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Abstract:

Background: DNA-damaging compounds (e.g., alkylating agents, cytotoxic antibiotics and DNAtopoisomerase poisons) are the most

widely used anticancer drugs. The inability of tumor cells to properly repair some types of DNA damage may explain why specific

DNA-damaging drugs can selectively kill tumor cells. Phenylglyoxal is a dicarbonyl compound known to react with guanidine groups

such as that of the DNAbase guanine, therefore suggesting that phenylglyoxal could induce DNAdamage and have anticancer activity.

Methods: Cellular DNA damage was measured by the alkaline comet assay and the gH2AX focus assay. Formation of topoi-

somerase I- and topoisomerase II-DNA complexes was assessed by the TARDIS assay, an immunofluorescence technique that em-

ploys specific antibodies to DNA topo I or topo II to detect the protein covalently bound to the DNA in individual cells. Cell growth

inhibition and cytotoxicity were determined by XTT, MTT and clonogenic assays. Apoptosis was assessed by the Annexin V flow

cytometry assay.

Results: Phenylglyoxal induced cellular DNA damage and formation of high levels of topoisomerase I- and topoisomerase II-DNA

complexes in cells. These topoisomerase-DNA complexes were abolished by catalase pretreatment and correlated well with the in-

duction of apoptosis. Phenylglyoxal-induced cell death was partially prevented by catalase pretreatment and was higher in lung can-

cer cells (A549) than in normal lung fibroblasts (MRC5). Mammalian cell lines defective in nucleotide excision repair (NER),

homologous recombination (HR) and non-homologous end joining (NHEJ) were more sensitive to phenylglyoxal than parental

cells; this suggests that phenylglyoxal may induce bulky distortions in the shape of the DNA double helix (which are repaired by the

NER pathway) and DNA double-strand breaks (which are repaired by HR and NHEJ).

Conclusion: This report shows that phenylglyoxal is a new DNA-damaging agent with anticancer activity, and suggests that tumor

cells with defects in NER, HR and NHEJ may be hypersensitive to the cytotoxic activity of phenylglyoxal.
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Introduction

DNA-damaging compounds are the most widely used

anticancer drugs. The basis for the selective antican-

cer activity of DNA-damaging drugs such as alky-

lating agents, cytotoxic antibiotics and DNA topoi-

somerase poisons has been enigmatic for many years

[30]. Recent evidence suggests that the elevated lev-

els of DNA damage in tumor cells and their inability

to properly repair some types of DNA damage may

explain why tumor cells are often more vulnerable

than normal proliferating cells to these chemothera-

peutic agents. Currently, the identification of DNA re-

pair defects in tumor cells and the discovery of DNA

repair inhibitors in combination with agents that in-

duce specific types of DNA damage are active areas

of scientific investigation that may help rationalize

and improve cancer chemotherapy [6, 15].

DNA topoisomerases (topos) are essential nuclear

enzymes that govern DNA topology. They solve the

topological problems associated with DNA replica-

tion, transcription, recombination, and chromatin re-

modeling by introducing transitory single- or double-

strand breaks in the DNA. Topo I and topo II are the

targets of several clinically useful anticancer drugs,

including etoposide and the camptothecin derivatives

topotecan and irinotecan. These drugs, known as to-

poisomerase poisons, stabilize the normally transient

topo-DNA complexes formed during the catalytic cy-

cle of the enzyme; then, cellular processing converts

these complexes into permanent DNA strand breaks

that trigger cell death [18, 19, 22, 31].

Phenylglyoxal is a 1,2-dicarbonyl compound

known to interact with guanidine groups, such as

those of the amino acid arginine and of the DNA base

guanine. It is used, for instance, for specific modifica-

tion of arginine residues in proteins and for determi-

nation of guanine and its nucleosides and nucleotides

[7, 24, 29]. The ability of phenylglyoxal to interact

with the DNA base guanidine suggested that this com-

pound could induce DNA damage. Two other lines of

evidence suggested that phenylglyoxal could induce

topoisomerase-mediated DNA damage. First, the topo

II poison clerocidin contains a dicarbonyl function

(like phenylglyoxal) that seems to participate in its

ability to induce topo II-mediated DNA damage [1,

5]. In addition, phenylglyoxal and other dicarbonyl

compounds have been found to directly inactivate

glutathione peroxidase resulting in an increase in in-

tracellular hydrogen peroxide production [20], and

hydrogen peroxide is known to induce topo I- and

topo II-mediated DNA damage [4, 8]. The results re-

ported in this work indicate that phenylglyoxal in-

duces DNA damage and cancer cell death, and sug-

gest that tumor cells with defects in specific DNA re-

pair pathways may be hypersensitive to the cytotoxic

activity of phenylglyoxal.

