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Epigenetic and antitumor effects of 
platinum(IV)-octanoato conjugates
Vojtech Novohradsky1, Ilaria Zanellato   2, Cristina Marzano3, Jitka Pracharova4, Jana 
Kasparkova1, Dan Gibson5, Valentina Gandin3, Domenico Osella2 & Viktor Brabec   1

We present the anticancer properties of cis, cis, trans-[Pt(IV)(NH3)2Cl2(OA)2] [Pt(IV)diOA] 
(OA = octanoato), Pt(IV) derivative of cisplatin containing two OA units appended to the axial positions 
of a six-coordinate Pt(IV) center. Our results demonstrate that Pt(IV)diOA is a potent cytotoxic agent 
against many cancer cell lines (the IC50 values are approximately two orders of magnitude lower 
than those of clinically used cisplatin or Pt(IV) derivatives with biologically inactive axial ligands). 
Importantly, Pt(IV)diOA overcomes resistance to cisplatin, is significantly more potent than its 
branched Pt(IV) valproato isomer and exhibits promising in vivo antitumor activity. The potency of 
Pt(IV)diOA is a consequence of several factors including enhanced cellular accumulation correlating with 
enhanced DNA platination and cytotoxicity. Pt(IV)diOA induces DNA hypermethylation and reduces 
mitochondrial membrane potential in cancer cells at levels markedly lower than the IC50 value of free OA 
suggesting the synergistic action of platinum and OA moieties. Collectively, the remarkable antitumor 
effects of Pt(IV)diOA are a consequence of the enhanced cellular uptake which makes it possible to 
simultaneously accumulate high levels of both cisplatin and OA in cells. The simultaneous dual action of 
cisplatin and OA by different mechanisms in tumor cells may result in a markedly enhanced and unique 
antitumor effects of Pt(IV) prodrugs.

Cisplatin and its homologs are powerful anticancer drugs, but their therapeutic index is very narrow due to heavy 
side effects. Currently, the metallodrug research is mainly focused on Pt(IV) complexes that act as prodrugs that 
are activated by an intracellular 2e− reduction resulting in loss of the two axial ligands and generation of the cor-
responding cytotoxic Pt(II) species1, 2. As the octahedral arrangement is more kinetically inert, Pt(IV) complexes 
are less deactivated by platinophiles (off-target reactions) than their Pt(II) counterparts. Thus, a higher fraction of 
the Pt(IV) complexes may reach tumor cells intact, where they undergo reduction by intracellular reductants3, 4.  
Their axial ligands can affect the cellular accumulation of Pt(IV) compounds due to their enhanced lipophilicity 
(the influx occurs mainly by passive diffusion)5. Moreover, these axial ligands can be biologically active vectors 
towards tumor tissue or adjuvant (synergistic) drugs6–8.

Early in cellulo studies showed that the cisplatin-based Pt(IV) complexes, having medium-chain fatty acids 
(MCFAs) axial ligands, namely octanoato (OA) and its branched isomer valproato (VPA), possess remarkable 
antiproliferative activity9, 10. It has been shown11, 12 that the enhanced cytotoxicity of the cis, cis, trans-[Pt(IV)
(NH3)2Cl2(VPA)2] conjugate [Pt(IV)diVPA] is a consequence of several processes. They involve enhanced cel-
lular accumulation, downregulation of histone deacetylases (HDACs) and yet other biochemical processes (not 
involving HDACs) which may potentiate antitumor effects. On the other hand, the higher activity of cis, cis, 
trans-[Pt(IV)(NH3)2Cl2(OA)2] complex [Pt(IV)diOA], compared with Pt(IV)diVPA, was so far attributed only 
to the higher lipophilicity of the former and consequently to enhanced cellular accumulation10 that occurs by 
passive diffusion13. No other biochemical processes triggered by OA released from Pt(IV)diOA by its intracellu-
lar reduction contributing to its antitumor effects have been identified. Thus, the question of why Pt(IV)diOA is 
more potent than its Pt(IV)diVPA (with bioactive ligands) remains unresolved and deserves deeper biochemical 
investigations.
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OA, also known as caprylic acid, has antibacterial activity14. Moreover, OA was recently reported to act as an 
HDAC inhibitor like VPA, albeit less effective15. Additionally, the prediction of in vivo anticancer activity of such 
lipophilic Pt(IV) complexes by in vitro cell culture experiments is not trivial taking into consideration the fact that 
these prodrugs were designed for oral administration via absorption through the gastrointestinal tract16.

Here we report that the markedly enhanced toxic effects of Pt(IV)diOA in tumor cells are connected not only 
with enhanced accumulation of this prodrug in tumor cells, but notably also with epigenetic changes. These 
mechanistic studies were extended by evaluations of the in vivo efficacy of a series of Pt(IV) derivatives of cis-
platin. These derivatives contained carboxylato axial ligands of increasing lipophilicity, namely C4, butanoato 
(BA); C6, hexanoato (HA); and C8 (OA and VPA) (Fig. 1) evaluated in a syngeneic murine xenograft model of 
lung cancer using Lewis lung carcinoma cells. Our results have broader implications for molecular pharmacology 
given the widespread use of platinum drugs in cancer therapy. Our studies suggest that strategies based on plati-
num(IV) prodrugs combined with epigenetically active compounds synergistically improve efficacy.

Results
Biochemical mechanisms in tumor cells treated with Pt(IV)diOA which potentiate its cytotoxic 
activity.  Cytotoxicity.  Cytotoxic activity of the compounds tested in the present work was screened on the 
panel of malignant and nonmalignant cell lines using the colorimetric MTT assay and 72 h of drug incubation 
period. Notably, significant differences in the killing ability of the compounds were observed (Table 1). After 
the treatment of the cells with free octanoic acid, the IC50 values (concentration of compound that causes death 
in 50% of cells) ranged from 0.71 mM in human prostate adenocarcinoma cells LNCaP up to 16 mM in breast 
adenocarcinoma cells MCF7. In contrast, the IC50 values found for Pt(IV)diOA were in the nanomolar range in 
accord with previously published data10. The IC50 values found for Pt(IV)diOA conjugate ranged from 17 nM in 
colon carcinoma cells HCT-116 up to 140 nM in nonmalignant Chinese hamster ovary cells (an epithelial cell 
line) CHO-K1, i.e. that these IC50 values were by one or two orders of magnitude lower than those found for cis-
platin. Similarly, conjugating Pt(IV) derivative of cisplatin with one OA and one Ac in the axial positions led to a 
significant improvement of cytotoxicity compared with cisplatin. The IC50 values found for Pt(IV)AcOA were in 
the submicromolar range except for the IC50 value found for CHO-K1 cells (IC50 was ~1 µM). The IC50 values for 
Pt(IV)diOA were significantly lower than those of its isomer Pt(IV)diVPA in the A2780 cell line (0.041 ± 0.001 
vs. 0.25 ± 0.09), A2780cisR (0.029 ± 0.002 vs. 0.3 ± 0.1) and MCF-7 (0.038 ± 0.006 vs. 0.9 ± 0.3)11.

Interestingly, the lowest resistance factor (RF) was found for free octanoic acid followed by the Pt(IV) con-
jugate Pt(IV)diOA. This observation suggests that the OA ligands in Pt(IV) prodrugs help overcome acquired 
resistance of tumor cells to cisplatin.

Cellular accumulation.  The cellular accumulation of platinum from Pt(IV) derivatives of cisplatin in human 
ovarian carcinoma A2780 and human colon carcinoma HCT-116 cell lines was studied to investigate a possible 
relationship between the cellular uptake and in vitro cytotoxicity of the complexes. Cellular concentrations of 
platinum were determined by inductively coupled plasma mass spectrometry (ICP-MS) after 24 h of exposure to 

Figure 1.  Schematic representation of the platinum compounds used in the present work.
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the complexes at the concentration of 0.35 µM. This concentration was chosen as a compromise between limit of 
quantitation (LOQ) of platinum in our biological samples by ICP-MS and the high toxicity of Pt(IV)diOA which 
could misrepresent the results. The results are summarized in Table 2.

The lowest level of platinum associated with the cells was observed after exposure to Pt(IV)diAc followed by 
cisplatin. The replacement of axial acetato groups in Pt(IV)diAc by OA resulted in a significant enhancement of 
the level of platinum associated with the cells. This enhancement was most pronounced for Pt(IV)diOA. To quan-
tify the hydrophobicity of the platinum complexes, the shake-flask method was used to measure partition coeffi-
cients (log P) values for octanol/water. The log P values for cisplatin Pt(IV)diAc, Pt(IV)AcOA, and Pt(IV)diOA 
are shown in Table 2. Cisplatin and Pt(IV)diAc are hydrophilic (partition preferentially into water). In contrast, 
the replacement of axial acetato ligands in Pt(IV)diAc by one or two OA groups transformed this Pt(IV) deriv-
ative of cisplatin into hydrophobic species Pt(IV)AcOA and Pt(IV)diOA (partition preferentially into octanol). 
Interestingly, logP values found for Pt(IV)AcVPA and Pt(IV)diVPA11 were 0.17 and 0.25 indicating that Pt(IV) 
complexes containing branched C8 chain were less hydrophobic than their octanoato derivatives containing lin-
ear C8 aliphatic chain. This is also evident by noting that despite having six carbons less, Pt(IV)AcOA has similar 
log P value as Pt(IV)diVPA. The latter result is consistent with the finding that logP (estimated using ChemDraw 
Ultra v8.0 software) for free OA is higher than that of free VPA.

