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Background and Objectives: Methylglyoxal is a toxic product derived from glu-

cose metabolism that plays a role in inflammation, diabetes and aging. In addi-

tion, the periodontal pathogen Tannerella forsythensis may also generate this

compound. However, the effects of methylglyoxal on gingival cells are still

poorly understood. In the present study, we have explored whether methylgly-

oxal or methylglyoxal-treated collagen may modulate cell viability, death and

proliferation in gingival connective tissue cells. In addition, we have searched

for inflammatory mediators secreted by cells upon exposure to these conditions.

Material and Methods: Primary cultures of human gingival fibroblasts were

stimulated with soluble methylglyoxal or cultured over a collagen matrix gly-

cated by this agent. Cell viability was evaluated through the MTS assay. Cell

death was assessed through DAPI nuclear staining, annexin V and propidium

iodide assays. Cell proliferation was evaluated through double immunofluores-

cence for DAPI and Ki67. Protein levels of matrix metalloproteinases and

cytokines were assessed through antibody arrays, enzyme-linked immunosorbent

assay, real-time reverse transcription polymerase chain reaction and immunoflu-

orescence. Statistical analysis was performed using the Kruskall–Wallis and

Mann–Whitney tests.

Results: Soluble methylglyoxal, but not culture of gingival fibroblasts over a

methylglyoxal-modified collagen matrix, induced a reduction on cell viability.

Moreover, soluble methylglyoxal induced apoptotic cell death as indicated by

DAPI nuclear staining, annexin V and propidium iodide assays. Neither soluble

methylglyoxal, nor methylglyoxal-modified collagen modified cell proliferation.

Using an antibody array, enzyme-linked immunosorbent assay and immunofluo-

rescence assays, we determined that both, soluble methylglyoxal and methylgly-

oxal-modified collagen stimulated an increase in tissue inhibitor of

metalloproteinase (TIMP)-1 protein levels.

Conclusions: Soluble methylglyoxal is a highly cytotoxic compound that

induces cell death through apoptosis in gingival fibroblasts. TIMP-1 is induced

in these cells upon direct exposure to methylglyoxal or after culture of gingival
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fibroblasts over methylglyoxal-treated collagen. As TIMP-1 has been implicated

in cell survival and matrix remodeling, we propose that increased TIMP-1 pro-

tein levels may be part of a protective response of gingival connective tissue cells

upon exposure to methylglyoxal or after the interaction with the collagen matrix

that has been modified by this agent.

Methylglyoxal (MGO) is a toxic pro-

duct derived from glucose metabolism

(1). It corresponds to an alpha-oxoal-

dehyde generated from the triose

phosphate intermediates of glycolysis,

dihydroxyacetone phosphate and glyc-

eraldehyde 3-phosphate (2). In the

context of periodontal tissues, MGO

may derive from several sources that

include the periodontal pathogen Tan-

nerella forsythensis (3) and eukaryotic

glucose cell metabolism (2). MGO has

been identified in the gingival crevicu-

lar fluid of healthy and periodontitis-

affected sites and its concentrations

have been correlated with the level of

periodontal inflammation (4). In dia-

betes, increase in glucose levels trigger

enhanced production of MGO that

modifies proteins and other molecules

to generate the so-called advanced

glycation end products (AGEs) (2).

As diabetes is one of the most preva-

lent diseases in Western countries and

has a major impact on periodontal

health (5), it is important to advance

in the understanding of the cellular

effects of MGO on gingival connec-

tive tissue cells. Given its electrophilic

character, MGO may react with cys-

teine, arginine and lysine, inducing

important post-translational changes

in several proteins, including collagen

(6). It has been demonstrated that

MGO-modified collagen alters cell

behavior in connective tissue cells

(7,8). In gingival fibroblasts, MGO-

treated collagen disrupts cell migra-

tion and adhesion (9). Moreover, the

intracellular pathway of collagen

degradation is also impaired in these

cells due to an altered interaction

between glycated collagen and b1
integrins (10).

It is important to consider that

besides the pathological modification

of extracellular matrix proteins, MGO

may directly affect cell viability and

function in several cell types (11–13).

