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Abstract

Imidazolium salts have shown great promise as anticancer materials. A new imidazolium salt 

(TPP1), with a triphenylphosphonium substituent, has been synthesized and evaluated for in vitro 
and in vivo cytotoxicity against bladder cancer. TPP1 was determined to have a GI50 ranging from 

200 to 250 μM over a period of 1 h and the ability to effectively inhibit bladder cancer. TPP1 
induces apoptosis, and it appears to act as a direct mitochondrial toxin. TPP1 was applied 

intravesically to a bladder cancer mouse model based on the carcinogen N-butyl-N-(4-

hydroxybutyl)nitrosamine (BBN). Cancer selectivity of TPP1 was demonstrated, as BBN-induced 

tumors exhibited apoptosis but normal adjacent urothelium did not. These results suggest that 

TPP1 may be a promising intravesical agent for the treatment of bladder cancer.
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1. Introduction

Bladder cancer will be diagnosed in the United States in 80,000 patients in 2019, with about 

1/3 of these patients harboring high-grade superficial cancer [1,2]. Management of high-

grade superficial bladder cancer is significantly more challenging for these patients now that 

M. bovis Bacillus Calmette Guerin (BCG), the long-time standard-of-care, is in short supply 

due to the manufacturing discontinuation by Sanofi and difficulty in manufacturing and QC 

by Astellas, the main producers. With this shortage, 40 years of successful treatment of 

bladder cancer has been reversed [3]. There have been multiple year + long shortages in the 

last 5 years and the situation is not expected to improve anytime soon [4–6]. Second-line 

therapies, such as intravesical gemcitabine, valrubicin, and docetaxel, predictably have little 

efficacy because they only act at specific points in the cell cycle and cannot practically be 

retained in the bladder long enough to have an effect. Clinical experience with these 

approaches in BCG-failure patients results in 70–80% failure rate and often radical 

cystectomy (removal of the bladder) [7–10]. Radical cystectomy is among the most 

complicated [11–14] and expensive [15–17] elective surgeries performed. In addition, 

radical cystectomy requires permanent urinary diversion, typically with a urostomy, which is 

life-altering. Avoidance of radical cystectomy is therefore likely a high priority for patients 

and this is reflected in the medical literature [18–22] and actively-enrolling clinical trials 

(NCT02710734, NCT03609216). Even with BCG treatment, high grade superficial bladder 

cancer progresses to metastasis or death in about 1/3 of cases [23]. BCG really only reduces 

the risk of cancer progression (i.e. reduces the need for radical cystectomy) by 27% [24]. 

The BCG shortage, its relative ineffectiveness, and the ineffectiveness of second line 

therapies underscore the urgent and genuine need for new intravesical therapies for bladder 

cancer.

One redeeming quality of the currently available treatments for high-grade superficial 

bladder cancer is intravesical administration of therapeutics. Systemic absorption, and thus 

symptoms associated with parenteral and oral administration of chemotherapeutic agents, 

are greatly reduced in intravesical administration. However, BCG can still cause systemic 

symptoms such as fever, malaise, and rarely sepsis, and also local symptoms such as urinary 

urgency/frequency/dysuria by virtue of its nature as a live bacterial immunogenic vaccine 

[23,25].

A group of compounds known as mitocans target and kill cancer cells through accumulation 

in and disruption of mitochondria [26]. Targeting mitochondria with toxic compounds 

swiftly and irreversibly leads to apoptosis and disruption of the production of ATP. 

