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Abstract

The cytokinesis-block micronucleus cytome (CBMN) assay, introduced by Fenech, was used to 

demonstrate different types of DNA damage in MOLT-3 human lymphoblastoid cells exposed to 

10 μM zidovudine (AZT). In addition, we explored the cytoprotective potential of two 

antioxidants, WR-1065 and Tempol, to decrease AZT-induced genotoxicity. Binucleated cells, 

arrested by Cytochalasin B (Cyt B), were evaluated for micronuclei (MN), caused by DNA 

damage or chromosomal loss, and chromatin nucleoplasmic bridges (NPBs), caused by telomere 

attrition. Additionally, nuclear buds (NBUDs), caused by amplified DNA, and apoptotic and 

necrotic (A/N) cells were scored. We hypothesized that AZT exposure would increase the 

frequency of genotoxic end points, and that the antioxidants Tempol and WR-1065 would protect 

against AZT-induced genotoxicity. MOLT-3 cells were exposed to 0 or 10 μM AZT for a total of 

76 hr. After the first 24 hr, 0 or 5 μM WR-1065 and/or 0 or 200 μM Tempol were added for the 

remainder of the experiment. For the last 28 hr (of 76 hr), Cyt B was added to arrest replication 

after one cell division, leaving a predominance of binucleated cells. The nuclear division index 

(NDI) was similar for all treatment groups, indicating that the exposures did not alter cell viability. 

MOLT-3 cells exposed to AZT alone had significant (P < 0.05) increases in MN and NBs, 

compared to unexposed cells. Both Tempol and WR-1065 protected against AZT-induced MN 

formation (P < 0.003 for both), and WR-1065, but not Tempol, reduced the levels of A/N (P = 

0.041). In cells exposed to AZT/Tempol there were significantly reduced levels of NBUDs, 

compared to cells exposed to AZT alone (P = 0.015). Cells exposed to AZT/WR-1065 showed 

reduced levels of NPBs, compared to cells exposed to AZT alone (P = 0.037). Thus WR-1065 and 

Tempol protected MOLT-3 cells against specific types of AZT-induced DNA damage.
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INTRODUCTION

The cytokinesis-block micronucleus cytome assay (CBMN) [Fenech, 2007], constitutes a 

useful tool to study a variety of genotoxic endpoints. Based on the addition of Cytochalasin 

B (Cyt B) to prevent cytokinesis, the assay allows scoring of cells that have undergone one 

cell division, providing more information than the traditional micronucleus (MN) assay. The 

CBMN assay measures micronuclei (MN), caused by DNA damage or chromosomal loss, 

and chromatin nucleoplasmic bridges (NPBs), biomarkers of dicentric chromosomes 

resulting from telomeric end-fusions or DNA misrepair. Additionally, nuclear buds 

(NBUDs), caused by amplified DNA, and apoptotic and necrotic (A/N) cells were identified 

and scored using this assay [Fenech, 2007]. Overall, the CBMN assay has evolved into a 

comprehensive method for measuring chromosome breakage, DNA misrepair, chromosome 

loss, chromosomal non-disjunction, necrosis, apoptosis, and cytostasis [Fenech, 2007].

AZT is a nucleoside reverse transcriptase inhibitor (NRTI), a component of the Highly 

Active Antiretroviral Therapy mixtures used so successfully in patients infected with human 

immunodeficiency virus-1 (HIV-1). In a variety of in vitro and vivo models AZT and other 

NRTIs have been shown to induce host genotoxicity by DNA incorporation, and termination 

of DNA chain elongation during replication [IARC, 2000; Poirier et al., 2004; Olivero, 

2007]. Other sequelae of NRTI exposure, which may or may not be directly related to NRTI-

DNA incorporation, include mutagenesis [Meng et al., 2000; Bigbee et al., 2001; O’Neill et 

al., 2001], telomere shortening [Strahl and Blackburn, 1996; Gomez et al., 1998], tubulin 

polymerization [Olivero et al., 2006], and centrosomal amplification [Borojerdi et al., 2009; 

Yu et al., 2009a]. AZT is a moderately strong transplacental carcinogen in mice, and 

although most children born to HIV-1-infected mothers who received antiretroviral drugs 

during pregnancy have no evident adverse clinical effects, potential long-term genotoxic 

consequences of fetal exposure have been demonstrated in a transplacental non-human 

primate model [Olivero et al., 2013].

