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A B S T R A C T   

Endometrial cancer (EC) stands as one of the most prevalent gynecological malignancies affecting women, with 
its incidence and disease-related mortality steadily on the rise. Disulfiram (DSF), an FDA-approved medication 
primarily used for treating alcohol addiction, has exhibited promising anti-tumor properties. Studies have 
revealed DSF’s capacity for enhanced anti-tumor activity, particularly when combined with copper. The novel 
Copper-Cysteamine (CuCy) compound, Cu3Cl(SR)2 (R––CH2CH2NH2), showcases photodynamic effects and 
demonstrates significant anti-tumor potential under various conditions, including exposure to ultraviolet light, X- 
ray, microwave, and ultrasound. This study delves into exploring the synergistic anti-tumor effects and under
lying mechanisms by utilizing copper-cysteamine in conjunction with DSF against endometrial cancer. The 
investigation involved comprehensive analyses encompassing in vitro experiments utilizing Ishikawa cells, in vivo 
studies, and transcriptomic analyses. Remarkably, the combined administration of both compounds at a low dose 
of 0.5 μM exhibited pronounced efficacy in impeding tumor growth, inhibiting blood vessel formation, and 
stimulating cell apoptosis. Notably, experiments involving transplanted tumors in nude mice vividly demon
strated the significant in vivo anti-tumor effects of this combination treatment. Detailed examination through 
transmission electron microscopy unveiled compelling evidence of mitochondrial damage, cellular swelling, and 
rupture, indicative of apoptotic changes in morphology due to the combined treatment. Moreover, tran
scriptomic analysis unveiled substantial downregulation of mitochondrial-related genes at the molecular level, 
coupled with a significant hindrance in the DNA repair pathway. These findings strongly suggest that the 
combined application of CuCy and DSF induces mitochondrial impairment in Ishikawa cells, thereby fostering 
apoptosis and ultimately yielding potent anti-tumor effects.   
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1. Introduction 

Endometrial cancer (EC), situated in the epithelial lining of the 
endometrium  [1], stands as one of the most prevalent gynecological 
malignancies in women, with its global incidence and disease-related 
mortality showing a steady increase [2–4]. Despite advancements, 
challenges persist, such as tumor recurrence, radiation-induced damage 
to normal tissues, varying individual responses to drugs, and the 
emergence of tumor resistance to existing medications. Enhancing the 
life expectancy of patients remains an ongoing formidable challenge. 

The development of novel drugs is both expensive and prone to a 
high failure rate, involving prolonged testing periods. Utilizing already 
approved drugs for diverse diseases as potential anti-tumor therapeutics 
presents a faster, cost-effective alternative. These drugs have exhibited 
patient tolerance and possess clinically applicable formulations [5]. 

Disulfiram (DSF), an FDA-approved medication primarily used to 
treat alcohol addiction [6], has undergone rigorous evaluation 
regarding its pharmacokinetics, safety, and tolerability [7]. Multiple 
studies suggest its potential as an anti-tumor agent [8–11]. In specific 
cases like inflammatory breast cancer and gliomas, combining DSF with 
copper has demonstrated remarkable antitumor activity [12,13]. DSF 
undergoes metabolic processes within the human body, forming dieth
yldithiocarbamate (DTC), which complexes with Cu2+, resulting in 
DTC–copper complex (bis (diethyldithiocarbamate)–copper (CuET)) 
accumulation in tumors. Within cells, CuET interacts with NPL4, an 

adaptor of p97 (also known as Valosin-containing protein, VCP) segre
gase, causing aggregation and subsequent failure of the p97-NPL4-UFD1 
pathway, leading to cell death [5]. UFD1 is Ubiquitin recognition factor 
in ER-associated degradation protein 1. DSF and elesclomol (ES) are 
both Copper ionophores [12,14], and they help copper get into cells or 
organelles. Overloading of copper ions in mitochondria with the help of 
copper ionophore ES causes aggregation of lipoylated proteins and 
reduction of Fe–S proteins, triggering proteotoxicity and ultimately cell 
death [15]. Findings on Copper–Copper ionophore-induced cell death 
suggest that Copper–Copper ionophores may be a potential therapeutic 
tool for cancer. 

Cysteamine (HSCH2CH2NH2) is a small organic molecule with active 
thiol and amino groups, involved in various physiological functions 
within the human body and utilized in the treatment of several diseases 
[16,17]. Its robust metal affinity enables chemical reactions with 
numerous transition metals [18]. Copper (Cu) serves as an essential 
trace nutrient vital for various physiological processes across cell types, 
acting as a critical catalytic co-factor in diverse biological processes. 
Hence, Copper-Cysteamine (CuCy) complexes serve as suitable model 
compounds, enhancing the fundamental understanding of 
copper-containing enzymes [19]. The novel CuCy complex, Cu3Cl(SR)2 
(R––CH2CH2NH2), exhibits photodynamic effects, generating singlet 
oxygen under light or X-ray activation [20], displaying anti-tumor ef
fects under various conditions including ultraviolet light, X-ray, micro
wave, or ultrasound [21–29]. When combined with DSF, it significantly 

Fig. 1. Material characterization. (a) Scanning Electron Microscopy (SEM) image and (b) Particle size of CuCy; (c) Energy Dispersive Spectroscopy (EDS) analysis 
of CuCy. 
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augments anti-tumor effects, as observed in esophageal cancer [30]. 
This study rigorously examined the combined effects of CuCy and 

DSF on endometrial cancer cells (Ishikawa). Determination of optimal 
concentrations for the combined treatment was achieved through 
extensive in vitro experiments. The investigation delved into elucidating 
the mechanisms of material entry into cells and subsequent alterations 
in cellular phenotype during the combined treatment. Validating the 
anti-tumor efficacy of the combined treatment was accomplished in vivo 
using nude mice. Transcriptome sequencing was employed to delve into 
the molecular mechanisms underpinning the anti-tumor effects of these 
drugs. 

2. Materials and methods 

2.1. Materials 

CuCy nanoparticles were synthesized as previous publications [20]. 
Briefly described below: Copper (II) chloride dihydrate (99.99%), 
2-mercaptoethylamine hydrochloride (cysteamine hydrochloride or 
Cys, 98%) and sodium hydroxide (98%) were purchased from Sigma 
(USA). CuCl2⋅2H2O (0.460 g, 2.698 mmol) was dissolved in DI water 
followed by addition of cysteamine (0.636 g, 8.244 mmol). The pH of 
the solution was adjusted to 8 using 2.5 M NaOH and stirred for 2 h at 
room temperature. The solution is then heated to boiling for 30 min. 
Crystals of Cu3Cl(SR)2 were precipitated from the solution and the su
pernatant was discarded. The obtained Cu3Cl(SR)2 crystals were further 
centrifuged and washed using a mixture of DI water and ethanol (v/v =
5 : 4) three times. Finally, the crystals were dried completely in a vac
uum oven at room temperature overnight. 