Cellular uptake studies were also carried out to measure the accumulation of platinum species in cytosol and 
nucleus. A2780 and HCT-116 cells were treated with 0.35 µM cisplatin and its Pt(IV) derivatives for 24 h, and 
the cells were fractionated into cytosol and nucleus. The platinum levels in each pool were measured by ICP-MS. 
The results are presented in Table 3. The extent of accumulation of both OA conjugated Pt(IV) prodrugs into the 
cytosol and nucleus fractions was markedly higher than that of cisplatin or Pt(IV)diAc.

The results of cellular accumulation of platinum from Pt(IV) prodrugs and cisplatin are consistent with the 
premise that hydrophobic rather than hydrophilic platinum compounds penetrate more easily the cytoplasmic 
membrane, which leads to their increased cellular accumulation. The presence of Ac ligands in axial positions of 
Pt(IV) derivative of cisplatin led to only a slight decrease of hydrophilicity, but Pt(IV)diAc was still hydrophilic. 

A2780 A2780cisR RFb CHO-K1 MCF-7 LNCaP

Pt(IV)diOA 0.041 ± 0.001 0.029 ± 0.002 0.7 0.14 ± 0.02 0.038 ± 0.006 0.052 ± 0.005

Pt(IV)AcOA 0.35 ± 0.05 0.37 ± 0.06 1.1 1.1 ± 0.2 0.50 ± 0.04 0.27 ± 0.10

Pt(IV)diAc 5.3 ± 1.0 22.0 ± 3.1 4.2 14.5 ± 0.7 51.0 ± 4.0 ≤50

cisplatin 2.8 ± 0.1 13.8 ± 0.1 4.9 19.9 ± 1.0 17.4 ± 1.9 8.54 ± 1.78

OA (mM) 1.46 ± 0.10 0.76 ± 0.02 0.5 5.9 ± 0.7 16.23 ± 0.56 0.71 ± 0.12

PNT1a HSF MRC-5 (PD30) HCT-116

Pt(IV)diOA 0.022 ± 0.001 0.077 ± 0.001 0.052 ± 0.003 0.017 ± 0.003

Pt(IV)AcOA 0.150 ± 0.003 0.957 ± 0.019 0.409 ± 0.215 0.93 ± 0.02

Pt(IV)diAc 2.48 ± 0.10 ≤50 ≤50 35.3 ± 1.4

cisplatin 2.50 ± 0.32 68.98 ± 0.87 10.60 ± 0.38 5.9 ± 0.9

OA (mM) 2.07 ± 0.03 9.74 ± 0.03 7.67 ± 0.61 3.84 ± 0.39

Decitabine 7.5 ± 0.3

Table 1.  Cytotoxicity. IC50 mean values obtained for platinum complexes (μM) and octanoic acid (mM)a. 
aCytotoxic effects of tested compounds were determined by MTT assay. The drug-treatment period was 
72 h. The results are expressed as mean values ± SD from three independent experiments, each performed in 
triplicate. bRF – Resistance factor, defined as IC50 (resistant, A2780cisR)/IC50 (sensitive, A2780).

A2780
Total ng Pt/106 
cellsa,e

Cytosol pg Pt/µg 
proteinb,e

Nucleus pg Pt/
µg proteinc,e log Pd,e

Pt(IV)diOA 12.9 ± 0.3 138 ± 12 173 ± 15 0.92 ± 0.03

Pt(IV)AcOA 4.0 ± 0.9 28 ± 4 27 ± 4 0.59 ± 0.04

Pt(IV)diAc 0.45 ± 0.09 3.0 ± 0.4 3.0 ± 0.5 −1.85 ± 0.09

cisplatin 0.8 ± 0.2 5.5 ± 0.9 3.0 ± 0.7 −2.25 ± 0.04

HCT-116

Pt(IV)diOA 29.2 ± 0.3 59 ± 7 189 ± 9

Pt(IV)AcOA 6.0 ± 0.9 48 ± 2 55 ± 7

Pt(IV)diAc 0.19 ± 0.04 2.1 ± 0.3 4.6 ± 0.5

cisplatin 0.9 ± 0.1 3.6 ± 0.2 4.1 ± 0.3

Table 2.  Cellular platinum accumulation/distribution in A2780 and HCT-116 cells and log P (octanol/water) 
values obtained by shake flask method. aThe table shows the cellular platinum accumulation into A2780 and 
HCT-116 cells after 24 h of exposure to 0.35 µM of the compounds. b,cPlatinum accumulation in different pools 
of A2780 and HCT-116 cells (nucleusb and cytosolc). dlog P values obtained by shake flask method. eResults are 
expressed as the mean ± SD for three independent experiments with triplicate for each run.
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On the other hand, the replacement of axial acetato ligands in Pt(IV)diAc by one or two OA groups transformed 
this Pt(IV) complex into lipophilic compounds Pt(IV)AcOA and Pt(IV)diOA.

DNA-bound platinum in cells exposed to Pt(IV) derivatives of cisplatin containing axial Ac and OA ligands.  As for 
antitumor cisplatin and its direct derivatives, DNA is believed to be the target also for Pt(IV) prodrugs examined 
in the present work. For this reason, DNA from A2780 and HCT-116 cells, after the exposure to 0.35 µM cispla-
tin and its Pt(IV) analogs for 24 h, was isolated and the levels of platinum on DNA were determined by ICP-MS 
(Table 3). The platinum content of DNA from the A2780 cells treated with Pt(IV)AcOA and Pt(IV)diOA was 
approximately 7.3 and 39.4-fold greater, respectively than that of the cells treated with Pt(IV)diAc; or approxi-
mately 5.3- and 28.9-fold greater, respectively, than that of the cells treated with cisplatin. Similarly, the platinum 
content of DNA from the HCT-116 cells treated with Pt(IV)AcOA and Pt(IV)diOA was approximately 15.2 and 
94.7-fold greater, respectively than that of the cells treated with Pt(IV)diAc; or approximately 12.4- and 76.9-fold 
greater, respectively, than that of the cells treated with cisplatin.

We made a rough estimate of the percentage of the amount of platinum in the DNA fraction of the total 
amount of intracellular platinum considering data in Tables 2 and 3. Of the total intracellular Pt, a higher fraction 
of platinum from Pt(IV)AcOA or Pt(IV)diOA was bound to DNA in comparison with the treatment with Pt(IV)
diAc or cisplatin (Table 3). In aggregate, the presence OA axial ligands in the Pt(IV) derivatives of cisplatin mark-
edly increased targeting DNA in tumor cells, which supports the view that DNA is the pharmacological target 
also for the class of Pt(IV) derivatives of cisplatin containing OA axial ligands.

Inhibition of histone deacetylase activity.  The data in Tables 1 and 2 show that presence of OA axial ligands in the 
Pt(IV) derivatives of cisplatin results in a substantial increase in platinum accumulation in cells in comparison 
with the treatment of the cells with cisplatin or its Pt(IV) derivative containing biologically inactive axial acetate 
ligands [Pt(IV)diAc]. However, this enhanced accumulation does not fully justify the corresponding marked 
enhancement of cytotoxicity (Fig. 2).

Hence, the enhanced cytotoxicity of Pt(IV) derivatives of cisplatin containing axial OA ligands (Table 1) was 
not only a consequence of their enhanced accumulation in cells. In other words, yet another factor in addition to 
enhanced cellular accumulation had to be responsible for enhanced cytotoxicity of these Pt(IV) prodrugs com-
pared with Pt(IV)diAc or cisplatin. It was shown11, 12 in the case of other Pt(IV) derivatives of cisplatin, having the 
branched isomer of OA, i.e. VPA, that its enhanced cytotoxicity is a consequence of several processes involving 
besides enhanced cellular accumulation also epigenetic processes. These epigenetic processes consist in down-
regulation of HDACs and yet other biochemical processes triggered by VPA released in cells by the reduction of 
the Pt(IV) prodrug. Moreover, it has also been shown15 that non-branched MCFAs may act as HDAC inhibitors. 
Therefore, we first examined whether the effects of Pt(IV) derivatives of cisplatin containing one or two axial OA 
ligands reflect their ability to inhibit HDACs in intact cells. HDAC activity was analyzed in HCT-116 cells and 
confirmed by an independent set of experiments on A2780 cells (data not shown) by using a commercial HDAC 
fluorimetric cellular activity kit as described in the section Materials and methods. Our analysis (Fig. 3) con-
firmed that the efficiency of the Pt(IV) derivatives (1 µM) Pt(IV)diOA, Pt(IV) AcOA and Pt(IV)diAc to inhibit 
HDAC activity was very small and was in this respect similar to that of cisplatin. Interestingly, the moderate 
inhibitory effect of free OA was observed, but only at the concentration of this agent 1000-fold higher.