Nevertheless, the potential cytotoxic

effects of MGO on periodontal cells

remain largely undefined. Fibroblasts

represent the most abundant cell pop-

ulation in gingival tissues, and play a

key role in the regulation of tissue

structure and homeostasis through the

secretion, organization and remodel-

ing of the extracellular matrix and the

regulation of inflammation (14).

Matrix metalloproteinases (MMPs)

represent a family of endopeptidases

invol-

ved in the degradation of a wide array

of extracellular matrix molecules,

growth factors, cytokines and recep-

tors. Although initially considered as

strict mediators of tissue destruction,

MMPs are now conceived as critical

regulators of the biological activity of

distinct molecules involved in tissue

remodeling, inflammation and wound

healing (15). Moreover, connective tis-

sue homeostasis is controlled by

fibroblasts that synthesize and degrade

the collagen matrix in response to

changes in the tissue microenviron-

ment, including inflammatory cytoki-

nes and modifications in the

composition and structure of the

extracellular matrix. As fibroblasts

may receive signaling from soluble

molecules present in the periodontal

tissues and from the extracellular

matrix and, in particular, from colla-

gen, the most abundant protein in

periodontal tissues (14), it is important

to consider whether the function of

these cells is altered by MGO. There-

fore, it is possible to consider at least

two main mechanisms of action of

MGO, one derived from its direct

effects on cells as a soluble mediator,

or as an agent that disrupts cell func-

tion in adherent cells modifying the

extracellular matrix proteins. In the

present study, we have studied

whether MGO or MGO-modified col-

lagen may alter cell viability/death

and the production of inflammatory

mediators involved in tissue home-

ostasis and remodeling as part of the

general response to these stimuli.

Material and methods

Cell culture

Explants were obtained from healthy

gingiva surrounding third molars or

during crown lengthening surgery of

periodontally healthy individuals. Per-

iodontal examination demonstrated

sites with probing depth < 4 mm, no

loss of attachment and no bleeding

on probing. Tissues were obtained

from five donors (18–25 years; two

male and three female) with the

informed consent of the patients. The

Ethical Committee, Pontificia Univer-

sidad Cat�olica de Chile approved the

protocol for tissue obtainment.

Patients did not report pre-existing

medical or drug histories in the last

6 mo and no smokers were included.

Cells were obtained through the

explant method and cultured in

a-minimal essential medium (Gibco

BRL, Grand Island, NY, USA)

containing 10% fetal bovine serum

(Biological Industries, Beit Haemek,

Israel), and penicillin streptomycin

(Invitrogen, Carlsbad, CA, USA) at

37°C in a 5% CO2 atmosphere. All

experiments were performed using

cells expanded between passages 4

and 10. Each experiment was per-

formed and validated with at least

two different cell cultures obtained

from different donors.

Collagen treatment with

methylglyoxal

MGO was used to glycate collagen as

previously described (7,10). Culture

plates were treated with 2 mL of a

type I collagen solution (50 lg/mL)
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and neutralized with 200 lL 1 N

NaOH (Merck Millipore, Darmstadt,

Germany) for 2 h at 37°C. This

procedure facilitates the formation of

collagen fibrils (10). MGO concentra-

tions used in this study were selected

from previous reports that identified

MGO in gingival crevicular fluid of

patients with periodontitis (4). Cell

culture plates were then washed with

phosphate-buffered saline twice and

used for cell culture experiments.

Analysis of methylglyoxal-modified

collagen

Cell culture plates were treated as

described above and collagen was

lysed in RIPA buffer supplemented

with 10% sodium dodecyl sulfate at

70°C. Samples were fractioned using

sodium dodecyl sulfate–polyacry-
lamide gel electrophoresis (8%) under

reducing conditions followed by Coo-

massie blue staining.

Cell viability assay ([3-(4,5-

dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium)

Cells were cultured at semiconfluent

conditions over collagen or MGO-

treated collagen using 96-well plates

(5000 cells per well). In addition, cells

were exposed to soluble MGO. Cell

viability was evaluated after 48 h

through the MTS assay (Celltiter 96

Aqueous One Solution Cell Prolifera-

tion Assay; Promega, Madison, WI,

USA). The product of the assay was

finally read using a microplate rea-

der (Biotek, Winooski, VT, USA) at

450 nm.