2.1.1. Material characterizations and elemental analysis 
The surface characteristics of CuCy powder were observed under a 

scanning electron microscope (SEM, S-4800, Hitachi) and its elemental 
composition was studied with the equipped Energy-Disperse X-ray 
Spectroscopy (EDS). The material CuCy was dispersed in DI water, 
sonicated for 1 h, mixed and analyzed by Dynamic light scattering (DLS, 
Zetasizer Nano ZS90, Malvern). 

2.2. In vitro study 

2.2.1. Cell culture 
Ishikawa cells and human umbilical vein endothelial cells (HUVECs) 

were purchased from the National Experimental Cell Resource Sharing 
Platform. Ishikawa cells were cultured in Dulbecco’s Modified Eagle 
medium with 4.5 g/l Glucose (DMEM, Gibco, USA), supplemented with 
10% fetal bovine serum (FBS, Gibco, Australia), 100 U/mL penicillin, 
and 100 μg/mL streptomycin (Gibco, USA). HUVEC cells were cultured 
in Endothelial Cell Medium (ECM, ScienCell, USA), supplemented with 
10% fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin 
and 1% Endothelial Cell Growth Supplement. The cells were cultured in 
a humidified atmosphere at 37 ◦C with 5% CO2. The second generation 
of cells after revival was used for experiments. 

2.2.2. Cytotoxicity test 
Ishikawa cells were utilized to investigate the anti-tumor effects of 

CuCy and DSF (HY–B0240, MedChemExpress). CuCy was dispersed with 
DI water at 1 mg/mL, sonicated for 1 h, vortexed and mixed to obtain 
2635 μM CuCy. Dimethyl sulfoxide (DMSO) was used to dissolve the DSF 
to get 100,000 μM DSF. Further dilution was done with the medium to 
get the concentration we needed. The Ishikawa cells were seeded in a 96- 
well plate and cultured in a 37 ◦C constant temperature incubator for 24 
h. The negative control group received complete culture medium 
without any drugs, the blank control group contained only complete 
culture medium without cells, and the experimental group was treated 
with culture medium containing different concentrations of drugs. Each 
well received 200 μL, with 5 replicates per group, and the treatment 

lasted for 24 h. At the end of the experiment, the supernatant was dis
carded, and fresh culture medium with 10% CCK-8 (Dojindo Molecular 
Technologies, Japan) was added. The reaction took place in a 37 ◦C 
incubator for 2–3 h, and absorbance of each well were detected at 450 
nm by a microplate reader (Synergy 2, BioTek). 

2.2.3. Live/dead cell staining 
Ishikawa cells were seeded in 6-well plates and cultured in a 37 ◦C 

incubator for 24 h. The original culture medium was removed, and 
different drug treatments were administered for each group (NC group: 
complete culture medium; CuCy group: 0.5 μM CuCy; DSF group: 0.5 μM 
DSF; CuCy + DSF group: 0.5 μM CuCy + 0.5 μM DSF). Every well 
received 2 mL of culture medium for 24 h, 3 replicate every group. At the 
end of the experiment, following the kit manual (C0021, Pulilai), 
staining working solution (working concentration of 2 μM for Calcein- 
AM and 5 μM for PI) was prepared. The cells were harvested after 
digestion and centrifugation (1000 rpm, 3 min). The supernatant was 
discarded, and the cells were washed three times with 1xPBS buffer (pH 
7.4) to remove residual esterase activity. A cell suspension was prepared 
to achieve a density of 5 × 105 cells/mL. Then, 100 μL of the staining 
working solution was added to 200 μL of the cell suspension, thoroughly 
mixed, and incubated at 37 ◦C for 15 min. Fluorescence was observed 
and images were captured under a fluorescence microscope. 

2.2.4. Angiogenesis assay 
HUVEC cells were used for in vitro studies on the impact of CuCy and 

DSF on angiogenesis. Matrigel (356,234, Corning) was mixed with 
serum-free ECM culture medium in a 1:1 ratio, and 50 μl per well was 
evenly added to a 96-well plate, avoiding bubble formation. The plate 
was placed in a 37 ◦C incubator for 60 min to allow the gel to solidify. 
HUVEC cells cultured in a T25 flask until reaching approximately 80% 
confluency were collected. Following two washes with 1xPBS, the cells 
were resuspended in 1xPBS and divided into four equal parts. After 
centrifugation, the cells were collected and resuspended in different 
culture media (NC group: serum-free ECM culture medium; CuCy group: 
serum-free ECM culture medium containing 0.5 μM CuCy; DSF group: 
serum-free ECM culture medium containing 0.5 μM DSF; CuCy + DSF 
group: serum-free ECM culture medium containing 0.5 μM CuCy and 
0.5 μM DSF). The cell density was adjusted to 2.5 × 104 cells/100 μL for 
every group. Then, 100 μL of HUVEC cells suspension was added to the 
above 96-well plate every well, 3 replicates per group. The plate was 
placed in a 37 ◦C incubator, and angiogenesis was observed under a 
microscope at hourly intervals. Photographs were taken when blood 
vessels were clearly formed in the control group. 

2.2.5. Apoptosis assay 
Ishikawa cells were seeded in 6-well plates and treated as previously 

described for 24 h. After that, the cells were harvested and managed as 
the manufacturer’s protocol (AD10, Dojindo). Briefly, the cells were 
washed twice with cold PBS, and the cell pellet was collected into flow 
tubes. Annexin V-APC and PI solution were added into the tube and 
mixed gently, and then the cells were incubated at room temperature for 
15 min in the dark, followed by adding 400 μL 1 × Binding Buffer to 
each tube, mixed and analyzed by flow cytometry. 

