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Abstract

The NADPH oxidases (NOXs) play a recognized role in the development and progression of 

inflammation-associated disorders, as well as cancer. To date, several NOX inhibitors have been 

developed, through either high throughput screening or targeted disruption of NOX interaction 

partners, although only a few have reached clinical trials. To improve the efficacy and 

bioavailability of the iodonium class NOX inhibitor diphenylene iodonium (DPI), we synthesized 

36 analogs of DPI, focusing on improved solubility and functionalization. The inhibitory activity 

of the analogs was interrogated through cell viability and clonogenic studies with a colon cancer 

cell line (HT-29) that depends on NOX for its proliferative potential. Lack of altered cellular 

respiration at relevant iodonium analog concentrations was also demonstrated. Additionally, 

inhibition of ROS generation was evaluated with a luminescence assay for superoxide, or by 

Amplex Red® assay for H2O2 production, in cell models expressing specific NOX isoforms. DPI 

and four analogs (NSCs 740104, 751140, 734428, 737392) strongly inhibited HT-29 cell growth 

and ROS production with nanomolar potency in a concentration-dependent manner. NSC 737392 

and 734428, which both feature nitro functional groups at the meta position, had >10-fold higher 

activity against ROS production by cells that overexpress dual oxidase 2 (DUOX2) than the other 

compounds examined (IC50 ≈ 200–400 nM). Based on these results, we synthesized and tested 
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NSC 780521 with optimized potency against DUOX2. Iodonium analogs with anticancer activity, 

including the first generation of targeted agents with improved specificity against DUOX2, may 

provide a novel therapeutic approach to NOX-driven tumors.
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1. Introduction

The members of the NADPH oxidase (NOX) family—NOX1–5 and dual oxidases (DUOX) 

1 and 2—are conserved transmembrane enzymes expressed in a variety of human tissues. 

The NOX isoforms share core structural elements, including a cytosolic NADPH binding 

domain and FAD binding site, and a heme-containing 6-transmembrane domain. 

Additionally, NOX5 and DUOX1/2 have cytosolic calmodulin-like Ca2+-binding 

functionality at the N-terminal, and the DUOX enzymes contain an extracellular peroxidase 

homology domain. By mediating the transport of electrons across the plasma membrane, 

NOXs are important for redox homeostasis in various non-malignant tissues [1]. The first 

isoform to be described, NOX2, was discovered in phagocytes (i.e., neutrophils and 

macrophages) where it catalyzes a respiratory burst in response to pathogens, growth factors, 

or cytokine exposure [1]. However, the generation of reactive oxygen species (ROS) can 

stimulate cellular proliferation, contributing to the pathogenesis of pre-malignant, chronic 

inflammatory conditions such as pancreatitis and Crohn’s disease [2–4]. Increased 

production of ROS has also been linked to enhanced invasiveness and angiogenesis in a 

variety of malignant conditions [5–7]. Certain NOX isoforms, in particular NOX1, NOX4, 

NOX5, and DUOX2, are highly expressed in specific epithelial malignancies and malignant 

melanoma; furthermore, genetic manipulation of NOX1 and NOX4 expression significantly 

alters the growth of human tumors in vitro and in vivo [8–12]. Consequently, the NOX 

isoforms constitute attractive targets for the development of anticancer therapeutics.

Favored characteristics for new agents targeting NOX-related ROS formation would include 

high potency and specificity, increased solubility, and limited toxicity. The preferred 

mechanism of action of these new compounds would be direct inhibition of NOX enzymatic 

activity, as opposed to modulation of signaling pathways upstream of NOX, or ROS 

scavenging. Recent drug screening and rational design efforts aiming to identify isoform-

specific NOX inhibitors have uncovered several compounds of interest, although specificity 

for a single isoform has not yet been convincingly demonstrated. GKT136901 and 

GKT137831 have specific activity against NOX1, NOX4, and NOX5 [13–15]; ML171 is 
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specific for NOX1 but at low potency [16]; VAS2878 and close derivative VAS3947 have 

demonstrated activity against NOX1, NOX2, NOX4, and NOX5; recently, peptides with 

more specific activity against NOX1 have been described [17–20]. However, because of the 

potential for off-target effects, low potency, and poor solubility [21], most of these agents 

have, to date, not demonstrated clinical utility as NOX inhibitors.

Historically, NOX function and activity have been interrogated in vitro through modulation 

with small molecule flavoenzyme inhibitors, such as diphenylene iodonium (DPI), di-2-

thienyliodonium (DTI), and apocynin [22]. DPI and DTI inhibit the growth of NOX1-

expressing colon cancer cells without altering mitochondrial respiration, if studied at 

nanomolar concentrations, so that antiproliferative effects may be attributed, at least in part, 

to a cyclin D1-dependent G1 block that is secondary to inhibition of NOX function [23, 24]. 

However, these inhibitors lack specificity for NOX enzymes as they have been shown to 

disrupt the activity of various flavoproteins [21, 25, 26], which limits the precision with 

which they can be utilized in a therapeutic context. DTI is very sparingly soluble in water 

and all common organic solvents used in biological experiments. Furthermore, apocynin 

possesses free radical scavenging activity, in addition to NOX inhibiting potential, that limits 

the interpretation of studies in which it is utilized [27].

In the current study, our goals were to elucidate the mechanisms whereby iodonium-class 

inhibitors alter ROS production by NOXs, and to optimize the pharmacological properties 

and NOX isoform selectivity of new iodonium analogs compared to the parent molecule, 

DPI. Initially, thirty-five compounds derived from DPI were screened for inhibitory effects 

on cellular proliferation and ROS production in HT-29 colon cancer cells. These iodonium 

analogs were also evaluated for effects on mitochondrial function, and for NOX isoform 

selectivity in cell-based assays. We identified four compounds with increased potency 

compared to DPI in cellular models of NOX activity, and derived a thirty-sixth compound, 

521, with increased selectivity for DUOX2.

2. Materials and methods

2.1 Materials and compounds

Diphenylene iodonium (DPI; NSC 735294, Catalog number: 43088) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). The 36 DPI analogs (Fig. 1A and Fig. 6A) were 

synthesized by the Developmental Therapeutics Program, Division of Cancer Treatment and 

Diagnosis of the National Cancer Institute (Bethesda, MD, USA) following the general 

procedure shown in Fig. 1B. DPI and its analogs were dissolved in dimethylsulfoxide 

(DMSO, Catalog number: D2650; Sigma-Aldrich, St. Louis, MO, USA) at their maximum 

soluble concentration [23]. All compounds were fully characterized by 1H NMR. Using the 

techniques described below, all 36 analogs were screened for their ability to inhibit O2
•− 

production and proliferation in HT-29 cells. The four initial candidate molecules that 

performed optimally on the basis of their solubility and their ability to inhibit tumor cell 

growth and ROS production were subsequently evaluated for their effects on mitochondrial 

function and ROS formation (as shown in the testing funnel; Fig. 1D), and then for their 

NOX isoform selectivity. A fifth analog (NSC 780521; described below) was prepared after 

evaluation of the first four to enhance interaction with DUOX2. Compound characterization 
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details are shown below for the 5 lead compounds; data is available upon request for the 

other analogs.

