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Abstract Dicarbonyls glyoxal (GO) and methyl-

glyoxal (MGO) produced during the autoxidation of

reducing sugars are a source of macromolecular

damage in cells. Since an accumulation of damaged

macromolecules is a universal characteristic of aging,

we have tested whether GO and MGO which cause

oxidative damage to proteins and other macromole-

cules can bring about accelerated aging in normal

human skin fibroblasts in vitro. A treatment of cells

with 1.0 mM GO or 400 lM MGO leads to the

appearance of senescent phenotype within 3 days, as

judged by the following criteria: morphological

phenotype, irreversible growth arrest and G2 arrest,

increased senescence-associated b-galactosidase

(SABG) activity, increased H2O2 level, increased

Nn-(carboxymethyl)-lysine (CML) protein level, and

altered activities of superoxide dismutase and cata-

lase antioxidant enzymes. This experimental model

of accelerated cellular aging in vitro can be useful for

studies on testing the effects of various physical,

chemical and biological conditions, including natural

and synthetic molecules, for the modulation of aging.
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Introduction

An imbalance in the intracellular glucose metabolism

leads to increased levels of its oxidative breakdown

products such as the dicarbonyls glyoxal (GO),

methylglyoxal (MGO), 3-deoxyglucosone (3-DG)

and glucosone, which belong to the chemical group

of a-oxoaldehydes. The main source of GO and MGO

formation is the autoxidation of reducing sugars and

lipid peroxidation (Wolff and Dean 1987). The

dicarbonyls attack the amino groups of proteins,

nucleotides and lipids with their highly reactive

carbonyl groups. They are capable of reacting with

lysine, arginine and cysteine residues to form

irreversible advanced glycation endproducts (AGE)

associated with the browning and fluorescence of

proteins (Ahmed et al. 1997). Many intracellular

proteins accumulate glycation adducts during aging,

and some AGEs are thought to be recognition factors
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for specific receptor molecules and contribute to the

post-translational modification of proteins (Brownlee

et al. 1984). Many age-related pathologies such as

Alzheimer’s disease and diabetes are associated with

the accumulation of altered proteins (Rattan 2008a).

GO and MGO treatment correlates with increased

intracellular reactive oxygen species (ROS) levels

(Ahmed et al. 1997). The release of metal ions as a

result of oxidative stress results in the homolytic

cleavage of H2O2 to HO- (hydroxyl radicals) and

hydroxyl ion via the so-called Fenton reaction. It is

not known how metal ions are released during

oxidative stress, but co-incubation of glucose and

bovine ceruloplasmin results in a time-dependent

release of Cu2? (Islam et al. 1995). It has been shown

that 1 or 5 mM GO treatment in rat hepatocytes

increased the ROS levels in a dose and time

dependent manner (Shangari and O’Brien 2004). In

addition, experimentally increased levels of H2O2

have been shown to increase the intracellular levels

of GO and MGO in murine P388D1 macrophages,

likely as a consequence of decreased in situ activity

of glyoxalase-1 (Abordo et al. 1999). The exact

cytotoxic mechanism of GO and MGO induced ROS

production is not known but it has been proposed that

toxicity might involve GO or formaldehyde adduct

formation at complex I and III in the mitochondria

electron transport chain (ETC), promoting the release

of superoxide anion (Shangari et al. 2003).

In a pilot study published previously we had

reported the dose response curves for the effects of

GO on the survival and growth of normal human skin

fibroblasts (Sejersen and Rattan 2007). Furthermore,

it was observed that a treatment of early passage

young fibroblasts with 1.0 mM GO for 3 days

changed their morphology similar to that of late

passage senescent cells. Therefore, we have further

investigated the effects of GO and MGO treatment on

human skin fibroblasts with respect to their abilities

to induce accelerated aging and premature senes-

cence, the results of which are presented here. The

following criteria of aging in treated cells are studied:

morphological phenotype, irreversible cell cycle

arrest, reduced level of apoptosis, increased senes-

cence-associated b-galactosidase (SABG) activity,

increased H2O2 level, increased Nn-(carboxy-

methyl)-lysine (CML) protein level, and altered

activities of superoxide dismutase and catalase

antioxidant enzymes.