Annexin V and propidium iodide cell

death assay

Cells were cultured at semiconfluent

conditions on cell culture dishes previ-

ously treated with collagen as

described above (400,000 cells per

60 mm culture dishes). In addition,

serum-starved human gingival fibrob-

lasts were exposed to soluble MGO

(Sigma, St. Louis, MO, USA) or stau-

rosporine (STA; Sigma) (1 lM), as a

positive control of cell death. After

90 min, cells were released from cell

culture plates using a trypsin–
ethylenediaminetetraacetic acid solu-

tion (Life Technologies, Grand Island,

NY, USA), and subsequently stained

for annexin V-fluorescein isothio-

cyanate and propidium iodide (PI)

using the fluorescein isothiocyanate

Annexin V Apoptosis Detection Kit I

(BD Pharmingen, San Jose, CA,

USA). Stained cells were examined

using a flow cytometer (FACSCanto

II; BD Biosciences, Becton Dickinson,

San Jose, CA, USA) and data were

analyzed using the BD FACSDIVA Soft-

ware version 6.1.3 (BD Biosciences).

To identify changes in fragmentation

and/or condensation of the cell

nucleus, cells were stained with DAPI

(Invitrogen Molecular Probes Eugene,

OR, USA) reagent as previously

described (16).

Immunofluorescence

Cells were cultured at semiconfluent

conditions over coverslips (25,000

cells per coverslip), previously treated

with collagen and 1 mM MGO as

described above. In addition, cells

were also stimulated with soluble

50 nM MGO. After 48 h of stimula-

tion, cells were fixed with 4%

paraformaldehyde for 10 min, perme-

abilized with 0.25% Triton X-100 for

4 min, blocked with bovine serum

albumin (Merck) and incubated with

the following antibodies: MMP-3

(Merck Millipore), tissue inhibitor of

metalloproteinase (TIMP)-1 (Abcam,

Cambridge, MA, USA), TIMP-2

(Abcam), Ki67 (Abcam) and inter-

leukin (IL)-6 (Abcam). The antigen–
antibody complex was washed and

incubated with a fluorescein 5-isothio-

cynate secondary conjugated antibody

(Invitrogen Molecular Probes). Nuclei

were stained with DAPI (Invitrogen

Molecular Probes). Cells were

observed and photographed using a

Zeiss Microscope (Zeiss Axioplan,

G€ottingen, Germany) equipped with a

Micropublisher Camera model RTV

(Qimaging, Surrey, BC, Canada).

Quantitative polymerase chain

reaction

Human gingival fibroblasts were cul-

tured on 60 mm cell culture dishes

Fig. 1. Effect of MGO on collagen and cell viability. (A) Cell culture dishes were treated

with a type I collagen solution for 2 h at 37°C. The collagen matrix was then treated with

or without 1 mM MGO for 48 h at 37°C. Collagen samples were lysed, fractioned through

sodium dodecyl sulfate–polyacrylamide gel electrophoresis and stained with Coomassie

blue. (B) Human gingival fibroblasts were seeded over a type I collagen matrix, treated

with or without MGO (1–10 mM). Cells were cultured for 48 h in the presence, or not, of

soluble MGO (1–200 nM). STA was used as a positive control of cell death. Cell viability

was determined after 48 h through the MTS assay. Graph represents the average and stan-

dard error of MTS readings of three independent experiments. p value indicates significant

difference between soluble MGO-stimulated cells and control. MGO, methylgyoxal; STA,

staurosporine; MW standard, molecular weight standard.
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(400,000 cells per dish) previously trea-

ted with collagen or MGO-treated col-

lagen (1 mM). In addition, a soluble

stimuli consisting of MGO (50 lM) or
transforming growth factor-b1 (posi-

tive control), was added. After 24 h,

total mRNA was isolated with Trizol

(Ambion Life Technologies, Carlsbad,

CA, USA) according to the manufac-

turer’s instructions. Messenger RNA

levels were assessed through real-time

quantitative polymerase chain reaction

(qPCR) using LightCycler equipment

(Roche Diagnostics, Mannheim, Ger-

many). The reaction was performed

using 100 ng of cDNA and

LightCycler�FastStart DNA Master

SYBR Green I kit (Roche) in a final

volume of 20 lL. All reactions were

performed in duplicate. The primers

used were: TIMP-1, forward: 50-
ACTTCCACAGGTCCCACAAC-30,
reverse: 50-GCATTCCTCACAGC-

