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Abstract 

Hepatocellular carcinomas (HCC) account for more than 80% of all primary liver cancers 

globally, making them the fourth leading cause of cancer-related death. Significant 

advancements have been achieved recently in surgical, interventional, and radiotherapy 

for early HCC. Advanced and metastatic HCC, however, continue to lack efficient medical 

therapy options, therefore, new systemic therapies are desperately needed. In this study, 

investigating the antineoplastic and antiangiogenic mode of action of two newly 

synthesized tyrosine kinase inhibitors (Thio-Iva and Thio-Dam) for cutting-edge medical 

HCC therapy using a coordinated set of in vitro and in vivo approaches. 

Thio-Iva exhibited multikinase inhibitory action, with the most pronounced effects on 

VEGFR-2 (about 90%inhibition). Crystal violet and iCelligence were used to determine 

anti-proliferative effects, and Thio-Iva and Thio-Dam exhibited strong anti-proliferative 

effects in Huh-7 and SNU449 HCC cell lines at sub-micromolar or low micromolar IC50 

values, were as follows: Thio-Iva (0.29 ± 0.18 μM and 0.53±0.32μM) and Thio-Dam 

(0.81±0.26μM and 1.64±0.51μM). Flow cytometry analysis demonstrated a significant cell 

cycle arrest in the G2/M phase, and western blot analysis revealed a similar reduction of 

Cyclin B1 in HCC cell lines treated with Thio-Iva and Thio-Dam. Fluorescence microscopy 

was used to measure the induction of reactive oxygen species (ROS) using the ROS-

sensitive dye CellROX Orange. Apoptosis induction was measured with Caspase-3 

activity ELISA, showing the apoptosis effects of Thio-Iva and Thio-Dam increased ROS-

driven, mitochondria-associated apoptosis and caspase-3 activation. The antiangiogenic 

effects were investigated using tube formation experiments. The new compounds 

effectively inhibited the development of capillary tubes on human endothelial cells (EA. 

hy926) in vitro, indicating that they possess antiangiogenic properties. Finally, the 

antiangiogenic and antineoplastic effects of the new compounds in vivo were confirmed 

by performing chorioallantoic membrane assays (CAM assays). Notably, the novel 

compounds were more effective in reducing HCC tumour growth in vivo than the clinically 

relevant TK inhibitor Sorafenib. 

Here, this study can demonstrate that two novel tyrosine kinase inhibitors, Thio-Iva and 

Thio-Dam, have significant anti-tumour and anti-angiogenic properties in HCC cell lines. 

It was shown that these new compounds can effectively attack the cellular processes and 

features of HCC cells that are acquired during the carcinogenic process. Based on the 
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findings of this study, Thio-Iva and Thio-Dam were effective in HCC cell lines, and further 

research is required to see whether these compounds may be employed as an alternative 

treatment. 

 

Zusammenfassung 

Hepatozelluläre Karzinome (HCC) machen weltweit mehr als 80 % aller primären 

Leberkrebserkrankungen aus und sind damit die vierthäufigste Ursache für 

krebsbedingte Todesfälle. Bei der chirurgischen, interventionellen und Strahlentherapie 

von HCC im Frühstadium wurden in letzter Zeit bedeutende Fortschritte erzielt. Für das 

fortgeschrittene und metastasierte HCC gibt es jedoch nach wie vor keine wirksamen 

medizinischen Behandlungsmöglichkeiten, weshalb neue systemische Therapien 

dringend erforderlich sind. In dieser Studie wird die antineoplastische und antiangiogene 

Wirkungsweise von zwei neu synthetisierten Tyrosinkinase-Inhibitoren (Thio-Iva und 

Thio-Dam) für eine innovative medizinische HCC-Therapie mit einer Reihe von 

koordinierten in vitro- und in vivo-Ansätzen untersucht. 

Thio-Iva zeigte eine multikinasehemmende Wirkung, mit den ausgeprägtesten Effekten 

auf VEGFR-2 (etwa 90% Hemmung). Kristallviolett und iCelligence wurden verwendet, 

um die antiproliferativen Effekte zu bestimmen, und Thio-Iva und Thio-Dam zeigten 

starke antiproliferative Effekte in den Huh-7- und SNU449-HCC-Zelllinien bei 

submikromolaren oder niedrigen mikromolaren IC50-Werten, die wie folgt waren: Thio-

Iva (0,29 ± 0,18 μM und 0,53±0,32μM) und Thio-Dam (0,81±0,26μM und 1,64±0,51μM). 

Die Durchflusszytometrie-Analyse ergab einen ausgeprägten Zellzyklus-Stillstand in der 

G2-M-Phase, und der Western Blot zeigte eine entsprechende Cyclin B1-Suppression in 

den HCC-Zelllinien nach der Behandlung mit Thio-Iva und Thio-Dam. Die Induktion 

reaktiver Sauerstoffspezies (ROS) wurde durch Fluoreszenzmikroskopie mit dem ROS-

empfindlichen Farbstoff CellROX Orange bestimmt. Die Apoptoseinduktion wurde mit 

dem ELISA-Test für die Caspase-3-Aktivität gemessen, der die Apoptosewirkung von 

Thio-Iva und Thio-Dam durch ROS-getriebene, mitochondrien-assoziierte Apoptose und 

Caspase-3-Aktivierung zeigte. Die antiangiogenen Wirkungen wurden in vitro in an 

immortalisierten humanen Endothelzellen (Ea.Hy926) - untersucht. Hierbei wurde 

festgestellt, dass die neuen Verbindungen bei der Hemmung der Bildung 

kapillarähnlicher Strukturen wirksam sind. Schließlich wurden die antiangiogenen und 

antineoplastischen Wirkungen der neuen Verbindungen in vivo durch die Durchführung 
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von Chorioallantoismembran-Assays (CAM-Assays) bestätigt. Bemerkenswert ist, dass 

die neuen Verbindungen das Wachstum von HCC-Tumoren in vivo wirksamer reduzieren 

als der bereits zugelassene und klinisch relevante TK-Inhibitor Sorafenib. 