Delocalized lipophilic cations (DLCs) are known to accumulate in the mitochondrial inner 

matrix due to the negative mitochondrial membrane potential (MMP) [27]. The enhanced 

MMP in cancer cells relative to normal cells contributes to the effectiveness that positively-

charged mitocans have in selectively targeting cancerous cells over normal cells [28,29]. For 

example, previous reports have shown that cationic mitochondrial-targeted dyes such as 

Rh123 [30] have an increased uptake and retention time in mouse bladder epithelial cells 

that have been transformed into cancerous cells with mutagens (e.g. 

dimethylbenzanthracene, benzo[a]pyrene, or butyl-(4-hydroxybutyl)nitrosamine (BBN)) in 

comparison to normal mouse bladder epithelial cells [31].
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Triphenylphosphonium (TPP) salts are a group of DLCs that are known to target 

mitochondria [32,33]. A classic example of a mitochondrial targeted TPP containing 

compound is MitoQ10 [34]. When TPP is bound to doxorubicin, it causes doxorubicin to be 

redirected to the mitochondria and thereby enhancing cytotoxicity in doxorubicin resistant 

cell lines [35]. In addition, imidazolium salts have been of great interest for their biological 

activity [36–43]. The focus of the Youngs’ group has been the anticancer potential of 

imidazolium salts and their extensive structure activity relationships [44–48]. Furthermore, 

some imidazolium salts have been shown to induce apoptosis and disrupt the MMP of lung 

cancer cells [48]. Combining the anti-proliferative effect of imidazolium salts with the 

selectivity of the TPP moiety could afford a compound that is able to target cancer cells and 

disrupt the mitochondria, leading to cell death. In addition, the cationic nature of the TPP 

moiety can impart some aqueous solubility to these lipophilic compounds. This would allow 

for ease of administration as well as the ability for excess compound to exit the bladder. 

Therefore, TPP imidazolium salts could be developed as a viable alternative to BCG and 

intravesical chemotherapy based on their combined anti-tumor properties and targeting 

ability. In this study, we report the synthesis of a compound, TPP1, containing an 

imidazolium salt core and a TPP moiety, as well as the biological activity of the compound 

against bladder cancer cell lines and murine models.

2. Results and discussion

2.1. Synthesis and characterization

The synthesis outlined in Scheme 1 shows the synthetic strategy used to produce the 

triphenylphosphonium (TPP)-substituted benzimidazolium salt (TPP1). 2-(3-

hydroxypropyl)-1,3-bis(naphthalen-2-ylmethyl)benzimidazolium bromide (1) was 

synthesized, using a previously published procedure [46]. To transform the alcohol to a TPP 

substituent, compound 1 was reacted with thionyl bromide to form the alkyl halide. The 

resulting 2-(3-bromopropyl) imidazolium salt, 2, was quickly separated from the remaining 

thionyl bromide, without further characterization, and immediately combined with excess 

triphenyl phosphine. The substitution of triphenyl phosphine for the alcohol in 1 to form 

TPP1 was suggested by the 1H NMR spectrum with the observed resonance of the 

methylene between the naphthalenes and nitrogens having a slight downfield shift from 6.10 

ppm (1) to 6.15 ppm (TPP1). For TPP1 the propyl resonances were observed at 4.02 (m), 

3.97 (m), and 1.90 ppm (m). The 13C NMR spectrum showed that the resonances in the alkyl 

region at 20.1 (d, J = 52.1 Hz) and 24.2 (d, J = 21.8 Hz) were split by the 31P nucleus. The 
31P NMR spectrum showed a single resonance at 23.3 ppm, which was consistant with a 

single phosphorus atom present in the imidazolium salt. The Compound was characterized 

by 1H COSY, 1H{13C} HSQC, and 1H {31P} HSQC (see supplementary information). 

Single crystal X-ray diffraction analysis (see supplementary information) comfirmed the 

structure of TPP1 as shown in the thermal ellipsoid plot in Fig. 1.

Previously studied imidazolium salts exhibit very low aqueous solubility [44]. Therefore the 

aqueous solubility achieved by the substitution of imidazolium salts with a TPP moiety was 

desirable. The biscationic nature of TPP1 has considerably enhanced the water solubility to 

8 mg/mL as compared to previously reported systems such as starting material 1, which has 
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a solubility of <1 mg/mL [46]. While the aqueous solubility is helpful for aiding in the 

process of TPP1 delivery, it is important to balance that with sufficient lipophilicity to 

diffuse across the cell membrane.