CAACAG-30, PCR product size:

167 pb. Glyceraldehyde-3-phosphate

dehydrogenase, forward 50-TGCAC-

CACCAACTGCTTAG-30 50-
GTTCAGCTCAGGGATGACC-30.
In every case, mRNA expression was

normalized against glyceraldehyde-3-

phosphate dehydrogenase as the load-

ing control.

Antibody arrays

The secreted protein levels of inflam-

matory cytokines and MMPs were

evaluated using two commercially

available arrays (Ray Biotech, Nor-

cross, GA, USA) following the manu-

facturer0s instructions.

Enzyme-linked immunosorbent

assay

Protein levels for IL-6, TIMP-1,

TIMP-2 and MMP-3 were determined

in the cell culture media using com-

mercially available enzyme-linked

immunosorbent assay (ELISA) kits

(Abcam) and a microplate reader

(Biotek).

Statistical analysis

Data were analyzed using Kruskall–
Wallis test and differences were deter-

mined using a Mann–Whitney test

using the GRAPHPAD Software, Inc. (La

Jolla, CA, USA). p < 0.05 was con-

sidered significant.

Results

Effects of methylglyoxal on collagen

glycation and cell viability

We initially evaluated the effects of

MGO on collagen glycation following

a previously described protocol (17).

To this end, collagen aliquots were

treated with MGO and the elec-

trophoretic migration of collagen

molecules was evaluated through elec-

trophoresis. As shown in Fig. 1A,

MGO induced a minor change in the

electrophoretic migration of this

molecule when compared to non-trea-

ted collagen. This change is similar to

previous studies reporting the effect of

MGO on collagen (10). Afterwards

we characterized the effects of MGO-

treated collagen or soluble MGO on

cell viability using primary cultures of

human gingival fibroblasts. Cells were

initially stimulated with a wide range

of soluble MGO concentrations. We

found that MGO induced a reduction

Fig. 2. Induction of cell death by soluble MGO. (A) Serum-starved human gingival fibrob-

lasts were stimulated with soluble MGO or STA. After 90 min cells were released from

cell culture plates, stained and analyzed through flow cytometry for annexin V and PI.

Results are representative of three independent experiments. (B) Graph shows the average

and standard error of cells stained for annexin V and PI identified in each quadrant

defined in the flow cytometry experiment. Data were obtained from three independent

experiments. (C) Serum-starved human gingival fibroblasts were stimulated with soluble

MGO (1 mM) or STA. After 12 h cells were fixed and stained for DAPI to identify nuclear

changes associated with cell death. Magnification bar equals 25 lm. FITC, fluorescein

isothiocyanate; MGO, methylgyoxal; PE, phycoerythrin; PI, propidium iodide; STA, stau-

rosporine.
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on cell viability at the micromolar

range (data not shown). Therefore,

we selected lower concentrations of

MGO (in the nanomolar range), to

evaluate the effects of soluble MGO

on cells. As shown in Fig. 1B, we

used the MTS assay that evaluates

the metabolic mitochondrial activity,

to identify changes on cell viability

when serum starved gingival fibrob-

lasts were cultured over a collagen

matrix previously treated with MGO

(1, 5 or 10 mM), or exposed to soluble

MGO (1, 50 or 200 nM). STA (1 lM),
a potent inhibitor of cyclin-dependent

kinases and protein kinase C (18),

was used as a positive control of cell

death. Figure 1B shows that culture

of cells on MGO-treated collagen did

not affect cell viability. However, sol-

uble MGO, even at 1 nM was associ-

ated with a significant reduction on

cell viability.