Analysis of DNA methylation.  Other well studied epigenetic mechanisms involved in biological effects of some 
anticancer drugs are connected with DNA methylation, a mechanism which inactivates tumor suppressor genes 
by methylating their promoters17. DNA methyltransferase (DNMT) inhibitors are even at a more clinically 
advanced stage of development than the inhibitors of histone deacetylases or histone methyltransferases18 making 
DNA methylation a promising target for anticancer therapies19.

To find out whether Pt(IV) derivatives of cisplatin containing axial OA ligands can affect the methylation 
pattern of DNA in human carcinoma cells, we investigated whether treatment of HCT-116 cells with Pt(IV)diOA 

A2780 pg Pt/µg DNAb
% from the total 
intracellular Pt amountc

Pt(IV)diOA 43.3 ± 5.3 13.0

Pt(IV)AcOA 8.0 ± 1.4 5.0

Pt(IV)diAc 1.1 ± 0.4 1.9

cisplatin 1.5 ± 0.6 2.0

HCT-116

Pt(IV)diOA 123.1 ± 5.1 11.9

Pt(IV)AcOA 19.8 ± 3.6 4.8

Pt(IV)diAc 1.3 ± 0.1 2.0

cisplatin 1.6 ± 0.2 2.2

Table 3.  Platinum content on DNA isolated from A2780 and HCT-116 cells treated with cisplatin and its Pt(IV) 
derivativesa. aCells were treated for 24 h with tested compounds (0.35 µM). bPlatinum content on DNA from 
A2780 and HCT-116 expressed in pg of Pt per µg of DNA. Results are expressed as the mean ± SD for three 
independent experiments with triplicate for each run. cThe values represent platinum content on DNA from 
A2780 and HCT-116 cells expressed as the percentage of the total platinum accumulated inside these cells.
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affects DNA methylation. Human colon adenocarcinoma cells HCT-116 were chosen as the model cellular system 
suitable for DNA methylation analysis because: (i) this human colorectal cancer cell line has been used as a pro-
totypic model for analyses of the genetic basis of cancer, and the role of epigenetic changes in tumorigenesis; (ii) 
they have a propensity to both global DNA hypomethylation and to silence genes through promoter focal hyper-
methylation20, 21. HCT-116 cells were treated with the compounds at the concentrations indicated in Fig. 4A for 
24 or 72 h and DNA was isolated for the complete methylation analysis as described in the experimental section. 
Decitabine (5-aza-2′-deoxycytidine), a hypomethylating agent which hypomethylates DNA by inhibiting DNMT, 
was used in these experiments as a negative control22. The IC50 values found for this agent in HCT-116 cells (the 
drug-treatment period was 72 h) was (7.5 ± 0.3) µM (Table 1).

As expected a considerably lowered level of DNA methylation was observed after the treatment with 1 µM 
decitabine23, 24. The opposite effect was observed after treatment with Pt(IV)diOA, where distinct DNA hyper-
methylation was observed. This effect was concentration dependent (Fig. 4A). The treatment with 0.5 or 1.0 µM 
Pt(IV)diOA for 24 h increased the methylation of DNA by 15 or 20%, respectively relative to the untreated control 
(Fig. 4B). On the other hand, the treatment with 0.5 or 1.0 µM Pt(IV)diOA for 72 h increased the methylation of 
DNA by 27 or 41%, respectively. A non-significant change was observed when the cells were treated with cisplatin 
for 72 h even at the concentration so high as 30 µM in accord with the previously published results25. This high 
concentration of cisplatin assured the intracellular concentration of platinum which was approximately identical 
to that when the cells were treated with one µM Pt(IV)diOA under identical experimental conditions. These con-
trol experiments support the view and are consistent with the hypothesis that DNA hypermethylation induced 
by 0.5 or 1.0 µM Pt(IV)diOA (Fig. 4A) was not due to the enhanced intracellular accumulation of platinum when 

Figure 2.  Increase of cytotoxicity, intracellular accumulation and DNA platination in A2780 (A,C) and HCT-
116 (B,D) cells treated with Pt(IV)diOA in comparison with the treatment with cisplatin (A,B) or Pt(IV)diAc 
(C,D).
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the cells were treated with this Pt(IV) prodrug. The data obtained for free OA indicate that this MCFA if delivered 
into the cells in a sufficiently high concentration is also capable of inducing DNA hypermethylation.

It was shown in our previous report11 that the total accumulation of free VPA after 24 h exposure of the cells 
was more than three orders of magnitude lower than after comparable exposure to Pt(IV)diVPA since at neutral 
pH VPA is monoanionic and therefore does not efficiently accumulate in tumor cells. The non-branched isomer 
of VPA, OA, is monoanionic as well so that it is reasonable to expect that free OA will accumulate in tumor cells 
with markedly reduced efficiency in comparison with lipophilic Pt(IV) derivatives of cisplatin containing axial 
OA ligands. This markedly reduced efficiency to accumulate in tumor cells may explain the very low cytotoxicity 
of free OA (milimolar IC50 values, Table 1) and very low effect of free OA on DNA methylation in cells which is 
manifested only at markedly higher concentrations of this free MCFA (milimolar).

Our further experiments were aimed at finding whether Pt(IV)diOA can affect the activity of DNMT enzymes 
in HCT-116 cells treated with this prodrug. In these experiments, the total activity of DNMT enzymes was deter-
mined in nuclear extracts prepared from HCT-116 cells which were treated with the platinum compounds, free 
OA or decitabine for 24 h (Fig. 4B).

The enhanced activity of DNMT enzymes was observed when the cells were treated with 0.5 or 1.0 µM Pt(IV)
diOA or free 1 mM OA (Fig. 4B). On the other hand, treatment of HCT-116 cells with 1.0 µM Pt(IV) derivative 
of cisplatin containing ineffective acetato axial ligands or 1.0 or 30 µM cisplatin had no significant effect on the 
activity of DNMT enzymes. These results show that Pt(IV)diOA efficiently potentiates DNMT activity resulting 
in global DNA hypermethylation (Fig. 4B).

Analysis of mitochondrial membrane potential.  It has been shown that several cytotoxic Pt(IV) derivatives of cis-
platin or oxaliplatin affect mitochondrial functions and the mitochondrial membrane potential Δψm

26–28. The loss 
of Δψm represents an early event in the apoptosis cascade that precedes the release of pro-apoptotic factors such 
as cytochrome c and the activation of effector caspases. Based on these findings, we evaluated the effect induced 
by Pt(IV) derivative of cisplatin containing two axial OA ligands on the Δψm in HCT-116 cells by an assay using 
staining the cells by tetramethylrhodamine, ethyl ester (TMRE) to label active mitochondria. Cells were treated 
with 1 µM Pt(IV)diOA, its Pt(IV) derivative containing biologically inactive axial acetate ligands [Pt(IV)diAc] or 
cisplatin for 5 h, stained with TMRE and visualized with confocal laser-scanning microscopy. The representative 
images are shown in Fig. 5.

Quantitative analysis of TMRE-stained HCT-116 cells revealed a significant reduction (by 26%) in the fraction 
of cells with an intact Δψm relative to untreated control cells (100% intact Δψm). In contrast, no reduction in the 
fraction of cells with an intact Δψm was observed if the cells were treated with cisplatin or Pt(IV)diAc.

The results of these studies indicate the ability of Pt(IV)diOA to cause a reduction in Δψm in HCT-116 tumor 
cells at a low concentration (in a micromolar range) due to the conjugation of OA to Pt(IV) derivatives of cis-
platin. It has been already reported29–32 that free OA and some other MCFAs disturb mitochondrial membrane 
potential. Thus, it is reasonable to suggest that reduction in Δψm in HCT-116 tumor cells caused by micro-
molar concentrations of Pt(IV)diOA can be attributed to the OA ligand(s) released after this Pt(IV) prodrug 
accumulates in the cell. Hence, these results further support the view that under conditions of our cytotoxicity 
experiments (Table 2) a significant fraction of the intact molecules of conjugates of OA with Pt(IV) derivative of 
cisplatin accumulates in cancer cells where it releases OA to reduce their high mitochondrial membrane potential.

In vivo tumor growth inhibition.  The syngeneic murine Lewis lung carcinoma (LLC) cells were used in 
this study to address the in vivo cytotoxic activity Pt(IV)diBA, Pt(IV)diHA, Pt(IV)diOA, and Pt(IV)diVPA. LLC 
is a well-known reproducible syngeneic murine model, highly tumorigenic and is used to model metastasis and to 

Figure 3.  Activity of HDAC enzymes in HCT-116 cells treated with the compounds tested in the present work; 
their concentration was 1 µM except the concentration of free OA, which was 1 mM. Symbols: ■, control; ▲, 
Pt(IV)diOA; ▼, Pt(IV)AcOA; &#x29EB;, Pt(IV)diAc; ●, cisplatin; □, OA (1 mM); ▽, trichostatin A (well 
known HDAC inhibitor used as the positive control). The data represent a mean from three independent 
experiments, each performed in quadruplicate. The error bars are the SDs.
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evaluate the efficacy of chemotherapeutic agents in vivo33. The advantages of the syngenic mouse model injected 
with murine cell lines are reproducibility, ability to induce various tumor types, easily and immunocompetence34. 
In addition, because the LLC model can be both syngeneic and orthotopic, tumor microenvironment can be 
accurately depicted in the animal model.