Hier können wir zeigen, dass zwei neue Tyrosinkinase-Inhibitoren, Thio-Iva und Thio-

Dam, signifikante Anti-Tumor- und Anti-Angiogenese-Eigenschaften in HCC-Zellen 

haben. Es konnte gezeigt werden, dass diese neuen Verbindungen die zellulären 

Prozesse und Merkmale von HCC-Zellen, die während des karzinogenen Prozesses 

erworben werden und als entscheidende Kennzeichen von Krebs bekannt sind, wirksam 

angreifen können.  Ausgehend von den Ergebnissen dieser Studie waren Thio-Iva und 

Thio-Dam bei HCC-Zelllinien wirksam, und es sind weitere Forschungen erforderlich, um 

festzustellen, ob diese Verbindungen als alternative Behandlung eingesetzt werden 

können. 
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1 Introduction 

1.1  State of the art – research 

1.1.1 Hepatocellular Carcinoma 

Primary liver cancer is expected to be the sixth most often diagnosed cancer and the third 

most common cause of cancer mortality in 2020, having morbidity and mortality rates 

greater for men than women in most countries(1). HCC is the most prevalent type of 

primary liver cancer, affecting 75-85% of patients followed by intrahepatic 

cholangiocarcinoma (15–20 %) and other rare types (5 %). Chronic hepatitis B and C 

virus infection, aflatoxin-contaminated food, alcohol abuse, obesity, type 2 diabetes, and 

smoking are the main risk factors for HCC(2). Patients are stratified according to the 

expected outcomes of their treatment in several proposals, such as tumor, lymph node, 

metastasis (TNM); the Chinese University Prognostic Index; Japanese Integrated 

Staging(3). However, since 1999, the Barcelona Clinic Liver Cancer (BCLC) staging 

classification has been used worldwide, divided into four stages, Early-stage (A), 

Intermediate-stage (B), Advanced-stage (C), and End-stage (D)(4), providing the basis 

for clinical prognosis and treatment. 

1.1.2  Therapy 

Since the last official update on BCLC prognosis and treatment strategies released in 

2018, the available treatments for liver cancer have improved significantly(5,6). Here, we 

described the treatment regimens recommended for each BCLC stage (Figure 1). The 

early stage of HCC (BCLC 0) is characterized by a solitary tumor measuring less than 2 

cm in patients with normal liver function and no cancer-related symptoms, without 

vascular infiltration or extrahepatic spread(7). Clinical management of this stage varies 

depending on the potential liver transplantation (LT) route. If liver transplantation is not 

possible, ablation would be the first step, which is similar to resection in terms of survival 

outcomes(8,9). Early stage (BCLC-A) is characterized as a single nodule or up to three 

multifocal nodules (all less than 3 cm) without macrovascular invasion, extrahepatic 

dissemination, or disease-related symptoms (PS-0)(7). For patients at this stage, we 

perform resection, with the option of transplantation or resection as appropriate. The 

intermediate stage (BCLC-B) is characterized as multifocal HCC, which is HCC that 

exceeds BCLC-A criteria, has intact liver function, produces no cancer symptoms (PS 0), 
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and does not penetrate the circulation or spread to other organs(7). The 2022 version of 

BCLC-B divides patients into three groups based on tumor burden and liver function. 

Transplantation, Transcatheter arterial chemoembolization (TACE), or systemic therapy 

can be chosen for different subgroups of patients. BCLC-C is defined as advanced, 

including patients with extrahepatic spread or vascular invasion and who remain relatively 

healthy as indicated by PS ≤2 at staging, and patients with BCLC-C should be considered 

for systemic therapy(7,10). End-stage BCLCs (BCLC-D) consist of patients with major 

cancer-related symptoms and/or impaired liver function, where LT is not an option due to 

HCC burden or non-HCC-related factors, and where short-term survival is low(7). A 

coordinated approach to palliative care and symptomatic management is necessary for 

this setting. The management of HCC is a multidisciplinary clinical decision based on the 

patient's condition, and although it is currently managed primarily through BCLC staging, 

it still has limitations. In short, liver transplantation, resection, and ablation are the main 

options for early-stage patients.  

Since the majority of patients are already in the intermediate or advanced stages at the 

time of diagnosis, surgery and local treatment are largely irrelevant and systemic therapy 

becomes the primary treatment(5). However, no relevant clinical studies in HCC have 

shown a significant benefit of conventional chemotherapy, and therefore, systemic 

therapy to date has been dominated by Tyrosine kinase inhibitors (TKIs). Since the 

landmark SHARP trial in 2008, it has been demonstrated that sorafenib first-line treatment 

significantly improves overall survival by nearly 3 months compared to placebo in patients 

with advanced HCC(11). Since approximately ten years ago, sorafenib has been the only 

option for the standard systemic treatment of HCC, but it is chronically ineffective in most 

patients because of the early emergence of resistance, making the overall efficacy of the 

drug far from satisfactory. Lenvatinib was demonstrated in the REFLECT trial to be 

comparable to sorafenib till 2018(12). Then, for sorafenib-refractory or intolerant patients, 

data from the RESORCE and CELESTIAL studies showed that second-line treatment 

with regorafenib and cabozantinib significantly improved OS and PFS(13–15). Meanwhile, 

many drugs, including erlotinib(16), brivanib(17), and sunitinib(18), failed to show at least 

non-inferiority of sorafenib as first-line therapy in phase III clinical trials. 