Materials and Methods

Chemicals and cell lines

Phenylglyoxal, etoposide, camptothecin, cisplatin,

curcumin, hydrogen peroxide and catalase were pur-

chased from Sigma. Human K562 leukemia cells

were maintained as a suspension culture in RPMI

1640 medium supplemented with 10% fetal bovine

serum and penicillin (50 µg/ml)/streptomycin (50 µg/

ml). The human A549 lung cancer cell line and the

human embryo lung fibroblastic MRC-5 cell line

were maintained in DMEM supplemented with 2 mM

glutamine, 50 µg/ml penicillin, 50 µg/ml streptomy-

cin and 10% fetal bovine serum. To study the DNA

damage response induced by phenylglyoxal, a paren-

tal (AA8) and several DNA repair-deficient Chinese

hamster ovary cell lines, including UV4, UV5, UV61

(nucleotide excision repair, NER), EM9 (base exci-

sion repair, BER) and V3-3 (non-homologous end

joining, NHEJ) were used. The homologous recombi-

nation (HR)-deficient VC8 cell line (V79 Chinese

hamster lung cells mutated in BRCA2) and the

VC8B2 cell line (VC8 cells complemented with hu-

man BRCA2) were also used. The DNA repair-

deficient cell line UV4 is mutated in ERCC1 (human

homologous: XPF), the UV5 in ERCC2 (XPD), the

UV61 in ERCC6 (CSB), the EM9 in XRCC1 (DNA

ligase III), the V3-3 in XRCC7 (DNA-PK) and the

VC8 in BRCA2 [2, 16]. These DNA repair-deficient

cell lines, kindly provided by Dr. Thomas Helleday,

were cultured in DMEM. All cell lines were cultured

at 37°C in a humidified atmosphere containing 5%

CO2. Cell culture reagents were obtained from Life

Technologies.

Cell proliferation assays

The XTT and MTT assays are colorimetric techniques

that allow the quantitative determination of cell viabil-
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ity. They are based on the capability of viable cells to

transform the XTT salt (sodium 3´-[1-(phenylamino-

carbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) or the

MTT salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide) into formazan dyes. Exponen-

tially growing cells were seeded into 96-well plates

and drugs were added 24 h later. In the XTT assay,

following an incubation period of 5 days, cell viabil-

ity was quantified using an XTT cell proliferation kit

assay (Roche, Mannheim, Germany). After drug

exposure, plates were incubated for 4 h with XTT

before reading them on a Bio-Rad 550 plate reader at

450 nm. In the MTT assay, following an incubation

period of 2 days, medium was removed and 125 µl

MTT (1 mg/ml in medium) was added to each well

for 5 h. Then, 80 µl 20% SDS in 0.02 M HCl were

added, plates were incubated for 10 h at 37°C, and

optical densities were measured at 540 nm on a multi-

well plate spectrophotometer reader. In both assays,

cell viability was expressed as percentage in relation

to controls. All data were averaged from at least three

independent experiments and were expressed as the

means ± standard error of the means (SEM).

Clonogenic assay

Cells were seeded into 9-cm plates and, after treat-

ments and drug removal, they were incubated at 37°C

for 9 days. The medium was then aspirated and dishes

were fixed in methanol, stained with 0.4% methylene

blue for 10 min, rinsed and air-dried. Surviving colo-

nies made up of more than 50 cells per colony were

counted. Survival data are shown for correction for

untreated cell cloning efficiencies.

