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Abstract 

Organotin(IV) complexes represent promising drugs in medicinal chemistry for their potential use in 

cancer therapy. We recently reported synthesis and characterization of a new organotin(IV) complex 

of ferulic acid (FA), tributyltin(IV) ferulate (TBT-F), showing its antitumor action in colon cancer 

cells. Here we provide evidence that the efficacy of this compound is strongly potentiated by the 

proteasome inhibitor bortezomib (BTZ). 

While low concentrations of tributyltin(IV) ferulate alone promoted autophagy without reducing cell 

viability, combination of the two compounds markedly affected colon cancer cell viability, cell 

morphology and exasperated endoplasmic reticulum (ER) stress, as revealed by a dramatic increase 

in Grp78 ER stress marker and consequent unfolded protein response (UPR) pathway components 

including PERK, eIF2 and downstream transcription factor Chop. Our data also indicated that ER 

stress promoted by the TBT-F/BTZ combination leads to apoptosis, as shown by caspase 3 activation, 

increase in p53 levels, chromatin condensation and prevention of the TBT-F effect by the caspase 

inhibitor zVAD-fmk.   
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1. Introduction 

Many organotin compounds have been considered as potential cancer chemotherapeutic agents 

because of their apoptotic inducing properties [1–5], and nowadays they occupy an important place 

in cancer chemotherapy reports [6–8]. Enhancement or modulation of organotin(IV) moieties efficacy 

can be achieved by combination with ligands possessing biological activity or acting as carrier for 

specific tissue districts, thus representing new potential targeting therapy. Among these ligands, 

ferulic acid (FA) represents a good candidate due to its biological properties. FA is a natural 

compound that has been widely studied for its antioxidant action and therapeutic effects [9,10]. 

Recent findings also support a possible role of FA in cancer therapy, partially based on its antioxidant 

potential. FA has been shown to suppress reactive oxygen species (ROS) that often result increased 

in tumor cells unbalancing the redox equilibrium towards an oxidative condition that favours tumor 

growth and drug resistance [11]. However, due to beneficial antioxidant effects to the cells, the 

antiproliferative action of FA is usually exerted at quite high concentrations [10,12].   

In order to improve the antitumor efficacy of FA, we produced the chemical derivative tributyltin(IV) 

ferulate (TBT-F) that couples ferulate with an organotin moiety [13]. We previously demonstrated 

that this compound, rather than an antioxidant, behaves as a pro-oxidant and induces endoplasmic 

reticulum (ER) stress and autophagic cell death in different colon cancer cell lines [14]. Autophagy 

and oxidative stress are strictly related and represent key processes in cancer therapy [15,16]. 

Autophagic cell death becomes particularly important to target tumor cells that display resistance to 

classic apoptosis and can, thus, represent a nice tool to limit tumor progression and improve the 

efficacy of anti-cancer treatments [17]. In our conditions, we could not detect apoptosis following 

colon cancer treatment with TBT-F [13].  

Therefore, we further considered the possibility to combine TBT-F with pro-apoptotic drugs that can 

potentiate its antitumor effects acting with a different mechanism. In this perspective, we chose the 

proteasome inhibitor bortezomib, since it represents a widely documented apoptotic inducer in tumor 
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cells [18,19] and also a strong promoter of the unfolded protein response (UPR) due to proteasome 

inhibition [20,21].    

Targeting the ubiquitin-proteasome degradation system has represented an attractive tool to 

specifically attack tumor cells [22]. However, while different proteasome inhibitors have been 

approved in the therapy of hematological malignancies including multiple myeloma, the clinical 

outcome of treatment with these drugs in solid tumors was unexpectedly lower [23]. As suggested by 

Zagirova et al. [24], this is most likely due to the heterogeneity of proteasome complexes in solid 

tumors including colon cancer. Moreover, evidence has been provided that nuclear export of 

ubiquitinated proteins can modulate colon cancer cell sensitivity to proteasome inhibition [25]. 

Interestingly, several studies propose combinations of bortezomib with other anti-tumor compounds 

[26,27] or radiotherapy [28] in order to overcome resistance mechanisms and improve colon cell 

sensitivity to proteasome inhibition.  