HCC appears to be particularly amenable to immunotherapies since cirrhosis has an 

immunosuppressive environment that can be altered by Immune checkpoint inhibitors(19). 

A cellular state that triggers upregulation in this condition is produced when programmed 

cell death protein 1(PD-1) receptors are upregulated in the presence of this situation. The 
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phase III CheckMate 459 research, however, found no appreciable distinction between 

the two arms receiving nivolumab or sorafenib, two anti-PD-1 medicines(20). As a result, 

nivolumab is not indicated for use as a primary monotherapy treatment for advanced HCC. 

Immunotherapies for HCC have their limitations, which means that more research and 

development work needs to be done to find novel therapeutic options. 

 
Figure 1: BCLC staging and treatment strategy in 2022. (Figure adapted from Reig M, Forner A, 

Rimola J, Ferrer-Fàbrega J, Burrel M, Garcia-Criado Á, Kelley RK, Galle PR, Mazzaferro V, Salem 

R, Sangro B, Singal AG, Vogel A, Fuster J, Ayuso C, Bruix J. J Hepatol. 2022)(7). 

1.1.3  Angiogenesis role in HCC 

Angiogenesis, which is primarily mediated by the vascular endothelial growth factors 

(VEGFs) and the receptor tyrosine kinases (RTKs) VEGFRs, plays a significant role in 

tumor growth and progression(21). HCC is a typical multi-vessel tumor and has been 

found to have significant angiogenesis and vascular abnormalities(22). VEGF is crucial 

for tumor angiogenesis and tumor development in HCC(23). Currently, all systemic 

therapies are molecularly targeted, and their main mechanism is anti-angiogenesis 

targeting VEGF and its receptors (Table 1). Although antiangiogenic therapies are well 

established and accepted in the treatment of HCC, antiangiogenic agents have exhibited 

substantial improvements over existing antiangiogenic agents. However, initial resistance 
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or drug resistance remains a major concern. A variety of different pathways may be 

involved in the angiogenic process. The development of anti-angiogenic therapies based 

on VEGFR antibodies and small molecule inhibitors holds great promise for preventing 

the growth and spread of aberrant tumor blood vessels, hence lowering tumor volume 

and hypoxia. 

 

Table 1: Antiangiogenic therapies currently approved for HCC.  

Name Molecular targets Clinical application 

Sorafenib(11) VEGFR-1–3, PDGFR-β, c-Kit, 

FLT-3, RET, Raf-1, B-Raf 

first line therapy 

   

Lenvatinib(12) VEGFR1–VEGFR3, FGFR1–

FGFR4, 

PDGFR, RET, and KIT 

first/second-line therapy 

Regorafenib(13) VEGFR1–VEGFR3, RET, 

KIT, PDGFR, FGFR, B-RAF, 

RAF-1, 

p38, and TIE2 

third-line therapy 

Cabozantinib(14) VEGFR1–VEGFR3, KIT, 

TIE2, MET, RET, and AXL 

third/fourth-line therapy 

   

Ramucirumab(24) VEGFR2 third-line therapy 

   

Bevacizumab(25) VEGF first-line therapy in 

combination with 

atezolizumab 

1.1.4  Aims 

New systemic medicines are urgently required since advanced stages of HCC currently 

have no viable medical therapy choices. Therefore, a set of novel small molecules 2-

(thien-2-yl)-acrylonitrile derivatives with multi-kinase inhibitory activity (Figure 2) were 

developed and synthesized in collaboration with the Department of Organic Chemistry of 
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the University of Bayreuth, Germany (Prof. R. Schobert and Dr. B. Biersack). The aim of 

the project was to evaluate novel VEGF tyrosine kinase inhibitors for their antineoplastic 

and antiangiogenic properties in HCC. 

 

 
Figure 2: Chemical structures of E-2-(2-thienyl)-3-acrylonitrile RTK inhibitors were used in this 

study. (Figure adapted from Ma A, Biersack B, Goehringer N, Nitzsche B, Höpfner M. J Pers 

Med. 2022)(26). 
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2 Methods 

Please refer to the "Methods" section of the publication for a comprehensive explanation 

of the research approach that was taken for the study. (Ma A, Biersack B, Goehringer N, 

Nitzsche B, Höpfner M. J Pers Med. 2022)(26). A brief overview is provided as follows. 

2.1 Compounds 

Stock solutions of Thio-Iva, Thio-Dam, Thio-Anis, and Thio-Anime were synthesized and 

provided by Dr. Biersack (Dept. of Organic Chemistry, University of Bayreuth, 

Germany)(27). Sorafenib was bought via Targetmol (T0093L, Boston, USA).  

2.2  Biological Evaluation 

2.2.1  Cell culture  

Human hepatocellular carcinoma cell line Huh-7 (JCRB#0403) was cultured in 10% fetal 

bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin-supplemented RPMI 

1640 medium (Thermo Fisher Scientific, Inc.). In addition, the SNU-449 cells 

(ATCC#2234) were more add 1%HEPES, and 1% sodium pyruvate. Human umbilical 

vein EA. hy926 cells were cultured in DMEM. All cells were incubated at 37 °C, 5% CO2, 

and 95% relative humidity. 

 

2.2.2 Crystal violet staining 

The light extinction of crystal violet, which increases linearly with cell population, was 

measured at 570 nm 30 using an ELISA reader(Dynex Technologies, Dunkeldorf, 

Germany).(27)   

2.2.3  Real-time cell proliferation monitoring 

As previously disclosed, cell real-time growth and survival were tracked using the 

iCELLigence System (ACEA Biosciences)(26). 