Comet assay

The single cell gel electrophoresis assay (comet as-

say) is a sensitive technique for the detection of DNA

damage in cells and has been described in detail by

Singh et al. [25]. We followed this protocol with mi-

nor modifications described previously [21]. Briefly,

standard slides were immersed in 1% normal melting

agarose at 55°C, left to allow the agarose to solidify

and kept at 4°C until use. After cell treatments, ap-

proximately 10,000 cells were mixed with 85 µl of

low-melting agarose (LMA) at 37°C. This mixture

was rapidly pipetted onto the slides with the first aga-

rose layer, spread using a coverslip and kept at 4°C

for 8 min to allow the LMA to solidify. The coverslips

were then removed and a third layer of 100 µl LMA at

37°C was added, covered with a coverslip and al-

lowed to solidify at 4°C for 8 min. After removing the

coverslips, cells were incubated in the dark for 1 h at

4°C in a lysis solution containing 10 mM Tris-HCl,

2.5 M NaCl, 100 mM Na2-EDTA, 0.25 M NaOH, 1%

(v/v), Triton X-100 and 10% (v/v) DMSO, pH 12.0.

In order to unwind the DNA, the slides were incu-

bated for 20 min in an electrophoretic buffer contain-

ing 1 mM Na2-EDTA and 300 mM NaOH, pH 12.8.

Electrophoresis was carried out at 1 V/cm for 20 min.

After neutralization with 3 × 5 min washes of 0.4 M

Tris-HCl pH 7.5 to remove alkali and detergent, cells

were stained with the fluorochrome 4’,6-diamidino-

2-phenylindole (DAPI) in Vectashield (mounting me-

dium for fluorescence H-1000, Vector Laboratories,

Peterborough, UK). Images of 50 randomly selected

cells from each sample were analyzed using the

“comet score” software. DNA damage was calculated

for each comet and was expressed as % of DNA in the

tail and as tail moment (defined as the product of the

tail length and the fraction of total DNA in the tail).

Immunofluorescence g-H2AX focus assay

The immunofluorescence g-H2AX focus assay is

a sensitive technique to evaluate DNA damage. It is

based on the ability of double-strand breaks (DSBs) to

trigger phosphorylation of histone H2AX on Ser-139,

which leads to the formation of nuclear foci that can be

visualized with anti-gH2AX antibodies [9, 32]. After

treatments, K562 cells were pelleted at 1,200 rpm for

5 min, washed two times with PBS, resuspended and

incubated in cold pure methanol for 20 min. They

were then centrifuged, resuspended in 200 µl metha-

nol, dropped onto coverslips and allowed to dry. AA8

cells were seeded on coverslips and allowed to attach

for 24 h. After treatments, AA8 cells were washed

three times with PBS, fixed with 4% paraformalde-

hyde in PBS for 10 min at room temperature and

washed three times with PBS. After fixation, K562

cells and AA8 cells were permeabilized with 0.5%

Triton X-100 in PBS for 5 min and then blocked three

times with 0.1% Tween 20, 1% BSA in PBS for 5 min

each. Cells were then incubated for 1 h with a mouse

anti-gH2AX monoclonal antibody (Upstate, 1:800 di-

lution). Cells were washed three times with PBS and

blocked three times prior to the incubation with a sec-

ondary anti-mouse antibody linked to Alexa Fluor

488 (Invitrogen, 1:500 dilution) for 1 h. Cells were
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washed with PBS, blocked and washed again with

PBS as indicated before. DNA was stained with DAPI

and immunofluorescence was observed at 40-fold

magnification with an Olympus BX 61 microscope.

A total of ~200 cells/dose were scored, and cells with

10 or more foci were scored as positive.

TARDIS assay

This immunofluorescence technique employs specific

antibodies to DNA topo I or topo II to detect the pro-

tein covalently bound to the DNA in individual cells.

Anti-topo II polyclonal antibody aCT was raised in

rabbits to recombinant topo IIa (C-terminal fragment)

and detected both the a and b isoforms of topo II. For

topo I, a polyclonal human antibody (2012, Topogen)

was used. Antibodies were diluted in PBS containing

0.1% Tween 20 and 1% BSA (bovine serum albumin).