It has been previously shown that the prodrug amifostine, which acts as a cellular 

radioprotectant, is converted to the active thiol, WR-1065, by alkaline phosphatase. Use of 

the metabolite WR-1065 has been shown to attenuate cellular damage induced by radiation 

and chemotherapy [Grdina et al., 1985; Grdina et al., 1995; Grdina et al., 2000]. This 

attenuation occurs by a variety of mechanisms including inhibition of Topoisomerase II 

[Snyder and Grdina, 2000], induction of the mitochondrial Mn superoxide dismutase 

(SOD-2) [Murley et al., 2008], scavenging of free radicals [Koukourakis, 2002], and the 

enhancement of DNA repair mechanisms [Murley and Grdina, 1995]. In addition, WR-1065 

has been shown to protect against NRTI-induced mutagenesis [Walker et al., 2009], and to 

have antiviral activity [Poirier et al., 2009].
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An additional antioxidant and stable free radical, the nitroxide Tempol, acts as a scavenger 

of superoxide anions in vitro [Chatterjee et al., 2000] and may be a genuine “SOD-mimetic” 

agent [Krishna et al., 1996]. Tempol reduces the formation of hydroxyl radicals either by 

scavenging superoxide anions or by reducing the intracellular concentrations of Fe2+ and, 

hence, reducing the formation of hydroxyl radicals that would occur via the Fenton or 

Haber–Weiss reactions [Mitchell et al., 1990].

The current study was designed to examine AZT-induced genotoxic damage in human 

MOLT-3 cells by the CBMN assay, and to evaluate the potential of WR-1065 and Tempol to 

attenuate AZT induced genotoxicity. The protective properties of these antioxidant agents 

were evaluated as single agents and in combination.

MATERIALS AND METHODS

Cell Culture Conditions and Treatments

The lymphoblastoid cell line MOLT-3 [American Type Culture Collection, (ATCC), 

Manassas, VA] was cultured in Roswell Park Memorial Institute (RPMI) media (ATCC), and 

supplemented with 10% fetal bovine serum (ATCC) with the addition of penicillin-

streptomycin (100IU/ml each, Invitrogen, Carlsbad, CA) in a 5% CO2 controlled atmosphere 

with 95% humidified ambient air at 37°C. AZT (SIGMA-Aldrich, Saint Louis, MO) was 

dissolved in a stock phosphate buffered saline (PBS) solution and the final AZT 

concentration was established by spectrophotometer, using the peak at 266 nm and an 

extinction coefficient of 11,500 M−1 cm−1 RPMI media containing AZT was prepared, and a 

stock solution was stored at 4°C until used.

Cytome Assay, Cell Treatment, and Procedure

The protocol used here for the CBMN assay is shown in Figure 1. Cells with and without 

AZT, were grown for 76 hr in 12-well plates containing a total of 2 × 105 cells/well in 3 ml 

of media. The antioxidants, WR-1065 (NCI Drug Synthesis and Chemistry Branch) and 

Tempol (Gift from J.M.), were added for the last 52 hr of culture. Cyt B (SIGMA-Aldrich) 

was added for the last 28 hr before cells were harvested (76 hr total, Fig. 1). Two 

experiments were performed on separate occasions, and each experiment involved triplicate 

exposures. At harvest, cells were cytospun in a Shandon cytospin 2 (Shandon, Thermo 

Scientific, Kalamazoo, MI) at 400 rpm for 4 min onto glass slides, using double cytofunnel 

sample chambers (Shandon). Subsequently, spreads were allowed to air dry for no longer 

than 10 min (to preserve cell morphology), and immediately fixed with 90% cold methanol 

(SIGMA, Aldrich) for 5 min. Once slides were dry, they were stored until scoring, at which 

time they were stained with a freshly prepared solution of acridine orange, 12.5 μg/ml 

(N,N,N′,N′-tetramethylacridine-3,6-diamine), in 1× PBS for 1 min at room temperature. 

One thousand binucleated cells were analyzed, for each of three wells per treatment group 

per experiment. The frequency of MN, NBUDs, NPBs, and A/N [Fenech 2007] was 

calculated as an average of two separate exposures. Representative images of an unexposed 

MOLT-3 cell and MN, NPBs, and NBUDs are shown in Figure 2.
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Cell Proliferation Measured by Nuclear Division Index

The Nuclear Division Index (NDI), as previously described [Eastmond and Tucker 1989], is 

a measure of cytotoxicity. The assay involves scoring the frequency of cells that have 

undergone 1, 2, or more cell divisions during Cyt B blocking. The minimum index value is 

1, which occurs when all the cells failed to divide during the cytokinesis-block period and 

hence are all mononucleated. If all viable cells completed one nuclear division, and are all 

binucleated, the NDI value is 2.0. An NDI value can only be greater than 2.0 if a substantial 

proportion of viable cells have completed more than one nuclear division during the 

cytokinesis-block phase and therefore contains more than two nuclei [Eastmond and Tucker 

1989; Fenech 2007]. In these experiments, approximately 1,000 cells were scored for NDI 

after 76 hr of AZT treatment, with or without the addition of WR-1065 or Tempol for 52 hr, 

and addition of Cyt B for the last 28 hr of culture.