2.2.4  Colony formation assay 

Only cells comprising more than 50 cells were counted, as colonies were defined as 

aggregates of cells containing 50 or more cells(28). A kappa digital camera system 
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captured representative photographs (Kappa Optronics GmbH, Germany). Colony Area 

ImageJ plug-in was utilized to quantify stained colonies(28) (Vision 1.52a, National 

Institutes of Health, USA).  

2.2.5 Determination of caspase-3  

Cleaved caspase-3 cleaves AC-DEVD-AMC (EMD Millipore, Billerica, MA, USA), to 

produce fluorescent AC-DEVD, which was measured by microplate luminometer (Thermo 

Fisher Scientific, Waltham, MA, USA; filter sets: ex 360/40 nm, em 460/10 nm).(29) 

2.2.6 Lactate dehydrogenase (LDH) assay  

Cytotoxicity was tested by the LDH leakage to the cell surface, using an ELISA reader 

(Dynex Technologies, Dunkeldorf, Germany), at 490/630 nm.(26) 

2.2.7  Scratch assay  

The cells were cultured for 24 hours before being photographed using an EVOS M5000 

microscope (Thermo Fischer Scientific, Waltham MA, USA). TScratch software (CSElab) 

was used to quantify cell migration, and migration results were normalized to control and 

set to 100%.(26) 

2.2.8  Measurement of Reactive Oxygen Species (ROS)  

After oxidation, membrane permeable dye CellROX® Orange (Thermo Fisher Scientific) 

emits a strong fluorescent signal. ZOETM Fluorescent Cell Imager evaluated ROS 

formation after 24h of compound incubation (Biorad, Munich Germany). 

2.2.9  Flow cytometry cell cycle analysis 

Flow cytometry was employed to examine the cell cycle by staining the DNA of treated 

HCC cells with propidium iodide (PI) (Invitrogen, Eugene, Oregon, USA). Using 

FACSCanto II, samples were examined (BD Biosciences). The FlowJo 10.4 program was 

utilized for data analysis (BD).(26)   

2.2.10 Tube Formation 

Cell culture used Matrigel (CorningTM 354234, MA, USA). EVOS M5000 microscope 

photos were taken (Thermo Fischer Scientific, Waltham MA, USA). The ImageJ 
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Angiogenesis Analyzer plugin was used to quantify tube development. Total segment 

length was reported.  

2.2.11 Western blot  

Cyclin B1 (H-443 Santa Cruz Biotechnology, 1:1000), poly-(ADP-ribose)-polymerase 

(PARP) and cleaved PARP (11835238 Roche, 1:1000), and β-actin (A5441 Sigma Aldrich, 

1:2000) antibodies were employed. Incubation with anti-mouse (NA931VS Santa Cruz 

Biotechnology, 1:10000) or anti-rabbit (NA934VS Santa Cruz Biotechnology, 1:10000) 

peroxidase-coupled anti-IgG secondary antibodies. Clarity Max ECL Western Blotting 

substrate (Biorad, Munich, Germany) and Celvin-S developer identified and produced 

antibody binding (Biostep, software SnapAndGo). 

2.2.12 Chicken chorioallantoic membrane assay (CAM) 

Fertilized chicken eggs from Valo Biomedia GmbH, Germany, were incubated at 37.8°C 

and 66% relative humidity. Cutting the top shell opened the eggs on day 3. 

A 5-mm silicone ring was connected to the CAM for 24 hours for anti-angiogenesis test. 

Day12: pipetting compounds. After 48h, a digital camera recorded CAM blood vessel 

condition (Distelkamp-Electronic, Kaiserslautern, Germany). Image Pro Plus 6.0 

measured blood vessel length to quantify angiogenesis (Image-pro Plus, Media 

Cybernetics, Inc., USA). 

Tumors were seeded on the CAM of fertilized eggs on day 8 of embryonic development 

and treated with the chemicals for 72 hours before being carefully removed and weighed 

for anti-neoplastic test. 

2.2.13 Statistical analysis 

GraphPad 8.00 (San Diego, California, USA) was utilized for statistical analysis. All tests 

were performed 3-5 times and reported as means +/- SD or SEM, unless otherwise stated. 

One-way analysis of variance determined statistical significance (ANOVA). 
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3 Results 

3.1  HCC cell IC50 measurement of thiophene-based substances 

The growth inhibition of four thiophene-based test compounds were tested on the Huh-7 

and  SNU-449 cell lines of HCC using crystal violet staining assay. For Huh-7, the IC50 

values of four compounds, Thio-Iva, Thio-Dam, Thio-Anis, and Thio-AniMe, as well as 

the clinically authorized VEGFR inhibitor sorafenib, were as follows: 0.29 ± 0.18 μM, 

0.81±0.26 μM, 1.20±0.42 μM, 1.85±0.21 μM and 2.50±0.14 μM after 48h of treatment 

(Table 2). For SNU-449, Thio-Iva and Thio-Dam demonstrated significant antiproliferative 

effects with IC50 values of 0.53±0.32 μM and 1.64±0.51 μM, both of which were 

significantly lower than sorafenib with IC50 >8 μM. Therefore, we selected Thio-Iva and 

Thio-Dam, the two compounds that worked best in all cell lines, for the following studies. 