aCT (topo II) was used at a 1:50 dilution and 2012

(topo I) at 1:1,000. An anti-rabbit FITC-conjugated

second antibody (1262, Sigma) was used at 1:200 di-

lution for topo II antibody, and a goat anti-human

FITC-conjugated second antibody (F5512, Sigma)

was used at 1:50 dilution for topo I [3, 12, 33]. The

TARDIS assay has been described in detail previously

[3, 12, 33]. Briefly, cells were seeded (3 × 104 cells/

well) into six-well tissue culture plates. These were

grown for 48 h and drugs were added to exponentially

growing cells at several concentrations. Microscope

slides were precoated with agarose, and drug-treated

or untreated cells (control) were immediately embed-

ded in agarose and spread onto the slide. Slides were

then placed in lysis buffer containing protease inhibi-

tors for 30 min (after this stage slides could be stored

at –20°C in PBS containing 10% glycerol), followed

by 30 min in 1 M NaCl plus protease inhibitors. Slides

were then washed three times in PBS (5 min/wash)

and exposed to primary antisera for 1 to 2 h. Slides

were washed three times in PBS containing 0.1%

Tween 20 (PBST) and subsequently exposed for 1 to

2 h to a secondary antibody (anti-rabbit fluorescein

isothiocyanate (FITC)-conjugated secondary anti-

body, F(ab’)2 fragment; Sigma). Slides were washed

three times in PBST followed by an overnight wash in

PBS containing protease inhibitors, at 4°C. Slides

were stained with Hoechst 33258 (10 µM in PBS;

Sigma) for 5 min and cover slips were applied and se-

cured. Images of blue (Hoechst-stained DNA) fluores-

cence and green (FITC-stained covalently bound

topo-DNA) immunofluorescence were then captured

with an epifluorescence microscope attached to

a cooled slow scan charge-coupled device camera. For

each of the ~eight randomly chosen fields of view, im-

ages of blue and green fluorescence were captured to

give a total of ~100 cells/dose. Images were then ana-

lyzed to quantify the levels of Hoechst (blue) fluores-

cence and FITC (green) immunofluorescence with

Imager 2 software (Astrocam, Cambridge, UK) based

on Visilog 4 (Noesis, Paris, France). All images were

corrected for stray light and camera background. Ad-

ditionally, images were subjected to blue and green

shade correction to compensate for variation in inten-

sity of illumination and non uniformities in light

transmission [3, 12, 33].

Annexin V-FITC apoptosis detection assay

Apoptosis was quantified by flow cytometric analysis

(Cytomics FC 500 MPL, Beckman Coulter; CXP

analysis) using Annexin V-FITC apoptosis detection

kit (Cat. no.: 556547, BD Biosciences) according to

the manufacturer’s instructions.

Statistical analysis

For statistical analysis we used the t-test (paired,

two-tailed). A p-value > 0.05 is not considered statis-

tically significant and is not represented by any sym-

bol. A p-value < 0.05 is considered to correspond with

statistical significance and is indicated with an aster-

isk (*), a p-value < 0.01 is indicated with a double as-

terisk (**), and a p-value < 0.001 is indicated with

a triple asterisk (***).

Results

Phenylglyoxal induces cellular DNA damage

Because phenylglyoxal is known to react with gua-

nidine groups such as that of the DNA base guanine

(Fig. 1), we hypothesized that this compound could

induce DNA damage. To test such a hypothesis, we

employed two standard methods commonly used for

DNA damage detection: the comet assay and the

g-H2AX focus assay. To select an appropriate concen-

tration range, K562 leukemia cells were first exposed

for 5 days to several concentrations of phenylglyoxal

1518 Pharmacological Reports, 2012, 64, 1515�1525



and cell viability was estimated with the XTT assay,

obtaining an IC50 value of 34.32 ± 0.07 (µM ± SEM).

K562 cells were then exposed to two concentrations

of phenylglyoxal (30 and 300 µM) for 2 h and 24 h,

and DNA damage was assessed with the comet assay.

Three independent experiments revealed that K562

leukemia cells exposed for 2 h and 24 h to both con-

centrations of phenylglyoxal had higher levels of

DNA damage than untreated cells. Representative

photographs of cells exposed to each treatment with

phenylglyoxal, the percentage of cells within different

ranges of DNA damage, and the quantification of

DNA damage are illustrated in Figure 2.

We used the g-H2AX focus assay to confirm that

phenylglyoxal could induce DNA damage at low con-

centrations and short exposure times. Three independ-

ent experiments revealed that K562 leukemia cells ex-

posed for 2 h to 30 µM phenylglyoxal had higher lev-

els of fluorescence than untreated cells (Fig. 3A).