2.2.6. Colony formation assay 
Ishikawa cells were collected and seeded into 6-well plates with 

5000 cells per well, and cultured at 37 ◦C for 24 h. The cells were treated 
as follows: (NC group: complete medium; CuCy group: 0.5 μM CuCy; 
DSF group: 0.5 μM DSF; CuCy + DSF group: 0.5 μM CuCy + 0.5 μM DSF, 
3 replicates per group), and continue to culture for about 10 days until 
clonal clusters were formed. When the experiment was terminated, the 
cells were washed with 1xPBS for 3 times, fixed with 4% para
formaldehyde for about 15 min, stained with 0.5% crystal violet staining 
solution for 15 min, followed by rinsing with deionized water and air- 
drying before capturing images. 
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2.2.7. Mitochondrial membrane potential assay 
Ishikawa cells were seeded in 6-well plates and cultured at 37 ◦C for 

24 h, cells were treated with drugs for 12 h (NC group: complete culture 
medium; CuCy group: 0.5 μM CuCy; DSF group: 0.5 μM DSF; CuCy +
DSF group: 0.5 μM CuCy + 0.5 μM DSF). Each group had three replicate 
wells, and each well contained 2 mL of culture medium. After discarding 
the culture medium, cells were washed once with PBS, followed by the 
addition of 1 mL of cell culture medium and 1 mL of JC-1 staining 
working solution (M8650, Solarbio). The mixture was thoroughly mixed 
and incubated at 37 ◦C in a cell culture incubator for 20 min. After the 
incubation period, the supernatant was removed, and cells were washed 
twice with JC-1 staining buffer (1x). Subsequently, 2 mL of cell culture 
medium was added, and the fluorescence was observed under a fluo
rescence microscope. 

2.2.8. Observation of apoptosis through DAPI staining 
Cells were inoculated into 6-well plates, adhered for 24 h. After 12 h 

of treatment (same treatment as before), discard the culture medium. 
Wash the cells once with 1x PBS. Discard the wash solution and fix the 
cells with 4% paraformaldehyde for 15 min. Wash the cells once with 1x 
PBS. Perforated with 1 mL of 0.1% Triton X-100 for 10 min Washed 
twice with 1xPBS, and the results were observed under a fluorescence 
microscope. 

2.2.9. Western blotting 
After 12 or 24 h of drug treatments (same treatment as before), cells 

were harvested. Total protein was extracted and the protein concen
tration was determined by BCA method. 10% SDS-PAGE polyacrylamide 
gels were prepared, and protein samples (25 μg per well) were mixed 
with 5x loading buffer, and denatured in a 95 ◦C metal bath for 15 min. 
The denatured samples were loaded into the wells, and electrophoresis 
was performed at a constant voltage of 90 V. The protein bands were 
transferred onto PVDF membrane at a constant current of 300 mA for 1 
h. The PVDF membranes were blocked with 10% skimmed milk at room 
temperature for approximately 3 h. After blocking, the PVDF membrane 
was incubated overnight at 4 ◦C with primary antibodies anti-Caspase-9 
(A18676, Abclonal, diluted at 1:1000), anti-Caspase-3 (A19654, 
Abclonal, diluted at 1:1000) and anti-β-actin (AC038, Abclonal, diluted 
at 1:50,000). Anti-caspase-9 can recognize both pro-caspase-9 and 
cleaved-caspase-9, anti-caspase-3 can recognize both pro-caspase-3 and 
cleaved-caspase-3. The PVDF membrane was washed three times with 
1x TBST for 5 min every time. The corresponding secondary antibodies 
were diluted in antibody dilution buffer and incubated at room tem
perature for 1 h. The PVDF membrane was washed three times with 1x 
TBST for 5 min every time, chemiluminescent substrate was prepared, 
and images were captured using LAS 4000. 

2.2.10. Transmission electron microscopy (TEM) observations 
Ishikawa cells were cultured in T25 culture flasks until reaching 

approximately 80% cell density. The experimental group (CuCy + DSF 
group) was treated with 0.5 μM CuCy and 0.5 μM DSF for 20 h, while the 
control group (NC group) was cultured with complete medium without 
any drugs, The CuCy-500 group was treated with 500 μM CuCy for 3 h. 
After removing the culture medium, the cells were fixed with electron 
microscope fixative (G1102, Servicebio) at 4 ◦C for 4 h, carefully collect 
the cells using a cell scraper. Cells were collected by centrifugation and 
washed 3 times with 1x PBS for 3 min each time. The cell precipitate 
obtained by centrifugation was wrapped in the 1% agarose and fixed 
with 1% OsO4 (18,456, Ted Pella Inc) in 0.1 M PBS (pH 7.4) in the dark 
for 2 h at room temperature. After remove OsO4, the samples were 
rinsed in 0.1 M PBS (pH 7.4) for three times, 15 min each and dehy
drated in a gradient of ethanol (30%, 50%, 70%, 80%, 95%, 100% I, 
100% II) for 20 min each and 100% acetone twice for 15 min each. The 
samples undergo the following steps for penetration embedding: 
Acetone:EMBed 812 (90,529-77-4, SPI) = 1:1for 2–4 h at 37 ◦C; 
Acetone:EMBed 812 = 1:2 overnight at 37 ◦C; pure EMBed 812 for 5–8 h 

at 37 ◦C; Pour the pure EMBed 812 into the embedding models and 
insert the samples into the pure EMBed 812, and then overnight at 37 ◦C. 
The samples were moved into 65 ◦C oven to polymerize for more than 
48h. The resin blocks were cut to 60–80 nm thick slices by the ultra
microtome (Leica UC7, Leica), and fished out onto the 150 meshes 
cuprum grids with formvar film. Copper grids were stained in a solution 
saturated with 2% uranyl acetate in ethanol for 8 min in the dark, 
washed three times with 70% ethanol, rinsed three times with ultrapure 
water, stained with 2.6% lead citrate solution avoiding carbon dioxide 
for 8 min, washed three times with ultrapure water, and gently dried on 
filter paper. The copper grids were placed in copper grid boxes and air- 
dried overnight at room temperature. Observation and image collection 
analysis were performed using transmission electron microscopy 
(HT7800, hitachi). 

2.2.11. Transcriptome sequencing analysis 
Ishikawa cells were seeded into a 6-well plate. After 24 h, the 

experimental group (CuCy + DSF group) was treated with 0.5 μM CuCy 
and 0.5 μM DSF for 12 h. The control group (NC group) was cultured 
with complete medium without any drugs, 3 replicates per group. Total 
RNA was extracted using the Trizol reagent (Invitrogen, CA, USA) ac
cording to the manufacturer’s protocol. RNA integrity was assessed 
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA). Then the libraries were constructed using VAHTS Universal 
V6 RNA-seq Library Prep Kit according to the manufacturer’s in
structions. The libraries were sequenced on an Ilumina NovaSeq 6000 
platform and 150 bp paired-end reads were generated. Raw reads of 
fastq format were firstly processed using fastp [31] and the low quality 
reads were removed to obtain the clean reads. Then the clean reads were 
mapped to the reference genome using HISAT2 [32]. FPKM [33] of each 
gene was calculated and the read counts of each gene were obtained by 
HTSeq-count [34]. PCA analysis were performed using R (v 3.2.0) to 
evaluate the biological duplication of samples. Differential expression 
analysis was performed using the DESeq2 [35]. Q value < 0.05 and 
foldchange >2 or foldchange <0.5 was set as the threshold for signifi
cantly differential expression gene (DEGs). Based on the hypergeometric 
distribution, GO enrichment analysis [36] of DEGs were performed to 
screen the significant enriched term using R (v 3.2.0). Gene Set 
Enrichment Analysis (GSEA) was performed using GSEA software [37, 
38]. 

