suggest that combined treatment with TM and HAL holds great potential for liver cancer treatment by reduc-
ing tumor hypoxia and angiogenesis. The observed results indicate that these combinations may offer a novel target and strategy for inter-
ventional therapy of liver cancer.
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Introduction

HCC, one of the most common solid malignancies, is a leading
cause of cancer-related death worldwide, and most patients pre-
sent with advanced stages of this disease with the dismal prog-
nosis.!3 Transarterial embolization (TAE) has been adopted as
the standard of care for advanced HCC patients.*” However,
the overall prognosis for patients undergoing TAE varies con-
siderably due to the high heterogeneity of HCC and hypoxia
post-TAE which can further stimulate angiogenesis.®1® Hence,
the concept to enhance the therapeutic effect of TAE and

*N.Z., Ye.W., and Yu.W. contributed equally to this article.

improve the benefit of patients is being addressed using tyrosine
kinase inhibitors,such as sorafenib or lenvatinib.314 Nevertheless,
the improvements in patient outcomes have been modest.!*
Targeting 1 or 2 proteins in the complex cancer cascade has
been proven to be insufficient in controlling cancer growth.1>16
Therefore, novel therapies for HCC remain an unmet medical
need.

Copper (Cu) is an essential micronutrient involved in
various fundamental biological processes. Recent findings
have established a correlation between elevated Cu levels in
serum and tissue and the progression of several malignancies,
including lymphoma, reticulum cell sarcoma, cervical, breast,
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stomach, and lung cancers.’”2® Our previous study demon-
strated that high serum copper promotes liver cancer pro-
gression, while copper chelators suppress tumor growth.?*
Moreover, the use of copper chelators to decrease copper bio-
availability has been extensively investigated in clinical stud-
ies as a strategy to inhibit angiogenesis in multiple cancer
types, including metastatic cancer, malignant pleural meso-
thelioma, and esophageal cancer.?>-32 Therefore, whether the
combination of TAE and copper chelator can effectively
control HCC angiogenesis and tumor growth needs to be
explored further. Hence, the objective of this study was to
investigate the maximal antitumor activity of copper chela-
tors combined with TAE for liver cancer.

Materials and Methods

Animals and materials

Wialker-256 tumor cells were purchased from Cellcook
Biotech Co., Ltd (Guangzhou, China). Anti-VEGF antibody
(rabbit monoclonal IgG, 1:200 dilution, Cat. no. ab32152) was
purchased from Abcom Inc. HIF-1a (rabbit polyclonal IgG,
1:100 dilution, Cat. no. GB13031-1) and CD34 (rabbit poly-
clonal IgG, 1:200 dilution, GB13013) were purchased from
Servicebio Technology CO., LTD (Wuhan, China).
Ammonium TM (99.95%) (Cat. no. G1915025) was pur-
chased from Aladdin Biochemical Technology Co., Ltd
(Shanghai, China).?3 Four-week-old BALB/c nude mice
(body weight=12-15g; n=8) which were used as Walker-256
tumor-bearing donor mice at a site on the lateral thigh and
male SD rats aged 5 to 7weeks (body weight=150-200g;
n=60) were purchased from Guangdong Medical Laboratory
Animal Center (Guangzhou, China) and Laboratory Animal
Center of Sun Yat-sen University (Guangzhou, China), and
maintained in the Laboratory Animal Center of Sun Yat-sen
University under specific pathogen-free (SPF) conditions and
were allowed free access to food and water throughout the
acclimation and experiment protocols.®* All animal proce-
dures were performed according to approved protocols (No:
SYSU-IACUC-2020-000209) and in accordance with the
recommendations for the proper care and use of laboratory
animals.

Animal treatments

To establish the xenograft model, Walker-256 tumor cells
(1 X106 cells) were injected into the flank of nude mice, fol-
lowing an established protocol.>> When the tumor size reached
approximately 8 to 10mm 10 days after injection, the subcuta-
neous tumors were minced into 1.0mm? cubes for subsequent
experiments. Subsequently, an situ liver cancer procedure was
performed on SD rats. The rats were laparotomized by making
a midline abdominal incision under intraperitoneal anesthesia
with 3% pentobarbital sodium at a dose of 50mg/kg under

sterile conditions. In the abdominal cavity, the accessory left
liver lobe was protruded laterally, and a subcapsular tunnel was
created using 22-gauge short-beveled needles. Next, a fish-like
fleshy tumor tissue cube was inserted into the tunnel using the
needle, and the wound was covered by a small piece of gelfoam
in case of hemorrhage. Then, the rats were promptly returned
to their home cages to recover after surgery and regain normal
activity the next day.