Table 2: Determination of IC50 values (µM) of test compounds for HCC cell lines after 48h 

incubation  

Compounds Huh-7 SNU-449 

Thio-Iva 0.29±0.18 0.53±0.32 

Thio-Dam 0.81±0.26 1.64±0.51 

Thio-Anis 1.20±0.42 >8 

Thio-AniMe 1.85±0.21 >8 

Sorafenib 2.50±0.14 >8 

3.2  Antiproliferative Activity in HCC Cells  

We employed the iCELLigence system to non-invasively monitor cell growth in real-time 

to further assess the impact of the chemicals on HCC proliferation. Real-time resistance 

measurement data will be recorded and provided with a unitless quantity known as Cell 

Index (CI), which represents cell number and viability, the higher the cell index, the higher 

the cell viability. It can thus be seen that both Huh-7 and SNU-449 cells exhibit growth 

inhibition in the control group (Figure 3). Both cell lines that were treated with Thio-Iva 

(0.1- 1.0 μM) had dose-dependent CI values. 
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Figure 3: Real-time proliferation. iCELLigence system was used for Huh-7 (a, b) and SNU-449 (c, 

d) cells with different concentration of Thio-Iva and Thio-Dam on cell index and slope. Statistical 

significance *P < 0.05, ***P < 0.001 and ****P<0.0001 by ordinary one-way ANOVA as compared 

to untreated control (mean ± SEM of at least n=3). (Figure adapted from Ma A, Biersack B, 

Goehringer N, Nitzsche B, Höpfner M. J Pers Med. 2022)(26). 

 

In line with the long-time proliferation analysis, we noted that plates seeded with Huh-7 

and SNU-449 (Figure 4) cell lines contained a 50% reduction in the area of clones after 
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treatment with low concentration Thio-Iva, and the plates using Thio-Dam also suggested 

a good ability to inhibit clone formation, for incubating about 14 days. 

  

 
 

Figure 4: Clonogenic growth. Treatment with Thio-Iva, Thio-Dam, and Sorafenib of Huh-7 (a, b)，

SNU-449 (c, d) (Figure adapted from Ma A, Biersack B, Goehringer N, Nitzsche B, Höpfner M. J 

Pers Med. 2022)(26). *P < 0.05 and ****P<0.0001 by ordinary one-way ANOVA compared to 

control (non-treated) (mean ± SEM of at least n=3).  
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3.3  Unspecific cytotoxicity 

The cytotoxicity of damaged cells was assessed by measuring the amount of LDH 

released into supernatants compared to LDH released from control cells. Huh-7 and SNU-

449 cells were incubated with four compounds for 6 and 24 hours with compounds being 

tested at a low concentration of 1.0 μM and a high concentration of 10.0 μM. The results 

showed no apparent increase in LDH release, even at the highest concentration (Figure 

5). Cells were incubated for 6 and 24 hours and the non-specific cytotoxicity only rose by 

about 5%. Thus, the induced cytotoxicity cannot explain the observed antiproliferative 

effect of these inhibitors. 

 
Figure 5: LDH release detection for all compounds. Cytotoxicity was evaluated by LDH release 

as a percentage of control LDH release. (a)Huh-7 (b) SNU-449. All compounds were incubated 

for 6 h and 24 h using two concentrations of 1.0 μM and 10.0 μM. (mean ± SEM of at least n=3). 

(Figure adapted from Ma A, Biersack B, Goehringer N, Nitzsche B, Höpfner M. J Pers Med. 

2022)(26).  

3.4  Apoptosis induction and regulation of Thio-Iva and Thio-Dam. 

The apoptotic program has long been widely recognized as being closely associated with 

cancer. The Caspases family plays a crucial role in apoptosis execution, comprising the 

apoptosis promoter caspase-2,8,9,10 and the executors caspase- 3,6,7(30). Caspase-3 

is an example of a common downstream effector component that is present in the majority 

of apoptotic pathways. It plays an essential part in the apoptotic process. When caspase-

3 is activated it becomes cleaved caspase-3, so detecting cleaved caspase-3 is a 

common marker for apoptosis(31).  
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Our data show Thio-Iva and Thio-Dam significantly and dose-dependently increased 

cleaved caspase-3 in Huh-7 and SNU-449 cells, with a higher intensity than that induced 

by sorafenib (10 μM). Compared to untreated cells, Thio-Iva with 1.0 μM for Huh-7 cell 

line led to a 3-fold increase after 48 h, and for 10.0 μM with a 5.5-fold increase. For SNU-

449 cell line 10.0 μM also increased 3-fold and 5.5 -fold more than after 48 h. And For 

Thio-Dam in Huh-7 cell line after 48h, the increase was 3.5-fold and 5-fold both in low 

and high concentration. But for SNU-449 cells not. In both Huh-7 and SNU-449 cells, our 

compounds induced a more pronounced cleaved caspase-3 than sorafenib (10 µM) 

(Figure 6a, b). Western blot investigations demonstrated that poly-(ADP-ribose)-

polymerase (PARP) cleavage was increased in both cell lines when treated with Thio-Iva 

groups (Figure 6c), whereas the effect of Thio-Dam was less prominent in SNU-449 cells 

or even missing in Huh-7 cells. 

ROS are responsible for cell damage and trigger mitochondria-driven apoptosis due to 

the increased formation of reactive oxygen species. The dye particular for ROS Huh-7 

cells were stained with CellROX orange to identify Thio-Iva and Thio-Dam-induced ROS 

production in the cytoplasm. After 24 h of treatment, the cytoplasm of treated cells 

demonstrated a dose-dependent increase in ROS. (Figure 6d). 
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Figure 6: Induction of Apoptosis. (a,b) Induction of caspase-3 in Huh-7 and SNU-449 cells that is 

both dose- and time-dependent. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P<0.0001 by ordinary 

one-way ANOVA compared to untreated controls. (mean ± SEM of at least n=3). (c) After 48 

hours, representative Western blot result from n=3 independent studies demonstrating the effect 

of treatment on PARP and cleaved PARP expression in Huh-7 and SNU-449 cells. ß-actin was 

used as a loading control. (d) After 24 hours, detection of ROS induction by Thio-Iva and Thio-

Dam in HCC cells.  H2O2 served as a positive control. Scale bar, 100 µm. (Figure adapted from 

Ma A, Biersack B, Goehringer N, Nitzsche B, Höpfner M. J Pers Med. 2022)(26). 
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3.5  Cell-cycle regulation 

The cell cycle regulation of Thio-Iva and Thio-Dam in HuH-7 and SNU449 cells was 

investigated using flow cytometry. Compared to sorafenib, HCC cells treated with Thio-

Iva and Thio-Dam for 48 hours shown a dose-dependent G2-M phase block (Figure 7). 