Because the background signal in these cancer cells
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Fig. 1. Chemical structure of phenylglyoxal, guanidine and the DNA
base guanine
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Fig. 2. Assessment of phenylglyoxal (PG)-induced DNA damage in
K562 cells by the comet assay. (A) Representative photographs of
untreated cells, of cells treated with the positive control hydrogen
peroxide (H2O2, 30 µM, 2 h), and of cells exposed for 2 h and 24 h to
phenylglyoxal 30 µM and 300 µM. (B) Distribution of cells in the differ-
ent intervals of values of tail moments (data are averaged from three
independent experiments). (C) Quantification of DNA damage ex-
pressed as % of DNA damage in tail and as tail moment (tail length ´
percentage of DNA in the tail)

A

BC

K562 cells AA8 cells

4 Gy

PG

30 µM, 2 h

Control

AA8 cells

B
**

*

DAPI -H2AX DAPI ã-H2AX

Fig. 3. Assessment of phenylglyoxal (PG)-induced DNA damage in
K562 cells and AA8 cells by the immunofluorescence g-H2AX focus
assay. (A) Representative photographs of control cells, of cells irradi-
ated with an X-ray device (Philips MU 15F) at a dose of 4 Gy (positive
control), and of cells exposed for 2 h to PG 30 µM. (B) Quantification
of nuclear foci in non-malignant AA8 cell exposed to X-ray (4 Gy) and
PG (30 µM, 2 h)



was relatively high and the number of foci could not

be properly quantified, we used the non-malignant

AA8 cell line to confirm the results. The g-H2AX fo-

cus assay revealed that phenylglyoxal (30 µM, 2 h)

significantly increased the number of foci (indicative

of DNA damage) in AA8 cells, although such in-

crease was lower than the observed in cells irradiated

with an X-ray device (Philips MU 15F) at a dose of

4 Gy (Fig. 3B and 3C).

Phenylglyoxal induces topoisomerase I- and

topoisomerase II-DNA complexes in cells.

Involvement of hydrogen peroxide

Topoisomerase poisons are a group of antitumor

drugs that kill cancer cells by inducing topoi-

somerase-mediated DNA damage [17, 19, 22]. Since

previous evidence suggested that phenylglyoxal

might induce topoisomerase-mediated DNA damage

(discussed in the introduction section), we investi-

gated the ability of phenylglyoxal to induce topo-

DNA complexes in individual cells with the TARDIS

assay. Although the sensitivity of this technique for

detecting topo-DNA complexes is higher than that of

other cell-based assays, this assay usually requires

drug concentrations approximately 10-fold higher

than the IC50 in cell viability assays to observe a clear

activity [14]. Three independent experiments revealed

that K562 leukemia cells exposed for 2 h to phen-

ylglyoxal 300 µM did not develop significant levels

of topo I- or topo II-DNA complexes. High levels of

both topo I- and topo II-DNA complexes were ob-

served, however, when the cells were exposed to

phenylglyoxal 300 µM for 24 h. Because phen-

ylglyoxal can generate hydrogen peroxide [20], which

can induce topo-DNA complexes in cells [12], we

evaluated if catalase pretreatment could reduce the

levels of topo-DNA complexes induced by phen-

ylglyoxal. Figures 4A and 4B show that catalase pre-

treatment abolished the formation of topo I- and topo

II-DNA complexes induced by phenylglyoxal, indi-

cating that hydrogen peroxide mediates this activity.

Cells deficient in nucleotide excision repair,

homologous recombination and non-homologous

end joining are hypersensitive to the cytotoxic

activity of phenylglyoxal

To study the type of DNA damage induced by phen-

ylglyoxal, the parental Chinese hamster ovary cell

line AA8 and several DNA repair-deficient Chinese

1520 Pharmacological Reports, 2012, 64, 1515�1525

Fig. 4. Phenylglyoxal induces topo I- and topo II-DNA complexes in
K562 cells mediated by hydrogen peroxide. K562 cells were treated
with PG 300 µM (2 h and 24 h), in the presence and absence of cata-
lase (cat), and the levels of topo I- and topo II-DNA complexes were
evaluated with the TARDIS assay. Catalase (cat, 1,000 U/ml) was
added 0.5 h before phenylglyoxal. Y-axes show integrated fluores-
cence values, which indicate cellular levels of topo-DNA complexes
(arbitrary units). All experiments were done in triplicate. Plots show
one representative experiment, in which the levels of topo I-DNA
complexes (A) and topo II-DNA complexes (B) can be observed in
individual cells. The mean fluorescence values of this representative
experiment are also shown. Camptothecin (cpt) and etoposide (etop)
were used as topo I and topo II positive controls