Xenograft LLC tumors were grown in C57BL mice that were subsequently treated with 1 mgkg−1 of either 
Pt(IV) complex. Pt(IV) prodrugs were administered by oral gavage by taking advantage of their excellent stability, 
enabling in vivo oral formulation making platinum therapy safer lessening side effects and partially overcoming 
resistance to platinum(II) drugs2, 35. The schedule of Pt(IV) prodrug administration in vivo was initially deter-
mined by assessing the total dose that could be injected without undue toxicity in nontumor-bearing C57BL 
mice. From day 7 after tumor inoculation, when tumors became visible, tumor-bearing mice received daily doses 
of the Pt(IV) derivatives (20 mg kg−1, by oral gavage). Tumor growth was estimated at day 15, and the results are 
summarized in Table 4.

Chemotherapy with platinum complexes showed that all Pt(IV) derivatives were effective in inhibiting tumor 
growth. Notably, in the case of Pt(IV) complexes containing linear aliphatic chains the therapeutic efficacy 
increased with the length and lipophilicity of the carboxylate axial ligands. Thus, the highest antitumor activity 
was observed for Pt(IV)diOA, with an impressive tumor growth inhibition of 95%. Also interestingly, Pt(IV)diOA 
showed better in vivo antitumor activity than the less hydrophobic valproato derivative Pt(IV)diVPA (vide supra) 
also containing C8 chain, but branched.

Figure 4.  Analysis of DNA methylation. (A) DNA was isolated from HCT-116 cells after the exposure to the 
agents at the concentrations indicated in the graph for 24 or 72 h. The levels of DNA methylation in the control 
was taken as 100%. The bars represent mean values from three independent experiments each performed in 
octuplicate. The error bars are the SDs. (B) DNMT activity in colon carcinoma cells HCT-116 treated for 24 h 
with the compounds tested in the present work. The DNMT activity in the control, untreated cells was taken as 
100%. Error bars are the SDs and the stars at the top of bars denote a significant difference from the control with 
(*p < 0.05; **p < 0.1), calculated using nonparametric student’s t-test. The bars represent mean values from 
three independent experiments, each performed in quadruplicate.
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For the assessment of the adverse side effects, changes in the body weights of tumor-bearing mice were moni-
tored daily over the course of 15 days. The time course of body weight changes (Supplementary Fig. S1) confirmed 
that treatment with all Pt(IV) complexes did not induce significant adverse effects (body weight loss was lower 
than 20%), including body weight loss throughout the therapeutic experiment.

It was previously shown for a similar series of dicarboxylato Pt(IV) compounds that organic chains of inter-
mediate length offer the best compromise between lipophilicity and water solubility for oral administration36. 
To better understand the biodistribution properties of the Pt(IV) complexes containing axial aliphatic chains 
following their administration by oral gavage, tissue samples were collected from LLC-bearing mice treated with a 
single dose of Pt(IV)diOA and Pt(IV)diVPA and analyzed for platinum content. The details of these experiments 
and their results are described in the Supplementary material and Supplementary Fig. S2. Platinum concentra-
tions in blood of the mice treated with both Pt(IV)diOA and Pt(IV)diVPA were modest (around 0.5 μg Pt mL−1 
of whole blood) and slightly higher in the blood of mice treated with Pt(IV)diOA for a longer time of treatment 
(4 h). Further, the contents of platinum in tissues of the mice treated with both Pt(IV)diOA and Pt(IV)diVPA 
were similar, and the highest platinum concentrations were found in liver followed by tumor tissue and kidney. 

Figure 5.  Confocal microphotographs of HCT-116 cells with nucleus stained with Hoechst 33342 (A) and 
mitochondria stained with TMRE (B). Cells were treated for 5 h with 1 µM of Pt(IV)diOA (upper row I). 
Control, untreated cells are shown in the row II (bottom) of the figure. Cells stained with Hoechst 33342 or 
TMRE were visualized in the bright field mode (C). Scale bars represent 20 µm. Figures are the representatives 
of at least 10 individual scans of different sample areas. Three independent experiments were performed in 
triplicate.

Daily dose 
(mg kg−1)

Average tumor weight 
(mean ± SD, g)

Inhibition of 
tumor growth (%)

Control — 0.542 ± 0.16 —

Pt(IV)diBA 20 0.109 ± 0.05 80

Pt(IV)diHA 20 0.088 ± 0.06 84

Pt(IV)diOA 20 0.025 ± 0.03 95

Pt(IV)diVPA 20 0.174 ± 0.08 68

Table 4.  The in vivo antitumor activity of Pt(IV) prodrugs and cisplatin evaluated in a model of solid tumora. 
aLewis lung carcinoma (LLC) was implanted i.m. (2 × 106 cells inoculum) into the right hind leg of 8-week old 
C57BL mice (24 ± 3 g body weight). Chemotherapy was delayed until the tumor became visible (day 7). Day 
7–14: animals received daily orally 20 mg kg−1 of Pt(IV) complexes as well as daily i.p. 1.5 mg kg−1 of cisplatin. 
At day 15 animals were sacrificed, legs amputated at the proximal end of the femur, and the inhibition of tumor 
growth was determined as the difference in weight of the tumor-bearing leg and the healthy leg expressed as % 
referred to the control animals. The values are the means ± SD of not less than three measurements.

http://S1
http://S2
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In contrast, platinum scarcely accumulated in intestine and lung. Noteworthy, a slightly higher platinum content 
was found in the tumor mass in the mice treated with Pt(IV)diOA than in those treated with Pt(IV)diVPA. This 
different platinum content in the tumor mass correlates with the higher in vivo antitumor efficacy of Pt(IV)diOA 
compared to Pt(IV)diVPA (Table 1).

An important factor which may affect the in vivo tumor growth inhibition elicited by lipophilic Pt(IV)
diVPA or Pt(IV)diOA is their ability to bind lipoproteins and to be transported by lipoproteins in human serum. 
Actually, protein binding can have important consequences for the in vivo pharmacokinetic behavior and may 
affect bioavailability of these Pt(IV) prodrug. In general, lipophilic drugs are known to be associated to plasma 
proteins such as albumin37 and/or to circulating lipoproteins, which enhances intestinal absorption via lipopro-
tein encapsulation38. In this connection, it is instructive to note that for instance, more than 80% of the immu-
nosuppressive agent cyclosporine A (CyA) is associated with lipoproteins in human serum and this strongly 
increases its bioavailability39, but also deeply limits its uptake in cultured hepatocytes40. The trends observed 
in the results of the in vivo antitumor activity experiments, such as the tissue biodistribution (Supplementary 
Fig. S2A) and blood levels (Supplementary Fig. S2B) suggest that these complexes are efficiently transported in 
vivo and can be sequestrated by plasma proteins differently. On this basis, we carried out in cellulo accumulation 
experiments employing A2780 cells to determine whether the accumulation of Pt(IV)diVPA or Pt(IV)diOA was 
mainly affected by serum albumin or lipoproteins (for details of these experiments see the Supplementary infor-
mation and Supplementary Figs S3 and S4).

Our results described in detail in the Supplementary information show that albumin has a poor impact on 
the accumulation of Pt(IV)diOA or Pt(IV)diVPA. On the other hand, Pt(IV)diOA, in contrast to Pt(IV)diVPA, 
strongly interacts with lipoproteins, causing a decrease of its short-term cellular accumulation. In fact, only the 
unbound complex should be susceptible of passive diffusion through the cell membrane41. Interestingly, the accu-
mulation of platinum from Pt(IV)diOA or Pt(IV)diVPA after 4 h has been analyzed since this incubation time 
is close to the half-life of reduction of Pt(IV) derivatives to the active Pt(II) congeners3. At least in vitro, both 
Pt(IV)diOA and Pt(IV)diVPA enter cells mainly by passive diffusion, as far as they do not compete with the 
corresponding free fatty acids and do not interact with copper transporters, as cisplatin does5; indeed, Pt(IV)
diOA bypasses Ctr-1 linked cisplatin resistance13. In this connection, it is instructive to note that for instance, 
more than 80% of the immunosuppressive agent cyclosporine A (CyA) is associated with lipoproteins in human 
serum and this strongly increases its bioavailability39, but also deeply limits its uptake in cultured hepatocytes40. 
Collectively, these data are consistent with the view and support the hypothesis that also an association of Pt(IV)
diOA with lipoproteins may contribute to enhanced bioavailability of this Pt(IV) prodrug in model organisms in 
comparison with Pt(IV)diVPA.

Discussion
One approach to improve the toxicity in tumor cells and decrease side effects of platinum anticancer drugs that 
has received a significant amount of attention is the Pt(IV) prodrug concept7, 16. Our study demonstrates that the 
Pt(IV) derivative of cisplatin, with two axial OA ligands, is a very potent cytotoxic agent against many different 
cancer cell lines, which overcomes resistance to cisplatin (Table 1) and exhibits promising in vivo antitumor 
activity (Table 4). We show in accord with the previously published reports10, 13 that conjugation of the lipophilic 
medium-chain fatty acid, such as OA, results in markedly enhanced cellular accumulation that correlates with 
enhanced DNA binding and cytotoxicity.