Considering that no data are present in the literature regarding combination of bortezomib with 

organotin compounds, the aim of the present paper is to provide a rationale to combine bortezomib 

with the novel compound TBT-F and to propose a mechanism that accounts for their potentiation in 

colon cancer cells.  

 

2. Materials and methods   

Chemicals and reagents for the synthesis and physical measurements of tributyltin(IV) ferulate (TBT-

F) and computational methods were already described in our previous paper [13].  

2.1 Cell cultures 

Human colon cancer HCT116 and Caco2 cells were cultured in RPMI 1640 medium containing 10% 

(v/v) fetal bovine serum (FBS), 2.0 mM glutamine and antibiotic, antimycotic solution (100 U/mL 

penicillin, 100 μg/mL streptomycin) in a humidified atmosphere at 37 °C in the presence of 5% CO2. 

For the experiments, cells were seeded in 96 well-plates (7x103) or 6 well-plates (15x104). Cells were 

allowed to adhere overnight and subsequently treated with the compounds or vehicle alone. For the 
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experiments, TBT-F and BTZ were dissolved in DMSO and prepared as 10 mM stock solutions TBT-

F and 5 mM stock solution BTZ, which were opportunely diluted to final concentrations in culture 

medium before use. The final concentration of DMSO in the medium did not exceed 0.05% (v/v), 

which did not affect cell viability as confirmed by a control consisting in  equal volumes of DMSO 

that were added to untreated cells. 

2.2 MTT assay cell viability evaluation  

The effect of the compounds on cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay as previously described. Values reported in the figures are 

expressed as percentage of the viability of untreated cells and are the means ± SD of four independent 

experiments.  

2.3 Autophagy determination by monodansylcadaverine (MDC) labeling 

Autophagy induction was evidenced by MDC staining of autophagic vacuoles that was performed as 

previously described [14]. Cells were treated in 96-well plates with the compounds for the established 

times, then stained with 0.05 mM MDC in culture medium at 37 °C for 10 min. Following incubation, 

cells were washed with PBS and immediately analysed under a Leica DMR fluorescence microscope 

(Wetzlar, Germany) using an appropriate 4′,6-diamidino-2-phenylindole (DAPI) filter (excitation 

wavelength of 372 nm and an emission wavelength of 456 nm). Images were photographed and 

captured by a computer-imaging system (Leica DC300F camera and Adobe Photoshop for image 

analysis). 

2.4 Nuclei morphology evaluation by Hoechst 33342 staining 

In order to evaluate nuclear morphology and integrity, cells were stained with Hoechst 33342, as 

previously described [29]. Briefly, cells (8 × 103) were plated in a 96-well plate treated with the 

compounds for the established times and stained with Hoechst 33342 (2.5 µg/mL) for 30 min. 

Following washings with PBS, cells were visualized using an inverted Leica fluorescent microscope 

(Leica Microsystems, Wetzlar, Germany) endowed with a 40,6-diamidino-2-phenylindole 

dihydrochloride (DAPI) filter. Leica Q Fluoro software was used for image acquisition. 
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2.4 Western blotting analysis 

Protein extracts were prepared by incubating cell pellets for 20 min in ice-cold RIPA lysis buffer 

supplemented with a cocktail of protease inhibitors and sonicated  for three times for 10 s, as 

previously reported [30]. Proteins were quantified by Bradford assay and equal amount of proteins 

(30 μg) was separated by SDS-PAGE and then electrotransferred to a nitrocellulose membrane for 

immunodetection. The blots were developed using electrochemical luminescence labeling systems 

by ChemiDoc, XRS (Bio-Rad Laboratories, Hercules, CA, USA) Image system. Optical densities of 

the bands were analysed with Quantity One Imaging Software (Bio-Rad Laboratories). The correct 

protein loading was verified by means of both Ponceau red staining and immunoblotting for the 

housekeeping protein -tubulin. The results showed in the figures are representative of three 

independent experiments with similar results. The results of densitometric analysis are reported as 

the ratio of the intensity of the bands of treated samples to untreated ones, after normalization with -

tubulin. 