hamster ovary cell lines, including EM9 (BER), UV4

(NER), UV5 (global genomic NER), UV61 (transcrip-

tion coupled NER), and V3-3 (NHEJ) were used. The

HR-deficient VC8 cell line (V79 Chinese hamster lung

cells mutated in BRCA2) and the VC8B2 cell line

(VC8 cells complemented with human BRCA2) were

also used. All cell lines were treated with five concen-

trations of phenylglyoxal (10–1,000 µM) for 48 h and

cell viability was estimated with the MTT assay.

Figure 5A shows that viability of cells defective in

BER (EM9) is similar to that of cells without defects in

this DNA repair mechanism (AA8), indicating that

BER is not involved in the repair of phenylglyoxal-

induced DNA damage. Cells defective in NER, HR

and NHEJ, however, were more sensitive to phenyl-

glyoxal than parental cells. Clonogenic experiments

confirmed that cells deficient in HR were hypersensi-

tive to the cytotoxic effects of phenylglyoxal (Fig. 5E).

These results indicate that phenylglyoxal may induce

bulky distortions in the DNA double helix (which are

repaired by the NER pathway) and DNA double-

strand breaks (which are repaired by HR and NHEJ).
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EAA8: parental Chinese hamster ovary cells

EM9: AA8 cells mutated in XRCC1 (human homologous: DNA

ligase III). BER deficient

UV4: AA8 cells mutated in ERCC1 (XPF). NER deficient

UV5: AA8 cells mutated in ERCC2 (XPD). NER (global genomic)

deficient

UV61: AA8 cells mutated in ERCC6 (CSB). NER (transcription

coupled) deficient

V3-3: AA8 cells mutated in XRCC7 (DNA-PK). NHEJ deficient

VC8: V79 Chinese hamster lung cells mutated in BRCA2 (BRCA2).

HR deficient

VC8B2: VC8 cells complemented with human BRCA2 (functioning

HR)

Fig. 5. Role of base excision repair (BER), nucleotide excision repair (NER), non-homologous end joining (NHEJ), and homologous recombina-
tion (HR) in the repair of DNA damage induced by phenylglyoxal. In (A–D), cell viability was estimated with the MTT assay. In (E) cell survival
was assessed with the clonogenic assay



Cancer cell death by phenylglyoxal

As mentioned previously, phenylglyoxal was cyto-

toxic in K562 leukemia cells (XTT assay). Flow cy-

tometry experiments using the Annexin V-FITC assay

were carried out to evaluate the type of cell death in-

duced by phenylglyoxal. Figure 6A and 6B show that

a high percentage of cells exposed for 24 h to phenyl-

glyoxal undergoes apoptosis, whereas approximately

20% of the cells treated with phenylglyoxal die

through necrosis.

Evidence suggests that hydrogen peroxide may

participate in phenylglyoxal-induced cell death. Phe-

nylglyoxal and other dicarbonyl compounds have

been found to directly inactivate glutathione peroxi-

dase resulting in an increase in intracellular hydrogen

peroxide production [20]. In addition, our results

show that hydrogen peroxide mediates phenylgly-

oxal-induced topoisomerase I- and II-DNA com-

plexes in K562 leukemia cells (Fig. 4). To test

whether hydrogen peroxide participates in phenylgly-

oxal-induced cell death, K562 cells were exposed to

phenylglyoxal in the presence or absence of catalase.

Figure 6C shows that catalase pretreatment prevents

to some extent the cytotoxic activity of phenylgly-

oxal, indicating that hydrogen peroxide plays a role in

phenylglyoxal-induced cell death.

