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Abstract

α-Aminocarbonyl metabolites (e.g., 5-aminolevulinic acid and aminoacetone) and the wide 

spectrum microbicide 1,4-diamino-2-butanone (DAB) have been shown to exhibit pro-oxidant 

properties. In vitro, these compounds undergo phosphate-catalyzed enolization at physiological pH 

and subsequent superoxide radical-propagated aerobic oxidation, yielding a reactive α 
oxoaldehyde and H2O2 DAB cytotoxicity to pathogenic microorganisms has been attributed to the 

inhibition of polyamine biosynthesis. However, the role played in cell death by reactive DAB 

oxidation products is still poorly understood. This work aims to clarify the mechanism of DAB-

promoted pro-oxidant action on mammalian cells. DAB (0.05 – 10 mM) treatment of RKO cells 

derived from human colon carcinoma led to a decrease in cell viability (IC50 ca. 0.3 mM DAB, 24 

h incubation). Pre-addition of either catalase (5 μM) or aminoguanidine (20 mM) was observed to 

partially inhibit the toxic effects of DAB to the cells, while N-acetyl-L-cysteine (NAC, 5 mM) or 

reduced glutathione (GSH, 5 mM) provided almost complete protection against DAB. Changes in 

redox balance and stress response pathways were indicated by the increased expression of HO-1, 

NQO1 and xCT. Moreover, the observation of caspase 3 and PARP cleavage products is consistent 

with DAB-triggered apoptosis in RKO cells, which was corroborated by the partial protection 

afforded by the pan-caspase inhibitor z-VAD-FMK. Finally, DAB treatment disrupted the cell 

cycle in response to increased p53 and activation of ATM. Altogether, these data support the 

hypothesis that DAB exerts cytotoxicity via a mechanism involving not only polyamine 

biosynthesis but also by DAB oxidation products.
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Introduction

The putrescine analogue 1,4-diamino-2-butanone (DAB) is a potent microbicide of a variety 

of parasites, including Trypanosoma cruzi [1,2]. DAB toxicity to these cells is reportedly 

attributable to the competitive inhibition of ornithine decarboxylase (ODC) [3,4], the key 

enzyme in the polyamine biosynthesis pathway [5]. Additionally, in T. cruzi, DAB has been 

reported to limit putrescine uptake [1]. Polyamines are essential for many cellular processes, 

including growth, development and differentiation [6–8]. The metabolism of polyamines has 

long been considered a promising target to design chemotherapeutic approaches for both 

cancer and various parasitoses [9]. ODC serves as an important gatekeeper in the polyamine 

pathway by converting L-ornithine to the diamine putrescine. In mammalian cells, ODC is 

short-lived (10 – 20 min) and tightly regulated at several steps from transcription to 

posttranslational modifications [10,11].

Previously, DAB was reported to induce oxidative stress in T. cruzi epimastigotes and 

Leishmania amazonensis promastigotes, as evidenced by the increase in lipid peroxidation 

products, loss of mitochondrial functions and cell architecture disorganization [1,12]. 

Medium supplementation with putrescine has been speculated to reverse the effects of DAB 

because, in addition to contributing to the expression of genes related to the cell defense 

response [13,14], putrescine exhibits antioxidant properties [15]. Maia et al. [4] reported that 

the addition of aminoguanidine, a polyamine/diamine oxidase inhibitor and Schiff 

condensation agent of α-oxoaldehydes [16], partially reversed the effects of DAB, which is 

in agreement with the hypothesis that DAB oxidation products, H2O2 and 4-amino-2-

oxobutanal (oxoDAB), play a significant role in DAB-induced cell death [17]. Indeed, 

similar to other α-aminoketones [18] such as aminoacetone [19] and 5-aminolevulinic acid 

[20], DAB has previously been shown to undergo metal-catalyzed oxidation in phosphate 

buffer, yielding reactive oxygen species (ROS), NH4
+ ion, and 4-amino-2-oxobutanal 

(oxoDAB), a potentially toxic α-oxoaldehyde [17].

To explore the potential of DAB to induce cell death via production of ROS and DNA 

damage, we investigated DAB effects on mammalian cells. We employed the human colon 

carcinoma cell line, RKO, which has been extensively used to investigate molecular 

mechanisms of cell damage in response to oxidants and electrophiles [21,22]. The results of 

our investigations support the hypothesis that DAB can induce cell death by mechanisms 

associated with thiol-linked redox imbalance and DNA damage.

