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ABSTRACT
Aims: To evaluate the cytotoxic and pro-apoptotic activities of newly synthesized ruthenium–sorafenib complexes (Ru1S–Ru8S) 
in prostate cancer models and to identify a lead candidate for advanced/castration-resistant prostate cancer. 
Methods: Ru1S–Ru8S were synthesized as previously described. Cytotoxicity was assessed by MTT in PC3, DU145, LNCaP, 
and, CCD1079Sk cells after 24 and 48 h exposure to 0.2–100 µM compounds; IC₅₀ values were calculated versus untreated 
controls. Apoptosis was analyzed in PC3 cells by Annexin V/7-AAD staining and flow cytometry after treatment with Ru1S, 
Ru3S, Ru4S, or sorafenib at graded concentrations. Molecular modelling examined potential binding interactions of Ru1S. 
Results: The complexes displayed cell line- and time-dependent cytotoxicity. At 48 h, Ru1S and Ru4S were among the most 
active complexes in cancer cells. Ru4S achieved the highest potency in cancer cells but was associated with extensive cell death 
displaying features consistent with both apoptotic and non-apoptotic processes. Ru1S induced prominent late-stage apoptosis in 
PC3 cells (comparable to Ru3S) while maintaining substantially lower toxicity in CCD-1079Sk cells. Sorafenib, although highly 
potent, exhibited considerable toxicity toward CCD-1079Sk cells. Modelling supported an androgen receptor–independent 
effect for Ru1S.
Conclusion: Ruthenium coordination modulates sorafenib-driven cell-death pathways and may improve in vitro selectivity 
profiles compared with sorafenib. Ru1S emerged as a lead candidate for further preclinical evaluation in castration-resistant 
prostate cancer, based on its pro-apoptotic activity in PC3 cells and comparatively lower cytotoxicity in CCD-1079Sk fibroblasts 
relative to sorafenib.
Keywords: Apoptosis, cytotoxicity, molecular modelling, prostate cancer, ruthenium complexes, sorafenib

INTRODUCTION
Prostate cancer ranked as the most common cancer and the 
second leading cause of cancer-related mortality in men in 
2024.1 Prostate cancer initially relies on androgen signaling 
for tumor growth, making androgen deprivation therapy 
(ADT) the primary treatment strategy for metastatic disease. 
Nevertheless, the majority of patients develop resistance 
to ADT within approximately two years, transitioning to a 
more aggressive form known as castration-resistant prostate 
cancer (CRPC).2 Several agents—such as androgen receptor 
pathway inhibitors (enzalutamide, apalutamide, darolutamide, 
abiraterone acetate), chemotherapeutics (docetaxel, cabazitaxel, 
platinum-based drugs), immunotherapies (sipuleucel-T, 
pembrolizumab), PARP inhibitors, and radiopharmaceuticals 
(radium-223, lutetium Lu-177 vipivotide tetraxetan)—have 
demonstrated some clinical benefits in CRPC patients. 
However, these responses are generally modest, and the median 
improvement in survival remains limited.3,4 Therefore, novel 

therapeutic strategies are urgently needed to halt disease 
progression in CRPC.

Sorafenib, an orally administered multi-target kinase 
inhibitor, has demonstrated effectiveness in inhibiting 
tumor progression and angiogenesis. It exerts anticancer 
effects in prostate cancer cells by reducing cell proliferation 
and promoting apoptosis via downregulation of the AKT 
signaling pathway and androgen receptor expression.5 A 
phase II clinical study evaluating sorafenib at a dose of 400 
mg/day in chemotherapy-naïve, hormone-refractory prostate 
cancer patients reported mild toxicity, good tolerability, and 
moderate antitumor activity. However, monotherapy with 
sorafenib alone showed limited overall efficacy.6