2.2. Evaluation of TPP1 as an anticancer agent that causes apoptosis

Evaluation of TPP1 in the National Cancer Institute’s (NCI) Developmental Therapeutics 

Program (DTP) 60 human tumor cell line one-dose assay was utilized to determine 

preliminary cytotoxicity prior to evaluation against select bladder cancer cell lines. The 

results of this study showed significant activity against a variety of cancer cells lines over 48 

h of drug exposure (see Supplementary Table 1). However, for imidazolium salts to be 

effective translational intravesical therapies for bladder cancer, they must elicit a cell-killing 

effect after exposure for 1 h or less. Patients treated intravesically cannot practically retain a 

drug for long periods, and this likely contributes to the ineffectiveness of intravesical DNA-

damaging agents or synthetic toxins, which require prolonged exposure for incorporation 

into the cell cycle. We therefore assessed the growth inhibition of TPP1 at various 

concentrations against select bladder cancer cell lines using the Cell-Titer-Glo® assay after 

1-h exposures. For most of the cell lines assessed, the GI50 ranged from 200 to 250 μM 

when exposed to TPP1 for 1 h (Fig. 2A), was higher than the GI50 in the NCI-60 panel, as 

expected. The cancer cell line growth inhibition by TPP1 was also assessed at a lower 

exposure times in RT112 cells. The inhibition at a 250 μM (highest calculated GI50) dose 

was fairly constant when exposed for 5, 15 or 30 min, while the toxicity increased when the 

exposure time was extended to 1 h (Fig. 2B, blue bars). When RT112 cells were treated with 

500 μM TPP1 (200% of highest GI50), the toxicity increased proportionally with exposure 

time, resulting in complete inhibition after 1 h exposure (Fig. 2B, red bars). Further, 

increasing the dose of TPP1 to the GI99 concentration (1000 μM) resulted in near-complete 

inhibition of cell growth for the 15-, 30-and 60-min treatments, with significant growth 

inhibition at 5 min. Similar results were achieved with RT4 cells (not shown). Thus, for all 

further in vitro assays, 250 μM and 500 μM concentrations with an exposure time of 1 h 

were chosen to achieve the highest efficacy.

The long-term cytotoxicity on select bladder cancer cell lines after exposure to TPP1 was 

assessed using a colony-forming assay (Fig. 3). No colonies formed after treatment with 

TPP1 for 1 h at 500 μM or after 250 μM treatment for RT112 and UMUC3 cell lines, while 

the J82 cell line had few colonies.

To determine if TPP1 caused growth inhibition or cell death, propidium iodide staining was 

performed followed by flow cytometry to measure the amount of late phase apoptotic cells 

(sub-G1 fraction). All cell lines assessed had significant amounts of apoptotic debris with 

respect to untreated cells (Fig. 4A). RT112 had a lower sub-G1% after 500 μM TPP1 
exposure than when treated with 250 μM. This may be due to the extreme and rapid toxicity 

of the higher dose (see below).

To confirm that the mechanism of toxicity was apoptosis, RT112 cells and cell debris were 

collected immediately after or 24 h after the end of treatment and cleaved PARP1 (c-PARP) 

and cleaved caspase-9 (c-Casp9), both markers of apoptosis, were measured using 
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immunoblot (Fig. 4B). The amount of c-PARP after 500 μM TPP1 treatment was higher 

immediately after treatment than at 24 h, while the amount of Ran (loading control) was 

depleted immediately after treatment and further decreased with increasing doses after 24 h. 