Materials and methods

Cell culture and treatment

RKO cells, a p53 wild-type human colon carcinoma cell line, were maintained in DMEM 

(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Atlas, Fort 
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Collins, CO) at 37°C and 5% CO2. A 100 mM stock solution of DAB (Sigma, St. Louis, 

MO) was freshly prepared in MilliQ®-purified water. Stock solutions of catalase 

aminoguanidine, buthionine sulfoximine (BSO), N-acetyl-L-cysteine (NAC), and reduced 

glutathione (Sigma, St. Louis, MO) were prepared in PBS (Invitrogen, Carlsbad, CA).

Viability assay

RKO cells were seeded in 96-well plates at a density of 8,000 cells/well 24 h prior to 

treatments. All cell treatments were carried out in phenol red-free OptiMEM-reduced serum 

medium. After an established time-point incubation, the cell medium was replaced by 

DMEM supplemented with 10% FBS. After 48 h, cell viability was determined using 

WST-1 (Roche, Indianapolis, IN), a cellimpermeable reagent that yields a water soluble 

formazan product via NAD(P)H-dependent cellular oxidoreductases, according to the 

manufacturer’s protocol.

Detection of intra and extracellular redox status

Intracellular redox status was assayed by the oxidation of 2’,7’-dichlorofluorescein diacetate 

(DCFH-DA) [23,24]. RKO cells were seeded in 96-well plates at a density of 12,000 cells/

well. After 24 h, the cells were pre-loaded with freshly prepared 30 μM DCFH-DA in 

phenol red-free OptiMEM-reduced serum medium for 60 min at 37°C. Next, the cells were 

rinsed thrice with PBS at room temperature and treated with either DAB or H2O2 in 

OptiMEM. Oxidized DCF fluorescence was measured using an Infinite 200 PRO Multiwell 

plate reader (Tecan, Mannedorf, Switzerland) with excitation and emission wavelengths of 

488 and 530 nm, respectively.

Extracellular ROS was accessed by nitroblue tetrazolium (NBT) formazan product in cell 

medium. LLC-MK2 cells were incubated with DAB in presence of 0.1% NBT prepared in 

phenol red free-MEM for 3 h at 37°C. Control assays were performed in the absence of the 

cell culture. The formazan product in the medium was measured using Synergy HT 

microplate reader (Biotek, Winooski, VT) at 560 nm.

Assay of total reduced thiols and GSH

Total free thiols were measured by a reaction with monobromobimane (mBBr) leading to the 

formation of a stable fluorescent adduct [25,26]. RKO cells were seeded in a 6-well plate at 

a density of 3.5 × 105 cells/well. After 24 h, the cells were treated with either DAB or H2O2 

for 5 h in OptiMEM. The cells were then incubated in the dark at room temperature for 10 

min in 0.8 mM mBBr in PBS. Cell pellets were obtained by centrifugation at 5,000 g for 5 

min, rinsed twice with PBS and lysed with M-Per buffer (Thermo, Waltham, MA). Protein 

precipitation was conducted with TCA (10%, final concentration), followed by 

centrifugation at 14,000 g for 10 min. The supernatant was used to measure low molecular 

weight thiols, and the protein pellet was resuspended in 10 mM Tris-HCl (pH 7.4) 

containing 1% SDS. The fluorescence of bimane-adducts was measured using a SpectraMax 

Multiwell plate reader (Molecular Devices, Sunnyvale, CA) with excitation and emission 

wavelengths of 394 and 480 nm, respectively.
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GSH levels were accessed by the reaction with DTNB (5,5′-dithio-bis(2-nitrobenzoic acid)) 

according to the enzymatic recycling method described by Rahman et al. [27]. RKO cells 

were seeded in a 6-well plate at a density of 3.5 × 105 cells/well. After 24 h, the cells were 

pretreated with 100 μM BSO or 5 mM NAC in phenol free-MEM, supplemented with 2% 

FBS. Subsequently (24 h) the cells were treated with DAB for 5 h. The cell pellet was lysed 

in 0.10 M phosphate buffer containing 5 mM EDTA, 0,06% sulfosalicylic acid and 0.1% 

Triton X-100, After 30 min in ice the samples were centrifuged at 14,000 g for 10 min at 

4°C. The supernatant was incubated with 2-vinylpyridine for 1 h at RT and, after addition of 

triethanolamine, GSH was quantified by treating the samples with DTNB in the presence of 

glutathione reductase and NADPH, using a standard curve of GSH normalized by protein 

levels.