Metal-based compounds, particularly ruthenium (Ru) 
complexes, have gained attention in cancer treatment due 
to their redox activity, tumor selectivity, lower toxicity, and 
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effectiveness against cisplatin-resistant cancers. Several Ru 
complexes like NAMI-A, KP1019, NKP1339, and TLD1443 
are undergoing clinical trials.7 KP1339, when combined 
with sorafenib, demonstrated enhanced anticancer effects, 
overcoming drug resistance and improving survival in 
hepatoma models.8 In our previous studies, novel sorafenib–
ruthenium complexes (Ru3S and Ru4S) showed enhanced 
EGFR inhibition relative to sorafenib alone in HepG2 liver 
cancer cells. These complexes significantly decreased total 
and phosphorylated forms of EGFR, Akt, and Erk1/2 proteins 
in cancer cells, as well as angiogenesis pathway proteins 
(VEGFR, Akt, Erk1/2) in endothelial cells, highlighting their 
potential as effective anticancer and antimetastatic agents.9

Building upon these findings, the present study aimed to 
investigate the anticancer and apoptotic activities of these 
new ruthenium-sorafenib complexes specifically in prostate 
cancer cell lines. We have evaluated the anticancer effects 
of the complexes in three different prostate cancer cell lines 
with different characteristics. PC3 cells originate from 
bone metastasis, are androgen-independent with minimal/
undetectable AR activity; they are highly aggressive and 
fast-growing. DU145 cells originate from brain metastasis 
and are androgen-independent with low AR activity; they 
show moderate aggressiveness. LNCaP cells, derived from a 
lymph node metastasis, are androgen-dependent with PSA 
and androgen receptor expression (mutant AR T877A), they 
exhibit less aggressive behavior. In this preliminary study 
we aimed to evaluate the potential of ruthenium-sorafenib 
complexes as novel therapeutic options for prostate cancer 
management.

METHODS
Ethics
Ethics committee approval was not required because the 
study used established commercially available cell lines and 
did not involve human participants or animal experiments.

Synthesis
Synthesis of the complexes was performed according to our 
previous study.9

Cell Culture Studies
This study investigated the cytotoxic effects of eight ruthenium-
sorafenib complexes (Ru1S–Ru8S) on prostate cancer cell 
lines (PC3, ATCC CRL-1435; DU145, ATCC HTB-81; LNCaP, 
ATCC CRL-1740) and on a normal human skin fibroblast cell 
line (CCD-1079Sk, ATCC CRL-2097), all obtained from the 
American Type Culture Collection (ATCC). PC3 and CCD-
1079Sk cells were cultured in DMEM F-12 (Gibco, 11320074), 
while DU145 and LNCaP were maintained in RPMI-1640 
(Pan Biotek, P04-18047), supplemented with 1% penicillin-
streptomycin (Gibco 15140-122) and 10% fetal bovine serum 
(FBS) (Gibco, 10500064). Cells were incubated at 37°C with 5% 
CO₂ and 95% humidity until reaching 90% confluence before 
treatment. Cells were detached using trypsin (Gibco, 25200-
072), centrifuged at 3000 rpm for 5 minutes, and resuspended 
in fresh medium.

MTT Cell Viability Assay
Cell viability was assessed using the MTT (3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 
(Sigma-Aldrich, M5655), which measures mitochondrial 
dehydrogenase activity. They were then seeded in 96-well 
plates at densities of 1×10⁴ cells/well for DU145 and LNCaP 
cells and 5×10³ cells/well for PC3 and CCD-1079Sk cells. 
After a 24-hour pre-incubation period, sorafenib and the 
synthesized sorafenib–ruthenium complexes were tested at 
ten concentrations ranging from 100 to 0.2 μM, prepared 
as a 2-fold serial dilution series (100, 50, 25 μM, etc.), and 
incubated with the cells for 24 or 48 hours to generate full 
dose–response curves. After incubation, 10 μL (5 mg/ml) of 
the yellow-colored MTT reagent was added, and plates were 
further incubated for 3 hours at 37 °C. Following this, the 
formed formazan crystals were dissolved in 100 μL DMSO 
(Sigma-Aldrich, D8418), and absorbance was measured at 570 
nm (BioTek Synergy H1). Viable cells produced a darker color 
due to their ability to metabolize MTT to formazan, while 
nonviable cells remained lighter. Cell viability percentages 
were calculated relative to untreated negative controls. 
Concentration–viability curves were plotted using GraphPad 
Prism 9.00 software, and IC50 values for each compound were 
determined for the tested cell lines.9