2.5 Statistical analysis  

Data were analysed using Student’s t-test using GraphPadPrismTM 4.0 software (graphPadPrismTM 

Software Inc., San Diego, CA, USA) and reported as means ± S.D. Comparisons between the control 

(untreated) vs. treated samples were made. If a significant difference was detected by ANOVA 

analyses, this was re-evaluated by post-hoc Bonferroni’s test. GraphPadPrismTM 4.0 Software 

(Graph PadPrismTM Software Inc., San Diego, CA, USA) was used for statistical calculations. The 

statistical significance threshold was fixed at p < 0.05. 

 

3. Results and discussion 

3.1 Chemical synthesis and structural characterization  

The research on the synthesis and spectroscopic characterization of a new complex of ferulic acid has 

resulted in a promising new compound with general formula Bu3Sn(L), as we previously reported in 

[13]. The analytical data, and the IR spectrum of tributyltin(IV) ferulate complex suggest that the tin 
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atom in such derivative is at least five coordinated, with the ligand acting as a monoanionic bidentate 

ligand, through a bridging carboxylate anion. In the free ligand, the CO stretching of the carboxylic 

group was observed at 1692 and 1666 cm−1. These bands disappeared upon coordination, indicating 

deprotonation of the carboxylic group. At the same time, two new bands were observed at 1565 cm−1 

and 1392 cm−1, assigned respectively to asymmetric and symmetric −COO− stretching modes. As 

previously reported, Δν values [Δν = νas(COO−) − νs(COO−)] are indicative of the coordinating mode 

of the carboxylate [31]. In our case, Δν value (173 cm−1) is characteristic for coordinated bridging 

carboxylate groups. Finally, absorption bands characteristic of ν(Sn−C) and ν(Sn−O) present at 577 

cm−1 and at 453 cm−1 respectively, support the complexation of tin(IV) with the ligand (Fig. 1) 

[32,33].  

 

Fig. 1. Overlapped FT-IR spectra for FA (dashed line) and TBT-F (full line). 

 

ESI-MS spectra of TBT-F show typical feature of the organotin complexes spectra. The assignments 

of the individual ions are based on the combination of positive-ion and negative-ion mass 
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spectrometric experiments, and supported by comparison between theoretical and experimental 

isotopic distributions of monomeric (Fig. 2) and dimeric (Fig. 3) ions. 

 

Fig. 2. Experimental (A) and theoretical (B) isotopic distributions of monomeric ion, [TBTF-H]−.

 

Fig. 3. Experimental (A) and theoretical (B) isotopic distributions of dimeric ion, [2TBTF-H]−. 
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In addition, spectroscopic UV–vis data show that the formation of metal complex causes changes in 

the electronic charge distribution within the molecule compared with acid (Fig. 4). 

 

Fig. 4. Overlapped UV–vis spectra of chloroform (A) and DMSO (B) solutions containing a constant 

concentration of FA (black) and TBT-F (red) (1 × 10−4 M). 

 

NMR investigation in CDCl3 solution indicated that the bidentate nature of the ligand is lost in 

solution and that tin has a four-coordinated geometry. Differently, in DMSO–d6 solution tin is penta-

coordinated and this coordination is attained more likely considering the coordination of a solvent 

molecule on the tin coordination sphere.  

DFT calculations support the interpretation of these experimental evidences.  

Experimental data and tables were reported in reference [13]. 

 

3.2 Biological study 

Our previous papers demonstrated that TBT-F is very effective as antitumor agent in colon cancer 

cells promoting ER stress and type 2 (autophagic) programmed cell death [14]. Based on these 

evidences, we decided to perform combination studies in order to reduce the TBT-F concentrations 

and to investigate new biochemical action mechanisms. Specifically, we considered the proteasome 

inhibitor bortezomib (BTZ) as a possible candidate that can improve TBT-F efficacy since it can 

increase ER stress and consequent cell death due to proteasome inhibition.  
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3.2.1 The effect of TBT-F/BTZ combination on colon cancer cell viability  

According to our previous results [13], for cell viability experiments, 200 nM TBT-F was chosen as 

a reference point being the concentration that induces about 50% reduction in cell viability in colon 

cancer cells. In addition, 100 nM was considered as a TBT-F subtoxic concentration. For combination 

experiments, the effects of two subtoxic concentrations of BTZ (5 and 10 nM) were evaluated in 

association with 100 and 200 nM TBT-F in colon cancer HCT116 and Caco-2 cells by MTT assay. 