The HAL procedure was performed 10days of implanta-
tion by two experienced surgeons.3¢ In brief, each rat’s liver was
exposed through laparotomy under anesthesia using pentobar-
bital sodium, and then, the hepatic artery was identified by lift-
ing up the liver with gauze under zoom stereo microscope.
Subsequently, the left hepatic artery was then isolated from the
portal vein and common bile duct. A suture was placed under
the left hepatic artery and then ligated. Finally, the laparotomy
wound was closed, and the rats were immediately returned to
their home cages for recovery.

After 10days of implantation and 10days of HAL, liver
tumor models were evaluated and analyzed using 3.0T mag-
netic resonance imaging (IMRI) (Vida; Siemens). The main
scanning parameters were as follows: repetition time
(TR) =700 milliseconds and echo time (TE)=13 milliseconds
for T1-weighted image (T;WI); TR=2000milliseconds and
TE =53 milliseconds for T2-weighted image (T,WI) (slice
thickness =2 mm). The growth of the tumor was plotted using
a graph based on tumor size and time of implantation.

The 40 rats with established xenograft tumor were ran-
domly allocated into four groups with 10 rats in each group.
The groups were as follows: control group: the control group
without any treatment; HAL group: HAL only; TM group:
given TM at a dose of 1.25mg/day once daily by gavage;**3”
and HAL +TM group: given TM combined with HAL. TM
was administered for 7 days. Left HAL was performed to sim-
ulate TAE.

Pathological investigations

Blood samples were collected from 5 normal rats and 24 rats
with liver cancer at various time points: right before implanta-
tion, pre-TAE, and 1, 3, and 7days post-TAE treatment,
respectively. The therapeutic safety was assessed by liver
enzymes including alanine aminotransferase (ALT, U/L) and
aspartate aminotransferase (AST, U/L). Then, serum copper
concentrations were quantified using inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent 7700x ICP-MS
spectrometer, Agilent Technologies, Germany).>3 Tumor tis-
sues were excised from the rats after their natural death. Some
tumors were fixed in 4% paraformaldehyde for histologic
examination and immunohistochemistry (IHC).

The remaining tumor samples were embedded in paraffin,
sectioned into 3-um sections, dewaxed, rehydrated using xylene
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Figure 1. (A) Changes of ALT and (B) AST before and after HAL treatment. P > .05 for day 1 pre-HAL treatment versus day 7 post-HAL treatment in

examinations.

ALT indicates alanine aminotransferase; AST, aspartate aminotransferase; HAL, hepatic artery ligation.

and successive ethanol baths, immersed in 10 mM Tris and 0.5 M
ethylene diamine tetraacetic acid at pH 9.0, and then microwaved
twice for 5minutes each. Subsequently, the sections were incu-
bated with 3% H,O, for 10 minutes to block endogenous peroxi-
dase activity. The sections were then incubated overnight at 4 °C
with specific primary antibodies (dilutions: VEGEF, 1:200; CD34,
1:200; HIF-10,1:100) in a humidified atmosphere for 15 min-
utes. After 15 minutes, slides were washed with freshly prepared
phosphate buffer saline (PBS) 3 times for 3 minutes each. Slides
were then incubated with a secondary antirabbit immunoglobu-
lin and then washed with phosphate buffer saline (PBS) 3 times
for 3 to 5 minutes each. The sections were scanned using a Leica
Aperio AT2 (Leica Biosystems, Germany) scanner, and the
images were analyzed using Image] software.