Effects of methylglyoxal on cell

death

To identify the effects of soluble

MGO on cell death, human gingival

fibroblasts were stimulated with a

higher concentration of MGO that

would show the cytotoxic effects of

this agent. We also reduced the

amount of time of stimulation with

MGO to identify early changes associ-

ated with cell injury. To this end,

serum-starved human gingival fibrob-

lasts were stimulated with 1 mM MGO

as a soluble agent or 1 lM STA. After

90 min of stimulation, cells were

released from cell culture plates,

stained for annexin V and PI and ana-

lyzed through flow cytometry. As

shown in Fig. 2A and B, stimulation

of cells with MGO and STA was asso-

ciated with an increase in annexin V-

positive cells (early apoptotic) (Q1 in

Fig. 2A), double positive for annexin

V and PI (apoptotic) (Q2), and posi-

tive for PI (secondary necrotic) (Q4).

The percentage of double negative

cells for annexin V and PI (viable

cells) (Q3) was reduced by MGO or

STA when compared to vehicle-stimu-

lated cells. Figure 2B shows a graph

that represents the percentage of cells

stained for annexin V and PI. Statisti-

cal analysis of these data showed a

significant increase in the number of

double-positive cells in MGO-stimu-

lated cells when compared to vehicle-

treated cells. Additional experiments

were performed to identify the effects

of culturing cells over MGO-glycated

collagen. In accordance to the MTS

assays, culturing cells over a collagen

matrix previously glycated with 1 mm

MGO did not stimulate annexin V- or

PI-positive cells (data not shown). To

identify further the effects of MGO on

cell death, serum-starved human gingi-

val fibroblasts we stimulated 1 mM

MGO (soluble) or 1 lM STA. After

12 h, cells were stained with DAPI to

identify changes in the organization of

the cell nucleus. As shown in Fig. 2C,

MGO- and STA-stimulated cells pre-

sented signs of condensed nuclei,

changes compatible with apoptotic cell

death.

Effects of methylglyoxal on cell

proliferation

We searched for the potential detri-

mental effects of MGO on cell prolif-

eration. To this end, human gingival

fibroblasts were seeded over collagen,

treated with or without MGO

(1 mM), or stimulated with soluble

MGO (50 nM). As the proliferative

stimuli, cells were exposed to 10%

fetal bovine serum. After 48 h, cell

proliferation was evaluated through

double staining for Ki67 and DAPI.

Figure 3A shows that a similar

amount of Ki67-positive nuclei were

observed in the three conditions under

study. No significant changes were

observed between these experimental

conditions (Fig. 3B).

Effects of methylglyoxal on the

release of inflammatory mediators,

matrix metalloproteinases and

tissue inhibitor of

metalloproteinases

A proteomic approach was selected

to identify inflammatory and tissue-

remodeling mediators potentially

involved in the response of cells to

MGO. To this end, human gingival

fibroblasts were seeded on collagen,

Fig. 3. Effects of MGO-treated collagen or soluble MGO on cell proliferation. Human

gingival fibroblasts were seeded on collagen or MGO-treated collagen (1 mM) coverslips

and treated with soluble MGO (50 lM). Cell proliferation was stimulated with 10% fetal

bovine serum. After 48 h, cells were fixed and stained for Ki67 and DAPI. Magnification

bar equals 10 lm (A). Graph represents the average and standard error of double-stained

cells for Ki67 and DAPI (B). MGO, methylgyoxal.
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and treated with or without 1 mM

MGO. After 48 h of cell culture in

the absence of serum, cell culture

media was collected and analyzed

using two antibody arrays. This ini-

tial analysis identified MMP3, TIMP-

1, TIMP-2 and IL-6 as potential

molecular mediators regulated by

MGO-treated collagen in human gin-

gival fibroblasts (Fig. 4A and B). As

the antibody arrays used in this study

are semiquantitative, we confirmed

these observations using immunofluo-

rescence and ELISA assays. In addi-

tion, cells were also stimulated with

soluble MGO at relatively low con-

centrations (1, 50 and 200 nM) to

ensure that the cytotoxic effects were

minimal. Using immunofluorescence

we evaluated the distribution of

MMP-3, TIMP-1, TIMP-2 and IL-6

in gingival fibroblasts cultured over

MGO-treated collagen (1 mM) or

stimulated with soluble MGO

(50 nM). As shown in Fig. 5, only

TIMP-1 showed an increased

immunofluorescence signal when cells

were cultured over MGO-treated col-

lagen (1 mM) or stimulated with sol-

uble MGO (50 nM) (Fig. 5). To

further quantify the protein levels of

IL-6, MMP-3, TIMP-1 and TIMP-2,

ELISA assays were performed from

the conditioned media of cell cultures.