It has been shown12 in the case of other Pt(IV) derivative of cisplatin, having instead of OA axial ligands the 
branched isomer of OA, i.e. VPA, that its enhanced cytotoxicity is a consequence of several processes. These 
processes involve besides enhanced cellular accumulation also epigenetic processes consisting in downregulation 
of HDACs and yet other biochemical processes triggered by VPA released in cells by the reduction of the Pt(IV) 
prodrug. Moreover, it has also been shown15 that non-branched MCFAs may act as HDAC inhibitors. However, 
our analysis (Fig. 3) confirmed that the efficiency of Pt(IV)diOA or Pt(IV)AcOA to inhibit HDAC activity in 
tumor cell lines was very small.

Although Pt(IV)diOA was originally designed only to enhance cellular accumulation and DNA platination, 
once inside the cell cisplatin and OA are released; cisplatin damages DNA and as shown in this report OA simul-
taneously induces DNA hypermethylation and reduces mitochondrial membrane potential. While consequences 
of DNA damage by cisplatin for its antitumor effects have been already described in a great detail42–44, the signifi-
cance of the simultaneous effects of DNA hypermethylation and reduction of mitochondrial membrane potential 
for the mechanism of action of Pt(IV)diOA requires further discussion.

The deregulation of the DNA methylation machinery and aberrant DNA methylation patterns play a crit-
ical role in the changes in gene expression involved in cancerogenesis, cancer progression, and metasta-
sis45. Widespread global DNA hypomethylation, particularly in DNA repetitive sequences, accompanied by 
region-specific hypermethylation most often observed in CpG islands in the regions of tumor suppressor genes 
are associated with the malignant phenotype46, 47. The DNA methylation machinery have been considered an 
attractive target for the anticancer action of new drugs. Two different classes of anticancer drugs are options for 
targeting DNA methylation: (i) The compounds which reduce the methylation level of CpG islands (for instance 
inhibitors of DNMTs or compounds promoting the activity of DNA demethylases). (ii) The compounds which 
globally hypermethylate repeated DNA sequences and in this way inhibit tumor progression caused by global 
hypomethylation.

The reduction of the methylation level may allow activating tumor suppressor genes, which may suppress 
tumor progression. This approach has been the focus of many studies but has some weaknesses. For instance, 
the DNA methylation inhibitors currently in use are not sufficiently specific and, by decreasing methylation, 
pro-metastasis genes that might increase metastasis could be activated45. Moreover, the effectiveness of these inhib-
itors as anticancer agents is partly owing to cytotoxic effects unrelated to their DNA demethylating activity47, 48.  

http://S2A
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DNA methylation inhibitors (e.g. decitabine, 5-azacytidine) are being used as cancer chemotherapeutic agents 
to treat certain types of cancer, probably those whose origin is mainly associated with hypermethylation of CpG 
islands in promoters or other tumor suppressor genes49. However, these DNA methylation inhibitors could also 
cause global DNA hypomethylation in other DNA sequences (for instance in DNA repetitive sequences) which 
are known to promote tumor progression. Conversely, the agents targeting global DNA demethylation or promot-
ing global DNA methylation in certain types of cancer cells may represent potential new epigenetic therapeutics 
in anticancer chemotherapy. Among the examples of compounds which show anticancer characteristics by meth-
ylation of DNA are temozolomide50, 51 and S-adenosyl-L-methionine52, 53. Thus, we suggest that mechanism of 
toxicity of Pt(IV)diOA in certain tumor cells may also involve triggering hypermethylation, presumably by stim-
ulating DNMT reactions thereby protecting the genome against global hypomethylation, a hallmark of cancer. 
Experiments aimed at revealing further details of these epigenetic effects of Pt(IV)diOA are currently in progress.

Collectively, the results of this work support the hypothesis that the mechanism underlying cytotoxicity of 
Pt(IV) derivatives of cisplatin containing axial OA ligands may involve several processes. Here we show that 
these processes also comprise: (i) binding of the reduced platinum to DNA much in the same way as cisplatin; 
(ii) global methylation of the DNA, potentiated by the OA released, upon intracellular reduction; and (iii) the 
effects of OA released in cancer cells on mitochondria so that Pt(IV)diOA can promote cell death in tumor cells 
by a mitochondrial-regulated mechanism as well. Therefore, Pt(IV)diOA belongs to the class of “multi-action” 
antitumor prodrugs triggering several different processes in tumor cells that together orchestrate their death.

Methods
Chemicals.  Synthesis of compounds.  K2[PtCl4] (Johnson Matthey and Co.), octanoyl chloride and 2-pro-
pylpentanoyl (valproyl)chloride (Sigma-Aldrich), and all other chemicals were used without further purification. 
Cisplatin, cis, cis, trans-[Pt(IV)(NH3)2Cl2(BA)2] (Pt(IV)diBA), cis, cis, trans-[Pt(IV)(NH3)2Cl2(HA)2] (Pt(IV)
diHA), cis, cis, trans-[Pt(IV)(NH3)2Cl2(OA)2] (Pt(IV)diOA), cis, cis, trans-[Pt(IV)(NH3)2Cl2(VPA)2] (Pt(IV)
diVPA), cis, cis, trans-[Pt(IV)(NH3)2Cl2AcOA] (Pt(IV)AcOA, and cis, cis, trans-[Pt(IV)(NH3)2Cl2(Ac)2] (Pt(IV)
diAc) were synthesized according to published procedures54. Schematic representation of the platinum com-
pounds used in the present work is shown in Fig. 1.

Cell lines.  The A2780 and A2780cisR human ovarian carcinoma cell lines were grown in RPMI 1640 medium 
(Biosera) supplemented with gentamycin (50 μg mL−1, Serva) and 10% heat-inactivated fetal bovine serum 
(Biosera). The LNCaP human prostate adenocarcinoma cells were grown in RPMI 1640 medium supplemented 
with gentamycin (50 μg mL−1), 10% heat-inactivated fetal bovine serum and 1% sodium pyruvate (Sigma). The 
acquired resistance of A2780cisR cells was maintained by supplementing the medium with 1 μM cisplatin every 
second passage. The MCF7 (human breast cancer cells), MRC5 pd30 (human fetal lung fibroblasts) and CHO-K1 
(Chinese hamster ovary cells) were grown in DMEM medium (high glucose, 4.5 g L−1, Biosera) supplemented 
with gentamycin (50 μg mL−1, Serva) and 10% heat-inactivated fetal bovine serum (Biosera). The HCT-116 
human colorectal carcinoma cells were cultivated in McCoy´s 5a medium (Sigma) supplemented with gentamy-
cin (50 μg mL−1), 10% heat-inactivated fetal bovine serum. The HSF human primary skin fibroblasts were grown 
in DMEM supplemented with streptomycin (100 μg mL−1), penicillin (100 U mL−1), and 10% heat inactivated 
FBS. The A2780, A2780cisR, MCF7, CHO-K1, HCT-116 cells were kindly supplied by prof. Keppler (Vienna, 
Austria). The LNCaP and MRC-5 pd30 were from European collection of cell cultures (ECACC). HSF cells (pri-
mary cell culture) was a kind gift from Professor T. Adam (Department of Clinical Chemistry, Palacky University 
and Hospital, Olomouc, Czech Republic). The cells were cultured in a humidified incubator at 37 °C in a 5% CO2 
atmosphere and subcultured 2–3 times a week with an appropriate plating density.

Cytotoxicity (in cellulo experiments).  Cell death was evaluated using a system based on the tetrazolium 
compound MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide]. The cells were seeded in 
96-well tissue culture plates at a density of 104 A2780cisR, LNCaP, HSF cells/well, 3 × 103 CHO-K1 or 4 × 103 
MCF7, HCT-116 and MRC5 pd30 cells/well in 100 μL of medium. After overnight incubation (16 h), the cells 
were treated with the compounds in a final volume of 200 μL/well. After additional 72 h, 10 μL of a freshly diluted 
MTT solution (2.5 mg mL−1) was added to each well, and the plate was incubated at 37 °C in a humidified 5% CO2 
atmosphere for 4 h. At the end of the incubation period, the medium was removed, and the formazan product was 
dissolved in 100 μL of DMSO. The cell viability was evaluated by measurement of the absorbance at 570 nm, using 
an Absorbance Reader SUNRISE TECAN SCHOELLER. IC50 values were calculated from curves constructed by 
plotting cell survival (%) versus drug concentration (μM). All experiments were made in triplicate. The reading 
values were converted to the percentage of control (% cell survival). Cytotoxic effects were expressed as IC50.