2.3. In-vivo animal study 

2.3.1. Animals 
The antitumor effects of the two drugs were examined in an endo

metrial cancer xenograft model using Female BALB/c nude mice (5–6 
weeks, weighing 16–18g) purchased from Beijing Vital River Laboratory 
Animal Technology Co. Ltd (Beijing, China). They were housed ac
cording to standard care protocols, and all nude mice were acclimatized 
to the environment for one week before experiments were carried out. 
All protocols for animal care and treatment were approved by the 
Ethical Committee of National Research Institute for Family Planning. 

2.3.2. Tumor xenograft model and tumor administration in nude mice 
For the tumor xenografts, 3 × 106 cells/100 μL Ishikawa cells were 

inoculated on the backs of nude mice. Tumors volumes were observed 
daily, the length (L, mm) and width (W, mm) of the transplanted tumor 
were measured using caliper. Tumor volume was calculated using the 
formula: V = 0.52*L*W2 [39]. When the average tumor volume reached 
about 50 mm3 [40], the nude mice were random divided into for group. 
The control group (NC) received 30 μL of saline; the CuCy group 30 μL 
0.5 μM CuCy; the DSF group 30 μL 0.5 μM DSF solution; and the CuCy +
DSF group 30 μL both CuCy (0.5 μM) and DSF (0.5 μM) by local injection 
into tumor tissues every 3 days. mice weight and tumors size were 
recorded. After 5 times drug administration or the average tumor size in 
the controls reached 1000mm3, which met the criterion for euthanasia. 
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blood samples, tumors and major organs of mice were collected. Sub
sequently, and major organs were fixed in 4% paraformaldehyde 
(Sigma- Aldrich, USA) for further analysis. 

2.3.3. Blood biochemical analysis 
Serum was obtained by centrifuged (3000 rpm, 10 min). The levels of 

alanine transaminase (ALT), aspartate transaminase (AST), gamma- 
glutamyl transferase (γ-GT), urea (UREA), creatinine (CREA), and uric 
acid (UA) in the serum were analyzed by Wuhan Servicebio Technology 
Co., Ltd. 

2.3.4. H&E 
The embedding and staining process follows a similar procedure as 

described in the literature [41,42]. Fixed tumors and visceral tissues 
were dehydrated by graded alcohol (70%, 75%, 80%, 95% I and II, and 
100% I and II) for 15 min each, followed by xylene I and II for 15 min 
each, paraffin I and II for 1 h, and then paraffin embedded. After 
embedding, the tissues were sectioned into 5-μm-thick slices and affixed 
to adhesive slides, which were baked at 65 ◦C for 1.5 h, dewaxed in 
xylene I and II for 15 min each, then hydrated in a gradient of ethanol 
(100% I and II, 95% I and II, 85%, 75%) for 5 min each, followed by a 
5-min treatment with deionized water, and then stained with Hema
toxylin and Eosin (H&E), and then sealed with a resin after final 
graded-alcohol dehydration. staining results were observed by light 
microscopy and images were captured. 

2.3.5. TUNEL method 
Tumor tissues embedded in paraffin were sectioned into 5 μm-thick 

slices and affixed to adhesive glass slides. The slides were baked at 65 ◦C 
for 1.5 h, dewaxed in xylene I and II for 15 min each, and hydrated in a 
gradient of ethanol (100% I and II, 95% I and II, 85%, 75%) for 5 min 
each, followed by a 5-min treatment with deionized water. Proteinase K 
(20 μg/mL) without DNase was added, and the reaction was carried out 
at 37 ◦C for 30 min. The samples were washed three times with 1x PBS. 
The TUNEL detection solution was prepared following the kit in
structions (C1088, Biyuntian), with a TdT enzyme to fluorescent label
ing ratio of 1:9. Fifty microliters of the TUNEL detection solution were 
added to the samples and incubated at 37 ◦C in the dark for 60 min. After 
washing three times with 1x PBS, the samples were observed under a 
fluorescence microscope. 

2.4. Statistical analysis 

In this study, the data are shown as the mean values ± standard 
deviation. The statistical difference was analyzed using the unpaired t- 
test and defined it as significant differences when p < 0.05. 

3. Results 

3.1. Characterization of materials 

When observed under scanning electron microscopy (SEM), CuCy 
particles manifest an irregular flake-like structure (Fig. 1a). The DLS 
results show that the size of CuCy is normally distributed, Z-Average size 
is 2463 nm, Peak size is 2701 nm (Fig. 1b), which is consistent with the 
SEM results. Elemental analysis conducted through Energy Dispersive 
Spectroscopy (EDS) identified the presence of S, C, N, Cl, and O elements 
(Fig. 1c). It’s noteworthy that the molecular formula of CuCy, is Cu3Cl 
(SR)2 (where R=CH2CH2NH2), and the detected O element might orig
inate from oxygen in the surrounding air. 

3.2. Anti-tumor efficacy assessment 

A comparative assessment of cytotoxicity between CuCl2 and CuCy 
was conducted since CuCy is synthesized from CuCl2. The evaluation on 
Ishikawa cells revealed that at concentrations around 100 μM, CuCy 

exhibited notably higher cytotoxicity compared to CuCl2, resulting in a 
cell survival rate below 50% (Fig. 2a). Further investigation compared 
the cytotoxic effects of CuCl2, CuCy, and DSF individually on tumor cells 
within a drug concentration range of 12.5–200 μM. DSF demonstrated 
the most potent anti-tumor effect at concentrations of 50 μM or higher, 
followed by CuCy, while CuCl2 exhibited the weakest effect (Fig. 2b). 
The study also evaluated various concentrations of combined therapy 
using CuCy and DSF to ascertain their anti-tumor effects (Fig. 2c). 
Remarkably, at concentrations of both drugs set at 0.5 μM, significant 
tumor cell eradication was achieved at this low dosage. Consequently, 
the 0.5 μM combined therapy was selected for subsequent studies. An 
experiment employing cell viability/death staining revealed that 
compared to both the control group and individual drug use at 0.5 μM, 
the combination therapy significantly augmented the cytotoxic effect on 
tumor cells (Fig. 2d). 