Dibenziodolium, 3,7-dibromo-, bromide (NSC 740104-T, 104)—Mp 202-205 °C 

(decomposes). 1H NMR, DMSO-d6: δ 8.69 (d, 2H); 8.37-8.36 (d, 2H); 8.03-8.01 (dd, 2H). 

Anal. Calc’d (C12H6Br2I∙Br) C,H,Br,I. Yield: 79 %.

Dibenz[b,d]iodolium, 3-(methoxycarbonyl)-, salt with 4-methyl-
benzenesulfonic acid (1:1) (NSC 751140-P, 140)—Mp >250 °C (decomposes). 1H 

NMR, DMSO-d6: δ 8.84 (d, 1H); 8.64-8.62 (d, 1H); 8.61-8.59 (dd, 1H); 8.37-8.35 (dd, 1H); 

8.30-8.28 (d, 1H); 7.94-7.90 (m, 1H); 7.82-7.78 (m, 1H); 7.50-7.49 (d, 2H); 7.13-7.11 (d, 

2H); 3.96 (s, 3H); 2.30 (s, 3H). Anal. Calc’d (C14H10IO2∙C7H7O3S) C,H,S,I. Yield: 37 %.

Dibenziodolium, 3,7-dinitro-, bromide (NSC 737392-V, 392)—Mp >270 °C 

(decomposes). 1H NMR, DMSO-d 6: δ 9.41-9.40 (d, 2H); 8.78-8.76 (d, 2H); 8.65-8.62 (dd, 

2H). Anal. Calc’d (C12H6IN2O4 ∙ Br) C,H,N,Br,I. Yield: 96 %.

Dibenz[b,d]iodolium, 3-nitro-, chloride (NSC 734428-Y, 428)—Mp 282–285 °C 

(decomposes). 1H NMR, DMSO-d6: δ 9.40-9.39 (d, 1H); 8.68-8.64 (dd, 2H); 8.59-8.57 (dd, 

2H); 7.90-7.87 (t, 1H); 7.81-7.79 (t, 1H). Anal. Calc’d (C12H7INO2∙Cl) C,H,N,Cl,I. Yield: 

94 %.

Dibenziodolium, 1,9-dinitro-, salt with bromide (1:1) (NSC 780521, 521)—MP 

207–209 °C (decomposes). 1H NMR, DMSO-d6: δ 9.02-9.01 (d, 2H); 8.50-8.49 (d, 2H); 

8.01-7.98 (t, 2H). Anal. Calc’d (C12H6IN2O4 Br) C,H,N,Br,I. Yield: 93%.

2.2 Cell culture

HT-29, HL-60, UACC-257, and HEK293 cell lines were obtained from ATCC (Manassas, 

VA, USA). Human HT-29 colon cancer cells were propagated in McCoy’s 5A medium 

supplemented with 10% FBS (Lonza, Walkersville, MD, USA). HL-60 and UACC-257 cells 

were grown in RPMI-1640 medium containing 10% FBS. The stable HEK293 cell line 

expressing both the human DUOX2 and DUOXA2 enzymes was kindly provided by Dr. 

William M. Nauseef (University of Iowa, Iowa City, IA, USA) and maintained in 

DMEM:F12 medium supplemented with 10% FBS, 800 μg/ml G418 (Catalog number: 

5005; Teknova, Hollister, CA, USA) and 250 μg/ml Zeocin (Catalog number: 46-0509; 

Invitrogen, Carlsbad, CA, USA) [28]. HEK293 cell lines that stably express the human 

NOX1 (HEK293 NOX1) and NOX4 (HEK293 NOX4) enzymes were engineered in-house. 

Briefly, stable NOX1 NOXA1/NOXO1 cells were initiated by transfection of HEK293 cells 

with a pCMV-NOX1 (3 μg) plasmid using the Lonza system (Kit V, Program Q-001; 

Walkersville, MD, USA), followed by selection with 800 μg/ml G418 (Sigma, St. Louis, 

MO, USA). After stable clones were developed and evaluated, a single clone was selected 

for transfection with pCMV-NOXA1/NOXO1 (3 μg), and single clones were selected with 

800 ng/ml puromycin. The final, active NOX1-overexpressing clonal cell line was 

maintained with 500 μg/ml G418 and 500 ng/ml puromycin. To produce a stable, clonal cell 

line overexpressing NOX4, 4 μg pCMV-MycDDK-NOX4 plasmid cDNA was transfected 
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into HEK293 cells, again using the Lonza system (Kit V, Program Q-001; Walkersville, MD, 

USA). Resistant clones were selected with 750 μg/ml G418, and single clones were then 

maintained under G418 selection. To obtain polymorphonuclear (PMN) leukocytes, whole 

blood (200 ml) was drawn into BD Glass K3 EDTA tubes (Catalog number: 02-685-2B; 

Fisher Scientific, Hampton, NH, USA) from a healthy volunteer after written informed 

consent, in accordance with ethical guidelines at the Frederick National Laboratory for 

Cancer Research (Research Donor Protocol [RDP] 10-001). Within 2 h of drawing, PMNs 

were isolated using the PolymorphPrep™ system (Catalog number: AXS-1114683; Cosmo 

Bio USA, Carlsbad, CA, USA) and following manufacturer recommended protocol. All cell 

lines were cultured at 37°C in a humidified atmosphere of 5% CO2 and 95% air.

2.3 MTT cell growth assay

HT-29 tumor cells were seeded into 96-well plates (Catalog number: 3596; Corning Inc., 

Vienna, VA, USA) at a density of 1 ×104 cells/well in McCoy’s 5A medium supplemented 

with 10% FBS for 24 h. Serial dilutions of DPI analogs in culture medium (0 to 100 μM) 

were added to the cells in 150 μl total volume, and incubated for various time intervals. Cell 

viability was then assayed by adding 50 μl of 2 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT, Life Technology, Eugene, OR, USA) in McCoy’s 5A 

medium. The cells were incubated with MTT for 1 h at 37°C; the medium was removed, and 

the blue pigment produced by viable cells was solubilized in 100 μl/well of 0.5% (w/v) SDS 

and 25 mM HCl in 90% (v/v) isopropyl alcohol [29]. The plates were shaken for 10 min, 

and the oxidized MTT was measured at A570nm with background measurement at A650nm on 

a SpectraMax M5 reader (Molecular Devices Corp., Sunnyvale, CA, USA) [30].