Using human K562 leukemia cells and non-

malignant AA8 Chinese hamster cells, we observed

that phenylglyoxal was more cytotoxic in leukemia

cells than in the normal cells. To examine the possible

selectivity of phenylglyoxal for cancer cells, we

evaluated its cytotoxic activity on A549 human lung

cancer cells and MRC5 human non-malignant lung fi-

broblasts using the MTT assay under the same experi-

mental conditions. Our results, shown in Figure 6D,

indicate that the viability of cancer cells treated with

phenylglyoxal was lower than that of normal cells.

We found similar results with cisplatin (Fig. 6D),

a DNA damaging agent widely used in the treatment

of patients with lung cancer.

Discussion

Some of the most widely used anticancer drugs act by

inducing DNA damage. Because phenylglyoxal is

known to react with guanidine groups such as that of

the DNA base guanine (Fig. 1), we hypothesized that

this compound could induce DNA damage. We em-

ployed two standard methods commonly used for

DNA damage detection (the comet assay and the

g-H2AX focus assay) and observed that phenyl-

1522 Pharmacological Reports, 2012, 64, 1515�1525

Fig. 6. Cancer cell death by phenylglyoxal. In (A) and (B) K562 cells
were treated for 24 h with phenylglyoxal (PG) or the positive control
curcumin, and the percentage of apoptotic cells was assessed with
the Annexin V-FITC assay. Figure (C) shows that catalase (cat) pre-
vents to some extent PG-induced cell growth inhibition in K562 leuke-
mia cells (XTT assay); K562 cells were exposed to PG for 5 days and
catalase (cat, 1,000 U/ml) was added 0.5 h before PG. (D) A549 hu-
man lung cancer cells are more sensitive than MRC5 human non-
malignant lung fibroblasts to PG and to the anticancer drug cisplatin
(MTT assay, 48 h exposure)

Concentration µM

Concentration µM

Concentration µM



glyoxal induces DNA damage (Fig. 2 and 3). Such

DNA damage was observed after a 2 h-exposure to

phenylglyoxal, and at a concentration similar to that

required to reduce cell viability by 50% (30 µM).

Catalase pretreatment did not reduce the levels of

DNA damage induced by PG in AA8 cells (2 h,

30 µM, g-H2AX focus assay, results not shown),

therefore, suggesting that this effect is not mediated

by the production of hydrogen peroxide.

DNA topoisomerase poisons comprise a group of

clinically useful anticancer drugs that kill tumor cells

by inducing topoisomerase-mediated DNA damage.

These drugs stabilize the normally transient topo-

DNA complexes formed during the catalytic cycle of

the enzyme, leading to the formation of permanent

DNA strand breaks that trigger cell death [18, 19, 22,

31]. Since evidence suggested that phenylglyoxal

might induce topoisomerase-mediated DNA damage

(see introduction section), we next investigated the

ability of phenylglyoxal to induce topo-DNA com-

plexes in individual cells with the TARDIS assay. By

using specific antibodies, we detected high levels of

topo I- and topo II-DNA complexes in K562 cells ex-

posed to phenylglyoxal for 24 h. Such levels were

similar to those induced by the topo II poison etopo-

side and much higher than for the topo I positive con-

trol camptothecin (Fig. 4). Because phenylglyoxal can

generate hydrogen peroxide [20], which can induce

topo-DNA complexes in cells [12], we evaluated if

catalase pretreatment could reduce the levels of topo-

DNA complexes induced by phenylglyoxal. Figure 4

shows that catalase pretreatment abolished the forma-

tion of topo I- and topo II-DNA complexes induced

by phenylglyoxal, indicating that hydrogen peroxide

mediates the formation of these complexes. Recent

evidence supports a role for topo I and topo II in DNA

fragmentation during the execution phase of apoptosis

[13, 26, 27]. Because phenylglyoxal did not induce

significant levels of topo-DNA complexes at short ex-

posure times, we considered the possibility that the

high levels of topo-DNA complexes observed in cells

after a 24 h-exposure could be apoptotic topo-DNA

complexes. Flow cytometry experiments using the

Annexin V-FITC assay revealed a relatively high per-

centage of cells in late apoptosis after a 24 h-treatment

with phenylglyoxal (Fig. 6D). Taking as a whole, our

results indicate that DNA topoisomerases do not play

a major role in phenylglyoxal-induced DNA damage

(which is observed at short exposure times), and that

the high levels of topo I- and topo II-DNA complexes

observed in cells treated with phenylglyoxal may be

apoptotic topo-DNA complexes.