Cyclin B1 is a checkpoint regulatory protein that is thought to regulate translocation to the 

nucleus and the onset of mitosis at the G2/M checkpoint(32). The degradation of cyclin 

B1 is required for cell detachment from mitosis. To further investigate the molecular 

mechanism of G2-M phase blocking, the expression of the cell cycle promoter Cyclin B1 

was measured. After 48 hours of incubation, high quantities of Thio-Iva and Thio-Dam 

reduced cyclin B1 expression (Figure 7), supporting the flow cytometry results. 

 

 



3 Results 

 

19 

 
 

Figure 7: Influence on the cell cycle. Propidium iodide (PI) staining showed induced G2/M cell-

cycle block, Huh-7(a), and SNU-449(b). The histogram displays the average results of quantifying 

the rate of all cell cycles, Huh-7(c) and SNU-449(d). (mean ± SEM of at least n=3). (e) 

Representative Western blots from n=3 separate studies demonstrating a change in Cyclin B1 

expression caused by treatment in Huh-7 and SNU-449 cells after 48 hours. As a loading control, 

ß-actin was employed. (Figure adapted from Ma A, Biersack B, Goehringer N, Nitzsche B, 

Höpfner M. J Pers Med. 2022)(26).  

3.6  Inhibition of cell migration 

Thio-Iva and Thio-Dam were tested for HCC cell motility in scratch experiments (Figure 

8). Huh-7 cells treated with Thio-Iva (1, 5, and 10 μM) showed a dose-dependent 

decrease in migration rate of 33.0%, 19.0%, and 10.0%. Thio-Dam (1, 5, and 10 μM) 

migrated at 28.0%, 21.3%, and 16.0%, like Thio-Iva (Figure 8a, c). Thio-Iva (1, 5, 10 μM) 

reduced SNU-449 cell migration from 49.3% to 18.3%, 4.6%, and 2.3%. Thio-Dam (1, 5, 

10 μM) reduced SNU-449 migration rates by 8.7%, 2.0%, and 1.7%. (Figure 8b, d). 
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Figure 8: The influence of migration using scratch assays. Representative photos of the 

antimigratory effects of Thio-Iva and Thio-Dam on Huh-7(a) and SNU-449 (b) after 24 hours of 

incubation, as evidenced by the repressed closure of the open image region. (c) (d) The migration 

rate (in percent) after 0 and 24 hours of incubation. **P < 0.01, ***P < 0.001 and ****P<0.0001 by 

ordinary one-way ANOVA compared to control(non-treated). (mean ± SEM of at least n=3). Scale 

bar, 500 µm. (Figure adapted from Ma A, Biersack B, Goehringer N, Nitzsche B, Höpfner M. J 

Pers Med. 2022)(26).  
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3.7  Antiangiogenic effects in vitro and in vivo 

Angiogenesis, a hallmark of tumors, is a necessary process for tumor development. So, 

to evaluating the effect of Thio-Iva and Thio-Dam in angiogenesis. First, tube formation 

assays with human endothelial cells EA.hy 926 was performed in vitro (Figure 9).  Thio-

Iva treatment revealed substantial inhibition even at low doses (e.g., 0.2 μM) compared 

to the control, with a 51% reduction in fragment length and up to 92% inhibition for 1.0 

μM. Even though the inhibition effect of Thio-Dam treatment was not very high, for the 

1.0 μM treatment, the segment length of the tube was reduced by 69%. 

Based on experimental results, a chicken CAM assay was employed to determine 

angiogenesis responses in vivo. We placed a silicone ring (1.5 mm) on the top of CAM, 

pipetting Thio-Iva, Thio-Dam, and Sorafenib solution into the ring, as a control outside the 

ring. Thio-Iva and Thio-Dam showed a strong reduction in angiogenesis, even severer 

than the known anti-angiogenic drug sorafenib. Compared to the control group, the 

vessels exhibited morphological abnormalities (Figure 9). Observations from the same 

vascular location indicate that Thio-Iva and Thio-Dam decreased angiogenesis in vivo 

with dose-dependent.  
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Figure 9: The effect of Angiogenesis in vitro and in vivo. (a) Representative images of tube 

formation assay, Scale bar, 500 µm. (b) Tube formation quantification by ImageJ software. c) 

Examples of CAM assays from a typical experiment demonstrating suppression of angiogenesis 

in vivo. The control material consists of untreated silica ring material. The interior of the silica ring 

was treated with Thio-Iva and Thio-Dam for 48 hours. (d) Blood vessel area quantification. 

(Compare to control in %). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P<0.0001 by ordinary one-

way ANOVA compared to control (no ntreated). (mean ± SEM of at least n=3). (Figure adapted 

from Ma A, Biersack B, Goehringer N, Nitzsche B, Höpfner M. J Pers Med. 2022)(26). 

3.8  Antineoplastic effects in vivo  

HuH-7 cell-derived microtumors were seeded onto CAM and treated for up to 72 hours 

with Thio-Iva (1.0-10.0 M) and Thio-Dam (1.0-10.0 M), showing higher inhibition of tumor 

growth in developing embryonic CAM compared to untreated control groups, and Thio-

Iva and Thio-Dam 10.0 μM treatment groups reduced tumor weight by 62% and 71%, 

respectively, and resulted in a dose-dependent inhibition of tumor growth (Figure 10). 