2.4 Cell proliferation assays

HT-29 cells (5 × 102) were seeded in human fibronectin-coated 6-well plates (Catalog 

number: 354402, Corning, Corning, NY, USA), and grown in McCoy’s 5A medium with 

10% FBS for 24 h. The cells were treated with DPI or analogs over a range of concentrations 

(DPI, NSCs 740104, 751140, 737392, and 734428: 0–1000 nM; 780521: 0–5000 nM) for 2 

h, 6 h, or 10 days. After short-term exposure (2 h or 6 h), the inhibitor solutions were 

removed and the cells were washed; fresh complete medium was added and colony 

formation was evaluated after 10 days of growth. Long-term exposure proceeded with cells 

cultured in complete medium containing iodonium-class inhibitors for 10 days. For 

evaluation, all colonies were washed and fixed with 4% paraformaldehyde (Catalog number: 

15714-S; Electron Microscopy Sciences, Hatfield, PA, USA) for 1 h and stained with 0.02% 

crystal violet (Catalog number: V5265; Sigma-Aldrich, St. Louis, MO, USA) for 45 min. 

Subsequently, the staining solution was removed, and the cells were washed 4 times with 

PBS. Stained colonies were counted with an AccuCount 1000 Automated Colony Counter 

(BioLogics, Inc., Manassas, VA, USA).

To determine the effects of SOD and catalase on cell growth, trypsinized HT-29 cells were 

counted with a T4 cellometer (NexCelom Bioscience, Lawrence, MA, USA). Fifty thousand 

cells were plated in full media in 6-well tissue culture plates (Corning, Corning, NY, USA) 

in triplicate for each time point and condition. SOD (cat# S9549; Sigma Aldrich, St. Louis, 

MO, USA) and/or human catalase (cat# C1345-10 g; Sigma Aldrich, St. Louis, MO, USA) 
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were added at concentrations ranging from 0 to 2000 U/ml. For the combination treatment, 

SOD and catalase were added simultaneously. After 96 h, the cells were trypsinized again 

and counted with the T4 Cellometer (NexCelom Bioscience, Lawrence, MA, USA). The 

growth of control-treated HT-29 cells was compared to the growth of SOD- and/or catalase-

treated cells with the two-tailed Student’s t-test; values of p<0.05 were considered 

significant.

2.5 Measurement of intracellular reactive oxygen production by flow cytometry

HT-29 cells were trypsinized, seeded in 6-well plates, and treated with DPI or DPI analogs 

for 24 h at 37°C. To remove large multi-cellular groups, cells (1 × 106) were passed into a 

tube through a cell-strainer cap (Catalog number: 352235, BD Biosciences, San Jose, CA, 

USA) and collected by centrifugation. Pelleted cells were resuspended in 0.5 ml PBS 

containing 0.1% BSA, and 5 μM redox-sensitive dye CM-H2-DCF-DA (Catalog number: 

C6827, Invitrogen, Carlsbad, CA, USA) and incubated in the dark for 30 min at 37°C with 

shaking. Then the dye solution was removed, and 0.5 ml PBS containing 0.1% BSA was 

added to each pellet. Fluorescence intensity of the cells was immediately measured on a 

FACScalibur (BD Bioscience, San Jose, CA, USA) cytometer, acquired using the data file 

acquisition program CellQuest (BD Bioscience, San Jose, CA, USA), and analyzed using 

the FlowJo® Software (FlowJo LLC, Ashland, OR, USA). For measurements of 

mitochondrial superoxide production, HT-29 cells were pre-treated with lower 

concentrations of DPI (100 or 200 nM) for 24 h or with a high concentration of DPI (1 μM) 

for 2 h, and prepared as described above; pelleted cells were resuspended in 1 ml of PBS 

containing 3 μM MitoSox™ red mitochondrial superoxide indicator (Catalog number: 

M36008, Molecular Probe), and incubated in the dark for 30 min at 37°C with shaking. 

After removing the solution of MitoSox™ red mitochondrial superoxide indicator, the cells 

were resuspended in 0.5 mL PBS. Red fluorescence intensity of the cells was measured as 

described above.

2.6 Measurement of oxygen consumption rate and extracellular acidification rate

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) of HT-29 

colon cancer cells were measured in real time using a Seahorse Bioscience XF24 

Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA) as described 

[31–35]. To achieve ~85% confluence, the optimum number of cells/well was determined in 

preliminary studies. Seahorse assay media (Catalog number 102365-100, Seahorse 

Bioscience, North Billerica, MA, USA) containing 5 mM glucose, 2 mM L-glutamine, and 1 

mM sodium pyruvate (pH 7.4) was freshly prepared for all experiments. For short exposure 

times (30 min and 60 min), HT-29 cells (7 × 104 cells/well) were plated in XF24 V7 24-well 

cell culture plates (Catalog number: 100850-001, Seahorse Bioscience, North Billerica, MA, 

USA) and incubated overnight at 37°C with 5% CO2; culture media was removed the 

following day, and fresh Seahorse assay media was added to the cells under study at 37°C in 

a CO2-absent environment for 30 min. DPI, KCN (2 mM), NSCs 740104, 751140, 737392, 

734428, or 780521 were added to each well to make final concentrations of 0 nM to 1000 

nM just prior to bioenergetic measurements. For the 24-h treatment, HT-29 cells (4 × 104/

well) were plated in 24-well plates and incubated overnight at 37°C. The cells were then 

exposed to DPI or analog for 24 h. Subsequently, the growth media was removed from each 
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well, cells were rinsed with Seahorse assay media, and fresh assay media was added to each 

well at 37°C in the absence of CO2 for 30 min prior to assay measurements. The results 

represent the mean ± S.D. of triplicate or quadruplicate wells tested at each concentration. 

To compare the impact of KCN and a high concentration of DPI on HT-29 cellular 

metabolism, 2 mM KCN or 2 μM DPI were added to each well prior to measurements, or 2 

μM DPI was added to KCN-treated cells 40 minutes after initiation of the experiment. The 

OCR value represents the maximal mitochondrial respiratory capacity of the cells as a 

fraction of its control (pre-treatment) value after DPI or analog exposure. Similarly, the 

ECAR value corresponds to the maximal glycolytic activity as a fraction of its control value 

following exposure to an iodonium inhibitor.

2.7 Superoxide anion assay

Superoxide anion (O2
•−), the major ROS product of HEK293 NOX1 cells, differentiated 

HL-60 cells (expressing NOX2), polymorphonuclear leukocytes (PMNs; expressing NOX2) 

and UACC-257 cells (expressing NOX5), was detected using a luminol-based superoxide 

anion assay kit (Catalog number: CS-1000; Sigma, St. Louis, MO, USA). HL-60 cells were 

fully differentiated in complete medium containing 2% DMSO for 3 days before the start of 

each experiment. Briefly, cells in log-phase were harvested and washed with PBS; HEK293 

NOX1 (2 × 105cells/well), HL-60 (2 × 105 cells/well), PMNs (2 × 105 cells/well), and 

UACC-257 (2 × 105 cells/well) cells were resuspended in 96-well plates (Catalog number: 

136101; Thermo Scientific, Rockford, IL, USA) with 100 μl assay medium containing a 

serial dilution of DPI or analogs (0 μM to 100 μM), or superoxide dismutase (4 U). The cells 

were incubated at 37°C for 30 min. One hundred microliters of assay buffer mix containing 

3 μl of luminol solution, 3 μl of enhancer solution, with or without 200 nM of phorbol 12-

myristate 13-acetate (PMA; Catalog number: P8139, Sigma-Aldrich, St. Louis, MO, USA) 

was added to each well. Luminescence was immediately detected at 37°C using a GloMax® 

Microplate Luminometer (Promega BioSciences, San Luis Obispo, CA, USA), with 

measurements taken every 3 min for HEK293 NOX1 and HL-60 cells, and every 30 seconds 

for UACC-257 cells, up to a 2 h period of observation. The data for each condition 

represents a minimum of three independent experiments. The rate of change of 

luminescence (in relative luminescence units, RLU) produced by untreated cells from time 0 

min to time 30 min (~ peak luminescence) was determined empirically as a proxy for the 

baseline rate of O2•− production (unit: RLU/min/number of cells). For PMNs, the rate of 

change of luminescence from 0 to 10 min (~ peak luminescence) was used as a proxy for the 

baseline rate of O2•− production in these cells.