In addition, c-Casp9 was detected after treatment with 250 μM TPP1 immediately after 

treatment, but was absent in 500 μM TPP1 treated groups. Caspase-9 is cleaved during 

mitochondrion-triggered apoptosis to initiate the cell death cascade. This suggests that 

RT112 cells undergo apoptosis with such briskness that the detectable signal was 

disintegrated after 24 h due to cell fragmentation.

2.3. Establishment of a TPP1 as a mitotoxin

Based on the aforementioned literature showing that delocalized lipophilic cations are 

mitotoxins, we hypothesized that TPP1 had a similar mechanism of action. However, 

identification of c-Casp9 is common to all chemotherapeutics which cause apoptosis, even 

though they may not specifically be mitotoxins. To test our hypothesis, we isolated 

mitochondria from RT112 cells and treated them with TPP1. Identification of mitotoxicity 

in the absence of the rest of the cellular components would prove that TPP1 is a direct 

mitotoxin. We first probed the cytosol/nuclear fraction and the mitochondrial fraction with 

Lamin A/C (a nucleoprotein) and cytochrome c (a mitochondria-specific protein). This 

proved that there was no contamination in either fraction (Fig. S11). We measured 

mitochondrial toxicity by assaying cytochrome c release into the supernatant of the 

incubation buffer using immunoblot. Cytochrome c expulsion from the mitochondria is an 

irreversible step in the apoptotic cascade. There was intense release of cytochrome c into the 

supernatant of mitochondrial suspensions 4 h after TPP1 treatment, with no release into the 

supernatant after incubation with vehicle, and some release after CCCP exposure (Fig. 5A).

In order to confirm that TPP1 triggers apoptosis via a mitochondrial pathway, JC-1 staining 

of RT112 cells after a treatment with 200 μM TPP1 was performed. JC-1 is a mitochondrial 

dye that reversibly changes color from red to green as the membrane potential decreases. 

JC-1 stains polarized mitochondria red and depolarized mitochondria green. After treatment 

of cells with TPP1 for 1 h, cells had red punctate markings which indicated the presence of 

intact (polarized) mitochondria (Fig. 5B–D). The gradual loss of membrane potential and 

initiation of apoptosis was observed as the red color slowly shifted from red diffusely to 

green. As a positive control carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was used, 

and indeed, CCCP-treated cells also underwent mitochondrial depolarization, but vehicle-

treated or untreated cells maintained mitochondrial integrity (Fig. S12).

Many intravesical chemotherapeutic drugs are known to exfoliate the bladder urothelium 

after treatment [49,50]. The exfoliating activity of TPP1 in murine models was assessed by 

intravesical instillation of 100 μL of either 750 μM or 1500 μM TPP1 in anesthetized female 

mice for 1 h or vehicle (10% DMSO) and repeating the treatment after 24 h. Mice were 

sacrificed 24 h after the final treatment. TPP1 treated mice showed a slightly shortened 

urothelial cell height compared to vehicle treatment, but the layer was still 2 + cell layers 

thick in most placed and there were no areas where the underlying submucosa was exposed 

(Fig. 6), despite applying such high doses. Therefore, TPP1 does not appear to exfoliate the 
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urothelium, in contrast to our prior series of compounds [51]. In addition, no inflammation 

or fibrosis was seen, although longer term studies with repetitive instillations are underway.

Due to the brisk and effective induction of cell death in bladder cancer cell lines, with the 

absence of histological damage in the normal bladder of murine models after intravesical 

instillation, we hypothesized that TPP1 would behave as a selective agent for cancerous 

tissue versus normal tissues in a murine bladder cancer model. To test this hypothesis, 

tumors were induced in murine bladders by the addition 0.05% BBN in drinking water until 

a bladder tumor was identified. The presence of tumors in the bladders of the mice were 

confirmed by excretory μCT urography. Anesthetized mice with bladder tumors were then 

treated for 1 h with 1500 μM TPP1, and histology and immunohistology was performed to 

stain the apoptotic marker, cleaved caspase-3. Mice treated with TPP1 showed significantly 

higher levels of cleaved caspase-3 in the locations that had a significant amount of 

hyperplasia, dysplasia and necrosis (Fig. 7A) Cleaved caspsase-3 was not appreciably 

detected in the normal adjacent urothelium in TPP1-treated mice with tumors, (Fig. 7B). 