Western blotting

Cell pellets were lysed on ice using M-Per lysis buffer (Thermo, Waltham, MA) containing 

protease and phosphatase inhibitor cocktail (Sigma, St. Louis, MO). Debris from cell lysate 

was cleared by centrifugation at 14,000 g for 10 min. The supernatant was then recovered, 

and protein concentrations were quantified by the bicinchoninic acid protein assay (Thermo, 

Waltham, MA) using bovine serum albumin as a standard. Proteins (15 μg) were resolved by 

SDS-PAGE (4 – 20%) under reducing conditions and transferred to 0.2 μM nitrocellulose 

membranes (Bio-Rad, Hercules, CA). The mem-branes were blocked for 1 h at RT in TTBS 

(20 mM Tris, pH 7.5, 140 mM NaCl, and 0.05% Tween 20, containing 5% nonfat dry milk) 

and incubated with primary and secondary antibodies. The following primary antibodies 

were used: caspase 3, PARP, p53, phospho-JNK, JNK, cyclin B1, and phospho-ATM (Cell 

Signaling, Danvers, MA); α-actin and ATM (Santa Cruz Biotechnology, St. Cruz, CA); and 

HO-1 and cyclin F (BD Biosciences, San Diego, CA). The following secondary antibodies 

were employed: anti-mouse and anti-rabbit HRP conjugate (Promega, Madison, WI) and 

anti-goat HRP conjugate (Santa Cruz Biotechnology, St. Cruz, CA).

RNA extraction and real-time PCR

Total RNA was collected using the RNeasy collection kit (Qiagen, Germantown, MD). One 

microgram of total RNA was used in each reverse transcription reaction with the iScript 

reagent (Bio-Rad, Hercules, CA). One-tenth of each reaction volume (2 μl) was used per 

replicate in the subsequent real-time PCR (RT-PCR) analysis using the iQ SYBR Green 

Supermix (Bio-Rad, Hercules, CA). Real-time reactions were performed using a Bio-Rad 

iCycler real time machine. The following primer sequences were used: HMOX-1, upper 5’-

GGGGGCCAGGTGCTCAAAAAGATT-3’, lower 5’-

GAGTTCATGCGGGAGCGGTAGAGC-3’; xCT, upper 5’-

GTCCGCAAGCACACTCCTCTAC-3’, lower 5’-AG CAACTGCCAGCCCAATAAA-3’; 

NQO1, upper 5’-GTAAACTGAAGGACCCTGCGAACT-3’, lower 5’-

GGGGAACTGGAATATCACAAGGTC-3’; Nrf-2, upper 5’-

TCAGCCAGCCCAGCACATCCAGTC-3’, lower 5’ 

AGCCGAAAGAAACCTCATTGTCATC-3’; and GAPDH, upper 5’-

GCCTCAAGATCATCAGCAAGT-3’, lower 5’-CTTCCACGATACCAAAGTTGTC-3’.
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Flow cytometry assays

Cell cycle analysis was carried out at a density of 2 × 106 cells/ml fixed in cold 70% ethanol 

in PBS overnight at 4°C. Cells were then washed with PBS and stained with 50 μg/mL of a 

propidium iodide solution (Sigma, St. Louis, MO) in PBS containing 50 μg/mL of RNase A 

(Qiagen, Germantown, MD) for 30 min. The samples were analyzed by a 5 Laser LSRII 

flow cytometer (BD Biosciences, San Diego, CA) in the VMC Flow Cytometry Shared 

Resource, according to Furuya et al. [28] and Darzynkiewicz et al. [29].

Statistical analysis

The data represent at least three independent experiments and are expressed as the means ± 

SD. Student’s t test or ANOVA was employed for statistical analysis with a significance of 

at least p < 0.05.

Results

DAB decreases RKO viability by inducing oxidative stress

Figure 1 demonstrates the viability of RKO cells in the presence of 0 – 2.0 mM DAB, 

revealing that DAB exerts significant toxicity only above 0.50 mM, which is three times 

more toxic over 24 h incubation compared to a 5 h incubation (Figure 1A). However, there 

was no dose response above 1.0 mM DAB. This could tentatively be explained by 

condensation of oxoDAB with remaining DAB, ultimately yielding a pyrrolidone adduct 

[16]. DAB toxicity plateaued at 24 h, the IC 50 value being estimated to be ca. 0.3 mM 

(Figure 1B).

DAB was indicated to induce intracellular changes in redox status by the dose-and time-

dependent fluorescence increase (50 – 80%) of 0.10 – 0.30 mM DCFDA exposed to the cells 

for 30 and 60 min (Figure 2A). As expected, a positive control experiment carried out with 

0.2 mM H2O2 displayed higher indices of DCFDA fluorescence due to the limitation of 

intracellular H2O2 generation by DAB oxidation. In contrast, DAB clearly modified the 

extracellular redox status, as indicated by increased reduction of NBT dependent on DAB 

concentration (Figure 2B). Cell-free experiments conducted with NBT in phenol free-MEM 

containing different concentrations of DAB suggested that DAB oxidation takes place 

mainly outside the cells. Control experiments conducted with 0.3 mM DAB in the presence 

of 50 U CuZnSOD confirm O2
•− production by DAB oxidation in the culture medium as 

well. Thus, the observed lower amount of NBT reduction in presence of the cells may reflect 

changes in the intracellular redox status. On the basis of the concentration of the cyclic end 

product of DAB oxidation in the medium as a parameter for DAB cell uptake, we found no 

differences in presence or absence of the cells at the same concentrations of DAB (not 

shown). Altogether these data suggest that DAB undergoes oxidation mainly outside the 

cells and that extracellular DAB-generated H2O2 diffuses across the cell membrane causing 

cell damage and death.