Moreover, there was no significant difference in embryonic lethality between eggs treated 

with these compounds. Furthermore, sorafenib did not significantly inhibit Huh7 

microtumor growth. In their respective LDH-release experiments, neither Thio-Iva nor 

Thio-Dam exhibited nonspecific harmful effects, as evidenced by the absence of 

increased embryonic lethality or signs of developmental delay in treated eggs. 
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Figure 10: The effect of Anti-neoplastic in vivo. (a) Representative images of CAM assay, the 

microtumor was inoculated by mixing HuH-7 cells and matrigel and treated with Thio-Iva and Thio-

Dam in different concentrations and Sorafenib for about 72h, untreated as control. (b) Calculate 

and analyze the weight of the tumor. (Figure adapted from Ma A, Biersack B, Goehringer N, 

Nitzsche B, Höpfner M. J Pers Med. 2022)(26). *P < 0.05, **P < 0.01, ***P < 0.001 and 

****P<0.0001 by ordinary one-way ANOVA compared to control(nontreated). (mean ± SEM of at 

least n=3). 



4 Discussion 

 

24 

4 Discussion 

4.1  Short summary of the effect.  

For the possible therapy of HCC, four new thienyl-based tyrosine kinase inhibitors were 

created in this work. Compared to sorafenib and the other two inhibitors, Thio-Iva and 

Thio-Dam have demonstrated superior antiproliferative action in typical HCC cell lines in 

terms of cell viability, cell proliferation, and colony formation. Therefore, Thio-Iva and 

Thio-Dam were chosen to focus on rest of this study. Thio-Iva significantly induced 

apoptosis with an increased cleaved caspase-3, increased cleaved PARP expression and 

induction of ROS in HCC cell lines, while Thio-Dam showed a minder effect. Both Thio-

Iva and Thio-Dam induced cell cycle block in the G2-M phase and induced the 

degradation of cyclin B1 with dose-dependent. Result showed that the migration of HCC 

cells was inhibited with the treatment of Thio-Iva and Thio-Dam. In addition, Thio-Iva and 

Thio-Dam showed strong inhibition of tube formation in vitro and strong reduction of 

angiogenesis of blood vessels in vivo. Further, Thio-Iva and Thio-Dam showed a strong 

inhibition of tumor growth in vivo. In addition, none of the substances induced cell 

cytotoxicity, as determined by LDH release, and there was no evidence of embryonic 

mortality or developmental retardation in the CAM experiment. Our results indicated that 

Thio-Iva and Thio-Dam have anti-proliferative, apoptosis-inducing, anti-migration, cell 

cycle arrest, antiangiogenic, and antitumor effects in HCC. And Thio-Iva had more 

extensive and stronger antiangiogenic and antitumor effects than Thio-Dam compared to 

the control group.  

4.2  Interpretation of results in the study 

Although tumors are diverse and heterogeneous, they all can proliferate beyond the 

limitations that restrict growth in normal tissue. This ability is what gives tumors their 

distinguishing characteristic. Together, dysregulated cell proliferation and inhibited 

apoptosis make up the minimal common platform upon which all neoplastic progression 

takes place(33).  In this investigation, the antiproliferative properties of Thio-Iva and Thio-

Dam were demonstrated to target HCC cell lines and more effect than sorafenib. Real-

time proliferation experiment revealed a short-term inhibition of both compounds, whilst 

colony formation assays revealed a long-term inhibition. And has shown good 
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antineoplastic effects in vivo, in addition, the effects of the compounds were not 

dependent on nonspecific cytotoxicity.  

The processes of cell proliferation, differentiation, and death are essential to the 

functioning of multicellular organisms. There is some evidence to suggest that apoptosis 

and proliferation are intimately connected(34,35). One of the primary reasons for 

uncontrolled cell development is that cells can avoid the death process known as 

apoptosis(36). Next, the study examined whether our inhibitors induce apoptosis. The 

caspase family is an important molecular group in apoptosis(37). By cleaving target 

proteins, caspase family proteases regulate cellular pathways(30). Caspase-3 is a 

member of the cysteine protease family, a crucial enzyme in apoptosis, and is active only 

after cleavage by cysteinases during apoptosis(31,38). As a result, caspase-3 was 

selected as the main molecule for detecting apoptosis. Thio-Iva and Thio-Dam treatments 

boosted caspase-3 activity in a dose- and time-dependent, even more than sorafenib. 

Active caspases generate a proteolytic cascade capable of cleaving and activating certain 

substrates, such as poly (ADP-ribose) polymerase (PARP), an enzyme involved in DNA 

repair and genomic maintenance, and DNA fragmentation factor (39). PARP was reduced 

and cleaved to an N-terminal 89 kDa fragment, as determined by Western blotting. ROS 

serve critical functions in controlling DNA damage, apoptosis, cell proliferation, signal 

transduction, and cell cycle progression. At greater ROS levels, may release ROS that 

destroys mitochondria and, if it spreads from one mitochondrion to the other, the cell 

death itself(40). In this work, Thio-Iva and Thio-Dam were found to significantly increase 

cytoplasmic ROS levels. It can therefore be inferred that acute production of ROS in 

mitochondria induced by Thio-Iva and Thio-Dam results in apoptosis and subsequent 

activation of caspase-3. 

Elevated ROS levels cause not only mitochondrial damage, which causes cell death, but 

also DNA damage, which causes cell cycle growth arrest(40). Evidence has found that 

cyclin B1 is overexpressed in some types of tumors, and cyclin B1 overexpression is 

positively correlated with cell proliferation, invasion and apoptosis(41). The Western Blot 

results revealed a decrease in cyclin B1 following Thio-Iva and Thio-Dam treatment, and 

a strong G2/M phase cell cycle arrest by flow cytometry, implying that the compounds 

cause cell cycle arrest by inhibiting cyclin B1. 