Cleaved caspase-3 was also not appreciably detected in the tumor, or in the adjacent normal 

urothelium of the vehicle control group (Fig. 7C–D). This shows that TPP1 induces 

apoptosis in cancer cells without harming normal cells in the bladder.

3. Conclusions

In this work, the synthesis of a new compound, TPP1, containing a triphenylphosphonium 

moiety combined with an imidazolium salt and its cancer-specific toxicity in vitro and in 
vivo is described. The biscationic nature of TPP1 affords an increase in aqueous solubility, 

as compared to imidazolium salts alone [44]. Bladder cancer cell lines briefly treated with 

TPP1 cause irreversible toxicity, demonstrating the ability of TPP1 to exert an apoptotic 

effect in a rapid manner within an acceptable patient treatment window for use in 

intravesical administration. Multiple lines of congruent evidence suggests that TPP1 causes 

apoptosis and that the mechanism of action is mitochondrial toxicity, where the drug 

depolarizes mitochondria, triggering apoptosis.

Typical intravesical chemotherapies such as mitomycin, thiotepa, and doxorubicin also cause 

urothelial exfoliation, denudation, and cause nuclear changes in the normal urothelium 

[50,52,53]. Of great importance is the generation of a compound that can induce cancer-

specific cell death in vivo with a limited exposure time for intravesical administration, 

preferably in the absence of inflammation or bladder pain. The results presented here 

demonstrate that TPP1 causes apoptotic cell death in bladder cancer cells with limited 

exposure times in a cancer-specific manner. The apparent rapidity and irreversibility of the 

drug effect might translate to better patient compliance when translated to clinical settings. 

Current standard-of-care protocols suggest a 1 h dwell time for BCG or other intravesical 

chemotherapies. IC99 doses may be adequate for shorter exposure times in patients – a 

significant potential benefit. Another benefit of TPP1 is its synthetic versatility, as the 

imidazolium salt can be modified to balance aqueous solubility and anticancer activity. 

Future work is aimed at the generation of a library of compounds similar to TPP1 as well as 

further studies to better understand the observed biological activity.
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4. Experimental section

4.1. General considerations

All reactions were performed aerobically unless otherwise stated. Solvents and chemical 

reagents used were unmodified and were purchased from VWR, Fischer Scientific, or Sigma 

Aldrich. 2-(bromomethyl)naphthalene was purchased from Waterstone Technologies. The 

starting material 1 was synthesized performed by our previously published procedure [46]. 

The 1H, 31P and 13C NMR spectra were acquired on Varian 300 MHz, Inova 400 MHz, or 

Varian 500 MHz instruments. All NMR samples were prepared using DMSO-d6 purchased 

from Cambridge Isotope Laboratories and were referenced to residual protons of the solvent 

(DMSO-d6, 1H: 2.50 ppm, 13C: 39.52 ppm). Melting points were obtained on a MelTemp 

apparatus. Infrared spectroscopy was obtained using a Thermo Scientific ATR-IR Nicolet 

iS5 FT-IR spectrometer with an iD5 ATR adapter. TPP1 was evaluated for PAINS by using 

the web-site as follows: http://zinc15.docking.org/patterns/home/ [54].

4.2. Synthesis of TPP1

1,3-bis(naphthalen-2-ylmethyl)-2-(3-hydroxypropyl)-1H-benzimidazol-3-ium bromide, 1,

(1.01 g, 1.88 mmol) was suspended in dry dichloromethane (24 mL) and dry DMF (0.5 mL). 