An important finding was that the combination of CuCy and DSF 
allowed for a substantial reduction in drug dosages. This reduction is of 
significant importance as it minimizes the likelihood of inducing adverse 
reactions within the body. 

3.3. Phenotypic studies 

The acquisition of sustained angiogenesis capability is a critical 
hallmark feature in the initiation and progression of cancer [43–45]. 
Similar to normal tissues, tumors rely on nutrients and oxygen while 
eliminating metabolic waste and carbon dioxide. This demand is met by 
the tumor-associated neovascular system. Initially, cells in early-stage 
abnormal proliferative lesions lack angiogenic abilities, constraining 
their expansion. However, for early-stage tumors to grow larger, they 
must acquire angiogenesis capability [46,47]. As tumors reach a certain 
size, they start invading surrounding tissues, including blood vessels and 
lymphatic vessels. This vascular invasion allows shed tumor cells to 
circulate through the bloodstream, seeding new locations and forming 
metastatic foci (Fig. 3a). Consequently, blood vessels play a pivotal role 
in tumor growth and development. 

In studying the effects of drugs on angiogenesis, HUVEC cells were 
utilized. Notably, the combination drug group significantly inhibited 
angiogenesis by the 3rd hour, and by the 5th hour, even the few nodes 
that had formed were disrupted. This suggests that the drug combination 
not only affects angiogenesis but also dismantles already formed blood 
vessels. Conversely, there was no significant difference observed be
tween the single-drug groups and the control group (Fig. 3b). Compar
ison between the control group and both the combination drug group 
and the DSF group indicated a noteworthy increase in the rate of cell 
apoptosis, signifying a substantial promotion of cell apoptosis. However, 
the CuCy single-drug group didn’t display a significant deviation from 
the control group (Fig. 3c and d). In the clonogenic formation assay 
results (Fig. 3e), the combination drug group barely formed cell col
onies, whereas the DSF group exhibited scattered few colonies. Both 
groups showed a significant reduction in the number of colonies 
compared to the control group. In contrast, the CuCy group didn’t 
significantly differ in the number of cell colonies formed compared to 
the control group. This suggests that both long-term DSF use and the 
combination drug group can notably diminish the survival and growth 
capability of tumor cells. 

3.4. In vivo study 

To investigate tumor responses to drugs in vivo, BALB/c nude mice 
were employed for the experiments. Each mouse was inoculated with 3 
million Ishikawa cells, and drug administration commenced when the 
tumor size reached approximately 50 mm3 (Fig. 4a). Notably, the tumors 
in the NC group exhibited significantly larger size and weight compared 
to the other groups (Fig. 4b and c). The growth curve of transplanted 
tumors during drug administration revealed a considerably higher 
tumor growth rate in the NC group compared to others. Conversely, 
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tumor growth was notably inhibited in the CuCy and CuCy + DSF 
groups. In the DSF group, tumors exhibited a gradual decrease in size 
from the 6th day onwards, indicating a significant anti-tumor effect of 
DSF in vivo (Fig. 4d). Over the duration of tumor burden, all groups of 
mice experienced weight loss, with the DSF single-drug group displaying 
the fastest decline and the combination drug group demonstrating the 
slowest decline (Fig. 4e). 

ALT, AST, and γ-GT are three indicators commonly used to reflect 
liver function [48], while CREA, UA, and BUN reflect kidney function 
[49]. Biochemical analysis of serum indicators reflecting liver and kid
ney function was performed. ALT, AST, and γ-GT indicated normal liver 
function across all groups (Fig. 4f–h). BUN levels were within the normal 
range for all groups (Fig. 4i). UA levels in the NC group were normal, 
while in the other groups, variations between normal and below-normal 
levels were observed. However, the proportion below the normal range 
was higher in the DSF-only group compared to the CuCy-containing 
group (Fig. 4j). Concerning the CREA indicator, the NC and CuCy 
groups were within the normal range, while the DSF and CuCy + DSF 

groups exhibited values slightly below the lower limit of the normal 
range (Fig. 4k). H&E staining of major organs did not reveal any 
noticeable abnormalities across the four groups of mice (Fig. 4l). Addi
tionally, H&E staining of tumor tissues showed regional tumor cell death 
in all three drug-treated groups, further confirmed by subsequent 
TUNEL staining, indicating apoptosis. Notably, the DSF and combina
tion drug groups exhibited a significantly higher number of apoptotic 
cells compared to the control group. The TUNEL method [50], widely 
used for detecting cell apoptosis in histological research, confirmed 
these findings [51]. 

The in vivo experiments demonstrated that DSF, administered alone 
at 0.5 μM or in combination with CuCy, significantly inhibited tumor 
growth. However, the DSF single-drug group experienced more pro
nounced weight loss compared to the combination drug group, poten
tially impacting mouse kidney function. This suggests that when DSF is 
administered alone, its side effects on the mouse body are more pro
nounced. Conversely, in the presence of CuCy, DSF might be more 
localized to the transplanted tumor area, reducing its impact on other 

Fig. 2. In vitro antitumor effect studies of drugs. (a) Cytotoxic effects of different concentrations of CuCl2 and CuCy, (b) different concentrations CuCl2, CuCy, and 
DSF and (c) Combination therapy with different concentrations of CuCy and DSF on Ishikawa cells; (d) Cell live/dead staining assay when CuCy and DSF were used 
alone at 0.5 μM or in combination at 0.5 μM. 
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Fig. 3. Phenotyping experimental studies. (a) Schematic diagram of the role of vessels in the process of tumor growth and metastasis; (b) Vessel formation assay of 
HUVEC cells after drug treatment; (c) Detection of apoptosis by flow cytometry after 24 h of drug treatment and (d) histogram of the number of apoptotic cells among 
groups; (e) clone formation assay. ****P ≤ 0.0001,***P ≤ 0.001 when different groups compared with the NC group. 
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Fig. 4. In vivo experiments to study the anti-tumor effect of CuCy and DSF. (a) Schematic diagram of subcutaneous transplanted tumors and drug administration in 
nude mice; (b) Size and (c) Weight of the transplanted tumors (n = 5); (d) Growth curve of the transplanted tumors in vivo (n = 5); (e) Mouse body weight changes 
during drug treatment (n = 5); (f–h) Serum levels of ALT, AST, γ-GT, indicators of hepatic function, and (i–k) CREA, UA, and BUN, indicators of renal function, in the 
mouse (n = 3); (l) Results of H&E staining for subcutaneously transplanted tumors and organs (heart, liver, spleen, lung, kidney) in mice. Additionally, TUNEL 
staining results for the transplanted tumors. Data are represented as the mean ± SD. ****P ≤ 0.0001, **P ≤ 0.01 and *P ≤ 0.05 when different groups compared with 
the NC group. 
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parts of the body and alleviating DSF-induced side effects. Thus, the 
combination of DSF and CuCy not only markedly inhibits tumor growth 
but also mitigates side effects in vivo. 