Accumulation of platinum in tumor cells treated with Pt(IV) complexes and cisplatin (in cellulo 
experiments).  Cellular accumulation of platinum from complexes Pt(IV)diOA, Pt(IV)AcOA, Pt(IV)diAc 
and cisplatin was measured in A2780 and HCT-116 cells. The cells were seeded in 150 cm2 culture flasks at a 
density 1 × 107 cells/flask (67 000 cells/cm2). After 48-h incubation, the cells were treated with the compounds 
(0.35 μM) for 24 h. The attached cells were washed twice with PBS (4 °C). Seventy-five percent of cells were used 
for analysis of platinum bound to DNA, remaining 25% were used for estimations of cellular accumulation of 
platinum. Cell pellets were digested by a high-pressure microwave digestion system (MARS5, CEM) with HCl to 
give a fully homogenized solution, and final platinum content was determined by ICP-MS. The analysis with the 
aid of ICP-MS was performed using Agilent 7500 (Agilent, Japan) or Thermo Optek X Series.

Platinum-DNA binding in tumor cells treated with Pt(IV) complexes and cisplatin (in cellulo 
experiments).  Cellular uptake of complexes Pt(IV)diOA, Pt(IV)AcOA, Pt(IV)diAc and cisplatin was meas-
ured in A2780 cells. The cells were seeded in 150 cm2 culture flasks at a density 1 × 107 cells/flask (67 000 cells/
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cm2). After 48-h incubation, the cells were treated with the compounds (0.35 μM) for 24 h. The attached cells 
were washed twice with PBS (4 °C). As mentioned in the preceding paragraph, 75% of cells were used for analy-
sis of platinum bound to DNA, remaining 25% were used for estimations of cellular accumulation of platinum. 
Cells were then lysed in DNAzol (DNAzol® genomic DNA isolation reagent, MRC) supplemented with RNase A 
(100 μg mL−1). The genomic DNA was precipitated from the lysate with ethanol, dried and resuspended in water. 
The DNA content in each sample was determined by UV spectrophotometry. The DNA samples were digested in 
the presence of hydrochloric acid (11 M) using high-pressure microwave mineralization system (MARS5, CEM). 
The platinum content was determined by ICP-MS. Experiments were performed in triplicate and the values are 
the means ± SD.

Measurement of lipophilicity.  To determine the partition coefficient (P) the shake flask method was used. 
Octanol-saturated water (OSW) and water-saturated octanol (WSO) were prepared using analytical grade octanol 
and 0.2 M aqueous NaCl solution (to suppress hydrolysis of the chlorido complexes). Compounds were first dis-
solved in DMF (compounds Pt(IV)diOA, Pt(IV)AcOA) or water (Pt(IV)diAc and cisplatin). Mixing was done by 
vortexing for 30 min at room temperature to establish the partition equilibrium. To separate the phases, centrifu-
gation was done at 3000 g for 5 min. The aqueous layer was carefully separated from the octanol layer for platinum 
analysis. Platinum was quantified from aliquots taken from the octanol-saturated aqueous samples before and 
after partition by ICP-MS. Partition coefficients of Pt complexes were calculated using the equation log P = log 
([Pt]WSO/[Pt]OSW).

Cellular distribution, preparation of cytosolic and nuclear extracts.  A2780 cells were seeded in 100 
mm tissue culture dishes (3 × 106 cells) and grown for 48 h to 80–90% confluence. Cells were harvested after 24 h 
of treatment. Concretely, the dishes were washed two times with ice-cold PBS and the cells scraped into tubes 
and centrifuged for 10 min at 0 °C (200 g). The pellets were resuspended in the lysis buffer [Tris·HCl (10 mM, 
pH 8.0), KCl (60 mM), EDTA (1.2 mM), DTT (1 mM), phenylmethanesulfonyl fluoride (PMSF, 0.1 mM), NP-40 
(0.04%)] for 10 min on ice and centrifuged for 4 min at 0 °C (800 g). Cytosolic fraction was separated for platinum 
ICP-MS analysis, and protein concentration was determined by Bradford assay. The pellets were rinsed with the 
above lysis buffer without PMSF and NP-40 and centrifuged for another 4 min at 0 °C (300 g). The pellets were 
resuspended in 50 µL nuclear extraction buffer [Tris·HCl (20 mM, pH 8.0), NaCl (420 mM), MgCl2 (0.7 mM), 
EDTA (0.25 mM), glycerol (25%)] and incubated for 30 min at 4 °C, continuously mixed on end-over-end roller, 
and then centrifuged for 15 min at 0 °C (13000 g). Protein concentration in nuclear extracts was determined by 
the Bradford assay, and stored at −80 °C until analysis.

Analysis of the epigenetic changes after the treatment of HCT-116 cells with Pt(IV)diOA, Pt(IV)
AcOA and cisplatin.  Activity of HDACs in HCT-116 cells.  The activity of HDAC enzymes was analyzed in 
HCT-116 cells treated with compounds tested in the present work (1 µM). The cells were incubated for 0, 1, 3 and 
5 h with Pt(IV) conjugates and for comparative purposes also with free OA (1 µm or 1 mM) and the inhibitor of 
HDACs trichostatin A (TSA). The activity of HDAC was analyzed using the HDAC fluorimetric cellular activ-
ity assay kit (Enzo Life Sciences; Farmingdale, NY) in the whole cells according to manufacturer’s instructions. 
Briefly, the HCT-116 cells were seeded and incubated for 24 h to gain desired 80% confluence in the culture 
media without phenol red. Incubations with the compounds tested in the present work and the HDAC substrate 
were begun in the reverse staggered fashion and incubated for indicated times at 37 °C. Samples were treated in 
octuplicate, and each experiment was repeated in triplicate. HDAC activity was terminated by addition of 2 µM of 
TSA and subsequent incubation for 15 min at 37 °C with the developer to generate a fluorescent signal from the 
deacetylated substrate. The plates were scanned on a fluorescence reader Infinite 200 (TECAN) (360 nm excita-
tion, 460 nm emission).

DNA methyltransferase (DNMT) activity assay.  Human colon carcinoma cells (HCT-116) were seeded in 100 
mm culture dishes at the density 1.5 × 106 cells/dish. Cells were harvested after 24 h of incubation with the com-
pounds tested in the present work (1 µM). Nuclear extracts from the pellets were separated using EpiQuik Nuclear 
extraction kit I (Epigentek, NY) according to manufacturer’s instructions. Quantification of nuclear proteins 
was analyzed with the standard Bradford assay. The activity of DNMT enzymes was analyzed using the EpiQuik 
DNMT activity/inhibition assay Ultra kit (Epigentek, NY), according to the manufacturer´s protocol. Briefly, 
10 µg of total nuclear protein was analyzed for its DNMT activity. The reaction time with a universal DNMT 
substrate stably coated onto microplate wells was 120 min at 37 °C. The final signal at the end of the ELISA reac-
tion was detected at 450 nm (reference 620 nm). DNMT activity was normalized to controls and expressed in the 
percent or absolute values as OD h−1 mg−1, calculated as described in the manufacturer’s manual.

DNA methylation analysis.  Human colon carcinoma cells (HCT-116) were seeded at the density 1.5 × 106 cells/
dish. Cells were harvested after 24 or 72 h of incubation with the compounds tested in the present work (0.5 or 
1 µM) (incubation with cisplatin was also performed at its concentration of 30 µM and with free OA was also 
performed at its concentration of 1 mM). The attached cells were washed twice with PBS (4 °C) and then lysed 
in DNAzol (DNAzol® genomic DNA isolation reagent, MRC) supplemented with RNAse A (100 μg mL−1). The 
genomic DNA was precipitated from the lysate with ethanol, dried and resuspended in water. The DNA content 
in each sample was determined by UV spectrophotometry. DNA (200 ng) from the samples was loaded to the 
Imprint methylated DNA quantification kit (Sigma-Aldrich, USA). The level of methylated DNA was propor-
tional to the absorbance measured at 450 nm.
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Analysis of mitochondrial function.  Cellular treatment, fluorescence staining.  HCT-116 cells were 
seeded on glass bottom dishes (P50G-0-30-F, MatTek Co., Ashland, USA) at the density 3 × 105 cells per dish, 
cultured in RPMI-1640 medium (without phenol red) and incubated at 37 °C in a humidified 5% CO2 atmos-
phere overnight. The cells were subsequently treated with the compounds (1 μM) for 5 h. After this period, 
cells were washed twice with PBS and resuspended in staining medium (without Pt compound), supplemented 
with Hoechst 33258 and tetramethylrhodamine, ethyl ester (TMRE) from multiparametric apoptosis assay kit 
(Cayman Chemical, Michigan, USA) according to the manufacturer’s protocol. After 20 min of staining, the stain-
ing medium was replaced by a fresh medium (without staining dye and platinum compound).

Confocal microscopy.  Images of living cells were acquired with a Leica TSC SP-5X laser scanning confo-
cal microscope (Leica Microsystems, Mannheim, Germany) using an HCX PL APO lambda blue 63.0 × 1.20 
water UV objective lens corrected with an appropriate beam path (resolution 1024 × 1024, frequency 100 Hz). 
Excitation/emission wavelengths: Hoechst 33258 (355/465 nm), TMRE (560/595 nm). UV laser for excitation 
of Hoechst 33258 was used at the power of 6.4 mW, TMRE was excited by supercontinuum white light laser at 
the power of 5.1 mW. Emission PMT detectors were set to the voltage of 900 V (Hoechst) and emission hybrid 
detectors were set to the gain of 300%. For better morphological and structural resolution of the cell nucleus, 
the pinhole size was reduced to 70 μm corresponding to 0.63 Airy and the theoretical image voxel width and/or 
height was 108 nm. Quantification of the mean signal intensity associated with single cells was performed using 
software ImageJ v1.47, U.S. National Institutes of Health, Bethesda, Maryland, USA.