Apoptosis Analysis
Apoptosis assays were performed in PC3 cells, which represent 
an aggressive, androgen-independent, castration-resistant 
model. The apoptotic effects of the synthesized compounds 
were assessed on PC3 cells using the Muse Annexin V & Dead 
Cell reagent and Muse Cell Analyzer. Cells were plated in 
24-well plates and exposed to the synthesized compounds at 
different concentrations; Ru1S (30, 15, 7.5 µM), Ru3S (30, 15, 
7.5 µM), Ru4S (30, 15, 7.5 µM), and sorafenib (7.5, 3.75, 1.8 
µM). After 48 hours of incubation, the cells were harvested, 
resuspended in Ham's F10 medium (Pan Biotek, P04-12500), 
and mixed with 100 μL of Muse Annexin V & Dead Cell 
reagent (Cytek Biosciences, MCH100105). The mixture was 
incubated in the dark at room temperature for 30 minutes. 
Apoptosis profiles were determined by analyzing the stained 
cells with the Muse Cell Analyzer, and results were expressed 
as percentages (%). The difference between control and 
treatment groups were analyzed by two-way ANOVA in 
Graphpad Prism 9.00 software.9

The reagent contains two fluorescent dyes: Annexin V 
(apoptosis marker) and 7-AAD (dead-cell marker). Based on 
dye staining, cells were classified into four groups: Bottom-left 
quadrant: Viable cells [Annexin V (−), 7-AAD (−)], Bottom-
right quadrant: Early apoptotic cells [Annexin V (+), 7-AAD 
(−)], Top-right quadrant: Late apoptotic or apoptotic dead 
cells [Annexin V (+), 7-AAD (+)], Top-left quadrant: Necrotic 
cells [Annexin V (−), 7-AAD (+)].

Molecular Modelling
Molecular docking studies were performed using the 
Schrödinger Molecular Modeling Software suite (version 
2023-1) with the Maestro interface (version 13.5). Ligand 
preparation and docking procedures were conducted in the 
same manner as described in our previous study.9 Three-
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dimensional X-ray crystallographic structures of the target 
proteins were retrieved from the Protein Data Bank (PDB) 
via the RCSB website (https://www.rcsb.org). The following 
human proteins were used for the in silico analyses: mTOR 
(PDB ID: 4JT5; resolution 3.45 Å), Bcl-2-like protein (PDB ID: 
6UVF; resolution 2.24 Å), and androgen receptor (AR) (PDB 
ID: 2PNU; resolution 1.65 Å). Protein structures were prepared 
using the Protein Preparation Wizard by adding hydrogens, 
optimizing protonation states, and performing restrained 
energy minimization. Ligands were prepared with LigPrep 
at pH 7.4 using the OPLS4 force field.9 Docking was carried 
out using Glide XP and Induced Fit Docking (IFD), allowing 
protein flexibility.9 Binding free energies were estimated using 
Prime MM-GBSA with the VSGB solvation model.9

Docking protocol validation was performed by redocking 
the co-crystallized ligands into their respective binding sites. 
The resulting RMSD values were below 2.0 Å, confirming the 
reliability of the docking procedure.

Statistical Analysis
For apoptosis experiments, two-way ANOVA followed by 
Dunnett’s post hoc test (each dose vs 0 µM within the same 
cell population category) was used. A p-value <0.05 was 
considered statistically significant. For MTT experiments, 
IC₅₀ values were determined by nonlinear regression of 
concentration–response curves; no inferential statistical 
testing between compounds was performed.

RESULTS 
In this study, the cytotoxic and apoptotic effects of eight 
novel ruthenium–sorafenib complexes (Ru1S–Ru8S) were 
evaluated in three prostate cancer cell lines—PC3, DU145, 
and LNCaP—and in non-cancerous human fibroblast cells— 
CCD-1079Sk. IC₅₀ values were determined after 24 and 48 
hours of treatment, followed by mechanistic studies using 
Annexin V/7-AAD flow cytometry in PC3 cells for selected 
compounds.