2.8 Extracellular H2O2 measurement using Amplex Red®

The Amplex Red® Hydrogen Peroxide/Peroxidase Assay Kit (Catalog number: A22188; 

Invitrogen, Carlsbad, CA, USA) was used to detect extracellular H2O2 release by HEK293 

cells stably overexpressing NOX4 or DUOX2/DUOXA2. NOX4 and DUOX2/DUOXA2 

clonal cells in log-phase growth were trypsinized, washed, and dispersed thoroughly. 

Following trypsinization, the cells (3 × 104) were resuspended in 100 μl of 1X Krebs-Ringer 

phosphate glucose (KRPG) buffer containing various concentrations of DPI or DPI analog 

and incubated at 37°C for 30 min. Cells were collected by centrifugation, and the inhibitor 

solution was discarded. The cells were washed once, and then resuspended in 100 μl of 1X 
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KRPG buffer. Twenty microliters of the suspension containing 3 × 104 cells were added per 

well of a 96-well plate (Catalog number: 3596; Corning Inc., Corning, NY, USA) and mixed 

with 100 μl of Amplex Red® reagent solution containing 50 μM Amplex Red and 0.1 

units/ml of HRP in KRPG buffer; each assay condition was evaluated in triplicate. The 

fluorescence of the oxidized 10-acetyl-3,7-dihydroxyphenoxazine was measured in real-time 

at 37°C every 15 min at an excitation wavelength of 530 nm and an emission wavelength of 

590 nm using a SpectraMax M5 Multiplate reader (Molecular Devices, Sunnyvale, CA, 

USA). The rate of change of fluorescence (in relative fluorescence units, RFU) produced by 

untreated cells from time 0 min to time 60 min (~ peak fluorescence) was determined 

empirically as a proxy for the baseline rate of H2O2 production (unit: RFU/min/number of 

cells).

2.9 Formation and characterization of FAD-iodonium analog adducts

For adduct identification, a mixture of 5 nmol FAD and 10 nmol DPI or DPI analog was 

exposed to 25 nmol sodium dithionate in 200 μl PBS at room temperature for at least 5 min 

prior to analysis. Product compounds from a 2 μl aliquot of the reaction mixture were 

separated by HPLC using an ACE Excel5 C18 column, (150 × 2.1 mm; MAC-MOD 

Analytical Inc., Chadds Ford, PA, USA) at a flow rate of 250 μl/min. The mobile phase 

consisted of 26 mM ammonium acetate (pH 6) and acetonitrile. Compounds were eluted 

using an acetonitrile gradient as follows: 0–2 min, 5% acetonitrile; 2–13 min, linear ramp to 

90% acetonitrile; 13–18 min, 90% acetonitrile. Product compounds were analyzed by mass 

spectrometry on a Q-Exactive MS system (Thermo Scientific, Rockford, IL, USA) using a 

heated electrospray source operated in positive ion mode. Mass spectra were collected over a 

range of 100 to 1500 m/z at a nominal resolution of 70,000.

3. Results

3.1 Synthesis of DPI analogs and functional selection

To improve the solubility, potency, and specificity of the iodonium-class flavoprotein 

inhibitor DPI, a library of thirty-six analogous compounds was developed by varying the 

identity of the substituent groups on the phenylene moieties of DPI, as well as that of the 

associated counter ion. Figs. 1A, B illustrate the range of molecules produced, and the 

general reaction sequences for the synthesis of these analogs. Following a preliminary 

functional screen (Fig. 1C), four analogs were retained for further biochemical 

characterization and evaluation against the parent compound, DPI. These included: 

dibenziodolium-3,7-dibromo bromide (NSC 740104-T, 104), dibenz[b,d]iodolium-3-

(methoxycarbonyl)-, salt with 4-methyl-benzenesulfonic acid (1:1) (NSC 751140-P, 140), 

dibenziodolium-3,7-dinitro bromide (NSC 737392-V, 392), and dibenz[b,d]iodolium-3-nitro 

chloride (NSC 734428-Y, 428). Overall yields ranged from 37% (compound 140) to 96% 

(compound 392). A few analogs demonstrated better potency than DPI against HT-29 cell 

proliferation at 48 h, but these compounds either were poorly soluble (NSC 737544, 544), or 

did not outperform the parent molecule in inhibiting whole-cell ROS production (NSC 

743401, 401; NSC 742461, 461) or HT-29 colony formation (NSC 742837, 837), and were 

therefore not retained for further analysis (data not shown).
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3.2 Iodonium analogs inhibit the proliferation of HT-29 colon cancer cells

In a previous study, we demonstrated that DPI inhibits NOX1-dependent ROS production in 

HT-29 human colon cancer cells, resulting in growth inhibition [23]. To evaluate the potency 

of the new iodonium analogs compared to the parent compound, we measured their effects 

on the growth of NOX1-expressing HT-29 human colon cancer cells using the MTT assay. 

This colorimetric assay allowed for a quantitative assessment of the number of viable, 

metabolically active cells remaining following 72-h incubation with iodonium analogs at 

concentrations ranging from 0 to 1000 nM. As shown in Fig. 2A, compounds 104, 140, 392, 

and 428 inhibited the proliferation of HT-29 cells with IC50 values ranging from 150–250 

nM, in contrast to the DPI IC50 of ~ 450 nM. Subsequently, we investigated the time-

dependent antiproliferative activity of the DPI analogs in HT-29 cells at a low concentration 

(100 nM) and a high concentration (500 nM). At the lower concentration, only compounds 

104 and 428 achieved 50% growth inhibition of HT-29 cells within the 72-h duration of the 

experiment (Fig. 2B). At the high concentration, the novel iodonium inhibitors all reached 

their IC50 by 16 h, whereas DPI reached its IC50 after 24 h of exposure (Fig. 2C). Hence, the 

addition of bromine (compound 104), methoxycarbonyl- (140), or nitro- (392 and 428) 

functional groups on DPI enhanced antiproliferative activity in HT-29 cells.