Interestingly, BTZ markedly increased the cytotoxic effect of TBT-F in both cell lines in a dose 

dependent manner (Fig. 5). In particular, after 48 h treatment the maximum effect was obtained with 

the combination 200 nM TBT-F/10 nM BTZ (-82% in HCT116 and -75% in Caco-2 cells) compared 

to single treatments. Considering the higher efficacy of the combination 100 nM TBT-F/ 10 nM BTZ 

in HCT116 cells, these conditions were considered for the further evaluations.  

 

Fig. 5. Cytotoxic effects exerted by TBT-F/BTZ combination in colon cancer cells. Colon cancer 

cell viability was measured by MTT assay, as reported in Methods. HCT116 and Caco-2 cells were 

incubated for 48 h in the presence of the indicated doses of tributyltin(IV) ferulate (TBT-F) or 

Bortezomib (BTZ) employed alone or in combination. The results reported in the histograms are the 

means of four separate experiments ±SD. (*) p-value < 0.05, (**) p-value < 0.01; (***) p-value < 

0.001 compared with untreated cells. 
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3.2.2 The effect of TBT-F/BTZ combination on autophagic and apoptotic pathways  

Cell viability results were confirmed in HCT116 cells by evaluation of cell morphology. In particular, 

Fig. 6A shows that treatment for 48 h with subtoxic concentrations of TBT-F or BTZ only produced 

a reduction in cell number, most likely due to a cytostatic effect, but the cells clearly appeared viable. 

In contrast, TBT-F/BTZ combination determined typical morphological features of cell death 

including round shape morphology and detachment from the substrate.  

It is well known that BTZ induces apoptosis in a wide variety of tumor cell lines [20]. On the other 

hand, we showed that TBT-F is capable of stimulating autophagic cell death in colon cancer cells 

[13,14]. In order to investigate whether cell viability reduction obtained with the combination TBT-

F/BTZ was due to apoptosis or autophagic cell death, we assessed autophagic vacuolization by mono 

dansylcadaverine (MDC) staining and chromatin condensation by Hoechst staining. As shown in Fig. 

6B, TBT-F alone induced positivity to MDC staining, consisting in the appearance of green 

fluorescent dot-like structures in the cells, confirming our previous findings [14]. On the other hand, 

MDC positivity was not detected neither in cells treated with BTZ alone nor in those treated with the 

combination TBT-F/BTZ. Although data present in the literature indicate that active doses of BTZ 

can trigger cytoprotective autophagy, a mechanism that accounts for cell resistance to the drug [34], 

according to our results, we concluded that autophagy is not activated by such low BTZ 

concentrations. It is interesting to note that autophagy did not even occur following TBT-F/BTZ 

combination whereas only in this condition chromatin condensation and fragmentation was observed 

by Hoechst staining as a clear sign of cell death (Fig. 6C).  
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Fig. 6. Microscopic evaluation of TBT-F and BTZ effects. (A). Morphological analysis of HCT116 

cells treated for 48 h in the presence of 100 nM TBT-F, 10 nM BTZ employed alone or in 

combination. Cells were visualized under light microscope at 400x magnification. (B). Intracellular 

vacuolization induced by treatment for 48 h with the compounds, was evaluated after the addition of 

50 μM monodansylcadaverine (MDC) for 10 min. The visualization was under a fluorescence 

microscope equipped with a 4′,6-diamidino-2-phenylindole (DAPI) filter at a magnification of 400×. 

Pictures are representative of three fields from two independent experiments. (C). Nuclear DNA 

fragmentation observed after treatment for 48 h with the compounds. At the end of incubation, cells 

were stained with the vital dye Hoechst 333428 and visualised under fluorescence microscope Leika 

equipped with a DAPI filter (magnification of 400x). 

 

To confirm the different effect on autophagic and apoptotic pathways induced by TBT-F/BTZ 

combination, we pre-treated the cells with the autophagy inhibitor Bafilomycin A1 or with the pan-

caspase inhibitor zVAD-fmk, respectively. The results reported in Fig. 7 indicate that the effect of 

the combination was almost completely prevented by z-VAD-fmk while it was not significantly 

modified by Bafilomycin A1. These results strongly suggest that the combination TBT-F/BTZ 

activates a caspase-dependent death mechanism. 