Cytotoxicity Assessment via IC₅₀ Values
After 24-hour exposure, the most potent compounds in PC3 
cells were Ru5S (IC₅₀=20.8 μM) and Ru3S (21.5 μM), while 
sorafenib remained the most effective overall (IC₅₀=3.2 μM). 
Similar trends were observed in DU145 cells, with Ru5S (18.7 

μM) and Ru6S (33.7 μM) demonstrating the highest activity 
among the ruthenium complexes. In contrast, LNCaP cells, 
known for their androgen sensitivity and slower proliferation, 
exhibited higher IC₅₀ values across the board, with Ru3S 
and Ru4S showing moderate activity (132.6 and 142.8 μM, 
respectively; Table 1, Supplementary Table S1).

At 48 hours, enhanced cytotoxicity was observed in all cancer 
lines. Ru1S (28.01μM) and Ru4S (39.54 μM) were among 
the most effective ruthenium complexes in PC3 cells, while 
Ru4S also showed substantial activity in LNCaP (36.34 
μM), indicating a time-dependent improvement in efficacy. 
Notably, while sorafenib retained low IC₅₀ values across all 
cancer lines, it showed poor selectivity, with an IC₅₀ of 1.16 
μM in healthy CCD-1079Sk fibroblasts. In contrast, many 
Ru–sorafenib complexes, particularly Ru1S, exhibited much 
higher IC₅₀ values in CCD-1079Sk cells (53.20 μM), suggesting 
a more favorable therapeutic index (Table 2, Supplementary 
Table S2).

Apoptotic Profiles in PC3 Cells
To understand the mechanism of cell death, Ru1S, Ru3S, 
Ru4S, and sorafenib were further evaluated for their apoptotic 
potential in PC3 cells using Annexin V/7-AAD staining. 
Ru1S induced a dose-dependent increase in total apoptotic 
cells, with a statistically significant rise in late apoptosis at 

Table 1. IC50 values obtained after 24 hours of treatment with ruthenium sorafenib complexes

PC3 DU145 LNCAP CCD-1079Sk

IC50 SEM IC50 SEM IC50 SEM IC50 SEM

Ru1S 36.9 ±3.13 68.3 ±26.80 >200 >200

Ru2S 45.9 ±4.04 >200 >200 >200

Ru3S 21.5 ±2.33 95.8 ±23.14 132.6 ±22.48 >200

Ru4S 45.2 ±6.25 62.8 ±9.55 142.8 ±39.41 >200

Ru5S 20.8 ±2.55 18.7 ±6.46 >200 >200

Ru6S 42.2 ±3.62 33.7 ±15.58 >200 >200

Ru7S 57.3 ±6.29 108.3 ±41.37 >200 74.3 ±28.7

Ru8S 83.4 ±6.51 >200 >200 78.8 ±25.1

Sorafenib 3.2 ±0.45 4.5 ±0.79 33.1 ±4.12 11.69 ±2.81

Supplementary Table S1. Selectivity index (SI) values of ruthenium–
sorafenib complexes after 24 h treatment

Compound SI (CCD/PC3) SI (CCD/DU145) SI (CCD/LNCAP)