Statistics

Comparisons between exposed and unexposed groups (n = 2 experiments, each one 

performed by triplicate) and unexposed control cells with cells exposed to either antioxidant, 

individually and in combination were performed by a two-tailed unpaired Students’ t test, 

using Prism Graphpad statistic software. The Kruskal-Wallis One Way Analysis of Variance 

on Ranks was used to compare differences in the mean incidence values for MN between 

treatment groups. Additionally, we applied Holm-Sidak and Dunn’s methods for pairwise 

multiple comparisons, in order to identify a trend revealing that the anti-clastogenic effect of 

WR-1065 + Tempol versus either agent alone was significant. A two way ANOVA was 

performed to determine interactions between combined incidence of MN, NPBs, and 

NBUDs for control and treatment group comparisons.

RESULTS

Nuclear Division Index

The NDI is based on a comparison of the distribution of mononucleated and multinucleated 

cells present in cytokinesis-arrested Cyt B cells. In this experiment the exposure groups 

were: control; AZT; AZT/Tempol; AZT/WR-1065; and AZT/Tempol/WR-1065. Cells 

exposed to WR-1065, Tempol, and the combination WR-1065/Tempol were processed and 

scored for every endpoint (MN, NBUDs, NPBs, and A/N). Statistical analysis comparing 

unexposed controls and cells exposed to both anti-oxidant drugs show no difference in any 

of the endpoints analyzed (Supporting Information Table I), in consequence the data have 

been excluded from analysis for this contribution.

When a total of ~1,000 cells were scored for each treatment group, there were no major 

differences in ploidy among the five treatment groups and the results are shown in Table I. 

The binucleated cells were by far in the majority (80–90% of total cells examined), while the 

mononucleated cells were less than 6%. The overall NDI for each exposure group was 

essentially 2, indicating that none of the test compounds arrested survival. However, there 

were threefold more mononucleated cells in the AZT/WR-1065 and AZT/WR-1065/Tempol 

groups compared to the controls, and an increase in tetranucleated cells in the unexposed 

control group. Therefore, although the first cell division after the addition of Cyt B was not 
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affected by AZT treatment, the second cell division, which produced the tetranucleated cells, 

was less frequent in the drug-exposed groups, possibly due to a delay in cell cycle.

The Cytome Assay in Cells Exposed to AZT for 24 hr Prior to Exposure to Protective 
Agents

Examples of cells with MN, NPBs, and NBUDs are shown in Figures 2B–2D, respectively. 

Table II (column 2) shows incidence of MN in MOLT-3 cells under different exposure 

conditions. MN were significantly elevated in cells exposed to AZT, with a value of 29.0 ± 

1.5 MN/1,000 binucleated cells, compared to controls with a value of 21.0 ± 1.5 MN/1,000 

binucleated cells (P = 0.003, Table II). The addition of WR-1065 along with the AZT 

exposure reduced the incidence of MN significantly from 29.0 ± 1.5 to 20.0 ± 1.3 (P = 

0.003). A significant reduction from 29.0 ± 1.5 to 21.0 ± 0.6 (P = 0.0006) was observed 

when cells were exposed to the AZT/Tempol combination. The reduction was even more 

pronounced when both antioxidants were used in combination, with a significant reduction 

from 29.0 ± 1.5 to 17.0 ± 1.8 MN/1,000 binucleated cells (P = 0.0005).

The profile for NPB formation was somewhat different than for MN, and is shown in Table 

II, column 3. In MOLT-3 cells grown without AZT there were 5.0 ± 1.2 NPBs/1,000 cells, 

while AZT induced 8.0 ± 1.5 NPBs/1,000 cells (P = 1.09, Table II, column 3). The incidence 

of NPBs induced by AZT alone was significantly reduced with the addition of WR-1065 

from 8.0 ± 1.5 to 4.0 ± 0.9 (P = 0.037). However, no significant reduction was observed with 

either Tempol (P = 0.5) or Tempol/WR-1065 (P = 0.138).