Furthermore, an evaluation of the colony-forming ability of HT-29 cells following treatment 

with iodonium analogs revealed that, in contrast to DPI and compound 104, which required 

high nanomolar concentrations for 6 h (Figs. 2D, F and Table 1) or longer exposure to 

appreciably reduce clonal proliferation, the nitro-substituted compounds 392 and 428 
noticeably inhibit the clonal formation of HT-29 cells at low nanomolar concentrations over 

short exposure times (Figs. 2E, G and Table 1). Additionally, 96 h treatment with ROS 

detoxifying enzymes superoxide dismutase (SOD) and/or catalase similarly reduced the 

proliferation of HT-29 cells compared to control-treated cells (Fig. 2H; for catalase alone or 

in combination with SOD at concentrations ≥ 500 U/ml: ***P< 0.001, df=4; for SOD alone: 

**P< 0.01, df=4 at 500 U/ml SOD; **P< 0.01, df=3 at 1000 U/ml SOD; ***P< 0.001, df=4 

at SOD concentrations ≥1500 U/ml SOD), supporting the hypothesis that ROS production 

may contribute to the growth of HT-29 cells.

3.3 Iodonium-class analogs modulate the production of intracellular ROS in HT-29 cells

To probe whether the iodonium analogs might affect the proliferation of HT-29 cells by 

inhibiting ROS production, HT-29 cells were treated with analog concentrations ranging 

from 10 to 1000 nM for 24 h. Whole cell intracellular ROS production was measured with 

the cell-permeant indicator 5- and 6-chloromethyl-2′,7′-dichlorodihydrofluorescein 

diacetate (CM-H2-DCF-DA) and quantified by analytical cytometry, as described previously 

[36]. Pre-treatment of HT-29 cells with 50 nM DPI, 104, 392, or 428 produced a left-shift 

(decrease) in DCF fluorescence compared to vehicle-treated control cells (Fig. 3A). 

However, in contrast to DPI, and to a lesser extent compound 428, which both produced 

increases in intracellular ROS following 500 nM drug exposure for 24 h, compounds 104, 

140, and 392 did not demonstrate this effect. Using the MitoSox reagent which is specific 

for mitochondrial ROS, we found that at concentrations ≤ 200 nM DPI had no effect on 

mitochondrial ROS production (Fig. 3B; brown and blue lines). A concentration of 1 μM, 

DPI did produce a right shift in MitoSox fluorescence (green line). Enhanced intracellular 
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ROS levels (as measured by DCF fluorescence) were abolished by the addition of 

mitochondrial electron transport chain inhibitors KCN and rotenone (Fig. 3C; upper panel). 

Similar results were found for compound 428 (Fig. 3C; lower panel). These results suggest 

that at nanomolar concentrations the iodonium analogs inhibit nonmitochondrial, 

intracellular ROS.

To assess the direct effect of the iodonium analogs on cellular respiration and cell 

metabolism, we used the Seahorse metabolic analyzer to determine IC50 values for 

inhibition of oxygen consumption rates (OCR) in HT-29 cells. We also measured the 

corresponding concentration-dependent extracellular acidification rates (ECAR) following 

24-h treatment with the inhibitors; representative results are displayed in Fig. 4A, B. For the 

24-h treatment, the OCR of HT-29 cells began to decrease following exposure to 31.6 nM 

DPI, and the ECAR increased at 316 nM DPI, compared to control metabolic activity (Fig. 

4A). In contrast, compound 392 produced no adverse effects on cellular metabolic activity 

when applied for 24 h at concentrations ≤ 316 nM (Fig. 4B). The analog concentrations 

required to inhibit cellular respiration by 50 % in HT-29 cells following 30-min, 60-min, or 

24-h treatment are shown in Table 2. For a 30-min exposure, the analogs demonstrated IC50 

values > 1 μM, except for compound 140. Following a 60-min treatment time, the IC50 for 

cellular respiration in HT-29 cells remained in the micromolar range, except for compounds 

140 and 428. The 24 h IC50’s were considerably lower, except for compound 392, which had 

an IC50 of ~ 800 nM for inhibition of cellular respiration after 24-h exposure (Fig. 4B and 

Table 2). To directly compare the immediate effects of DPI on cellular respiration to that of a 

well-known inhibitor of mitochondrial electron transport, KCN, we measured OCR 

following the addition of 2 μM DPI to HT-29 cells. At this concentration, DPI rapidly 

decreased oxygen consumption by 80%, similar to KCN (Fig. 4C). Furthermore, addition of 

DPI to KCN-treated HT-29 cells after 40 min of KCN exposure (black arrow), yielded an 

additional decrease in OCR (as well as an increase in extracellular acidification; Fig. 4D). 

These results support our hypothesis that nanomolar concentrations of DPI produce limited 

adverse effects on mitochondrial metabolism.

3.4 Screening for selectivity of iodonium analogs against NADPH oxidase isoforms

The specificity of the DPI analogs to inhibit different NOX isoforms was characterized by 

evaluating the respective concentrations required to decrease ROS production (O2
•− or 

H2O2) by 50 % in cellular models that specifically express a single NOX family gene 

product. We measured PMA-induced O2
•− production by luminescence assay in HEK293 

cells expressing all necessary components to generate a functional NOX1 complex, in fully 

differentiated HL-60 cells and polymorphonuclear leukocytes (PMNs) expressing active 

NOX2 [37], and in UACC-257 melanoma cells that express active NOX5 [12]. Because the 

luminescence assay detects any ROS including, but not limited to superoxide, we confirmed 

the identity of the detected ROS as superoxide by treating a subset of cells with superoxide 

dismutase (SOD). Similarly, we measured H2O2 formation by Amplex Red assay from 

NOX4 or DUOX2/DUOXA2 proteins stably overexpressed in HEK293 cells. Representative 

plots are shown in Figs. 5A–D. The cells were pre-treated with iodonium analogs for 30 min 

before exposure to PMA. In HEK293 cells that exclusively expressed NOX1, compound 104 
was the most potent inhibitor of superoxide anion production (IC50 [mean ± SD] 70 ± 57 
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nM), outperforming the parent molecule, DPI (IC50 = 233 ± 122 nM) (Table 3). 

Interestingly, 104 also displayed high potency against NOX5 (IC50 = 44 ± 21 nM). 

Compound 428, in which a single nitro group was added to DPI in the meta position, had 

equivalent or improved potency in all five cellular models compared to DPI. This compound 

achieved the lowest IC50 values in UACC-257 cells (NOX5) and in HL-60 cells (NOX2). 

DPI demonstrated low inhibitory activity against the DUOX2 isoform (IC50 = 6488 ± 1626 

nM). The meta-substitution of two nitro groups on both benzene rings of DPI to yield 

compound 392 greatly improved potency in HEK293 DUOX2/DUOXA2 cells (IC50 = 225 

± 24 nM) compared to the parent compound.

3.5 Compound 521

To investigate the selectivity for DUOX2 that the addition of nitro substituent groups 

appeared to confer to DPI, we synthesized dibenziodolium, 1,9-dinitro-, salt with bromide 

(1:1) (NSC 780521, 521), an isomer of compound 392 (Fig. 6A). Changing the 

configuration of 392 by moving the nitro groups around the DPI aromatic rings to yield 

compound 521 markedly decreased the antiproliferative effect of the compound on HT-29 

cells (Figs. 6B–G, Tables 1–2). However, compound 521 exhibited enhanced selectivity for 

DUOX2-related ROS production in HEK293 DUOX2/DUOXA2 cells and decreased 

potency for NOX isoforms other than NOX5 (Table 3).