Ru1S >5.4 >2.9 NA

Ru2S >4.4 >2.2 NA

Ru3S >9.3 >2.1 >1.5

Ru4S >4.4 >3.2 >1.4

Ru5S >9.6 >10.7 NA

Ru6S >4.7 >5.9 NA

Ru7S 1.30 0.69 NA

Ru8S 0.94 >3.0 >2.5

Sorafenib 0.37 0.26 0.35
SI was calculated as IC₅₀ (CCD) / IC₅₀ (cancer cells). For compounds with IC₅₀ values reported as 
>200 µM, a conservative value of 200 µM was used for SI calculation. NA indicates that SI could not 
be reliably estimated.
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15 μM and 30 μM compared to untreated controls (Figure 
1). Early apoptotic cells remained low, suggesting a direct 
or accelerated transition to late-stage apoptosis. Ru3S also 
caused a statistically significant increase in late apoptotic 
cells at 15 μM, though with lower overall potency compared 
to Ru1S (Figure 1).  Its profile points to a delayed apoptotic 
response possibly associated with mitochondrial stress or 
redox imbalance. Ru4S exhibited a striking cytotoxic effect 
accompanied by a pronounced loss of viable cells at all tested 
concentrations. Viable cell populations dropped sharply, and 
dead cell fractions exceeded 70% at higher doses (Figure 
1). While Annexin V/7-AAD analysis indicates substantial 
cell death, the relative contribution of apoptotic versus non-
apoptotic mechanisms cannot be conclusively determined 
without additional mechanistic assays. Sorafenib primarily 
induced late-stage apoptosis, in line with its known ability 
to disrupt mitochondrial integrity and survival signaling. 
However, its effect on normal fibroblasts indicates significant 
off-target toxicity, limiting its clinical applicability. Two-
way ANOVA revealed a significant interaction between 
treatment dose and cell population distribution, supporting 
a dose-dependent modulation of apoptotic profiles (Figure 1). 
Representative Annexin V/7-AAD flow cytometry dot plots 
for DU145 cells are provided in Supplementary Table S3 and 
Supplementary Figure S1 to demonstrate the consistency 

of apoptotic trends observed across androgen-independent 
prostate cancer models.

The combined IC₅₀ and apoptosis data suggest distinct cytotoxic 
mechanisms among the evaluated compounds. Ru4S showed 
a pronounced cytotoxic effect and marked loss of viability in 
PC3 cells, but also showed higher toxicity in healthy CCD-
1079Sk cells at 48 h, indicating a narrow therapeutic window. 
Ru1S emerged as the most promising candidate, combining 
effective apoptosis induction in cancer cells with significantly 
lower toxicity in normal fibroblasts. Its gradual apoptotic 
effect may allow for better tolerability in vivo. Ru3S showed 
moderate activity with acceptable selectivity, making it a 
candidate for optimization or combination therapy. Sorafenib, 

Table 2. IC50 values obtained after 48 hours of treatment with ruthenium sorafenib complexes

PC3 DU145 LNCAP CCD-1079Sk

IC50 SEM IC50 SEM IC50 SEM IC50 SEM

Ru1S 28.01 ±2.97 40.85 ±8.06 93.26 ±8.57 53.20 ±21.36

Ru2S 59.67 ±9.24 91.67 ±20.02 123.20 ±15.03 25.94 ±7.12

Ru3S 47.23 ±5.96 88.65 ±16.11 48.86 ±7.47 21.56 ±4.39

Ru4S 39.54 ±5.27 40.67 ±6.75 36.34 ±5.07 17.48 ±4.08

Ru5S 53.27 ±4.50 65.53 ±7.32 65.76 ±9.78 26.31 ±6.25

Ru6S 78.62 ±8.34 67.01 ±6.76 116.98 ±21.69 68.47 ±15.41

Ru7S 110.15 ±21.31 77.81 ±6.56 76.97 ±12.26 98.95 ±15.66

Ru8S 85.99 ±13.67 62.75 ±8.23 107.46 ±22.50 61.78 ±20.10

Sorafenib 5.62 ±0.51 7.11 ±0.97 7.48 ±0.95 1.16 ±0.13

Supplementary Table S2. Selectivity index (SI) values of ruthenium–
sorafenib complexes after 48 h treatment

Compound SI (CCD/PC3) SI (CCD/DU145) SI (CCD/LNCAP)

Ru1S 1.90 1.30 0.57

Ru2S 0.43 0.28 0.21

Ru3S 0.46 0.24 0.44

Ru4S 0.44 0.43 0.48

Ru5S 0.49 0.40 0.40

Ru6S 0.87 1.02 0.59

Ru7S 0.90 1.27 1.29

Ru8S 0.72 0.98 0.57

Sorafenib 0.21 0.16 0.16
SI values were calculated as IC₅₀ (CCD)/IC₅₀ (cancer cells). Higher SI values indicate greater 
selectivity toward cancer cells relative to normal fibroblasts.