To warrant that cell viability did not

affect these results, protein levels

under study were normalized against

an MTS assay performed in control

and treated cells in parallel to the

ELISA assay. As a positive control of

MMPs and cytokine production, cells

were stimulated with 1 ng/mL IL-1b.
As shown in Fig. 6, MGO-treated

collagen and soluble MGO-stimulated

TIMP-1 levels. However, MMP-3,

TIMP-2 and IL-6 did not show sig-

nificant changes in their protein levels

neither when seeded on MGO-treated

collagen nor when exposed to the sol-

uble form of this agent. To confirm

TIMP-1 regulation by MGO, gingival

fibroblasts were cultured over MGO-

treated collagen or stimulated with sol-

uble MGO. After 24 h, quantitative

evaluation of mRNA levels showed

that only soluble MGO stimulated an

increase in TIMP-1 mRNA. Mean-

while, culture of cells on MGO-treated

collagen induced a modest increase in

TIMP-1 mRNA levels (Fig. 7).

Discussion

The main findings of the present

study are that human gingival fibrob-

lasts are highly sensitive to the

cytotoxic effects of MGO. This obser-

vation derives from experiments

showing that gingival connective tis-

sue cells demonstrated an important

reduction in mitochondrial cell meta-

bolism that may reflect a decline on

cell viability upon exposure to

nanomolar concentrations of soluble

Fig. 4. Proteomic screening of MMPs, TIMPs and cytokines. Human gingival fibroblasts

were seeded over collagen or MGO-treated collagen (1 mM). After 48 h of cell culture in

the absence of fetal bovine serum, cell culture media was analyzed using two antibody

arrays for MMPs–TIMPs (A) and inflammatory cytokines (B). Arrows indicate dots with

at least a 1.5-fold increase over control detected in three independent experiments. MGO,

methylgyoxal; MMPs, matrix metalloproteinases; TIMPs, tissue inhibitor of metallopro-

teinases.
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MGO. In parallel, cell death was

induced in gingival fibroblasts as

demonstrated by an increase in

annexin V- and PI-positive cells and

nuclear condensation. On the other

hand, MGO-treated collagen did not

induce a reduction on cell viability or

an increase in cell death. Moreover,

our study also showed that among a

wide range of MMPs, TIMPs and

inflammatory cytokines evaluated,

TIMP-1 was significantly increased

when cells were exposed to both sol-

uble MGO or when cultured over a

glycated collagen matrix. Given that

TIMP-1 may regulate the activity of

MMPs and control cell survival path-

ways, these findings show new insights

into the cell response of connective

tissue cells against MGO or MGO-

glycated collagen.

It is important to consider which

MGO levels represent clinically rele-

vant concentrations of this agent that

may affect cell function. A previous

study has evaluated MGO concentra-

tions in gingival crevicular fluid of

non-diabetic periodontitis patients

and found MGO concentrations as

high as 23 mM (4). Our study used

nano- and millimolar concentrations

of MGO reaching up to 10 mM.

Therefore, we believe our findings

represent clinically relevant effects of

MGO on cells. As MGO may derive

from glucose metabolism and from

periodontal pathogens such as

T. forsythensis (3), MGO may con-

tribute to tissue damage in inflamma-

tory conditions such as periodontitis

and this response might be augmented

by diabetes. In addition, aging has

also been explained by the cumulative

action of MGO on cells and tissues

(19). As an example, MGO-derived

AGEs have been identified in the

human lens and have been linked with

the development of cataract (20).

However, the specific role of MGO

on periodontal aging has not been

studied. Further studies are needed to

clarify the precise contribution of

MGO to diseases of the periodontium

under these conditions.