The levels of thiols in both protein and soluble fractions of lysed cells (Figure 3A) were also 

analyzed. Cell incubations with 0.30 – 0.50 mM DAB for 5 h significantly decreased the 

levels of total thiols, mainly glutathione (GSH), present in the soluble fraction (15 – 20%). A 
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positive control containing 0.50 mM H2O2 resulted in 45% less thiols. No differences in 

precipitated protein thiols were detected upon cell treatment with either DAB or H2O2. In 

order to verify the role of GSH on DAB toxicity, the cells were pretreated with 100 μM 

BSO, an inhibitor of GSH synthesis, or 5 mM NAC, as a positive control of the experiment, 

and subsequently with 0.3 mM DAB for 24 h. The viability assays (Figure 3B) indicate that 

pretreatment with BSO increases 1.6-fold the DAB toxicity to RKO cells. Conversely, NAC 

affords robust cell protection against DAB, despite the unanticipated NAC toxicity observed 

in control cells. GSH and total thiols assays also corroborate these findings (Figure 3C). 

DAB treatment leads to a 25% decrease of GSH in the cell compartments, while parallel 

pretreatment with BSO/DAB reduced GSH levels by 40%, which correlates to increased 

DAB cytotoxicity. As expected, pretreatment with NAC not only maintained the levels of 

GSH but also showed to induce GSH biosynthesis, which may be associated to protection 

against DAB.

In an attempt to demonstrate that DAB toxicity to RKO cells is mediated by H2O2 and/or 

oxoDAB produced by DAB oxidation, we supplemented the culture medium with either 

catalase (5 μM), a H2O2 scavenger, or aminoguanidine (20 mM), a nucleophilic agent 

toward oxoDAB and other α-oxoaldehydes (Figure 4) [16]. Previous work showed that GSH 

or catalase addition decreased the observed rate of Cu(II)-catalyzed DAB oxygen uptake by 

50 and 83%, respectively [17]. Here, the addition of extracellular catalase only partially 

(15% at 0.3 mM DAB) protected the cells against DAB-produced H2O2 (Figure 4). Similar 

result was obtained upon addition of aminoguanidine to the cell medium. Conversely, 

medium supplementation with either NAC (5 mM) or GSH (5 mM) afforded strong 

protection against DAB toxicity, probably due to fast nucleophilic addition of the GSH 

cysteine residue to the oxoDAB in addition to GSH oxidation by H2O2, among other 

protective biological systems. DAB cytotoxicity to mammalian RKO cells operates in part 

by triggering an oxidative stress mechanism, as previously demonstrated by Soares et al. 

[2,17] when incubating DAB with a kidney-derived epithelial cell line. Accordingly, Maia et 

al. [4] reported the pro-oxidant effects of DAB on T. cruzi with aminoguanidine, which 

prevented lipoperoxidation and mitochondrial damage induced by DAB.

Aiming to verify the effect of DAB end products on cell viability an aged solution of 10 mM 

DAB in PBS at 37°C for 24 h (Figure 5A), putatively rich in oxoDAB and its condensation 

products, was used. The extent of cell viability decline was similar to that observed with 

freshly added 1.0 mM DAB. This finding does not exclude the possibility that remaining, 

not-reacted DAB induces the decay of cell viability. Conversely, DAB freshly added to the 

cell culture is expected to form ROS and oxoDAB during the 24 h incubation time. No effect 

on cell viability was observed when the DAB solution was aged in presence of 20 mM of 

either NAC or GSH, which are known to react with ROS and α-oxoaldehydes [30,31], The 

absorption spectra of aged DAB in presence of NAC or GSH confirm the occurrence of such 

reactions (Figure 5B). On the other hand, DAB solution previously aged in presence of 20 

mM aminoguanidine leads to a product with absorption spectrum similar to that exhibited by 

DAB end products (Figure 5B) and triggers similar toxicity to RKO cells (Figure 5A).
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DAB induces the expression of antioxidant proteins in RKO cells

Initially, the expression of HO-1 (heme oxygenase 1), a key antioxidant enzyme inducible 

under oxidative stress that is controlled by the transcription factor Nrf-2 [32] was examined 

(Figure 6A, B). The cyto-protective effect of HO-1 is attributed to the generation of CO and 

bilirubin during the heme degradation catalyzed by the enzyme. Both products are putatively 

related to antioxidant defense in cells [33,34]. RKO cell treatment with 0.30 mM DAB over 

24 h was found to significantly induce HO-1 expression, which was verified by the increase 

in both protein (Figure 6A) and mRNA (Figure 6B) levels.