Figure 1.Dose-dependent apoptotic effects of Ru1S, Ru3S, Ru4S, and sorafenib 
on PC3 cells after 48 hours of treatment, as assessed by Annexin V/7-AAD 
staining using flow cytometry. Data are expressed as mean±SEM (n=3). 
Apoptosis profiles were analyzed by two-way ANOVA (factors: concentration 
and cell population category), followed by Dunnett’s multiple-comparisons 
test comparing each concentration with untreated control (0 µM) within 
the same cell population category. Two-way ANOVA showed significant 
concentration×category interactions for Ru1S (F(9,32)=7.53, p<0.0001), 
Ru4S (F(9,32)=59.19, p<0.0001), and sorafenib (F(9,32)=21.65, p<0.0001), 
but not for Ru3S (F(9,32)=1.82, p=0.103), indicating compound-dependent 
dose-related redistribution of cell populations. Representative dot plots are 
displayed from left to right in increasing concentration (µM).
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while potent, demonstrated high cytotoxicity in both 
cancerous and non-cancerous cells, supporting the rationale 
for designing metal-based analogs with improved selectivity. 
These findings underscore the potential of Ru–sorafenib 
complexes, particularly Ru1S and Ru4S, to overcome some of 
the limitations of traditional kinase inhibitors in aggressive, 
apoptosis-resistant cancers such as CRPC. Cell viability was 
assessed using the MTT assay, which reflects mitochondrial 
dehydrogenase activity rather than direct cell death. This 
limitation is particularly relevant for redox-active ruthenium 
complexes that may alter cellular metabolism independently 
of irreversible cytotoxicity. Therefore, MTT-derived IC₅₀ 

values were interpreted cautiously and complemented by 
Annexin V/7-AAD apoptosis analyses.

DISCUSSION
Ruthenium-based agents induce apoptosis in a range of cancer 
cell lines. In studies using breast, liver, colorectal, lung, cervical, 
and other cancer models, diverse ruthenium complexes have 
been shown to trigger cell death via multiple mechanisms. 
For example, several reports10-13 describe activation of 
the intrinsic mitochondrial pathway, marked by caspase 
activation and cytochrome c release. Others14,15 document 
a p53-dependent cascade with increased expression of p21 
and Bax, while findings from Neves et al.16 and de Carvalho 
et al.17 highlight p53-independent processes mediated by 
ERK1/2 phosphorylation. In addition, studies by13,15,18 report 
that reactive oxygen species generation precipitates oxidative 
stress that contributes to apoptosis. One study11 also noted 
features of an extrinsic, death receptor–mediated pathway. 

Ruthenium compounds enhance the anti-cancer activity 
of tyrosine kinase inhibitors by engaging several molecular 
mechanisms reported in the studies.19 First, ruthenium 
complexes trigger redox modulation by generating reactive 
oxygen species and depleting glutathione, as observed with 
the Ru-Sora complex and NKP-1339.20 Second, they alter 
cell cycle progression by inducing G2/M arrest and blocking 
DNA synthesis, as seen with KP1339 and NKP-1339.8 Third, 
multiple papers describe enhanced activation of apoptotic 
pathways—including through mitochondrial disruption—
with combinations such as RAPTA-C and erlotinib, and 
KP1339 with sorafenib.19 Fourth, modulation of cell survival 
signaling is evident; one study reported that Ru-1 with 
regorafenib regulates the PI3K/Akt, p38 MAP kinase, and 
ERK pathways.15 Fifth, superior inhibition of epidermal 
growth factor receptor (EGFR) signaling is reported when 
ruthenium fragments are combined with inhibitors like 
erlotinib or 4-anilinoquinazolines. Finally, enhanced cellular 
uptake and accumulation were noted in several combinations, 
contributing directly to anti-proliferative synergy.19 

Supplementary Table S3. Quantitative Annexin V/7-AAD apoptosis analysis of DU145 cells treated with Ru1S, Ru4S, and sorafenib for 48 h

Compound Dose (µM) Live (%) Early apoptosis (%) Late apoptosis (%) Dead (%) Total apoptosis (%)