The expression of VEGF and MVD was independently
reviewed by two experienced pathologists who were blinded to
every slide. The expression of VEGF was determined by count-
ing stained epithelial cells in five random sights on each slide
(400 magnification) as previously described.? Intratumoral
MVD was assessed using the vascular hotspot technique
described by Weidner e# a/.3539 Briefly, sections were initially
scanned at low power to identify regions with the highest vas-
cular density, and stained microvessels were then counted in
five separate random fields at high power (400 magnification)
within this region. The mean number of microvessels per field
was calculated as the MVD for each group. The percentage of
HIF-1a expression for the entire tumor sample was calculated
by dividing the area of positive HIF-1a staining by the sum of
the stained and unstained areas of the tumor cells. Necrotic
cells were excluded from the calculation, as they are already
nonviable and do not express HIF-10..40

Data analysis

The results were calculated by averaging data from multiple
measurements and were presented as mean = standard devia-
tion. One-way analysis of variance (ANOVA) complemented
with Student’s # test using statistical product and service
solutions software package (version 25.0) for differences

between means was used to detect any significant difference
(P<.05) of VEGF and MVD among different groups in this
study. The Mann-Whitney U test was used to compare the
mean percentage of HIF-1o-positive stained cells among dif-
ferent groups.

Result
Therapeutic safety

In this study, the safety of HAL treatment was assessed based on
the levels of alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) in the serum. The result indicated that after
HAL treatment, there was an elevation in the levels of serum
liver. Specifically, there was a significant increase in ALT (>14
times) and AST (>5 times) at 1day post-HAL compared with
1day pre-HAL (ALT, 995.08 +870.22 vs 52.77 £16.87U/L,
P<.01; AST, 701.69 =984.93 vs 166 +63.95U/L, P<<.001,
respectively). However, these enzyme levels subsequently
returned to baseline within 1week, similar to the levels observed
in normal rats (ALT, 39.2 +3.63U/L; AST, 90.4 +12.52U/L)
and rats’ pre-HAL treatment (Figure 1). These findings suggest
that HAL treatment is a safe strategy without evident hepatic
toxicity.

Change of serum copper concentration

To investigate the impact of the tumors on serum copper, we
assessed the serum copper levels in healthy rats and liver cancer
rats at different time points. As depicted in Figure 2, liver can-
cer rats exhibited higher serum copper levels at 9days after
implantation (1385.62 =178 ug/L) and 17 days after implan-
tation (3095.53 = 316.83 ng/L) when compared with the levels
observed in normal healthy individuals (778.44 = 54.12 ug/L)
with statistical significance (P<.01), thereby suggesting a sub-
stantial elevation of serum copper in tumor-bearing animals
over the course of tumor inoculation.

In addition, the serum copper concentrations were
1359.3 £ 333.67,1143.67 £ 215.05,and 1265.47 = 150.1 pg/L,
respectively, among the three treatment groups (TM, HAL,
and HAL +TM) 1day before HAL treatment. The serum
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Figure 2. Serum copper level of healthy normal and liver carcinoma-bearing rat at different time points. (A) The serum copper levels in healthy rats and
liver cancer rats at 9 and 17 days after implantation (*P <.05 between each two time points). The whiskers represent the 5th to 95th percentile range. (B)
The serum copper concentration on different groups at different time points. (*P <.05 between two groups shown by horizontal line).

copper concentration at 1, 3, and 7days after treatment was
(1441.41+2120.42, 1698.07*=238.29, 1488.2=194.32),
(1685.31 =203.1, 2332.21 +250.25, 1979.23 £290.32), and
(1615.87 = 186.18, 2210.03 = 218.89, 1928.7 + 317.39) ng/L,
respectively. No significant difference was observed in serum
copper concentration between the three groups 1day before
and 1day after HAL. However, significant differences become
apparent between the HAL group and the other two treatment
groups 3days after HAL treatment. Furthermore, 7 days after
the operation, the serum copper among the three treatment
groups was significantly lower compared with the control
group (P<.05).