3.6 Proof of concept of the formation of FAD-iodonium analog adducts

To determine whether DPI analogs target the NOX enzymes by disrupting the flow of 

electrons from NADPH to O2 via FAD and heme redox centers, as was believed to be the 

case for DPI [38], we sought to observe the formation of an adduct between the FAD 

cofactor and iodonium-class inhibitors. In our experiment, we mimicked the activity of the 

NOX enzyme, which catalyzes the reduction of FAD by NADPH, by pre-incubating free 

FAD with the reductive agent sodium dithionate before exposure to iodonium inhibitors. We 

found that DPI and all the analogs formed adducts with reduced FAD (Fig. 7A), as 

demonstrated by HPLC and mass spectrometry analysis (Figs. 7B–C and Table 4). All the 

analogs gave multiple peaks, suggesting the formation of isomeric adducts resulting from 

the alkylation of different sites on FAD. These results suggest that the previously 

hypothesized mode of action for DPI applies to the iodonium-class flavoenzyme inhibitors 

we have developed. In the context of an enzyme-free environment, the FAD adducts 

achieved have masses corresponding to the calculated value for each unique product.

4. Discussion

Because of the role of NOX-induced ROS in the etiology of inflammation-related 

pathologies, the development of NOX inhibitors has been actively pursued; however, the 

elaboration of specific inhibitors with clinical utility has not yet been fully achieved. 

Although widely recognized and employed as an inhibitor of NOXs, DPI has broad 

specificity for flavoenzymes, including xanthine oxidase, cytochrome P450 reductase, 

NADH:ubiquinone oxidoreductase, and nitric oxide synthase, thus confounding our 

understanding of its mechanism of growth inhibition [25, 38–42]. In this study, our goals 
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were to identify inhibitors of NOXs derived from DPI that possessed improved solubility, 

potency, and selectivity for specific NOX isoforms when compared to the parent molecule.

We have described here the development and validation of 5 analogs of DPI, 4 of which 

exhibited improved inhibitory profiles, including greater antiproliferative effects at 

nanomolar concentrations, against HT-29 human colon cancer cells (Figs. 2A–C), a tumor 

cell line that depends on NOX activity, and not reactive nitrogen species, for its proliferative 

potential [10, 24]. In this cell line, the iodonium analogs produced an inhibitory effect on 

cell proliferation, similar to that observed following genetic inhibition (knockdown) of 

NOX1 activity [43]. Additionally, compounds 104, 392, and 428 consistently outperformed 

DPI with respect to the inhibition of HT-29 colony formation at both short- and long-term 

exposure times (Figs. 2D–G and Table 1). The hypothesis that diminished HT-29 

proliferation was achieved, at least in part, by inhibiting the NOX1-associated production of 

reactive oxygen was supported by the observed decrease in intracellular (Fig. 3A) and 

extracellular (Fig. 5 and Table 3) ROS caused by our DPI analogs. Although high 

concentrations of DPI and 428 produced a right-shift in DCF fluorescence—suggestive of 

increased electron leak from the mitochondria [41, 42, 44]—we demonstrated that the 

concentrations of DPI and analogs 104, 140, 392 and 428 required for inhibition of ROS 

production and cell proliferation in HT-29 cells are distinctly lower than the concentrations 

that induce mitochondrial toxicity (Fig. 3B, Fig. 4A–D, and Table 2). Moreover, 104, 140, 

392, and 428 were 2- to 5-fold more potent in HL-60 leukemia line compared to PMNs, 

which also express the NOX2 isoform, thus displaying some selectivity for malignant cells 

(Table 3). At these nanomolar concentrations, we postulate that inhibition of cell growth by 

our DPI analogs may, in part, be due to a similar mechanism as described in the case of 

genetic inhibition of NOX1 activity; that is, a decrease in NOX1-associated ROS production 

coupled to an arrest in the G1 phase of the cell cycle due to greatly decreased MAPK 

signaling, leading to downregulation of cyclin D1 [43]. Consistently, treatment with the 

antioxidant enzymes SOD and catalase also appreciably decreased HT-29 cell proliferation 

after a 96-h treatment (Fig. 2H). The latter has been shown previously to alter proliferative 

signaling through the MAPK and AKT pathways in fibroblasts [45, 46] and human leukemia 

cell lines [47].

In addition to improved inhibitory potency, the development of NOX inhibitors with well-

characterized NOX-isoform selectivity is a critical feature to be considered for clinical use. 

Indeed, the expression profiles of NOX isoforms and their impact on cellular outcome vary 

by cancer histology and pre-malignant condition [8]. For instance, NOX1 and DUOX2 are 

both known to be significantly overexpressed in colon cancer and inflammatory bowel 

disease compared to matched normal tissues at the transcriptional and translational levels 

[48]. NOX4 and NOX5 are both overexpressed in human malignant melanomas [11, 12]. 

NOX2 specifically promotes the survival of human leukemia cells [49], and DUOX2 is 

implicated in pancreatic and thyroid cancer progression and chronic pancreatitis [9]. Thus, 

the availability of NOX inhibitors targeted against both single and multiple NOX isoforms in 

vivo will be required for the most favorable clinical application of this class of compounds 

in oncology. Herein, we have examined, using genetically engineered cell lines, the 
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differential effects of our inhibitors in cells that exclusively produce a specific ROS (H2O2 

or O2•− which was measured) due to the presence of a single isoform (Table 3).

The optimization of targeted inhibitors is best achieved through structure-based, rational 

design approaches [50]; however, the lack of experimentally-determined three-dimensional 

structures for NOX protein domains makes targeted inhibitor development difficult. In this 

investigation, we used the structure of DPI as a scaffold for developing NOX enzyme 

inhibitors, and we assessed the changes in selectivity produced by the addition of substituent 

groups on the phenylene moieties. The identity and positioning of substituent groups had 

quantifiable effects on inhibitor potency; interestingly, the addition of bromine (compound 

104) or nitro (compounds 392 and 428) groups manifestly decreased the IC50 for HT-29 

proliferation and colony formation when these new compounds are compared with the 

parent molecule DPI. On the other hand, 521, an isomer of 392, lacked potency against 

NOX1 activity (Fig. 6 and Tables 1–3) and HT-29 proliferation. Moreover, although all three 

nitro-substituted compounds potently inhibited ROS production in DUOX2-expressing 

HEK293 DUOX2/DUOXA2 cells compared to the less potent DPI, 104, and 140, compound 

521 exhibited selectivity for inhibiting NOX5 (IC50 = 229 ± 123 nM in UACC-257 cells) 

and DUOX2 (IC50 = 773 ± 362 nM in HEK293 DUOX2/DUOXA2 cells), compared to other 

NOX isoforms. These results suggest that compound 521 could be used to probe NOX5 or 

DUOX2 functions at concentrations that would not have an adverse impact on phagocyte 

NOX. The observed differences in selectivity outlined herein may be the result of the 

accessibility of and/or features within the FAD/NADPH binding pocket of the NOX/DUOX 

enzymes [51].