Ru1S 0 88.37±0.99 8.47±1.41 1.97±0.94 1.10±1.34 10.22±0.49

5 70.73±7.44 21.63±2.37 7.36±4.91 0.43±0.33 29.00±7.10

10 82.73±0.12 9.57±4.66 5.35±2.52 2.34±2.26 14.92±2.20

20 87.21±3.71 5.82±0.96 6.30±2.28 0.68±0.47 12.12±3.24

Ru4S 0 88.37±0.99 8.47±1.41 1.97±0.94 1.10±1.34 10.22±0.49

10 16.17±0.82 2.57±2.79 18.71±0.30 62.60±4.00 21.28±2.50

20 3.70±2.43 1.50±0.67 69.36±9.90 25.45±8.11 70.86±8.91

40 1.33±0.31 0.55±0.25 84.36±1.18 13.76±0.61 84.91±0.93

Sorafenib 0 88.37±0.99 8.47±1.41 1.97±0.94 1.10±1.34 10.22±0.49

1 67.84±8.52 26.40±4.10 5.88±3.89 0.13±0.18 32.28±5.10

2 62.57±7.42 31.98±5.88 5.17±1.48 0.30±0.07 37.15±6.32

4 61.21±2.92 34.92±2.75 3.77±0.25 0.10±0.07 38.69±2.50

Data are presented as mean±SD (n=2) and expressed as percentage (%) of total cell population

Supplementary Figure S1. Representative Annexin V/7-AAD flow cytometry 
dot plots of DU145 cells treated with Ru1S, Ru4S, or sorafenib at increasing 
concentrations (µM). Plots are arranged from left to right according to rising 
dose and illustrate changes in live, early apoptotic, late apoptotic, and dead 
cell populations. These plots correspond to the quantitative data shown in 
Table S3
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Two in vitro studies report that ruthenium complexes induce 
apoptosis in prostate cancer cell lines.21 Khan et al.21 tested 
the cymene-based complex [(η6-p-cymene)(L)RuCl]PF6 
(pCYRuL) in PC-3 cells—a castration-resistant model—and 
observed an IC50 of 0.71 μM accompanied by G2/M cell cycle 
arrest. In direct comparison, cisplatin registered an IC50 of 31.3 
μM in the same cells, and pCYRuL proved non-toxic toward 
normal kidney (HK2) and breast (MCF10A). Robles-Escajeda 
et al.22 evaluated a series of Ru-KTZ and Ru-CTZ compounds 
in several prostate cancer lines (DU145, 22RV1, LNCaP). 
Selected compounds yielded IC50 values between 4 and 8 μM 
and, for two compounds, selectivity indices of over 70 when 
measured against normal keratinocytes (HaCaT). Apoptosis 
induction was noted without significant DNA interaction.22 
Collectively, the studies state that ruthenium complexes 
trigger apoptosis in prostate cancer cells, including castration-
resistant models, with marked potency and selectivity relative 
to conventional treatments. Both studies demonstrated 
selectivity of their ruthenium complexes for cancer cells over 
normal cells, suggesting potential for reduced side effects 
compared to conventional.21,22

Molecular Modelling
The cytotoxicity results suggest a potential reduced 
dependence on androgen receptor signaling, as inferred 
from the lower activity observed in androgen-dependent 
LNCaP cells compared to androgen-independent models. 
In this context, their anticancer effects may involve multiple 
molecular targets, including pathways related to mTOR/PI3K/
Akt signaling, EGFR signaling, and apoptosis. The effects of 
these complexes on EGFR were demonstrated in our previous 
study.9 Therefore, molecular docking was employed to explore 
potential binding interactions with representative targets 
of the mTOR pathway (PDB ID: 4JT5), apoptotic signaling 
(Bcl-2-like protein, PDB ID: 6UVF), and androgen receptor 
signaling (PDB ID: 2PNU).

The docked pose of Ru1S with 4JT5 shows that the ligand 
forms a hydrogen bond between the oxygen of the ligand and 
the NH group of Lys2187 and another oxygen of the ligand 
and the NH group of Hie2247 (Figure 2a, b). Additionally, 
there is a π-π stacking interaction between the phenyl ring of 
Ru1S and the imidazole ring of Hie2247. The docked pose of 
Ru1S with 6UVF shows that the ligand forms a hydrogen bond 
between the oxygen of the ligand and the NH group of Arg139 
(Figure 3a, b). Additionally, there is a π-cation interaction 
between the phenyl ring of Ru1S and the N of Arg139.