In addition, changes in the expression of the transcription factor Nrf-2 and related genes 

upon DAB treatment were studied (Figure 6C). Nrf-2 is known to regulate a battery of genes 

in response to oxidative and/or electrophilic stress [35]. DAB-generated H2O2 and oxoDAB 

represent an oxidizing and a Schiff-adducting stimulus to cells, respectively. Accordingly, 

DAB treatment of RKO cells augmented the Nrf-2-controlled expression of the HO-1, 

NQO-1 (NAD(P)H quinone acceptor oxidoreductase 1) and xCT (cysteine/glutamate 

exchange transporter) genes in a dose-dependent manner.

DAB treatment activates apoptosis and affects the cell cycle

Once DAB was confirmed to decrease cell viability, chemical changes in redox metabolites 

and the induction of enzymatic antioxidant responses, the ability of DAB to activate 

apoptosis was investigated. Cleaved products of caspase 3 and PARP (poly(ADP-ribose) 

polymerase), extensively employed to characterize the apoptotic route, were consistently 

observed after 24 h of treatment of RKO cells with 0.30 mM DAB (Figure 7A).

In addition, the levels of SAPK/JNK (stress-activated protein kinase/c-Jun N-terminal 

protein kinase), putative apoptosis mediators under distinct stimulus and cellular conditions 

[36], were observed to respond positively to DAB administration. Interestingly, only the 46 

kDa SAPK/JNK isoform was phosphorylated, suggesting that the effect of DAB on cells is 

an early event (Figure 7A).

To verify the DAB effect on caspase activation, cells were treated with the pan-caspase 

inhibitor z-VAD-FMK (10μM) prior to DAB treatment (0.3 mM). A decrease in cell viability 

was observed, which was attenuated by approximately 15% (Figure 7B), suggesting that the 

drop in cell viability caused by DAB is not completely related to caspase cascade activation. 

No significant effect was observed using higher concentrations of z-VAD-FMK (data not 

shown).

The effect of DAB on RKO cell cycle progression was evaluated by staining DAB-treated 

cells (0.30 mM, 24 h incubation) with propidium iodide and submitting them to FACS 

analysis. Interestingly, the cell population in the G1 phase was strongly reduced by 

approximately 26% (Figure 8A), and the population in the G2 phase increased by 10%, 

thereby indicating that DAB compromises the RKO cell cycle. A dramatic increase of the 

sub G0 cell population (≈ 15%) under DAB treatment was also observed, which is 

consistent with DAB-triggered RKO cell apoptosis. Disruption of the cell cycle is related to 

DNA damage. Therefore, we checked the levels and activation of certain proteins related to 

DNA repair and cell cycle control (Figure 8B). The protein kinase ataxia telangiectasia 
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mutated (ATM) is one of the early signaling events activated in response to DNA damage 

[37]. DAB treatment led to phosphorylation of ATM, the active form of this protein, as 

shown in Figure 8B. Downstream of the ATM pathway are checkpoint kinases 1 and 2 

(Chk1 and Chk2). No significant effect was observed in the levels of these proteins after 

DAB treatment (not shown). In addition, cyclin B1 and F, which are proteins responsible for 

the progression of the G2/M cell cycle phase, were not affected by DAB treatment. On the 

other hand, the expression of the tumor suppressor p53, which increases mainly in response 

to DNA damage [38], was stimulated upon DAB treatment (Figure 8B). However, neither 

phospho-p53 nor p53 mRNA alterations were observed during the same DAB treatments 

(data not shown).

Discussion

DAB is a putrescine analogue, which was previously described as a competitive inhibitor of 

ODC [39]. Menezes et al. [1] recently reported the anti-proliferative activity of DAB on T. 
cruzi epimastigotas and more recently, Soares et al. [2] verified similar effect of DAB on T. 
cruzi trypomastigotes. Interestingly, T. cruzi lacks ODC. As a result, T. cruzi is unable to 

carry out de novo biosynthesis of putrescine and depends on exogenous polyamines present 

in the culture medium [40,41]. In this context, the proposed pro-oxidant potential of DAB 

[17], a promptly oxidizable α-aminoketone yielding H2O2 and α-oxoaldehyde (oxoDAB), to 

explain the microbicide toxicity seems attractive and plausible. Therefore, we employed 

DAB-treated RKO cell cultures to elucidate the mechanism of DAB-induced cell death by 

virtue of the short half-life of ODC in mammalian cells [9].