Experiments with animals.  All studies involving animal testing were carried out in accordance with the 
ethical guidelines for animal research adopted by the University of Padua, acknowledging the Italian regulation 
(D.L.G.S. 116/92) and European Directive 86/609/EEC as to the animal welfare and protection and the related 
codes of practice. The experimental protocol was approved by the Italian Health Department according to the 
art. 7 of above mentioned D.L.G.S. 116/92. The mice were purchased from Charles River, Italy, housed in steel 
cages under controlled environmental conditions (constant temperature, humidity, and 12 h dark/light cycle), and 
alimented with commercial standard feed and tap water ad libitum.

In vivo antitumor activity in Lewis Lung Carcinoma.  The LLC cell line was purchased from ECACC, United 
Kingdom. The LLC cell line was maintained in DMEM (Euroclone) supplemented with 10% heat-inactivated fetal 
bovine serum (FBS; Euroclone), 10 mM L-glutamine, 100 U mL−1 penicillin, and 100 μg mL−1 streptomycin in a 
5% CO2 air incubator at 37 °C. The LLC was implanted intramuscularly (im) as a 2 × 106 cell inoculum into the 
right hind leg of 8-week old male and female C57BL mice (24 ± 3 g body weight). After 24 h from tumor implan-
tation, mice were randomly divided into five groups (8 animals per group, 10 controls) and treated orally with a 
single daily dose of butanoate, hexanoate, octanoate and valproate Pt(IV) complexes (20 mg kg−1 dissolved in a 
vehicle solution composed of 20% Cremophor EL (v/v), 20% PEG400 (v/v) and 60% saline solution (v/v)) or with 
a daily ip dose of cisplatin (1.5 mg kg−1 in 0.9% NaCl solution) from day 7 after tumor inoculation (visible tumor). 
At day 15, animals were sacrificed, the legs were amputated at the proximal end of the femur, and the inhibition 
of tumor growth was determined according to the difference in weight of the tumor-bearing leg, and the healthy 
leg of the animals expressed as a percentage referred to the control animals. Body weight was measured every two 
days and was taken as a parameter for systemic toxicity. All the values are the means ± SD of not less than three 
measurements.

Statistical analysis.  All the values are the means ± SD of not less than three independent experiments. 
Multiple comparisons were made by ANOVA followed by the Tukey–Kramer multiple comparison tests 
(***P < 0.001, **P < 0.01; *P < 0.05) using GraphPad Software.

References
	 1.	 Hall, M. D. & Hambley, T. W. Platinum(IV) antitumour compounds: their bioinorganic chemistry. Coord. Chem. Rev. 232, 49–67 

(2002).
	 2.	 Hall, M. D., Mellor, H. R., Callaghan, R. & Hambley, T. W. Basis for design and development of platinum(IV) anticancer complexes. 

J. Med. Chem. 50, 3403–3411 (2007).
	 3.	 Nemirovski, A., Kasherman, Y., Tzaraf, Y. & Gibson, D. Reduction of cis, trans, cis-PtCl2(OCOCH3)2(NH3)2 by aqueous extracts of 

cancer cells. J. Med. Chem. 50, 5554–5556 (2007).
	 4.	 Zhang, J. Z. et al. Getting to the core of platinum drug bio-distributions: the penetration of anti-cancer platinum complexes into 

spheroid tumour models. Metallomics 4, 1209–1217 (2012).
	 5.	 Ravera, M. et al. Cellular trafficking, accumulation and DNA platination of a series of cisplatin-based dicarboxylato Pt(IV) prodrugs. 

J. Inorg. Biochem. 150, 1–8 (2015).
	 6.	 Johnstone, T. C., Suntharalingam, K. & Lippard, S. J. The next generation of platinum drugs: Targeted Pt(II) agents, nanoparticle 

delivery, and Pt(IV) prodrugs. Chem. Rev. 116, 3436–3486 (2016).
	 7.	 Gibson, D. Platinum(IV) anticancer prodrugs - hypotheses and facts. Dalton Trans. 45, 12983–12991 (2016).
	 8.	 Gabano, E., Ravera, M. & Osella, D. Pros and cons of bifunctional platinum(IV) antitumor prodrugs: two are (not always) better 

than one. Dalton Trans. 43, 9813–9820 (2014).
	 9.	 Yang, J. et al. Conjugate of Pt(IV)-histone deacetylase inhibitor as a prodrug for cancer chemotherapy. Mol. Pharmaceutics 9, 

2793–2800 (2012).
	10.	 Alessio, M. et al. Antiproliferative activity of Pt(IV)-bis(carboxylato) conjugates on malignant pleural mesothelioma cells. J. Inorg. 

Biochem. 129, 52–57 (2013).
	11.	 Novohradsky, V. et al. New insights into the molecular and epigenetic effects of antitumor Pt(IV)-valproic acid conjugates in human 

ovarian cancer cells. Biochem. Pharmacol. 95, 133–144 (2015).
	12.	 Novohradsky, V. et al. Antitumor platinum(IV) derivatives of oxaliplatin with axial valproato ligands. J. Inorg. Biochem. 140, 72–79 

(2014).
	13.	 Ratzon, E. et al. Platinum (IV)-fatty acid conjugates overcome inherently and acquired Cisplatin resistant cancer cell lines: an in-

vitro study. BMC Cancer 16, 140 (2016).



www.nature.com/scientificreports/

13Scientific Reports | 7: 3751  | DOI:10.1038/s41598-017-03864-w

	14.	 Lemarie, F., Beauchamp, E., Legrand, P. & Rioux, V. Revisiting the metabolism and physiological functions of caprylic acid (C8:0) 
with special focus on ghrelin octanoylation. Biochimie 120, 40–48 (2016).

	15.	 Chang, P. S. et al. Seizure control by derivatives of medium chain fatty acids associated with the ketogenic diet show novel branching-
point structure for enhanced potency. J. Pharmacol. Exp. Ther. 352, 43–52 (2015).

	16.	 Theiner, S. et al. Comparative in vitro and in vivo pharmacological investigation of platinum(IV) complexes as novel anticancer drug 
candidates for oral application. J. Biol. Inorg. Chem. 20, 89–99 (2015).

	17.	 Julsing, J. R. & Peters, G. J. Methylation of DNA repair genes and the efficacy of DNA targeted anticancer treatment. Oncol. Discov. 
2, doi:10.7243/2052-6199-2-3 (2014).

	18.	 Szyf, M. DNA methylation and demethylation as targets for anticancer therapy. Biochemistry (Moscow) 70, 651–669 (2005).
	19.	 Yang, X., Lay, F., Han, H. & Jones, P. A. Targeting DNA methylation for epigenetic therapy. Trends Pharmacol. Sci. 31, 536–546 

(2010).
	20.	 Paz, M. F. et al. A systematic profile of DNA methylation in human cancer cell lines. Cancer Res. 63, 1114–1121 (2003).
	21.	 Wong, J. J. L., Hawkins, N. J. & Ward, R. L. Colorectal cancer: a model for epigenetic tumorigenesis. Gut 56, 140–148 (2007).
	22.	 Lyko, F. & Brown, R. DNA methyltransferase inhibitors and the development of epigenetic cancer therapies. J. Natl. Cancer Inst. 97, 

1498–1506 (2005).
	23.	 Cho, Y. M. et al. Colon cancer cell apoptosis is induced by combined exposure to the n-3 fatty acid docosahexaenoic acid and 

butyrate through promoter methylation. Exp. Biol. Med. 239, 302–310 (2014).
	24.	 Hagemann, S., Heil, O., Lyko, F. & Brueckner, B. Azacytidine and decitabine induce gene-specific and non-random DNA 

demethylation in human cancer cell lines. PLoS ONE 6, e17388 (2011).
	25.	 Nyce, J. & Drug-induced, D. N. A. hypermethylation and drug-resistance in human-tumors. Cancer Res. 49, 5829–5836 (1989).
	26.	 Dhar, S. & Lippard, S. J. Mitaplatin, a potent fusion of cisplatin and the orphan drug dichloroacetate. Proc. Natl. Acad. Sci. USA 106, 

22199–22204 (2009).
	27.	 Xue, X. et al. Mitaplatin increases sensitivity of tumor cells to cisplatin by inducing mitochondrial dysfunction. Mol. Pharmaceutics 

9, 634–644 (2012).
	28.	 Jelínková, I. et al. Platinum(IV) complex LA-12 exerts higher ability than cisplatin to enhance TRAIL-induced cancer cell apoptosis 

via stimulation of mitochondrial pathway. Biochem. Pharmacol. 92, 415–424 (2014).
	29.	 Kingsley-Hickman, P. B., Sako, E. Y., Uğurbil, K., From, A. H. & Foker, J. E. 31P NMR measurement of mitochondrial uncoupling in 

isolated rat hearts. J. Biol. Chem. 265, 1545–1550 (1990).
	30.	 Hirabara, S. M. et al. Acute effect of fatty acids on metabolism and mitochondrial coupling in skeletal muscle. Biochim. Biophys. Acta 