Therapeutic efficacy

In this work, rat Walker-256 liver tumor models were success-
tully established for in vivo experiments as demonstrated by
the imaging surveillance that tumor mass with a diameter of
approximately 8 mm developed in the left liver lobe 10days
after implantation. The Walker-256 tumor in liver presented as
a slightly hyperintense mass in T, WI without obvious demar-
cation between the tumor and surrounding normal liver tissue
(Figure 3A and B). MR scan was again performed 10 days after
the intervention, and the maximum diameter of the tumor was
calculated according to the response evaluation criteria in solid
tumors (RECIST) 1.1 criteria.*! As shown by MRI, the size of
intrahepatic tumors showed a significant increase when com-
pared with the baseline (8.6 = 1.73mm) (P<.05) (Figure 3).
The size of the tumor in the control, HAL, TM, and
HAL+TM groups was 30.33x2.58, 20.83*2.93,
16.80 = 3.84, and 10.88 = 1.08 mm, respectively (Figure 3C),
(control vs HAL, TM, and HAL +TM), all P<.05; (HAL
and TM) vs (HAL +TM), all P<.05; HAL vs TM, P> .05.
As shown in Figure 4, the OS of rats with different treat-
ments (25.4 £1.24,25.3 +1.78,and 29.9 = 2.22 days in groups
HAL, TM, and HAL +TM, respectively) had a significantly
prolonged OS than those in the control group (19.1 = 0.64 days).
The OS of rats in the HAL +TM group was the longest with

Control HAL ™

W10 days post-intervention
1910 days post-implantation

Control HAL+TM

Tumor size (mm)

-
S

Figure 3. HAL combined with TM can inhibit tumor growth in rat liver
cancer model. Representative axial T, W MR images of Walker-256 liver
tumors at (A) 10days after implantation and (B) at 10days after different
interventions. Red dotted squares indicated tumor locations. Tumors
show increased signal intensity (arrows) relative to remaining liver. (C)
Treatment response and the changes of the maximum tumor diameters of

control and treatment groups compared with the baseline.
HAL indicates hepatic artery ligation; MR, magnetic resonance; TM,
tetrathiomolybdate.

statistical significance when compared with the other two
treatment groups (HAL +TM vs HAL and TM, all P<.05),
suggesting that TM combined with HAL have a good poten-
tial for liver cancer treatment.

Histologic features

The development, progression, and metastasis of solid tumors
are closely related to angiogenesis. As key inducing factors of
tumor angiogenesis, HIF-la, VEGF, and MVD are involved in
all stages of HCC.#

Wialker-256 liver tumors exhibited a characteristic pattern
of HIF-1a-positive staining (Figure 5). The control group
displayed the highest level of HIF-1a staining (85.57 = 8.6%).
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Figure 4. Kaplan-Meier curves were plotted to determine OS rates of rats with liver cancer based on different treatments. (A) Median survival time for the
animals from all four groups. (*P <.05 among the groups shown by horizontal line). The whiskers represent the 5th to 95th percentile range. (B) Kaplan-
Meier curves were plotted to determine OS rates of rats with liver cancer based on different treatments.

HAL indicates hepatic artery ligation; OS, overall survival; TM, tetrathiomolybdate.
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Figure 5. TM reduced hepatoma HIF-1a. overexpression combined with HAL in rat models. (A) Representative IHC staining for HIF-1o. expression on
different groups (magnification xX400). Scale bars are 50 um. (a) Control group, (b) HAL group, (c) TM group, and (d) HAL + TM group. (B) Quantitative

results of HIF-1a.. *P <.05 between the horizontal two groups. The whiskers represent the 5th to 95th percentile range.
HAL indicates hepatic artery ligation; HIF-1a,, hypoxia-inducible factor-1a; IHC, immunohistochemistry; TM, tetrathiomolybdate.

However, treatment with HAL and/or TM resulted in a sig-
nificant decrease in the average percentage of HIF-1 o expres-
sion, which was 72.24+11.17%, 50.10=*+10.86%, and
21.74*+14.71% in the HAL, TM, and HAL + TM groups
(all P<.05 between each two groups). Hepatic cancer VEGF
expression appeared as brown staining in the cytoplasm
(Figure 6). The control group (87.08 = 14.83) exhibited a sub-
stantial increase in VEGF-positive vascular endothelial cells
detected by IHC, with a mean value of 87.08 + 14.83. In con-
trast, the treatment groups showed significantly lower mean
values: 63.16 + 6.66, 51.60 = 8.03, and 36.86 =5.83 in the
HAL, TM, and HAL +TM groups, respectively (all P<.05
between each two groups). CD34-positive cells appeared as
brown or dark-brown staining (Figure 7). The trend in MVD
was consistent with that of VEGF in the control, HAL, TM,

and HAL+TM groups (70.41+16.84, 46.24*6.56,
34.74 £5.76, and 22.54 = 5.37, respectively) with the statisti-
cal difference among each two groups (all P<<.05).