3.5. TEM observations 

A macroscopic examination was conducted to explore material entry 
pathways and cellular responses. Normal Ishikawa cells, viewed under 
low magnification, exhibited an elliptical appearance with uniform 
cytoplasm. The cell nucleus (N), also elliptical, displayed prevalent 
euchromatin dominance. A distinct nucleolus (Nu) with sparse structure 
was observed, while the nuclear membrane appeared clear (Fig. 5a, left). 
Under higher magnification, mitochondria (M) exhibited mostly intact 
structures with clear membranes, uniform matrices, visible cristae, and 
the rough endoplasmic reticulum (RER) showed minimal expansion 
with no noticeable ribosome surface disaggregation (Fig. 5a, right). 

In the experimental group treated with a combination of CuCy (0.5 
μM) and DSF (0.5 μM) for 20 h, cells displayed an elliptical shape 
trending towards apoptosis, maintaining intact cell membranes and 
denser cytoplasm. The cell nucleus (N) exhibited irregular shapes, local 
invaginations, chromatin condensation, and partial fuzziness of the 
nuclear membrane (Fig. 5b1, upper). Mitochondria (M) displayed un
even sizes, intact membranes, sparse matrix, fractured cristae, and the 
RER exhibited slight expansion with the presence of autophagic vacu
oles (AP) (Fig. 5b1, lower). Severe vacuolization suggestive of apoptosis 
was prominent (Fig. 5b2,3, upper). Organelles were extensively 
damaged, with the presence of autophagic vacuoles (Fig. 5b2, lower). 
Mitochondria exhibited swelling, membrane rupture, matrix lightning, 
dissolution, and reduced cristae (Fig. 5b3, lower). Although all cells in 
the experimental group were in an apoptotic state, no discernible CuCy 
particles were observed within the cells. Speculatively, the low con
centration of CuCy might pose challenges in capturing the material trace 
inside the cells. 

To elucidate the material entry pathway, the study increased the 
material concentration (500 μM) and reduced treatment time (3h). TEM 
observations revealed material edge morphology consistent with SEM 
findings (Fig. 1a). The material appeared in contact with the cell 
membrane, inducing local invagination (Fig. 5c1, top image). Upon 
material entry, a distinct lamellar membrane surrounded it, and auto
phagolysosomes (ASS) were observed around the material (Fig. 5c3, 
upper and lower). In the CuCy-500μM group, dispersed particles within 
the cytoplasm, encircled by membranes, suggested material entry 
through phagocytosis. 

3.6. Transcriptomic analysis 

Transcriptomic analysis was employed to explore the cytotoxic 
mechanisms behind combined drug therapy on Ishikawa cells. The 
control group received no treatment, while the experimental group was 
exposed to a combination of CuCy (0.5 μM) and DSF (0.5 μM) for 12 h, 
after which RNA was collected for sequencing analysis. Differentially 
expressed genes (DEGs) were identified as those exhibiting expression 
differences greater than 2-fold and a p-value less than 0.05 between the 
control and treatment groups. 

Principal Component Analysis (PCA) highlighted significant dis
tinctions between the control and drug-treated groups, revealing good 
biological replicability within each group (Fig. 6a). Within the combi
nation therapy group, 5620 genes were upregulated, while 2251 genes 
were downregulated in comparison to the control group (Fig. 6b). The 
cluster heatmap (Fig. 6c) visually represented genes with relatively 
higher expression in orange and red, and those with lower expression in 
blue. The volcano plot (Fig. 6d) depicted the overall distribution of 
DEGs. Gene Ontology (GO) enrichment analysis (Fig. 6e, detailed in 
Table S1) described the functions of these DEGs. The Circular plot 
highlighted GO:0005509 with the smallest p-value, linked to calcium 
ion binding in molecular function, and GO:0006986, significantly 

associated with the response to unfolded proteins, displaying the largest 
enrichment factor. Notably, downregulated DEGs in the cellular 
component category prominently associated with mitochondria and 
peroxisomes (Fig. 6f, detailed in Table S2). Furthermore, Gene Set 
Enrichment Analysis (GSEA) was conducted on all detected genes. Sig
nificance was established when FDR <0.25, p < 0.05, and |NES| > 1. 
Genes located in the Mitochondrial matrix (GO:0005759) and Mito
chondrial inner membrane (GO:0005743) were significantly down
regulated in the CuCy + DSF group (Fig. 6g and h). Additionally, the 
DNA repair pathway showed significant inhibition in the same group 
(Fig. 6i). This suggests that damaged DNA incapable of normal repair, 
coupled with the release of pro-apoptotic substances from damaged 
mitochondria, contributes to cellular apoptosis. 

3.7. Validation of the mitochondrial apoptotic pathway 

The decline in mitochondrial membrane potential is a pivotal event 
during the early stages of apoptosis, wherein changes in the perme
ability of the outer mitochondrial membrane instigate cell death [52]. 
Mitochondrial membrane potential alteration is assessed using JC-1 dye, 
which forms aggregates emitting red fluorescence in the mitochondrial 
matrix when the membrane potential is high. Conversely, in damaged 
mitochondrial membranes, JC-1 exists as monomers emitting green 
fluorescence due to decreased aggregation in the matrix. This alteration 
in fluorescence colors signifies changes in mitochondrial membrane 
potential, indicating early cellular apoptosis. Notably, the combination 
drug group exhibited significantly more cells emitting green fluores
cence compared to the control and single-drug groups, signifying 
apoptosis induction in the combination drug-treated cells (Fig. 7a). 