Materials and methods

Chemicals and antibodies

The following chemicals were purchased: 20,70

Dichlorodihydro-fluorescein diacetate (DCDHF

diacetate) from Molecular Probes; 5-Dodecanoylami-

nofluorescein di-D-galactopyranoside (C12FDG) from

Imagene Green; RNase A from Roche Diagnostics;

Sulfanilic acid from Acros Organics. If not specified

otherwise, all other chemicals were purchased from

Sigma-Aldrich. The following antibodies, purchased

commercially, have been applied: anti-b-actin from

Sigma-Aldrich (A5441); monoclonal anti-CML from

BioLogo (CML011, clone CMS-10); anti-mouse

immunoglobulins, HRP conjugated from DAKO

(P0260); polyclonal anti-mouse immunoglobulins,

FITC conjugated from DAKO (F0261).

Cell culture and treatment with GO and MGO

Cultures of normal human adult skin fibroblasts,

designated ASF-2, were established from the breast

biopsy specimen of a consenting young healthy

Danish woman, and were serially passaged at 1:2 or

1:4 split ratio, as described previously (Rattan and

Sodagam 2005; Sejersen and Rattan 2007). At

about 90% confluency the cell culture was split

using the trypsin/EDTA method (BioWhittackerTM,

Cambex Bio Science). All experiments were per-

formed with ASF-2 cells at population doubling

levels between 7 and 53, which represent 15–100%

replicative lifespan completed in vitro. Unless

otherwise stated, 100,000 cells were seeded per

well in a six-well plate (growth area 9.6 cm2) and

allowed to grow for 24 h before any treatment was

given.

SABG activity–histochemical staining and flow

cytometric analysis

Histochemical staining

The cells were fixed at 25�C for 5 min with 2%

formaldehyde in 0.2% glutaraldehyde and subse-

quently washed 29 with PBS. The cells were left in

staining solution (Dimri et al. 1995) at 37�C without

CO2 for 24 h. At least 400 cells were counted three

times in different areas of the well.
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Flow cytometric analysis

Sample preparations were performed as described

(Kurz et al. 2000). The activity of b-galactosidase was

measured by adding 33 lM of the fluorogenic substrate

C12FDG followed by incubation for 1 h. The cells were

washed with ice-cold PBS at the end of incubation,

resuspended by trypsinization and analyzed immedi-

ately using a flow cytometer. The living cells were

gated using FSC/SSC and changes reported as mean

fluorescence intensities (MFI). ASF-2 cells of 100%

completed lifespan were included in the assay as a

positive control. The FACSCalibur cytometer from

Becton Dickinson (BD) Biosciences was applied for

analysis. Cell Quest Pro (BD) was used for data

acquisition and FlowJo from TreeStar for data analysis

and final layout.

Cell cycle analysis

The cells were trypsinized 72 h after GO or MGO

treatment. Approximately 1 9 106 cells/sample were

spun down at 300g for 5 min, fixed at 4�C for 1 h with

fridge-cold 70% ethanol, and 100 ll of RNase A

(100 lg/ml DNase free) added before incubation at

37�C without CO2 for 15 min. The suspension was

subsequently left at 25�C for 1 h after the addition of

400 ll PI (50 lg/ml in PBS). The samples were

analyzed with a flow cytometer. The living cells were

gated using FSC/SSC and cell aggregates were gated

out via so-called pulse processing, using PI-height/PI-

area. The G1/G0, S and G2/M phases were defined with

the Watson Pragmatic model fit (Watson et al. 1987).

H2O2 detection by flow cytometry

The cells were trypsinized 4 h after treatment with GO or

MGO. Approximately 1 9 106 cells were incubated with

2 lM DCDHF diacetate at 25�C in the dark for

1 h. DCF fluorescence was determined by analyzing

0.5 9 106 cells with a flow cytometer (excitation wave-

length, 488 nm; emission wavelength, 515–545 nm).

The living cells were gated using FSC/SSC and changes

reported as mean fluorescence intensities (MFI).