Discussion

Currently, TAE has been widely used to treat advanced
HCC.#344% In this study, the procedure of left HAL was used
to mimic the clinical situation of TAE.* TAE treatment is
usually accompanied by the damage to the normal liver.
Therefore, the safety evaluation of the TAE strategy for liver
cancer is critically important. In addition, our results showed
that serum ALT and AST levels transiently increased after
treatment for most rats, and recovered to baseline at 3days
after TAE, suggesting that TAE does not cause permanent
liver damage. TAE can block the blood supply of the artery of
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HAL indicates hepatic artery ligation; IHC, immunohistochemistry; MVD, microvessel density; TM, tetrathiomolybdate.

tumors, leading to necrocytosis eventually. Nonetheless, recent
accumulating evidence has shown that hypoxic-ischemic con-
dition post-TAE can activate the expression of HIF-1a, which
promotes the expression of VEGF and initiates tumor angio-
genesis, finally resulting in treatment failure.*’>* Therefore,
targeted suppression of hypoxia-mediated angiogenesis might
hold a promising strategy against TAE failure.

Copper is considered as a “switch-on” angiogenic messenger,
due to its ability to induce many proangiogenic responses and
initiate tumor angiogenesis.’’>> Consequently, copper chela-
tors have garnered interest as potential antitumorigenic and
antiangiogenic drugs, with investigations being conducted in
both preclinical cancer models and clinical trials.26°6-% In a
recent study, we demonstrated that copper promotes tumor

progression, whereas copper chelators effectively suppress liver
cancer growth.?* This motivated us to undertake this study,
aiming to explore the therapeutic effect of TAE combined with
TM in the treatment of liver cancer.

The result indicated a significant increase in tumor size
compared with the baseline. As anticipated, there was a nota-
ble reduction in tumor size among the groups treated with
HAL +TM when compared with the other groups, suggest-
ing that combination of HAL-T'M inhibits tumor growth in
vivo. In addition, rats treated with the combination therapy
exhibited a significantly longer OS compared with the other
groups. Collectively, these findings validate the superior thera-
peutic outcomes achieved with the combination of TM and

HAL.
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To explain these results, we propose the following mecha-
nism: TAE blocks the blood supply of the tumor, while TM
restricts copper availability diminishing the ability of known
angiogenetic factors to stimulate blood vessel development,
which together effectively prevents cancer growth.!® In this
study, we measured serum copper concentrations at different
time points and different groups. The results demonstrated an
elevation in copper concentration as tumor size increased, and
notable tumor growth inhibition following the administration
of TM, which aligns with the results of our previous study.>
These findings suggest that copper promotes rapid tumor
growth. Interestingly, a transient increase in serum copper was
observed on day 3 following TAE, with the HAL +TM group
exhibiting higher copper levels compared with the TM group.
This may be attributed to liver injury after HAL. Furthermore,
liver function indexes peaked on the third day and gradually
recovered thereafter, indicating a decreased ability to metabolize
copper during the liver function recovery period. Given that
angiogenesis following TAE leads to treatment failure,*-5* we
selected HIF-1a, VEGEF, and MVD as biomarkers for neovas-
cularization to investigate the correlation between copper and
tumor angiogenesis using an IHC assay. Our findings revealed
significantly decreased expression of these biomarkers following
TM and/or TAE treatment compared with the control group.
Moreover, the combination regimen demonstrated better inhi-
bition of tumor growth, suppression of tumor angiogenesis, and
reduction in copper concentration. Based on these results, it is
concluded that TM enhances the antineoplastic activity of
TAE, providing a promising avenue for clinical evaluation.

Nevertheless, this study has several limitations. While the
article concludes TM enhances the antineoplastic activity of
TAE, the specific underlying mechanism requires further
investigation. In addition, the small sample size for each group
restricts the ability to draw generalizable conclusions.

Conclusion

TM has been shown to be a highly effective antiangiogenic
agent, effectively limiting angiogenesis post-TAE treatment.
The combination therapy of TAE with TM represents a prom-
ising strategy and introduces a novel therapeutic method for
the treatment of liver cancer.
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