1757, 57–66 (2006).
	31.	 Kamata, Y., Shiraga, H., Tai, A., Kawamoto, Y. & Gohda, E. Induction of neurite outgrowth in PC12 cells by the medium-chain fatty 

acid octanoic acid. Neuroscience 146, 1073–1081 (2007).
	32.	 Thevenet, J. et al. Medium-chain fatty acids inhibit mitochondrial metabolism in astrocytes promoting astrocyte-neuron lactate and 

ketone body shuttle systems. FASEB J. 30, 1913–1926 (2016).
	33.	 Sakai, Y., Sasahira, T., Ohmori, H., Yoshida, K. & Kuniyasu, H. Conjugated linoleic acid reduced metastasized LL2 tumors in mouse 

peritoneum. Virchows Archiv 449, 341–347 (2006).
	34.	 Jung, J. Human tumor xenograft models for preclinical assessment of anticancer drug development. Toxicol. Res 30, 1–5 (2014).
	35.	 Hall, M. D. et al. The fate of platinum(II) and platinum(IV) anti-cancer agents in cancer cells and tumours. J. Struct. Biol. 155, 38–44 

(2006).
	36.	 Zanellato, I. et al. Biological activity of a series of cisplatin-based aliphatic bis(carboxylato) Pt(IV) prodrugs: How long the organic 

chain should be? J. Inorg. Biochem. 140, 219–227 (2014).
	37.	 Zheng, Y. R. et al. Pt(IV) prodrugs designed to bind non-covalently to human serum albumin for drug delivery. J. Am. Chem. Soc. 

136, 8790–8798 (2014).
	38.	 Porter, C. J. H., Trevaskis, N. L. & Charman, W. N. Lipids and lipid-based formulations: optimizing the oral delivery of lipophilic 

drugs. Nature Rev. Drug Discov 6, 231–248 (2007).
	39.	 Sgoutas, D., Macmahon, W., Love, A. & Jerkunica, I. Interaction of cyclosporine-A with human lipoproteins. J. Pharm. Pharmacol 

38, 583–588 (1986).
	40.	 Prueksaritanont, T., Koike, M., Hoener, B. A. & Benet, L. Z. Transport and metabolism of cyclosporine in isolated rat he[atocytes - 

The effects of lipids. Biochem. Pharmacol. 43, 1997–2006 (1992).
	41.	 Patel, J. P. & Brocks, D. R. The effect of oral lipids and circulating lipoproteins on the metabolism of drugs. Exp. Opin. Drug Metabol. 

Toxicol 5, 1385–1398 (2009).
	42.	 Brabec, V. DNA modifications by antitumor platinum and ruthenium compounds: their recognition and repair. Prog. Nucleic Acid 

Res. Mol. Biol 71, 1–68 (2002).
	43.	 Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nature Rev. Cancer 7, 573–584 (2007).
	44.	 Jung, Y. & Lippard, S. J. Direct cellular responses to platinum-induced DNA damage. Chem. Rev. 107, 1387–1407 (2007).
	45.	 Szyf, M. The role of DNA hypermethylation and demethylation in cancer and cancer therapy. Curr. Oncol 15, 72–75 (2008).
	46.	 Ehrlich, M. DNA methylation in cancer: too much, but also too little. Oncogene 21, 5400–5413 (2002).
	47.	 Ehrlich, M. DNA hypomethylation in cancer cells. Epigenomics 1, 239–259 (2009).
	48.	 Juttermann, R., Li, E. & Jaenisch, R. Toxicity of 5-aza-2′-deoxycytidine to mammalian-cells is mediated primarily by covalent 

trapping of DNA methyltransferase rather than DNA demethylation. Proc. Natl. Acad. Sci. USA 91, 11797–11801 (1994).
	49.	 Gros, C. et al. DNA methylation inhibitors in cancer: Recent and future approaches. Biochimie 94, 2280–2296 (2012).
	50.	 Jihong, Z., Malcolm, F. G. S. & Tracey, D. B. Temozolomide: Mechanisms of action, repair and resistance. Curr. Mol. Pharmacol. 5, 

102–114 (2012).
	51.	 Topkaya, S. N., Serindere, G. & Ozder, M. Determination of DNA hypermethylation using anticancer drug - temozolomide. 

Electroanalysis 28, 1052–1059 (2016).
	52.	 Detich, N., Hamm, S., Just, G., Knox, J. D. & Szyf, M. The methyl donor S-adenosylmethionine inhibits active demethylation of DNA 

- A candidate novel mechanism for the pharmacological effects of S-adenosylmethionine. J. Biol. Chem. 278, 20812–20820 (2003).
	53.	 Pakneshan, P., Szyf, M., Farias-Eisner, R. & Rabbani, S. A. Reversal of the hypomethylation status of urokinase (uPA) promoter 

blocks breast cancer growth and metastasis. J. Biol. Chem. 279, 31735–31744 (2004).
	54.	 Wilson, J. J. & Lippard, S. J. Synthetic methods for the preparation of platinum anticancer complexes. Chem. Rev. 114, 4470–4495 

(2014).

Acknowledgements
This work was supported by the Czech Science Foundation (grants 17-09436 S and 17-05302 S) and by the 
Compagnia di San Paolo (Italy) (research project “Biplanes”). The work of JP was also supported by the National 
Program of Sustainability I (LO1204). DG acknowledges partial support from Israel Science Foundation (grant 
1611/14). IZ, CM, VG and DO are indebted to Inter-University Consortium for Research on the Chemistry 
of Metals in Biological Systems (CIRCMSB, Bari) and VN, JK and VB to COST CM1406 Action “Epigenetic 
Chemical Biology” for stimulating discussions during the group-meetings and short-term scientific missions.

http://dx.doi.org/10.7243/2052-6199-2-3


www.nature.com/scientificreports/

1 4Scientific Reports | 7: 3751  | DOI:10.1038/s41598-017-03864-w

Author Contributions
V.N., I.Z., C.M., and J.P. performed the experiments. V.N., J.K., V.G., D.O. and V.B. designed the experiments, 
analyzed/interpreted the results and wrote part of the manuscript. V.B. edited the manuscript. All authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03864-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-03864-w
http://creativecommons.org/licenses/by/4.0/

	Epigenetic and antitumor effects of platinum(IV)-octanoato conjugates

	Results

	Biochemical mechanisms in tumor cells treated with Pt(IV)diOA which potentiate its cytotoxic activity. 
	Cytotoxicity. 
	Cellular accumulation. 
	DNA-bound platinum in cells exposed to Pt(IV) derivatives of cisplatin containing axial Ac and OA ligands. 
	Inhibition of histone deacetylase activity. 
	Analysis of DNA methylation. 
	Analysis of mitochondrial membrane potential. 

	In vivo tumor growth inhibition. 

	Discussion

	Methods

	Chemicals. 
	Synthesis of compounds. 

	Cell lines. 
	Cytotoxicity (in cellulo experiments). 
	Accumulation of platinum in tumor cells treated with Pt(IV) complexes and cisplatin (in cellulo experiments). 
	Platinum-DNA binding in tumor cells treated with Pt(IV) complexes and cisplatin (in cellulo experiments). 
	Measurement of lipophilicity. 
	Cellular distribution, preparation of cytosolic and nuclear extracts. 
	Analysis of the epigenetic changes after the treatment of HCT-116 cells with Pt(IV)diOA, Pt(IV)AcOA and cisplatin. 
	Activity of HDACs in HCT-116 cells. 
	DNA methyltransferase (DNMT) activity assay. 
	DNA methylation analysis. 

	Analysis of mitochondrial function. 
	Cellular treatment, fluorescence staining. 
	Confocal microscopy. 

	Experiments with animals. 
	In vivo antitumor activity in Lewis Lung Carcinoma. 

	Statistical analysis. 

	Acknowledgements

	Figure 1 Schematic representation of the platinum compounds used in the present work.
	Figure 2 Increase of cytotoxicity, intracellular accumulation and DNA platination in A2780 (A,C) and HCT-116 (B,D) cells treated with Pt(IV)diOA in comparison with the treatment with cisplatin (A,B) or Pt(IV)diAc (C,D).
	Figure 3 Activity of HDAC enzymes in HCT-116 cells treated with the compounds tested in the present work their concentration was 1 µM except the concentration of free OA, which was 1 mM.
	Figure 4 Analysis of DNA methylation.
	Figure 5 Confocal microphotographs of HCT-116 cells with nucleus stained with Hoechst 33342 (A) and mitochondria stained with TMRE (B).
	Table 1 Cytotoxicity.
	Table 2 Cellular platinum accumulation/distribution in A2780 and HCT-116 cells and log P (octanol/water) values obtained by shake flask method.
	Table 3 Platinum content on DNA isolated from A2780 and HCT-116 cells treated with cisplatin and its Pt(IV) derivativesa.
	Table 4 The in vivo antitumor activity of Pt(IV) prodrugs and cisplatin evaluated in a model of solid tumora.