Cell lines deficient in several DNA repair pathways

were used to test if DNA damage participates in the

cytotoxic activity of phenylglyoxal and to better un-

derstand the type of DNA damage induced by this

agent (Fig. 5). Because phenylglyoxal is known to re-

act with the guanidine group of the DNA base gua-

nine, we considered that phenylglyoxal-induced DNA

damage could be repaired by the base excision repair

(BER) pathway, which can repair damaged DNA

bases. We used parental AA8 cells and BER-deficient

EM9 cells and found, however, that both cell lines

were equally sensitive to phenylglyoxal (MTT assays,

Fig. 5A). Then, we considered that phenylglyoxal

could induce bulky adducts in the DNA, which are re-

paired by the NER pathway. NER can be divided into

two subpathways (global genomic NER and transcrip-

tion coupled NER) that differ in their recognition of

helix-distorting DNA damage. We observed that the

NER-deficient cell lines UV4, UV5 (global genomic

NER) and UV61 (transcription coupled NER) were

more sensitive than their parental cell line (AA8) to

the cytotoxic activity of phenylglyoxal (Fig. 5B),

therefore indicating that phenylglyoxal may induce

bulky distortions in the DNA.

Figure 3 shows that phenylglyoxal induces the for-

mation of foci in the g-H2AX focus assay. This assay

is based on the ability of double-strand breaks (DSBs)

to trigger phosphorylation of histone H2AX on Ser-

139, which leads to the formation of nuclear foci.

Since DSBs can be repaired by HR and by NHEJ, we

used cells with deficiencies in these two pathways to

assess their importance in the repair of phenyl-

glyoxal-induced DNA damage. NHEJ-deficient V3-3

cells were more sensitive to phenylglyoxal than AA8

parental cells (Fig. 5C). The HR-deficient VC8 cell

line was also more sensitive to phenylglyoxal than the

VC8-B2 (functioning HR) cell line (Fig. 5D). Despite

being statistically significant, the differences between

these two cell lines were small. Clonogenic experi-

ments confirmed that HR-deficient cells were more

sensitive than VC8-B2 cells to the cytotoxic activity

of phenylglyoxal (Fig. 5E). These results indicate that

the formation of DSBs plays an important role in the

cytotoxic activity of phenylglyoxal and that these

DNA breaks are repaired by both HR and NHEJ.

Tumor cells often have defects in their DNA dam-

age response. As mentioned before, the inability of

cancer cells to properly repair some types of DNA
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damage may explain why some tumor cells are often

more vulnerable than normal proliferating cells to the

effects of some DNA-damaging drugs used in cancer

chemotherapy. Tumor cells are also known to produce

high amounts of hydrogen peroxide [28], which

makes them vulnerable to agents that further increase

hydrogen peroxide levels [10–12]. Indeed, the use of

hydrogen peroxide-generating systems is emerging as

an attractive anticancer approach [10, 11, 23]. Be-

cause phenylglyoxal could both induce DNA damage

and generate hydrogen peroxide, we evaluated if

phenylglyoxal could induce selective killing of cancer

cells. We exposed A549 human lung cancer cells and

MRC5 human non-malignant lung fibroblasts to

phenylglyoxal under the same experimental condi-

tions and observed that the viability of the cancer cells

was lower than that of the normal cells. The results

were similar to those obtained with the alkylating

agent cisplatin, which is used in the treatment of a va-

riety of cancer types including lung cancer (Fig. 6D).

Several compounds were screened against these two

cell lines and showed no selective cytotoxicity [12].

In conclusion, this work reports for the first time

that the guanidine-reactive agent phenylglyoxal has

anticancer activity in vitro and that this activity is me-

diated, at least in part, by the induction of DNA dam-

age and the generation of hydrogen peroxide. This

work also evidences the production of different types

of DNA damage by phenylglyoxal, which could be

taken into consideration for killing cancer cells with

deficiency in DNA repair mechanisms responsible for

the removal of those types of DNA lesions. Future

animal studies are needed to evaluate the anticancer

potential of phenylglyoxal in vivo.
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