CML-protein detection by flow cytometry

The cells were trypsinized 72 h after GO or MGO

treatment and fixed with 0.25% paraformaldehyde at

4�C for 20 min followed by another fixation step in

fridge cold 70% methanol at 4�C for 1 h. The cells

were permeabilized on ice in 0.25% Triton� X-100

for 5 min. Approximately 1 9 106 cells were stained

by adding 100 ll of anti-CML antibody from Biologo

(25 ng/ml). The cells were incubated with primary

antibody at 25�C for 30 min and reincubated with

100 ll of FITC-conjugated anti-mouse solution

(diluted 1:5) in the dark at 25�C for 30 min. The

cells were analyzed immediately after last incubation

with a flow cytometer. The living cells were gated

using FSC/SSC and changes reported as mean

fluorescence intensities (MFI). Auto-fluorescence

and isotype controls were tested with a positive

control of CML-modified cells. The anti-CML anti-

body was tested for specificity using BSA-CML and

BSA-CEL standards followed by conventional wes-

tern blotting. No BSA-CEL binding was detected, as

expected (Koito et al. 2004). The CML modified

cells, BSA-CML and BSA-CEL were made by

incubation in a proper reaction mixture, as described

previously (Reddy et al. 1995; Ahmed et al. 1997).

SOD activity assay

SOD activity was measured with a kit (SOD

Assay Kit, BioVision). The lysate buffer contained

0.05 M Tris/HCl [pH 8], 0.15 M NaCl, 0.01 M

MgCl2 � 6H2O, 10% glycerol, 0.0025% SDS and

protease inhibitors (Protease Inhibitor Cocktail,

Sigma-Aldrich). Each test sample contained the

necessary blanks according to the kit protocol. The

samples were incubated with WST solution at 37�C

for 20 min before the absorbance was read at 450 nm

using a microplate reader. The SOD activity (inhibi-

tion rate %) was calculated and the protein content

determined by a conventional Lowry protein assay.

All samples were normalized to total protein content

and the activities at 4 h further normalized to the

activities at 0 h.

Catalase activity assay

The catalase activity was measured with a kit

(Amplex� Red Catalase Assay Kit, Molecular

Probes). The fluorescence values were inverted in

order to set the intercept of the standard curve to zero

(1/fluorescence). Each test sample contained a control

without H2O2 and a second control without the
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Amplex Red Reagent. The samples were incubated

with 40 lM H2O2 on a shaker at 25�C for 30 min.

About 200 ll Amplex Red Reagent was added before

starting the fluorescence measurement on a PolarStar

Optima fluorometer from BMG Labtech (excitation

wavelength, 544 nm; emission wavelength, 590 nm;

15 cycles; 120 s/cycle; 30 min). The protein content

was determined by a conventional Lowry protein

assay and all samples were normalized to total

protein content. The activities at 4 h were further

normalized to the activities at 0 h.

Results

Cell morphology and SABG activity

Early-passage ASF-2 cells (with less than 50%

lifespan completed) were treated with 1.0 mM GO

or 400 lM MGO, and were observed during a period

of 24–72 h for changes in morphology and cell

growth. The selection of doses was made on the basis

of our pilot study published previously (Sejersen and

Rattan 2007). Figure 1 (panel A) shows that as

compared with the controls, the cells treated with

either GO or MGO for 72 h became enlarged,

irregularly shaped, flattened, and vacuolated, giving

the appearance of typically senescent cells as

described in biogerontological literature (Cristofalo

et al. 2004; Rattan 2008b; Xie et al. 2008). These

carbonyl-induced changes in cell morphology from

young to senescent were irreversible, since the

removal of GO and MGO from the culture medium

did not result in any significant reversion in appear-

ance to young morphology during the next 72 h of

maintenance (Fig. 1, panel B).

GO- and MGO-treated cells were further analyzed

for the appearance of senescent cells by SABG

activity assay, by both histochemical staining and

flow cytometery. A 72 h of treatment increased the

proportion of b-galactosidase positive cells from

5.5% in the controls to 43% and 11.6% in GO- and

MGO-treated cultures, respectively, as determined by

conventional staining protocol (Dimri et al. 1995) and

by counting at least 400 cells in each set up (pictures

not shown). In order to confirm the semi-quantitative

analysis, another analysis for SABG activity using

flow cytometery was performed. Figure 2 shows that

a 72 h treatment of early passage ASF-2 cells with

GO or MGO increased their SABG activity relative to

control samples.

Cell cycle analysis

Effects of GO and MGO on the cell cycle parameters

of ASF-2 cells were determined by flow cytometery.