HCC is widely recognized as a highly vascularized tumor. By angiography and imaging, 

the many and tortuous vascular signs distinguish HCC from benign lesions(42). VEGF is 

a key angiogenic cytokine that plays a crucial function in tumor angiogenesis. The 
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production of VEGF was associated with the proliferation of hepatic cells and HCC cells 

during hepatocarcinogenesis, as well as microvessel invasion and numerous tumor 

nodules(43). Chemotherapy is of little utility in the treatment of HCC tumor cells due to 

their genetic variability, and all systemic medicines now approved worldwide are 

molecularly targeted, with the major mechanism being anti-angiogenesis targeting VEGF 

and its receptors(22,44). In this study, Thio-Iva and Thio-Dam were described as novel 

multi-tyrosine kinase inhibitors with VEGFR-2 inhibition, and in vivo and in vitro 

investigations verified their anti-angiogenic activities. And in one investigation, NADPH 

oxidase (Nox) activity downstream of VEGFR-2 activation increased ROS(45). This may 

be associated with the previous observation of an increase in ROS. 

VEGF has also been demonstrated to promote cell mitogenesis, migration, and 

invasion(46). Activated metastasis and migration is a key feature to distinguishes cancer 

cells from other cells. Migration is a prerequisite step for metastasis. Thio-Iva and Thio-

Dam are described as novel multi-tyrosine kinase inhibitors with VEGFR-2. Result 

showed Thio-Iva and Thio-Dam can decrease the migration rate both in vitro. In addition, 

both compounds inhibit the growth of HCC tumors grown on CAM which confirm the 

antineoplastic effect in vivo.  

 

4.3  Multi-tyrosine kinase inhibitor in the treatment of HCC 

Sorafenib, a multi-tyrosine kinase inhibitor (VEGFR1, 2, and 3; PDGFR; and KIT)(11), 

was the first molecularly targeted medicine approved for the treatment of hepatocellular 

carcinoma due to the success of the SHARP and Asia-Pacific trials(47). Through 

inhibition of the MAP kinase cascade, it can suppress tumor angiogenesis, cell division, 

and proliferation, and induce apoptosis in cancer cells(48). Although several trials 

comparing these new medications (sunitinib, brivanib, cediranib, linifanib, and dovotinib) 

have been conducted, none of them have demonstrated superiority over sorafenib. 

After that, almost all the trials were based around sorafenib, and it was used as a control 

to compare and evaluate novel first-line treatments to improve the prognosis of patients 

who with HCC. Furthermore, all approved second-line treatments were established on 

studies comparing sorafenib to placebo(10,49). Newer treatments were ineffective and 

did not lead to any increased treatment effect until the advent of Lenvatinib(12) in August 

2018, which was approved on the basis of non-inferiority to sorafenib. This approval came 
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after a period of a decade during which sorafenib was the only treatment that had been 

approved by the FDA for treatment. Even though immunotherapy-based treatments have 

changed greatly in recent years, the CheckMate-459 study indicated a strong trend 

toward improved median overall survival (mOS) in patients treated with nivolumab or 

sorafenib. However, the study did not demonstrate that immunotherapy is superior to 

sorafenib(20). Because Sorafenib was employed as the standard of therapy, it was used 

as a control for analysis in this study. 

4.4  Strengths and weaknesses of the study 

Tyrosine kinases are essential therapeutic targets due to the complex molecular 

pathogenesis of hepatocellular carcinoma. Although sorafenib for patients with 

intermediate to advanced HCC has remained stable for more than a decade, the clinical 

benefit however remains modest, and with drug resistance and intolerance. In vivo and 

in vitro, the novel compounds Thio-Iva and Thio-Dam performed better than sorafenib in 

this investigation. And no significant non-specific cytotoxicity was observed in LDH 

release assays, nor was there any embryonic toxicity or developmental delay in CAM 

experiments. Clearly, our medicine had superior results. However, our experiments have 

only been validated in cell lines and CAM assays. So, the study is only preclinical, next 

should check out the safety and suitability in respective animal models. Furthermore, the 

direct mechanism through which these compounds are utilized to treat hepatocellular 

carcinoma is unknown. So more in-depth research is required. 

4.5  Implications for practice and future research 

Since 2017, more systemic drugs for advanced stage HCC have been approved for 

clinical use. The increased number of therapy options may benefit a considerable number 

of HCC patients who are not acceptable to receive radical treatment. However, many 

drugs targeting different pathways for systemic medical treatment only showed minimal 

improvements(49). Therefore, more therapeutic targets are needed and hopefully our 

tyrosine kinase inhibitors with antiangiogenic and antineoplastic properties will full fill this 

opening. In the future, combination therapies with other molecular targeted agents or 

immune checkpoint inhibitors can also be performed to see if there were any addictive or 

synergistic effects to target HCC. Besides, the usage of Thio-Iva and Thio-Dam in the 

application to other type of cancer could also be explored.  
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5 Conclusions  

In conclusion, two novel thienyl-based tyrosine kinase inhibitors Thio-Iva and Thio-Dam 

showed a pronounced effect of antiproliferation, induction of apoptosis, anti-migration, 

and inhibition of cell cycle effects in HCC cells. Moreover, both compounds indicated 

antiangiogenic and antineoplastic properties both in vitro and in vivo. Compared with 

Thio-Dam, Thio-Iva showed a better overall effect, and both compounds have a superior 

antiangiogenic and antineoplastic effects compared with clinically relevant HCC 

therapeutic Sorafenib. However, further investigation on the modes of action of each 

compound and safety and efficacy evaluation on animal models and are still urgently 

warranted before they can enter the clinical practice.  
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