DAPI is a fluorescent dye that binds to DNA, emitting a blue fluo
rescence upon excitation. The staining process allows for the examina
tion of nuclear morphology alterations, a crucial aspect of apoptosis 
analysis. Throughout apoptosis, chromatin undergoes significant 
condensation, marginalization, and nuclear fragmentation [53]. These 
phenomena were notably observed in the combination drug treatment 
group (CuCy + DSF) in this study, while the control group and groups 
treated with individual drugs showcased numerous cells at different 
mitotic stages, such as metaphase and anaphase (Fig. 7b and c). 
Collectively, previous experimental outcomes suggest that the combi
nation drug treatment induces apoptosis by instigating mitochondrial 
damage, consequently leading to anti-tumor effects. In the mitochon
drial apoptotic pathway (Fig. 7d), mitochondrial damage leads to 
reduced membrane potential and integrity, resulting in the release of 
cytochrome c (Cyt c) into the cytoplasm. Cyt c forms an apoptosome with 
Apaf-1 and Caspase-9 [54], subsequently activating Caspase-9 [55]. 
Activated Caspase-9 cleaves Caspase-3 [56], initiating apoptosis 
through the activated Caspase-3-mediated cleavage effect [57]. Hence, 
the subsequent step is to corroborate the mitochondrial apoptotic 
pathway through molecular experiments. Cellular proteins from various 
treatment groups were collected, and Western blotting was performed to 
detect Caspase-9, Caspase-3, activated Caspase-9, and Caspase-3. 

Following a 12-h drug treatment, there was no significant difference 
in Caspase-9 levels among the four groups. However, in the combination 
drug treatment group, the levels of Caspase-3, activated Caspase-9, and 
Caspase-3 were markedly higher compared to the control and individual 
drug treatment groups, signifying activation of the mitochondrial 
apoptotic pathway. Protein levels of Caspase-9, Caspase-3, Cleaved 
Caspase-9 exhibited no significant differences among the individual 
drug-treated groups and between these groups and the control. In the 
individual drug-treated groups (CuCy and DSF), the protein level of 
Cleaved Caspase-3 surpassed that in the control group. After 24 h of drug 
treatment, the levels of Caspase-9, Caspase-3, Cleaved Caspase-9 and 
Cleaved Caspase-3 in the combination drug treatment group were 
significantly higher than those in the control and individual drug 
treatment groups. Meanwhile, in the individual drug-treated groups 
(CuCy and DSF), the Caspase-9 protein level surpassed that in the 
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Fig. 5. TEM observations of Ishikawa cells after exposure to CuCy + DSF or CuCy alone. (a) Control group, (b) CuCy + DSF group (0.5 μM + 0.5 μM for 20 h), and (c) 
CuCy group (500 μM for 3 h). 
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control group, while Caspase-3, Cleaved Caspase-9 and Cleaved 
Caspase-3 levels showed no significant differences compared to the 
control (Fig. 7e–g). 

In conclusion, the combined use of CuCy and DSF prompts apoptosis 
via mitochondrial damage, resulting in anti-tumor effects. Notably, the 
combination therapy exhibits superior efficacy compared to individual 
drug treatments. 

3.8. Anti-tumor mechanism  

Fig. 6. RNA-seq analysis of Ishikawa cells after exposure to CuCy + DSF 12 h. (a) Principal Component Analysis (PCA) plot between NC and CuCy + DSF group; (b) 
Bar chart, (c) Cluster heatmap and (d) volcano plot of differentially expressed genes; (e) Circular plot of Gene Ontology (GO) enrichment analysis for all differentially 
expressed genes, showing the top 20 categories with the smallest p-values; (f) Bar chart of GO enrichment analysis for downregulated differentially expressed genes; 
(g–i) The Gene Set Enrichment Analysis (GSEA) of target GO terms. 
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Fig. 7. Validation of the Mitochondrial Apoptotic Pathway. (a) Mitochondrial membrane potential assay and DAPI staining (b, c) after 12 h of treatment with CuCy 
and DSF alone or both in combination; (d) Schematic diagram of the mitochondrial apoptotic pathway; (e) Protein levels of Caspase-9, Caspase-3, Cleaved Caspase-9, 
and Cleaved Caspase-3 were evaluated by Western blotting after 12 and 24 h of drug treatment; (f, g) The pixel density analysis of the Western blotting results. 
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4. Discussion 

4.1. Anti-tumor mechanisms 

The combined treatment of CuCy and DSF significantly hinders 
tumor growth and induces cell death both in vitro and in vivo, showcasing 
pronounced anti-tumor effects. Flow cytometry analysis unveiled cell 
death consistent with apoptosis (Fig. 3c), while DAPI staining exhibited 
apoptotic DNA characteristics (Fig. 7b). Strongly positive TUNEL signals 
were observed in the regional necrotic area of subcutaneous xenografts 
(Fig. 4l), and transmission electron microscopy confirmed apoptotic cell 
morphology (Fig. 5b). Detection of mitochondrial membrane potential 
revealed a decrease (Fig. 7a), suggesting mitochondrial impairment. 
Electron microscopy observations depicted mitochondrial alterations, 
including swelling, matrix lightning, dissolution, expansion, reduced 
cristae, and membrane rupture (Fig. 5b). Transcriptomic analysis at the 
molecular level revealed a substantial reduction in genes associated with 
mitochondria (Fig. 6f–h) and notable inhibition of mitochondrial 
translation pathways, signifying a link between apoptosis and 
mitochondria. 

During the process of cellular apoptosis, mitochondria assume a 
pivotal role. Mitochondrial membrane rupture releases DNA-cutting 
effectors like Endo G and AIF, leading to DNA fragmentation. Tran
scriptomic analysis revealed significant inhibition of DNA repair path
ways, complemented by DAPI staining showing nuclear fragmentation 
and condensation (Fig. 8b). Additionally, Cyt c, situated on the mito
chondrial membrane, is released into the cytoplasm. Upon cytoplasmic 
release, it associates with Caspase-9, initiating a cascade reaction acti
vating Caspase-9 and Caspase-3 (Fig. 7e), ultimately triggering 
apoptosis. 

Transmission electron microscopy observations confirmed the 

cellular uptake of materials through phagocytosis (Fig. 5c), with auto
phagic lysosomes observed near the materials (Fig. 5c). Consequently, 
the anti-tumor mechanism of the combined drug treatment is illustrated 
in Fig. 8. Upon co-treatment of tumor cells with CuCy and DSF at 0.5 μM 
each, the drugs enter cells via phagocytosis. Under the influence of 
autophagic lysosomes, the material transforms into Cu2+. Cu2+ ions 
enter the cytoplasm from the phagosome with the help of the copper 
ionophore DSF, inducing intracellular Cu2+ overload and ensuing 
mitochondrial damage. This mitochondrial damage triggers the mito
chondrial apoptosis pathway, concomitantly releasing substances like 
Endo G to cleave DNA, culminating in apoptosis and achieving pro
nounced anti-tumor effects. 