Consistent with the observations described by O’Donnell et al. and with the hypothesis that 

iodonium-class flavoprotein inhibitors decrease ROS production by preventing the transfer 

of electrons from FAD [38], we have shown that DPI and the 5 lead analogs react with 

reduced FAD to form stable adducts under cell-free conditions, as confirmed by mass 

spectrometry (Fig. 7). Additionally, the interaction of the inhibitors with the enzymatic 

binding pocket is probably favored by non-covalent π-stacking with aromatic side chains 

(Phe, Trp, Tyr), as has been described for other protein-aromatic ligand interactions [52, 53]. 

Substituent groups may act as modifiers of the strength and stability of this interaction [53, 

54]. Structural characterization of the covalent adducts by NMR spectroscopy would further 

inform compound optimization for better reactivity against FAD, and consequently, more 

potent NOX inhibition. For instance, the selective potency of the nitro-substituted analogs 

for DUOX2 may be attributed to a favorable interaction between the nitro substituents and 

the binding site in the DUOX2 enzymes. Furthermore, the spatial arrangement of the nitro 

groups dictates the level of affinity of the small molecule for the NOX isoform, as 

demonstrated by the differences between the inhibitory activities of the isomers 392 and 

521. We are developing a new series of compounds inspired by the nitro-substituted DPI 

analogs to better define the molecular characteristics that confer selective potency.

In conclusion, this study uncovered structural characteristics of iodonium-class inhibitors 

that affect target selectivity, and these characteristics may serve as a starting point for future 

rational design of selective NOX inhibitors. The building of high-fidelity homology models 

for the NOX cytosolic domains—specifically the FAD/NADPH binding pocket of DUOX2
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—would allow for further exploration of the molecular interaction with the inhibitors. 

Previous studies have demonstrated a favorable therapeutic index for the parent molecule 

DPI against human colon cancer xenografts in vivo [24], suggesting that the DPI 

concentrations reached in vivo may be high enough to inhibit NOX1 but insufficient to cause 

mitochondrial toxicity. Further investigations of the pharmacodynamic effects and 

pharmacokinetics of these analogs in vivo aided by xenograft models, will allow for a better 

understanding and differentiation of these compounds, and will inform the potential 

applicability of this class of compounds as anticancer therapeutics in the clinic.
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Abbreviations

NOX NADPH oxidase

DUOX dual oxidase

ROS reactive oxygen species

DPI diphenylene iodonium

DTI di-2-thienyliodonium chloride

DMSO dimethyl sulfoxide

FMOC fluorenylmethyloxycarbonyl

IC50 inhibitory concentration 50%

RLU relative light units
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Fig. 1. Development of DPI analogs
(A) Structures of DPI and 35 iodonium-class analogs. The structure for the thirty-sixth 

analog, compound NSC 780521 (521), is displayed in fig. 6A. DPI is shown in bold font, 

and the lead compounds described in the present study are highlighted in grey. (B) Synthetic 

pathway for the production of substituted DPI analogs. Reagents: a) I2, KIO3, H2SO4; b) KI. 

(C) IC50 values for iodonium compound inhibition of HT-29 cell proliferation assessed with 

the MTT assay at 48 h. Open circles indicate compounds described in the study. (D) 
Flowchart demonstrating the screening procedure for the identification of potent iodonium 

analogs.
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Fig. 2. DPI and iodonium analogs inhibit HT-29 cell proliferation and colony formation in a 
concentration- and time-dependent manner
(A) HT-29 cells were treated for 72 h with concentrations of the iodonium analogs ranging 

from 0 to 1000 nM, or (B) with 100 nM iodonium analogs for the indicated times, or (C) 
with 500 nM iodonium analogs for different time intervals ranging from 8 to 72 h. Cell 

viability was assessed with the MTT assay. The inhibition of the colony-forming abilities of 

HT-29 cells was also assessed after iodonium analog treatment. (D, E) HT-29 cells were 

treated with DPI (D), or 392 (E) at 0, 8, 40, 200, 500, and 1000 nM for 6 h. (F, G) HT-29 
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cells treated with compound 104 (F), or compound 428 (G) for 2 h, 6 h, or 10 days. All data 

represent the mean ± SD of at least three experiments. (H) HT-29 cells were treated for 96 h 

with 0–2000 U/ml SOD (black bars), 0–2000 U/ml catalase (dark grey bars), or the 

combination of SOD and catalase at 0–2000 U/ml (light grey bars). SOD, catalase, or the 

combination had significantly decreased proliferation compared to control-treated cells (for 

catalase alone or in combination with SOD at concentrations ≥ 500 U/ml: ***P< 0.001, 

df=4; for SOD alone: **P< 0.01, df=4 at 500 U/ml SOD; **P< 0.01, df=3 at 1000 U/ml 

SOD; ***P< 0.001, df=4 at SOD concentrations ≥1500 U/ml SOD).
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Fig. 3. Inhibition of whole-cell ROS production by iodonium analogs in HT-29 cells
(A) HT-29 cells were treated with DPI, 104, 140, 392, or 428 for 24 h, and intracellular ROS 

production was detected by analytical cytometry using the redox-sensitive dye CM-H2-DCF-

DA. (B) The effects of 24 h treatment with different concentrations of DPI on mitochondrial 

ROS levels in HT-29 cells were evaluated with the MitoSox™ reagent. (C) Upper panel: 

HT-29 cells received 2 h treatment with 2 μM DPI (blue line), alone or with 6 μM rotenone 

for 2 h (light green line), or with 2 mM KCN for 40 min (dark green line). The same 

experiments with 428 are displayed in the lower panel. Representative graphs over multiple 

experiments are shown.
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Fig. 4. Effect of DPI analogs on cellular respiration and cell metabolism in HT-29 cells over 24 h
(A, B) Concentration-dependent changes in cellular respiration and glycolytic activity 

following 24-h exposure to DPI (A) or compound 392 (B) were evaluated by measuring 

oxygen consumption rates (OCR) and extracellular acidification rate (ECAR), respectively, 

with the Seahorse Extracellular Flux Analyzer. Baseline OCR and ECAR were 383.00 

± 73.65 pMoles/min and 1.19 ± 0.31 mpH/min (A); and 485.00 ± 120.81 pMoles/min and 

0.53 ± 0.09 mpH/min (B), respectively. All data represent the mean ± SD of at least three 

experiments. (C, D) The short-term effects of KCN (2 mM) and a high concentration DPI (2 

μM) on OCR (C) and ECAR (D) was also measured in HT-29 cells over 100 min with the 

Seahorse analyzer. When added to KCN-treated HT-29 cells after 40 min of KCN exposure, 

DPI (black arrow) recapitulated the effect of KCN.