The data for NBUDs is shown in Table II, column 4. In MOLT-3 cells growing without AZT 

there were 5.0 ± 0.8 NBUDs/1,000 binucleated cells, and in cells growing with AZT there 

were 9.0 ± 0.7 NBUDs/1,000 binucleated cells (P = 0.005). The addition of WR-1065 

reduced the initial incidence of NBUDs to 8 ± 0.5 (P = 0.244), while in cells growing with 

AZT/Tempol NBUDs were significantly reduced from 9.0 ± 0.7 to 5.0 ± 1.1 (P = 0.015). 

Cells growing with AZT, Tempol, and WR-1065 exhibited an incidence of 7.0 ± 0.6 (P = 

0.113) NBUDs/1,000 binucleated cells.

The incidence of A/N, shown in Table II, column 5, was 11.0 ± 1.1/1,000 cells in untreated 

MOLT-3 cells and 13.0 ± 1.3 in AZT treated cells (P = 0.407). Reduction of cells with A/N 

was observed in cultures treated with AZT/WR-1065, which had a value of 7.0 ± 1.9, 

compared to 13.0 ± 1.3 in cells exposed only to AZT (P = 0.041). In cells exposed to AZT/

Tempol, or the combination AZT/Tempol/WR-1065, there was no reduction in A/N 

compared to cells exposed only to AZT.

DISCUSSION

The CBMN assay, as used here, demonstrated enhanced formation of MN and NBUDs in 

human lymphoblastoid MOLT-3 cells exposed for 76 hr to AZT at plasma levels (10 μM), 

compared to unexposed controls. Additionally, the CBMN assay was used to explore the 

hypothesis that WR-1065 and/or Tempol might protect against AZT-induced MN, NPB, 

NBUD, or A/N formation. Our experiments indicate that the addition of WR-1065, to cells 

treated with AZT, reduced the incidence of MN, NPBs, and cells with A/N. Tempol reduced 
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the incidence of MN and NBUDs occurring in AZT-exposed cells. The combination of 

WR-1065 and Tempol further reduced the number of MN, compared to either agent alone, 

but had no effect on NPBs, NBUDs, or number of cells with A/N. The data suggest that the 

most successful protection occurs against MN. A subset of MN induced by AZT exposure 

contains whole chromosomes, and may predispose to cancer. Therefore, presumably any 

agent that could reduce MN formation and protect against loss of a whole chromosome, 

would protect against AZT-induced aneuploidy and chromosomal instability.

Chromosome instability, measured as aneuploidy or an abnormal number of chromosomes, 

is associated with the carcinogenic process [Wilkens et al., 2004]. Chromosome instability 

and centrosomal amplification have been well-documented to occur in cells exposed to AZT 

[Borojerdi et al., 2009] and other NRTIs [Yu et al., 2009]. In addition, AZT increased the 

frequency of erythrocyte MN [Bishop et al., 2004; Witt et al., 2004; Dobrovolsky et al., 

2005], and the formation of MN containing whole chromosomes [Borojerdi et al., 2009]. 

The persistence of NRTI-induced aneuploidy was documented in a non-human primate 

model revealing the presence of MN in cultured bone marrow cells taken from 3 year old 

monkeys exposed to NRTIs in utero and during the first 6 weeks of life [Olivero et al., 

2013]. Taken together these events suggest the value in potential attenuation of NRTI-

induced genotoxicity, with agents like WR-1065 and Tempol.

Introduced by Fenech [2007], and based on Cyt B cytokinesis arrest, the CBMN assay 

provides a convenient tool to evaluate cellular damage induced as a response to xenobiotic 

exposure [Fenech, 2007]. The use of Cyt B facilitates the scoring of MN exclusively in cells 

that have undergone one cell division under the effect of the blocking, and are easily 

identifiable as binucleated. Additionally, the presence of chromatin bridges connecting the 

nuclei of binucleated cells allows speculation about chromosomal rearrangements favored by 

telomeric attrition. The scoring of NPBs and NBUDs adds a new dimension to the classical 

MN scoring, and complements the understanding of the complex process of DNA damage 

and response that cells experience when exposed to a genotoxic agent. The origin of NBUDs 

is still under study, and some authors believe that NBUDs are aberrations formed to 

eliminate amplified DNA [Shimizu et al., 1998, 2000; Serrano-Garcia and Montero-

Montoya, 2001]. Using fluorescent in situ hybridization probes in bone marrow stem cells of 

DNA repair deficient mice, the chromosomal content of AZT-induced NBUDs was found to 

be random, with no preference for any specific chromosome [Dutra et al., 2010].