4.2. In vivo and in vitro anti-tumor effects 

In both in vitro and in vivo experiments, extended exposure to DSF 
(0.5 μM) either as a standalone treatment or combined with CuCy (0.5 
μM) significantly impeded the proliferation of Ishikawa cells (Figs. 3e 
and 4b, c, d) while inducing apoptosis in the cells (Figs. 3c and 4l). In the 
in vitro setting, within 24 h of treatment, the combination therapy group 
exhibited notably heightened anti-tumor effects compared to both 
monotherapy and control groups (Figs. 2d and 3b, c, d). 

During in vivo experiments, both monotherapy and combination 
therapy effectively suppressed tumor growth. Notably, the combination 
of DSF and CuCy demonstrated a more pronounced inhibition of tumor 
growth compared to using CuCy alone, underscoring the enhanced anti- 
tumor efficacy of CuCy in conjunction with DSF. While the anti-tumor 
effect of DSF alone seemed marginally better than when combined 
with CuCy, no statistically significant difference was observed between 
the two groups (P > 0.5). However, when DSF was administered alone, 
the mice exhibited a more rapid decrease in body weight compared to 

Fig. 8. Schematic diagram of the anti-tumor mechanism of the combination of CuCy and DSF. After successful subcutaneous tumorigenicity in nude mice, CuCy (0.5 
μM) and DSF (0.5 μM) was mixed with saline and injected locally into the tumor tissue. Upon cellular uptake through phagocytosis, intracellular Cu2+ overload 
caused mitochondrial damage. This mitochondrial damage activates the mitochondrial apoptotic pathway, concomitantly releasing substances such as Endo G, which 
cleave DNA, ultimately triggering apoptosis and achieving anti-tumor effect. 
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the combination group, although this difference was not statistically 
significant (P > 0.5). Moreover, two indicators of renal function were 
lower, suggesting a potential risk of malnutrition in the mice. 

In contrast, the combination therapy group displayed a slower 
decline in body weight than the control group, with normal liver and 
kidney function indicators. This suggests a potential influence of CuCy 
on the distribution of DSF, potentially limiting its circulation, thereby 
mitigating its potential impact on the organism and enhancing the 
treatment’s safety. 

In conclusion, both in vitro and in vivo experiments demonstrated that 
combination therapy significantly inhibited tumor growth and pro
moted apoptosis. Notably, the in vivo combination therapy group 
exhibited reduced toxicity to the organism, suggesting a potential for 
enhanced safety compared to DSF administered alone. 

4.3. Clinical significance and future work 

This study opted for local drug administration directly into the tumor 
tissue as opposed to intravenous or abdominal administration for several 
reasons. Firstly, the size of CuCy falls within the micrometer range, and 
administration via the tail vein or abdomen could potentially lead to 
localized settling of the material in other areas before reaching the 
tumor tissue. This settling might result in suboptimal anti-tumor effects 
due to lower drug concentrations within the tumor tissue and possible 
toxic effects in these settled regions. 

Moreover, the uterus possesses its own distinctive cavity, which is 
semi-open. By loading drugs into an inert intrauterine device and 
placing it within the uterine cavity, local administration to the tumor 
tissue can be achieved while significantly reducing systemic circulation. 
This local administration approach minimizes drug consumption by the 
systemic circulation and decreases potential toxic effects on other bodily 
tissues. Notably, the drug doses of DSF and CuCy used in this study are 
among the lowest reported in relevant studies. For example, in a study of 
esophageal cancer, a significant anticancer effect was observed when 
DSF + CuCy was used in vitro at a dose of DSF (1 μM) + CuCy (4 μM) 
[30]. In a study of colorectal cancer, CuCy had a significant anticancer 
effect when used in combination with radiotherapy at a dose of 25 mg/l, 
i.e., 65.875 μM [58]. The drugs, dosages and routes of administration in 
this study provide new options for the treatment of endometrial cancer 
when resistance, too many side effects or poor drug response occur with 
conventional drugs. 

Future research will involve loading drugs onto intrauterine devices 
and examining drug release patterns and tumor-killing effects in vitro. 
This will include establishing an animal model of endometrial cancer, 
implanting drug-loaded intrauterine devices into the uterine cavity to 
study in vivo anti-tumor effects, and assessing the biocompatibility of 
materials with uterine tissue. Additionally, efforts will focus on creating 
organoid models using tissue samples from clinical endometrial cancer 
patients to explore the anti-tumor effects of drugs on endometrial cancer 
organoids. Lastly, metabolomics will be employed to identify potential 
drug targets. 

Finally, we have to acknowledge some limitations of our study. 
Because of the species differences between mice and humans, the anti
tumor effects of drugs in clinical applications may not be as good as 
those observed in mouse experiments. However, we cannot avoid the 
problem of species differences, because we need to rely on animal ex
periments in the initial stage of drug research to make predictions and 
guide the subsequent experiments. In our future research, we will 
endeavor to establish human endometrial cancer organoids or patient- 
derived xenografts (PDX) to validate our findings, predict therapeutic 
responses, and provide guidance for precision medicine to fight against 
cancer. 

5. Conclusions 

In essence, this study unveils that the combined utilization of CuCy 

and DSF triggers mitochondrial impairment and subsequent apoptosis in 
Ishikawa cells, culminating in potent anti-tumor outcomes. Initial ob
servations through SEM unveiled the micrometer-scale sheet-like 
structure of CuCy material, while CCK8 experiments established the 
optimal drug concentrations for combined use at 0.5 μM. Phenotypic 
studies conducted in vitro distinctly showcased the remarkable inhibi
tion and disruption of angiogenesis alongside the induction of cell 
apoptosis upon their combined application. Moreover, in vivo in
vestigations underscored a notable anti-tumor effect upon the combined 
administration of the drugs, attributing cell death to apoptosis. 
Intriguingly, when employed separately in vivo, both drugs exhibited 
significant inhibition of tumor growth. TEM findings suggested the 
cellular entry of CuCy via phagocytosis, and its combination with DSF 
induced mitochondrial swelling, membrane rupture, and overall mito
chondrial damage, ultimately instigating cell apoptosis. Confirmation of 
mitochondrial damage and apoptotic effects was further substantiated 
through the mitochondrial membrane potential assay and DNA staining. 
Furthermore, transcriptomic analysis corroborated the substantial hin
drance of both mitochondrial damage and DNA damage repair pathways 
in the combination treatment group. As a result, the amalgamation of 
CuCy and DSF emerges as a potent catalyst for inducing a robust anti- 
tumor effect. 
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