The suspension was stirred in an ice bath and thionyl bromide (1.50 mL 19.41 mmol) was 

added resulting in the suspension dissolving. This solution was allowed to warm to room 

temperature and after 7 h diethyl ether was added (50 mL) producing a thick orange oil. The 

oil was allowed to settle and the solvent was decanted away. Additional portions (3 × 20 

mL) of diethyl ether were added to remove any remaining thionyl bromide. The remaining 

oil was suspended in dry acetonitrile (50 mL) and triphenylphosphine (4.00 g, 15.27 mmol) 

was added changing the color from orange to yellow-brown. The reaction was refluxed for 

72 h after which the mixture was cooled in an ice bath. The reaction was filtered and the 

filtrate was collected. Upon removal of solvent under reduced pressure, the product was 

taken up in dichloromethane and filtered to remove impurities. The product was precipitated 

from the filtrate with diethyl ether and collected by vacuum filtration. The solid was then 

washed with water (~15 mL) and recovered by vacuum filtration. The tan solid was stirred in 

diethyl ether for 24 h, collected by vacuum filtration, and dried under reduced pressure. 

(0.9896 g, 61.05%) 1H NMR (400 MHz DMSO-d6): δ 7.94–7.92 (m, 2H, Ar), 7.90–7.86 (m, 

6H, Ar), 7.82–7.80 (m, 2H, Ar), 7.75–7.72 (m, 3H, Ar), 7.59–7.54 (m, 18H, Ar), 7.47 (d, 

2H, Ar), 6.15 (s, 4H, CH2), 4.00 (m, 4H, 2-CH2), 1.88 (m, 2H, CH 2). 13C NMR (125 MHz 

DMSO-d6): δ 153.5, 134.8 (d, J = 2.8 Hz), 133.2 (d, J = 10.4 Hz), 132.6, 132.4, 131.8, 

131.4, 130.0 (d, J = 12.5 Hz), 128.5, 127.6, 126.53, 126.50, 126.4, 125.3, 124.6, 117.6 (d, J 
= 86.2 Hz), 113.7, 48.8, 24.2 (d, J = 22.3 Hz), 20.5, 20.1 (d, J = 51.2 Hz). 31P NMR (121 

MHz DMSO-d6) δ 23.3. ATR-IR: 3054w (C–H, sp2), 2910w (C–H, sp2), 2862w (C–H, sp2), 

733w (P–C stretch) cm−1. HRMS: m/z = 351.1528 (theor for [M2+] C50H43N2 P2+ = 

351.158); m/z = 701.309 (theor for [M+-H] (Wittig) C50H42N2P+ 701.308). mp = 189–190 

°C.

Crystal data for TPP1: C52H51Br2N2O2P, M 926.74, monoclinic, a = 10.8583(2) A, b = 

34.0758(6) A, c = 12.9337(13) A, β = 112.0353(10)°, V = 4435.97(13) A3, T = 100(2) K, 

space group P2(1)/n, Z = 4, 50384 reflections measured, 9015 independent reflections (Rint 

Stromyer et al. Page 7

Eur J Med Chem. Author manuscript; available in PMC 2020 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://zinc15.docking.org/patterns/home/


= 0.1152). The final R1 values were 0.0502 (I > 2σ(I)). The final wR(F2) values were 

0.0869 (I > 2σ(I)). The final R1 values were 0.1017 (all data). The final wR(F2) values were 

0.1055 (all data).

4.3. Cell titer glo assay

Bladder cancer cell lines were seeded at 10000 cells/well in black-walled 96 well plates and 

incubated for 24 h. Cells were treated with TPP1 in their respective media (as described by 

ATCC) at concentrations of 62.5 μM–2000 μM dissolved in two-fold increments or vehicle 

for designated time, followed by replacement of treatment media with normal growth media. 

After 24 h, plates with cells were incubated at room temperature for 30 min, followed by 

addition of 20 μL of CellTiter-Glo® luminescent cell viability assay reagent (Promega) and 

mixing. After 2 min of incubation at room temperature, luminescence for each plate was 

measured using IVIS. Relative survival for each treatment group was calculated using 

vehicle control. All treatments were performed in quadruple.