Here, we report that DAB leads to a decrease in the viability of RKO cells in a 

concentration-and time-dependent manner, resulting in an IC 50 value of 0.30 mM after 24 h 

of incubation (Figure 1B). The observed protective effect of added catalase and 

aminoguanidine, albeit moderate (15%), and the strong effect of NAC and GSH (Figure 4) 

suggest participation of deleterious DAB oxidation products (H2O2 and oxoDAB) in cell 

viability. Similar results were obtained with RINm5f cells treated with aminoacetone, a 

DAB analogue, in the presence and absence of catalase [42]. On the other hand, 2-

difluoromethylornithine (DFMO), a specific inhibitor of ODC, has been reported to be 

effective only at high concentrations (1 – 5 mM) and a long incubation time (3 – 10 days) in 

different tumor cell lines [43–45]. These findings reinforce the hypothesis that DAB 

cytotoxicity might be related to oxidative stress because lower DAB concentrations and 

shorter incubation times suffi ce to induce cell death compared to that of DFMO.

Despite the lower ability of DAB to oxidize intracellular DCFH as compared to H2O2, 

(Figure 2A), DAB is shown here to augment the cellular oxidized status (Figure 2B), which 

is suggested by the observed decreased low molecular weight thiol concentrations in RKO 

cells (Figure 3A). It is well documented that thiols constitute the major defense mechanism 

against oxidative stress [46,47]. Changes in the GSH/GSSG ratios were also observed when 

glioma cells were treated with aldehydes such as 3-aminopropanal [48]. Reactive aldehydes, 

such as α,β-unsaturated alkenals (e.g., acrolein), α-oxoaldehydes (e.g., methylglyoxal, 

oxoDAB), and alkanals, are expected to be highly cytotoxic due to their adduction to protein 

amino acid residues and nucleobases [49,50]. Accordingly, GSH (Figure 3B, C) and 
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probably oxoDAB (Figures 4 and 5) are shown here to play important role on DAB 

cytotoxicity. DAB-induced redox imbalance was corroborated by the inhibitory effect that 

results from addition of either NAC or GSH (Figure 4).

In addition to changes in the cell redox status, DAB was shown to induce the activation of 

the transcription factor Nrf-2 (Figure 6B), a member of the basic leucine-zipper NF-E2 

family that interacts with the antioxidant response element (ARE), leading to up-regulation 

of downstream genes coding for phase II detoxification enzymes and antioxidant enzymes 

[51]. Under stress conditions, Nrf-2 dissociates from Keap1, thereby rescuing Nrf-2 from 

proteosomal degradation and allowing its translocation to the nucleus [52]. Many stressors 

are responsible for activating Nrf-2 cell response, such as ROS, aldehydes, heavy metals, 

electrophilic xenobiotics and corresponding metabolites [53]. In addition, Nrf-2 regulates the 

expression of diverse genes that comprise the antioxidant response in the cell. Among these 

genes are the following: (i) HO-1, the isoenzyme that affords protection against programmed 

cell death, catabolizing free heme into equimolar amounts of Fe2+, carbon monoxide and 

biliverdin [23]; (ii) NQO1, a FAD-binding protein that promotes two-electron reduction of 

quinones and other derivatives, thereby slowing down the redox cycling of these compounds 

and creating the opportunity of ROS generation [54] and (iii) xCT, a cysteine media-tor 

transporter that is important for maintaining intracellular GSH levels [55]. Importantly, DAB 

treatment of RKO led to not only increased expression of Nrf-2 but also augmented 

expression of HO-1 (Figure 6A), NQO1 and xCT (Figure 6B). These data support the 

hypothesis that DAB acts as a pro-oxidant xenobiotic, resulting in the concomitant 

enhancement of antioxidant defenses. Likewise, toxic metabolites of polyamine catabolism 

induce genes that promote cell survival, such as GST and NQO1, mediated through the 

Nrf-2 response [56]. Microarray analysis of the RKO cell line treated with 0.10 and 0.30 

mM DAB incubated for 24 h confirmed the aforementioned findings. Changes ranging from 

1.5-to 2.5-fold were measured for the transcripts HO-1, GCLM (glutamate-cysteine ligase 

regulatory subunit, the first rate limiting enzyme in the GSH synthesis), and NQO1 

principally using 0.30 mM DAB during 24 h of incubation (data not shown).