Figure 3a shows that whereas the untreated control

cultures had 5.5 ± 0.5% of the cells in the G2/M

phase of the cell cycle, the GO- or MGO-treated

cultures had significantly increased proportions

(27.5 ± 0.7% and 38.2 ± 1.5%, respectively) of the

cells arrested in G2/M phase. Furthermore, GO- and

MGO-treated cultures showed a shift in the forward

scatter to the right (Fig. 3b), which is indicative of

Fig. 1 Effect of GO and

MGO on the morphology of

early passage young human

skin fibroblasts. (a)

Induction of senescent

phenotype within 72 h of

treatment with 1 mM GO or

400 lM MGO. (b) Lack of

reversibility of GO- and

MGO-induced premature

senescent phenotype after

the removal of GO and

MGO for 72 h. Bar:

100 lm
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increased cell size. This increase in the proportion of

cells arrested in G2/M phase, and an increase in cell

size was not accompanied by an increase in the extent

of apoptotic cell death, as measured by AnnexinV/PI-

staining in flow cytometery (data not shown).

Induction of oxidative damage and antioxidative

enzymes

Flow cytometric estimation of intracellular levels of

H2O2, as measured by DCF formation, in GO- and

Fig. 2 SABG activity of GO- or MGO-treated human

skin fibroblasts, measured by flow cytometry and C12FDG

fluorescence, which emits green light when cleaved by

b-galactosidase. The auto-fluorescence of each sample was

less than the output shown but slightly higher for the GO-

treated and scenescent cultures

Fig. 3 Cell cycle analysis of GO- or MGO-treated human skin fibroblasts. (a) Relative DNA content, as measured by PI staining. (b)

Dot plot of PI against FSC shift (n = 3, P \ 0.05 between control and treated cells)
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MGO-treated cells showed a 2-fold of increase after

4 h of treatment (Fig. 4). The presence of CML-

modified proteins after 72 h of GO or MGO treatment

was approximately 5-fold higher than that in

untreated cells, respectively (Fig. 5).

The enzyme activities of SOD and catalase were

determined at the time of treatment (0 h) and 4 h

after GO or MGO treatment in early-passage cells.

Figure 6 shows that both SOD and catalase activities

were significantly enhanced, but only in MGO-

treated cells relative to the control cells. No further

increase in either ROS level or catalase and SOD

activities were detected 72 h after dicarbonyl treat-

ment. The increased enzyme activities in MGO-

treated cells match the increased ROS level within

the same period.

Fig. 4 Levels of H2O2 4 h after GO or MGO treatment in early-passage human skin fibroblasts. A representative of the

autofluorescence is shown

Fig. 5 Total CML-protein level 72 h after GO or MGO treatment of early-passage human skin fibroblasts (blue, unstained; red,

stained)

Fig. 6 Relative SOD and catalase activities in early passage

human skin fibroblasts after GO or MGO treatment for 4 h

(n = 3, *P \ 0.05)
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Discussion

We have demonstrated that a treatment of early-

passage human skin fibroblasts with 1.0 mM GO or

400 lM MGO results in accelerated aging and the

appearance of the senescent phenotype. The outcome

of GO- and MGO-treatment is similar to other

characteristics of serially passaged replicative senes-

cence, such as cell morphology, irreversible growth

arrest, increased SABG activity, increased H2O2

level, and an increased level of oxidatively damaged

CML-proteins.

Senescence and irreversible proliferate arrest of

cells can be caused by various stresses, including

oxidative damage (Collado and Serrano 2006). How-

ever, serially passaged cells are known to get G1-

arrested at the onset of replicative senescence and

enter a viable G0/G1-end state (Tsutsui et al. 2002). G1

and G2 arrest can also be induced by ionizing radiation

and treatment with various mutagens. For example,

cells can become G2/M arrested in a methylator-

induced, mismatch repair-dependent manner (Adam-

son et al. 2005). In the context of H2O2 treatment it

has been demonstrated that cells in the S phase

commit to apoptosis, whereas the G1 and G2/M cells

commit to growth arrest (Chen and Goligorsky 2006).

GO and MGO are strong electrophiles capable of

damaging the DNA. GO- and MGO-induced DNA

damage is one factor likely to contribute to the G2

arrest, but we have not observed any significant level

of DNA strand breaks within the first 12 h of GO- or

MGO-treatment, as measured by the comet assay

(data not shown). However, GO and MGO may

induce other oxidative DNA damage such as 8-

hydroxy-20-deoxyguanosine (8-OHdG) (Kasai et al.

1998). Another form of specific DNA damage is the

accelerated telomere shortening in response to stress

(Epel et al. 2004). The stress-induced senescence by

H2O2 is typically independent of telomere shortening

and cannot be prevented by ectopic hTERT (human

telomerase reverse transcriptase) expression in fibro-

blasts (Ben-Porath and Weinberg 2004; Gorbunova

et al. 2002). Therefore, it is most likely that

dicarbonyl-induced premature senescence is also

telomere-independent. This, however, needs to be

verified experimentally.