4.4. Colony forming assay

Cells were seeded at 500 cells/well in 6-well plates and 24 h later treated with 250 μM or 

500 μM TPP1 or vehicle for 1 h. Cells were then allowed to grow in normal media for 10 

days followed by staining with crystal violet (0.5% crystal violet in 20% MeOH/water) and 

incubation at 4 °C for 5 min. The wells were then washed several times with DI water, and 

dried prior to imaging. All the experiments were performed in triplicate.

4.5. Sub-G1 analysis

Cells were seeded in 6-well plates at 300,000 cells/well, in triplicate for each treatment. 

After 24 h, they were treated with 250 μM or 500 μM TPP1 or vehicle for 1 h. After 24 h 

growth in normal media, the media and cells were collected and washed with 1% FBS in 

PBS. Washed cells were suspended in 0.5 mL of PBS and fixed with 5 mL 70% cold ethanol 

(−20 °C), followed by incubation at 4 °C for 30 min protected from light. Cells were 

pelleted, washed, incubated at room temperature in phosphate citric acid buffer, repelleted, 

and resuspended in propidium iodide (PI)/RNase solution and analyzed. The stained cells 

were analyzed using a BD FACScan™ flow cytometer for sub-G1 populations using the 

appropriate gating parameters.

4.6. Western blot analysis

RT112 cells were seeded at 300,000 cells/well in a six well plate and 24 h later treated with 

250 μM or 500 μM TPP1 or vehicle. Either immediately after treatment or 24 h after 

treatment, the cells and floating debris were pelleted, washed with PBS, and lysed in RIPA 

buffer with protease inhibitors. Cell lysate (~30 μg protein) was mixed in the sample buffer 

containing 50 μM DTT and incubated at 95 °C for 10 min. Proteins were separated using 

SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blocked with 

2% milk (fat-free), stained with PARP (Cell Signaling Technology, #9542), caspase 9 (Cell 

Signaling Technology, #9502) and Ran (BD Biosciences, #610340) primary antibodies for 1 

h, and washed. HRP-conjugated secondary antibodies (Invitrogen, #31430 and #31460) were 
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added and incubated for 1 h. The bands were detected using an Amersham™ ECL kit (GE 

Life Sciences) and imaged on FluorChem E Digital Darkroom.

4.7. Live cell imaging

In a 35 mm glass bottom microwell dish (MatTek Corp), 200000 RT112 cells were plated 

and incubated overnight. The cells were treated with 200 μM TPP1 and incubated for 45 

min. JC-1 (EMD Millipore Corp) was added into the media at the final concentration of 10 

μg/mL and further incubated for 15 min. The cells were imaged using λEx: 485 nm and 

λEm: 530 and 590 nm at 15 min intervals for 6 h in Inverted Leica SP8 6 channels confocal 

microscope.

4.8. Cytochrome c release study

Mitochondria were extracted from 20 million RT112 cells using mitochondria extraction kit 

for mammalian cells (Thermo Scientific) using manufacturer’s instructions. Extracted 

mitochondria were treated with 10% DMSO, 100 μM CCCP or 200 μM TPP1 for 1 h at 37 

°C. The treated mitochondria were then suspended in mitochondria preservative buffer and 

incubated at 37 °C. The treated mitochondria were centrifuged to obtain supernatant and 

pellet after 1 h and 4 h. The pellets were lysed, and each fraction was analyzed for 

cytochrome c using western blot following the above mentioned protocol.