Lu et al. Page 23

Biochem Pharmacol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Concentration-dependent, selective inhibition of NOX1- and NOX2-related superoxide 
formation, and DUOX2- and NOX4-related H2O2 production by compound 392 in human cancer 
cell lines
(A) PMA-induced superoxide anion production was measured by superoxide anion assay in 

HEK293 NOX1 cells treated with different concentrations of compound 392 or SOD (4 U) 

for 30 min (baseline O2•− production rate = 9.88 × 10−2 RLU/min/cell). (B) Hydrogen 

peroxide production in relative fluorescence units was measured by Amplex Red assay in 

HEK293 DUOX2/DUOXA2 cells (baseline H2O2 production rate = 1.0 × 10−4 RFU/min/

cell). (C) PMA-induced superoxide anion production was measured by superoxide anion 

assay in NOX2-expressing HL-60 human promyelocytic leukemia cells (baseline O2•− 

production rate = 1.01 RLU/min/cell). (D) Hydrogen peroxide production in relative 

fluorescence units was measured by Amplex Red assay in HEK293 NOX4 cells (baseline 

H2O2 production rate = 2.0 × 10−4 RFU/min/cell). Cells were exposed to PMA immediately 

prior to assay measurements. RLU, relative light units; RFU, relative fluorescence units.
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Fig. 6. Compound 521
The inhibitory effects of 521 on HT-29 cell growth, whole-cell ROS production, cellular 

respiration, and extracellular ROS production were assessed using the same methods 

described above for the other DPI analogs. (A) Chemical structure of NSC 780521. (B, C) 
Concentration-dependent inhibition of HT-29 cell proliferation after 72-h exposure (B), 

measured by MTT assay; and of colony formation after 2 h, 6 h, or 10 days of HT-29 cell 

exposure to compound 521 (C). (D) Effect of 24-h treatment with 521 on intracellular ROS 

production in HT-29 cells, measured by analytical cytometry using the redox-sensitive dye 

CM-H2-DCF-DA. (E) Effect of compound 521 on cellular metabolism following 24-h 

exposure evaluated by measuring oxygen consumption rates (OCR) and extracellular 

acidification rate (ECAR), respectively, with the Seahorse Extracellular Flux Analyzer; (F, 
G) PMA-induced extracellular ROS production measured by luminescence assay and 

Amplex Red assay in NOX1 (baseline O2•− production rate = 1.37 × 10−2 RLU/min/cell) 

and DUOX2/DUOXA2 overexpression stable HEK293 cells (baseline H2O2 production rate 

= 1.0 × 10−4 RFU/min/cell), respectively, treated with 521 for 30 min. Data in panels B, C, 

and E represent the mean ± SD (error bars) of at least three experiments. RLU, relative light 

units; RFU, relative fluorescence units.
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Fig. 7. Reduced FAD forms adducts with DPI and the iodonium analogs
(A) Illustration highlighting possible sites where adduct formation may occur. (B) Ion Mass 

tracing of m/z 1066.09–1066.19 from an aliquot of the reaction with reduced FAD and DPI, 

inset; mass spectrum of the M+H region. (C) Ion Mass tracing of m/z 1156.09–1156.13 

from an aliquot of the reaction with reduced FAD and 521, inset; mass spectrum of the M+H 

region.
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Table 1

Effect of DPI analogs on colony formation in HT-29 cells. Compound concentration for 2 h, 6 h, or 10-day 

treatment that reduced the number of HT-29 colonies formed by 50% compared to pretreated values. The data 

represent the mean ± standard deviation (SD) of 3 independent experiments.

Iodonium analog 2-h treatment IC50 (nM) 6-h treatment IC50 (nM) 10-day treatment IC50 (nM)

DPI 9,257 ± 3,920 799 ± 180 39 ± 23

104 1,218 ± 1,124 536 ± 635 9 ± 2

140 5,716 ± 1,249 1,268 ± 290 40 ± 32

392 180 ± 157 116 ± 108 27 ± 28

428 77 ± 12 29 ± 23 11 ± 6

521 5,716 ± 1,249 2,046 ± 1,125 488 ± 101
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Table 2

Effect of iodonium analogs on cellular respiration in HT-29 cells. The data represent the mean ± standard 

deviation (SD) of 3 independent experiments.

Iodonium analog 30-min treatment IC50 (nM) 60-min treatment IC50 (nM) 24-h treatment IC50 (nM)

DPI 8,283 ±1,627 4,571 ± 745 200 ± 245

104 5,964 ±2,816 1,472 ± 660 74 ± 54

140 678 ±201 475 ± 116 76 ± 21

392 5,090 ±1,439 2,182 ± 410 801 ± 194

428 1,538 ±1,450 211 ± 33 45 ± 23

521 1,667 ±81 1,000 ± 14 No effect
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Table 4

Adduct formation of FAD with DPI and analogs compounds.

Iodonium analog Chemical Formula (Product) Major Peaks Observed Calculated Mass Observed Mass

IDP C33H40N9O15P2 2 864.21 864.21

DPI C39H43IN9O15P2 4 1066.14 1066.14

104 C39H41Br2IN9O15P2 4 1221.96 1223.96*

140 C41H45IN9O17P2 6 1124.15 1124.15

392 C39H41IN11O19P2 4 1156.11 1156.11

428 C39H42IN10O17P2 4 1111.13 1111.13

521 C39H41IN11O19P2 6 1156.11 1156.11

*
+2 m/z units due to a Br isotope effect

Biochem Pharmacol. Author manuscript; available in PMC 2018 November 01.


	Abstract
	Graphical abstract
	1. Introduction
	2. Materials and methods
	2.1 Materials and compounds
	Dibenziodolium, 3,7-dibromo-, bromide (NSC 740104-T, 104)
	Dibenz[b,d]iodolium, 3-(methoxycarbonyl)-, salt with 4-methyl-benzenesulfonic acid (1:1) (NSC 751140-P, 140)
	Dibenziodolium, 3,7-dinitro-, bromide (NSC 737392-V, 392)
	Dibenz[b,d]iodolium, 3-nitro-, chloride (NSC 734428-Y, 428)
	Dibenziodolium, 1,9-dinitro-, salt with bromide (1:1) (NSC 780521, 521)

	2.2 Cell culture
	2.3 MTT cell growth assay
	2.4 Cell proliferation assays
	2.5 Measurement of intracellular reactive oxygen production by flow cytometry
	2.6 Measurement of oxygen consumption rate and extracellular acidification rate
	2.7 Superoxide anion assay
	2.8 Extracellular H2O2 measurement using Amplex Red®
	2.9 Formation and characterization of FAD-iodonium analog adducts

	3. Results
	3.1 Synthesis of DPI analogs and functional selection
	3.2 Iodonium analogs inhibit the proliferation of HT-29 colon cancer cells
	3.3 Iodonium-class analogs modulate the production of intracellular ROS in HT-29 cells
	3.4 Screening for selectivity of iodonium analogs against NADPH oxidase isoforms
	3.5 Compound 521
	3.6 Proof of concept of the formation of FAD-iodonium analog adducts

	4. Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Table 1
	Table 2
	Table 3
	Table 4