The main cause of GO- or MGO-induced G2-arrest

may be the cytoskeletal protein damage, inhibiting

cytokinesis. Cells are normally arrested in the G0/G1

phase as they become senescent. This difference

between the G0/G1 and G2/M arrest can be explained

by the large amount of protein damage occurring in

cells treated with very high concentrations of GO or

MGO relative to normal endogenous steady-state

levels of the same molecules. The G2 arrest can be

applied as a marker of cellular damage and a good

marker of GO- and MGO-induced skeletal protein

damage.

The two-fold increase in H2O2 levels 4 h after

treatment is a sign of ongoing oxidative stress in GO- or

MGO-treated cells, although the exact mechanisms of

GO- and MGO-induced H2O2 formation are unclear.

GO and MGO might inhibit the electron transport

chain in the mitochondria by direct modification of

complex I and III, leading to electron leakage. The

subsequent inhibition of mitochondrial respiration at

complex IV, where O2 is reduced to H2O, is responsible

for an increase in the O2 pool, which in turn increases

the formation of O2
- at complex I and III (Shangari and

O’Brien 2004). An increased level of ROS is correlated

to GSH depletion, increasing the level of lipid perox-

idation, glucose autoxidation, AGE and ALE

formation. In addition, GO has been shown to inhibit

glutathione reductase (GR) (Shangari et al. 2006),

reducing the level of GSH and in turn GO and MGO

detoxification by the cytosolic glyoxalase system.

CML-modified proteins as well as other AGEs are

good molecular markers of aging because they

accumulate during normal aging in vivo (Hipkiss

2006; Kueper et al. 2007). In our studies the

observation that there is a significant increase in

CML-proteins is additional evidence supporting the

induction of accelerated aging in GO- and MGO-

treated human fibroblasts.

As regards antioxidant systems against oxidative

stress, several enzymes, including superoxide dismu-

tase (SOD), catalase, glutathione peroxidase, and

G6PDH are capable of scavenging reactive oxygen

species (Niwa et al. 1993). Over expressing CuZn-

SOD in V79 Chinese hamster cells reduced the H2O2

steady-state levels, supporting the hypothesis that O2
-

dismutation prevents the formation of higher H2O2

levels by other reactions (Teixeira et al. 1998). CuZn-

SOD is located in the peroxisomes where it converts

2O2
- into H2O2 and O2 using Cu and Zn as cofactors

(Keller et al. 1991). In our studies SOD and catalase

activities were significantly enhanced in MGO-

treated cells relative to the control cells. This was
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expected since the level of H2O2 increased 4 h after

treatment. The activity enhancement could reflect an

upregulation of the SOD and catalase genes or a

posttranslational activation by unknown mechanisms.

The SOD and catalase activities, however, were

unchanged in GO-treated cells. GO has been shown

to inhibit glutathione reductase (GR), an enzyme

involved in the reduction of glutathione (GSSG to

GSH) (Shangari and O’Brien 2004). GO might inhibit

GR indirectly by NADPH depletion (Shangari et al.

2003). The lower activity of SOD in GO-treated

samples is most likely linked to a specific cytotoxic

mechanism of GO. Alternatively, the rate of SOD and

possibly catalase inhibition might be different in GO-

or MGO-treated cells. Both GO and MGO treatments

have been shown to reduce the intracellular level of

GSH (Abordo et al. 1999). The higher activities of

SOD and catalase in MGO-treated cells, however, are

indicative of ongoing oxidative stress.

Finally, we have established a novel model system

of the so-called stress-induced premature senescence

(SIPS) (Toussaint et al. 2002), using dicarbonyl

metabolites of glucose. Such a model system can be

useful for testing various conditions which may

modulate the process of aging positively or nega-

tively. In addition, the well known relationship

between altered glucose metabolism and various

pathologies, including those involving the accumula-

tion of damaged and abnormal proteins, further

strengthens the usefulness of dicarbonyl-induced

accelerated aging system as an experimental system.

Our studies are in progress exploring various possi-

bilities of using this system for testing the effects of

natural and synthetic molecules and other conditions

in the induction and prevention of cellular aging in

cancerous and normal cells, respectively.
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