When the docking results are compared, favorable interaction 
patterns are observed for mTOR and apoptosis-related targets. 
On the other hand, the potential interaction via the androgen 
receptor was investigated through a docking study using 

2PNU. As a result, no binding pose indicating any interaction 
was observed. The binding region of the androgen receptor is 
approximately 11 Å, whereas Ru1S is approximately 18 Å. This 
size mismatch may partially account for the lack of observable 
interaction in docking simulations and is consistent with the 
cytotoxicity findings.

The binding affinities and MM-GBSA binding free energy 
(ΔG_bind) values for Ru1S and sorafenib are summarized 
in Supplementary Table S4. According to the Induced Fit 
Docking (IFD) scores, Ru1S showed a slightly more favorable 
docking score than sorafenib toward mTOR, reflecting 
favorable geometric accommodation within the binding site. 
However, MM-GBSA calculations indicated a more favorable 
ΔG_bind for sorafenib, suggesting stronger overall binding 
stability. For the Bcl-2-like protein, Ru1S and sorafenib 
exhibited comparable IFD scores and MM-GBSA ΔG_bind 
values, indicating similar predicted binding affinities toward 
this target. In contrast, docking to the androgen receptor 
(AR) favored sorafenib over Ru1S in both IFD and MM-
GBSA analyses. This difference is likely attributable to the 
smaller molecular size of sorafenib, which enables better 
accommodation within the AR ligand-binding pocket and 
reduces steric constraints, resulting in a more energetically 

Figure 2. (a) 2D ligand-protein interaction diagram of compound Ru1S, (b) 
3D ligand-protein interactions of Ru1S in the binding site of 4JT5

Figure 3. (a) 2D ligand-protein interaction diagram of compound Ru1S, (b) 
3D ligand-protein interactions of Ru1S in the binding site of 6UVF

Supplementary Table S4. Binding affinities and MM-GBSA ΔG of compounds Ru1S and sorafenib

IFD XP glide scores (kcal/mol) MM-GBSA ΔG binding free energies (kcal/mol)

Target mTOR Bcl-2-like protein AR pathway mTOR Bcl-2-like protein AR pathway

PDB ID 4JT5 6UVF 2PNU 4JT5 6UVF 2PNU

Ru1S -11.140 -8.228 - -44.62 -80.88 -

Sorafenib -10.943 -8.228 -10.219 -83.45 -79.15 -89.88
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favorable binding profile. The docking protocol was validated 
by re-docking of the co-crystallized ligands, yielding 
RMSD values below 2.0 Å for all targets, indicating reliable 
reproduction of experimental binding modes (Supplementary 
Figure S2).

Limitations
Several limitations should be considered when interpreting 
the present findings. Cell viability was primarily assessed 
using the MTT assay, which reflects metabolic activity rather 
than direct cytotoxicity and may be influenced by redox-active 
compounds. Although apoptosis was evaluated by Annexin 
V/7-AAD staining, additional mechanistic analyses, such 
as ROS production, cell cycle effects, or signaling pathway 
validation, were not performed. In addition, molecular 
docking analyses were included only to explore potential 
ligand–target interactions and should not be interpreted as 
direct mechanistic evidence.

CONCLUSION
The ruthenium–sorafenib complexes evaluated in this study 
exhibit promising cytotoxic and pro-apoptotic activity in 
prostate cancer cell lines, particularly PC3 and DU145. 
Among them, Ru4S showed the highest potency, while Ru1S 
offered an optimal balance between efficacy and selectivity, 
with reduced toxicity in normal fibroblasts. These results 
highlight the therapeutic potential of Ru1S as next-generation 
candidate for targeted therapy in advanced prostate cancer. 
Ru1S emerges as a promising drug candidate due to its 
efficacy in inducing apoptosis in PC3 cells while exhibiting 
lower cytotoxicity in healthy fibroblast cell lines. Molecular 
docking provided supportive, hypothesis-generating insights 
consistent with the androgen-independent anticancer effects 
of Ru1S and demonstrated its potential interactions with the 
mTOR and apoptotic pathways. Further studies are warranted 
to elucidate the precise mechanisms underlying its selective 
anticancer activity and to explore its potential in clinical 
applications.
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