12 

 

                                  

Fig. 7. Effects exerted by the caspase inhibitor zVAD-fmk and autophagy inhibitor Bafilomycin 

A1 on TBT-F/BTZ-induced cytotoxicity. Cells were pre treated for one hour with 80 M zVAD-

fmk or with  Bafilomycin A1. Then, combination TBT-F/BTZ was added and treatment protracted 

for additional 48h. Cell vibility was determined by MTT assay as described in Methods. The results 

reported in the histograms are the means of four separate experiments ±SD. (*) p-value < 0.05, (***) 

p-value < 0.001 compared with untreated cells. 

 

 

3.2.3 TBT-F/BTZ combination induces ER stress and apoptosis 

Several evidences indicate that BTZ induces ER stress in different types of hematological 

malignancies [35,36]. Moreover some resistance mechanisms to BTZ have been shown to be 

somehow related with defects in ER stress [37,38].  

Based on these evidences, we asked ourselves whether BTZ could also stimulate ER stress in colon 

cancer cells and whether ER dysfunction could be responsible for potentiation of TBT-F action. This 

hypothesis was also sustained by our previous finding that active TBT-F doses strongly promote ER 

stress in colon cancer cells [14]. We, thus, analysed some ER stress markers after treatment of 

HCT116 cells with subtoxic concentrations of BTZ and TBT-F either alone or in combination.  

Western blot analysis shown in Fig. 8 indicated that BTZ alone was capable of remarkably increasing 

the levels of Glucose-regulated protein 78 (Grp78), a major ER BiP chaperone involved in protein 

quality control and in ER-transmembrane signalling [39]. Upon Grp78 sequestration by misfolded 

proteins, components of the unfolded protein response such as Protein Kinase R-like ER Kinase 

(PERK) initiate a signal cascade that culminates in activation of transcriptional factors that can direct 
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cell fate. Among these factors, Chop plays a key role because it is responsible for triggering cell death 

in case of a prolonged  ER-stress condition [40]. Our data indicated that BTZ alone was able to 

increase the levels of PERK with the consequent phosphorylation of its target eIF2 (Eukaryotic 

initiation Factor 2 as well as increase in Chop (CCAAT-enhancer-binding protein homologous 

protein) levels. Concerning TBT-F alone, this low concentration did not significantly modify the level 

of Grp78 but slightly increased and PERK and significantly increased eIF2phosphorylation and 

Chop levels. It is interesting to note that the combination TBT-F/BTZ markedly potentiated all the 

increasing effects on the ER stress markers starting from Grp78 and culminating in Chop levels.  

Another interesting observation was the ability of BTZ alone to induce a dramatic increase in the 

level of p53, a factor which is strictly related to different cell death pathways, including classic 

apoptosis [41]. The effect on p53 levels was also observed with the combination of the two 

compounds but not with TBT-F alone. Moreover, only the combination (and not the single 

compounds) induced a remarkable decrease in the level of pro-caspase 3 that we interpreted as 

caspase 3 activation, a finding that is in line with the protection exerted by the pan-caspase inhibitor 

zVAD-fmk and strongly suggesting the involvement of a classic apoptotic pathway. 
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Fig. 8 Combination TBT-F/BTZ induced ER stress and apoptotic markers. Western blot analysis 

of ER stress markers (left panel) and apoptotic markers (right panel). Cells were incubated for 48 h 

in the presence of TBT-F and BTZ either alone or in combination. Protetein extracts were then 

prepared as described in Methods and subjected to western blot analysis.  The correct protein loading 

was ascertained evaluating -tubulin levels. Representative blots of three independent experiments 

and densitometric analysis are shown. (*) p-value < 0.05; (**) p-value < 0.01; (***) p-value < 

0.001compared with untreated cells. 

 

4. Conclusion 

The results reported indicate that the proteasome inhibitor BTZ is capable of potentiating the anti-

tumor effect of TBT-F. Mechanistically, BTZ exacerbated ER stress most likely due to increased 
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unfolded protein response consequent to proteasome inhibition. Exasperation of ER stress led to Chop 

and p53-induced apoptosis, events that were not observed with TBT-F alone.  

These data represent the first evidence that the two compounds biochemically cooperate and provide 

a basic rational for their combination in translational studies.    
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