A bulk of data has pointed out that imbalances between ROS production and antioxidant 

defenses lead to the disruption of cellular metabolism due to the chemical damage of 

proteins, lipids, polysaccharides, and DNA. The degree of cellular damage determines the 

type of death mechanisms that are activated [57]. Despite the cytoprotection provided by 

enzymatic systems in response to the pro-oxidant effects of DAB, a significant decrease in 

cell viability was observed (Figure 1A). DAB administration was shown to activate 

apoptosis in RKO cells, as evidenced not only by the induction of the caspase system 

(Figure 7A) and the protective effect of the pan-caspase inhibitor z-VAD FMK on cell 

viability (Figure 7B), but also by an increased cell population in sub G0 phase (Figure 8A). 

In addition, the partial activation of the c-Jun N-terminal kinase was observed in DAB-

treated cells (Figure 7A). Interestingly, JNK activity can modulate apoptosis, proliferation or 

survival, depending on the cellular conditions, whereas a strong stress stimulus leads to 

JNK-mediated apoptosis [58]. Apoptosis in RINmf5 cells, an insulin-producing pancreatic 

cell line, has also been reported to trigger oxidative stress when cells are treated with 

aminoacetone, an α-aminoketone analogous to DAB [33].
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Additionally, DAB was shown to change the cell cycle progression of RKO cells (Figure 

8A) by partially blocking the cells in G2/M phase, as suggested by the increased levels of 

p53 (Figure 8B) needed to maintain G2 arrest, which involves the initial inhibition of cyclin 

B followed by the up-regulation of downstream-related genes [59,60]. Checkpoint controls 

allow cell cycle arrest, preventing the dissipation of errors in DNA and any other stress 

signals. Either cell cycle arrest or apoptosis, both mediated by p53 [36], can explain the cell 

damage. In this regard, cell exposure to aldehydes, ROS and ionizing radiation result in the 

introduction of double-strand breaks into cellular DNA [61]. The cell responds to DNA 

damage by activating ATM through the auto-phosphorylation of serine 1981. The resulting 

activated ATM assists in the phosphorylation of downstream substrates, such as p53 [35]. 

The presence of phospho-ATM in RKO cells treated with DAB strongly supports the idea of 

DAB acting as a pro-oxidant molecule (Figure 8B). Furthermore, 5-aminolevulinic acid, an 

α-aminoketone chemically similar to DAB, was previously demonstrated to induce dose-

dependent damage in the nuclear DNA of human SVNF fibroblasts and CHO cells [62].

Among other factors, polyamines exert a critical role in cell cycle progression because they 

regulate the interaction sites between cyclins and cyclin-dependent kinases (CDKs) [5]. 

Additionally, the depletion of polyamines over the long-term administration of DFMO (5 

mM) was found to inhibit growth and arrest the following cells in G1 phase: human breast 

cancer [63], retinoblastoma Y79 cells [64] and HeLa cells [65]. Conversely, the number of 

DAB treat-cells significantly decreased in G1 phase and consequently led to putative G2 cell 

arrest, indicating that DAB cytotoxicity is mediated by oxidative stress.

Figure 9 summarizes our proposal to clarify the molecular mechanisms underlying the 

cytotoxicity of DAB to mammalian cells involving H2O2, oxoDAB and the pool of thiols. In 

conclusion, our findings support the hypothesis that oxidative stress contributes to the 

mechanism of DAB cytotoxicity to mammalian cell lines and potentially to pathogenic 

microorganisms, such as T. cruzi and several fungi.
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Figure 1. Viability of RKO cells exposed to DAB.
RKO cells are seeded in 96-well plates at a density of 8,000 cells/well in DMEM 

supplemented with 10% FBS 24 h prior to DAB treatment. All DAB assays are performed in 

phenol red-free OptiMEM-reduced serum medium. Cell viability is assessed by WST-1 

reduction levels compared to controls. Cell viability at different DAB concentrations after 5 

or 24 h of incubation (A). IC 50 calculation from the cell viability of RKO cells after 24 h of 

treatment (B).

Soares et al. Page 14

Free Radic Res. Author manuscript; available in PMC 2019 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Effect of DAB on intra/extracellular redox status in RKO cells.
RKO cells are seeded in 96-well plates at 12,000 cells/well in DMEM supplemented with 

10% FBS 24 h prior to each treatment. Cells are pre-loaded with fresh 30μM DCFH-DA in 

phenol red-free OptiMEM-reduced serum medium for 60 min at 37°C. The cells are 

subsequently rinsed thrice with PBS at RT and treated with different concentrations of DAB 

or H2O2. The fluorescence intensities are read at 488/530 nm immediately after the addition 

of DAB or H at the presented times (A). RKO cells are seeded in 24-well plate at 5 × 104 

cells/well in DMEM supplemented with 10% FBS 24 h prior to the assay. The cells are 

incubated with different DAB concentrations in presence of 0.1% NBT prepared in phenol 

red free-MEM, supplemented with 2% FBS for 3 h at 37°C. The formazan product in the 

medium is measured at 560 nm. A control assay is performed with 0.3 mM DAB in presence 

of 50 U CuZnSOD (B).
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Figure 3. Levels of thiol groups and role of GSH in RKO cells under DAB treatment.
RKO cells (3.5 × 105) are treated with DAB or H2O2 for 5 h in OptiMEM. The total thiol 

groups are measured in TCA-precipitate, protein-SH and soluble fractions, and low 

molecular weight thiols. The thiol groups are accessed by reactions with monobromobimane 