AZT becomes incorporated into virus and host DNA in place of thymidine, inducing DNA 

replication chain termination, DNA fragmentation, mutagenesis, and the formation of MN 

and other types of genotoxic damage [Gonzalez and Larripa, 1994; Stern et al., 1994; 

Dertinger et al., 1996; Poirier et al., 2004; Olivero, 2007]. There is evidence that AZT is 

preferentially incorporated into the telomeric regions of chromosomes, presumably because 

telomerase has an affinity for the drug, and this results in telomere shortening [Gomez et al., 

1995, 1998; Olivero et al., 1997]. It has been proposed that NPBs may be surrogate markers 

for telomeric shortening [Rudolph et al., 2001].

The antioxidant and cytoprotective agent WR-1065 has been used in the clinic to prevent the 

side effects of radiotherapy and chemotherapy [Grdina et al., 1985, 1995, 2000]. The use of 
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WR-1065 to induce SOD-2-mediated radioprotection has been reported in human colon 

carcinoma cells, where the authors showed that WR-1065 reduced the incidence of ionizing 

radiation-induced MN and increased levels of SOD-2 [Murley et al., 2011]. An analog of 

WR-1065, WR-151326, was proven to have anti-mutagenic activity in HepG2 cells when 

added either concomitantly or following exposure of cells to a 18.7 mM concentration of 

AZT. The authors report that the agent decreased the level of HPRT (hypoxanthine 

phosphoribosyltransferase) mutations twofold and concluded that this analog has anti-

mutagenic properties [Grdina et al., 1992]. In addition, protection against the induction of 

NRTI-induced centrosomal amplification was observed in cells exposed to NRTIs in the 

presence of WR-1065 [Yu, 2009]. The selective protection exerted by WR-1065 on 

formation of MN and/or NPBs may reveal mechanisms underlying the protective capacity of 

this agent. Some of the bridges observed may be due to telomeric attrition and unprotected 

“sticky ends,” but translocations due to DNA breakage may also play a role.

Tempol, a catalytic antioxidant, has been used as a radiation protector providing protection 

against oxidative- and radiation-induced damage [Soule et al., 2007]. Tempol protects 

against side effects resulting from cisplatin-based chemoradiation in mice without 

interfering with tumor response [Krishna et al., 1994]. Administered to mice in their diet 

Tempol can decrease cancer, and extend survival when administered immediately after non-

lethal total body radiation [Mitchell et al., 2012]. Our data suggest that Tempol is able to 

protect MOLT-3 cells against some of the genotoxicity induced by AZT, mainly MN and 

NBUDs.

In summary, we have shown statistically significant formation of MN, in human 

lymphoblastoid cells exposed to plasma-levels of AZT for 76 hr (24 hr alone and additional 

52 hr in combination with antioxidants). The incidence of MN, NPBs, and A/N was 

decreased when the antioxidant WR-1065 was added to the cultures during the last 52 hr of 

a total of 76 hr exposure to AZT. Tempol, on the other hand, showed protective effects in 

decreasing the incidence of MN and NBUDs. Additive protection was observed when 

Tempol was added to cultures with AZT and WR-1065. However, a statistical pairwise 

comparison revealed that addition of WR-1065 to cultures in the presence of AZT and 

Tempol did not produce any extra protection (Supporting Information Table II). Since some 

MN also contains whole chromosomes, treatment with WR-1065 and/or Tempol may protect 

against aneuploidy occurring during NRTI-induced neoplastic transformation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AIDS acquired immunodeficiency syndrome

AZT 3′-azido-3′-deoxythymidine, zidovudine, Retrovir®

Cyt B cytochalasin B

CBMN cytokinesis-block micronucleus cytome assay

MN micronucleus

NBUD nuclear bud

NPB nucleoplasmic bridge

PBS phosphate buffer saline

RPMI Roswell Park Memorial Institute

WR-1065 2-ethanethiol-dihydrochloride
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Fig. 1. 
MOLT-3 cells, with and without AZT, were grown in 12-well plates containing 3 ml of 

media/well and a total of 2 × 105 cells/well for 76 hr. The center of the figure shows that 

WR-1065 (top), Tempol (middle), and Tempol plus WR-1065 (bottom) were added to half 

of the wells on the plate for 52 hr. For the last 28 hr, 8.3 μM Cyt B was added to all groups. 

The experiment was performed in triplicate on two separate occasions. Cells were exposed 

to AZT for a total of 76 hr, to antioxidants for 52 hr, and to Cyt B for 28 hr.
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Fig. 2. 
Representative images showing: (A) a binucleated MOLT-3 cell (arrows indicate both 

nuclei) arrested by Cyt B. Aberrations scored by the Cytome assay: (B) MN (arrow) in 

binucleated cell; (C) NPB (arrow), and (D) pedunculated NBUD (arrow).
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