4.9. Animal experiments

All animal experiments were performed in live animal facility at FCCC strictly following the 

IACUC protocol (19–03). Bladder tumors were induced in a group of mice by 

supplementing water with 0.05% N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN). Presence 

of a bladder mass was confisrmed using excretory μCT urograms. Mice were injected with 

75 μL of 1:3 iodixanol (Visipaque™) dissolved in PBS. All mice were anesthetized and 

maintained at 1–3% isoflurane during treatment. Treatment of female mice was performed 

by instilling two doses of 100 μL of 1500 μM or 750 μM TPP1 in 10% DMSO/PBS after 

bladder evacuation using a 24G angiocatheter. Male mice were instilled with 50 μL of 3000 

μM or 1500 μM TPP1 in 20% DMSO/PBS. Double the concentration and half the volume 

was used because the bladder of male mice cannot be evacuated with the catheter. The male 

mouse bladder was partially evacuated by gentle palpation of the abdomen prior to 

anesthesia. Confirmation of proper instillation was achieved using a retrograde μCT 

cystogram, which showed contrast in the bladder only. Male and female control groups 

received equal volume of vehicle. Two doses were given at an interval of 24 h and 1 h 

incubation time each. Jelco ProtectIV®Plus 24G x ¾” catheters (Smith Medical) were used 

for instilling TPP1 or vehicle control and stayed there until the end of the treatment. 

Bladders were collected 24 h post second treatment, and submitted to FCCC Histology Core 

Facility for further processing with hematoxylin and eosin, or immunohistochemistry using 

anti-cleaved caspase-3 antibody and developed with diaminobenzene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Thermal ellipsoid plot of TPP1 with hydrogen atoms, carbon labels, and solvent molecules 

not shown for clarity. The thermal ellipsoids were drawn to 50% probability.
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Fig. 2. 
(A) Growth inhibition caused by TPP1 to various bladder cancer cell lines at 1 h exposure 

time, measured as the relative survival with respect to untreated cells. The dotted line 

parallel to x-axis represents 50% survival cutoff. Table inset shows the calculated GI50 

values of TPP1 for each cell line. (B) Growth inhibition of RT112 cells caused by different 

concentrations of TPP1 at different exposure times.
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Fig. 3. 
Colony formation by selected bladder cancer cells 10 days after 1 h TPP1 exposure.
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Fig. 4. 
(A) Cell cycle analysis of selected bladder cancer cell lines were used to measure the sub-G1 

population 24 h after 1 h exposure to various concentrations of TPP1. (B) Western blots 

revealing that RT112 cells underwent PARP cleavage (c-PARP) and caspase-9 cleavage (c-

Casp9) after treatment with TPP1. Ran was used as a loading control.

Stromyer et al. Page 18

Eur J Med Chem. Author manuscript; available in PMC 2020 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Representative pictures from live cell imaging of JC-1 stained RT112 cells (A) 1 h, (B) 2 h, 

and (C) 4 h after a treatment with 200 μM TPP1 with cells showing mitochondria-mediated 

apoptosis of the cells. (D) Immunoblot showing the release of cytochrome c from 

mitochondrial pellet into supernatant after treatment with vehicle, CCCP (mitochondrial 

membrane depolarizing agent, positive control) or TPP1.
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Fig. 6. 
Representative histological images showing the normal bladder epithelium after treatment 

with 750 μM TPP1 (A) or 1500 μM TPP1 (B) or vehicle (C). Mice were kept under 

anesthesia for 1 h after instillation of TPP1 or vehicle in the bladder.
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Fig. 7. 
Mouse bladder immunohistology with anti-caspase-3 antibody (dark brown) after treatment 

with TPP1 (A, B) or vehicle (C, D) on BBN-induced mice which harbored bladder tumors. 

Images A and C represent area of bladder urothelium that harbored hyperplasia/dysplasia 

(tumor) that were treated with TPP1 and vehicle, respectively, while images B and D 

represent sections of tumor-adjacent normal urothelium in TPP1-treated and vehicle-treated 

mice, respectively.
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Scheme 1. 
Synthesis of compound TPP1 by direct functionalization of the propanol substituent in 1.
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