(A). RKO cells (5 × 104) are pretreated with NAC or BSO in phenol red free-MEM, 

supplemented with 2% FBS for 24 h at 37°C. Subsequently, cells are treated with 0.3 mM 

DAB and after 24 h the viability was evaluated (B). RKO cells (3.5 × 105) are treated at the 

same conditions and the levels of GSH are measured by the enzymatic recycling method 

[23] (C).
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Figure 4. Effects of antioxidants on DAB toxicity to RKO cell line.
RKO cells are seeded in 24-well plates at 5 × 104 cells/well in DMEM supplemented with 

10% FBS 24 h prior to treatments. The cells are treated with DAB in medium supplemented 

with 5 μM catalase, 20 mM aminoguanidine, 5 mM NAC or 5 mM GSH for 24 h in phenol 

red free-MEM, supplemented with 2% FBS.
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Figure 5. Effect of the cyclic end products of DAB oxidation (oxoDAB derivatives) on RKO 
viability.
RKO cells are seeded in 24-well plates at 5 × 104 cells/well in DMEM supplemented with 

10% FBS 24 h prior to treatments. DAB (10 mM in PBS) is aged at 37°C for 24 h, in 

presence or absence of 20 mM of aminoguanidine, or NAC or GSH. The cells are treated 

with 1 mM of DAB-aged solution in phenol red free-MEM, supplemented with 2% FBS for 

24 h (A). UV-Vis spectra of 24 h aged solutions of DAB in PBS in the presence and absence 

of 20 mM aminoguanidine, NAC or GSH. Spectra obtained from the DAB-NAC (dotted 

line) and DAB-GSH (dot-dashed line) systems are similar (B).
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Figure 6. Effect of DAB on the expression of HO-1 and other antioxidant response factors.
RKO cells are seeded in 100 mm dish at a density of 2 × 106 cells in DMEM supplemented 

with 10% FBS 24 h prior to DAB treatment. RKO cells are treated with different 

concentrations of DAB during 5 or 24 h in phenol red-free OptiMEM-reduced serum 

medium. The cultures are maintained in a humidified atmosphere of 5% CO and 95% air at 

37°C. Protein and RNA samples are submitted for to Western blot analysis (A) and RT-PCR 

analysis (B and C), respectively.
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Figure 7. Effects of DAB on the apoptotic pathways of RKO cell lineage.
RKO cells are seeded in a 100 mm dish at a density of 2 × 106 cells in DMEM supplemented 

with 10% FBS 24 h prior to DAB treatment. RKO cells are treated with different 

concentrations of DAB for 24 h in phenol red-free OptiMEM-reduced serum medium. 

Protein samples are submitted to Western blot analysis using specific primary antibodies 

(A). The effect of pan-caspase inhibitors on DAB toxicity is evaluated by a cell viability 

assay using the WST-1 reagent, in which RKO cells are seeded at 8,000 cells/well in 96-well 

plates in DMEM supplemented with 10% FBS 24 h before each treatment. The cells are 

previously treated with 10 μM z-VAD-FMK, followed by DAB treatment for 24 h in phenol 

red-free OptiMEM-reduced serum medium (B).
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Figure 8. Effect of DAB treatment on cell cycle and related proteins.
RKO cells are treated with 0.30 mM DAB for 24 h in OptiMEM. After time-lapse 

incubation, the cell suspensions (2 × 106 cells/ml) are fixed in cold 70% ethanol overnight at 

4°C, washed with PBS and stained with 50 μ g/mL iodide propidium solution in DPBS 

containing 50 μg/mL of RNase A for 30 min. The samples are analyzed by a flow cytometer 

(A). Protein samples are submitted to Western blotting analysis in which specific primary 

antibodies are used (B).
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Figure 9. Envisaged mechanism to explain the cytotoxic effects of DAB on mammalian cells.
DAB undergoes metal-catalyzed aerobic oxidation yielding oxyradicals and an α-

oxoaldehyde at both extra and intracellular environments. Increased ROS levels changes the 

cell redox balance leading to depletion of protective thiols. The resulting oxidizing triggers 

up-regulated stress response pathways such as Nrf-2, HO-1, NQO1 and xCT, as well as 

leading to activation of caspases cascades, PARP cleavage and subsequently apoptosis.
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