MGO may induce apoptosis in

several cell types, including human

blood mononuclear cells, human

endothelial cells, blastocysts and hep-

atic Hepg2 cells (11–13,21). More-

over, reactive oxygen species have

been identified in the induction of

cell death by MGO (12,13,21). How-

ever, to our knowledge this is the

first study that evaluates the effects

of MGO and MGO-treated collagen

on cell death and viability in human

gingival fibroblasts. Our findings

reveal an important cytotoxic effect

for soluble MGO on this cell type.

On the other hand, glycated collagen

by MGO did not affect cell viability

or death. We believe this is an

important finding as in vivo studies

have identified that apoptotic cell

death is increased during gingival

wound healing of diabetic rats and

mice (22). Our observations reveal a

highly cytotoxic effect for soluble

MGO on gingival connective tissue

cells that may help to explain the

reduction of available cells for

wound healing in diabetic tissues.

Diabetes constitutes an important

disease with a strong impact on peri-

odontal health (5). Several studies

have documented the role of diabetes

as an important risk factor for the ini-

tiation and progression of periodonti-

tis (23) and abnormal wound healing

in periodontal tissues (22). Diabetes

corresponds to a metabolic disease

characterized by the maintenance of

abnormally elevated glucose levels

that influence the response of cells

through several mechanisms (5).

These include the direct action of glu-

cose on cell metabolism and the for-

mation of AGEs that alter cell and

tissue function (5). Sustained hyper-

glycemia results in the generation of

AGEs in proportion to blood glucose

levels (5). The main pathogenic effects

of diabetes have been attributed to

the effects of AGEs on cells and tis-

sues (23). MGO is derived from

increases in blood glucose levels and

therefore represents an important

mechanism of action of diabetes on

tissues. The present study has

explored two potential mechanisms of

action of MGO on gingival connec-

tive tissue cells. To this end, fibrob-

lasts were directly stimulated with

soluble MGO or cultured over a col-

lagen matrix, previously exposed to

this agent. This experimental

Fig. 5. Immunofluorescent detection of MMP-3, TIMP-1, TIMP-2 and IL-6. Human gin-

gival fibroblasts were seeded over collagen or MGO-treated collagen. In addition, a sol-

uble stimulus consisting of MGO (50 nM) or IL-1b (positive control) was used. After 48 h

cells were fixed and processed for immunofluorescence to detect MMP-3, TIMP-1, TIMP-

2 and IL-6. Nuclei were stained with DAPI. Magnification bar equals 10 lm. Col-MGO,

methylgyoxal-treated collagen; IL, interleukin; MGO, methylgyoxal; MMPs, matrix metal-

loproteinases; TIMPs, tissue inhibitor of metalloproteinases.
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approach represented an acute stimu-

lus on cells that probably occurs dur-

ing sudden rises in glycaemia (soluble

MGO). The second experiment proba-

bly corresponds to a chronic effect

derived from the long-lasting exposure

of connective tissues to increments in

blood glucose levels (MGO-treated

collagen). Only soluble MGO induced

a reduction on cell and death. How-

ever, it is interesting to note that both

experiments demonstrated increases in

TIMP-1 protein levels among a long

list of mediators evaluated. In this

sense, TIMP-1 induction may repre-

sent an early response of cells against

cell damage induced by MGO. More-

over, abnormal extracellular remodel-

ing has been associated with diabetes

(24). From our results, we can suggest

that induction of TIMP-1 can coun-

teract the degradation of the extracel-

lular matrix to prevent tissue

destruction.

To induce collagen glycation we

followed a method in which type I

collagen is incubated overnight with

MGO (1–10 mM) (10). A detailed

characterization of the effects of

MGO on collagen have identified that

arginine residues present in this mole-

cule are specifically affected by this

agent, decreasing the solubility,

hydroxyproline content and the elec-

trophoretic migration of this molecule

(10). Using this method we obtained a

similar migration pattern to the one

observed by Chong et al. (10). There-

fore, we believe that the protocol used

in this study induced collagen modifi-

cations compatible with the glycation

of this molecule.

Soluble MGO may have affected

different pathways that include activa-

tion of the cell surface receptor for

AGEs (RAGE) (2,25) and the modifi-

cation of intracellular regulators of

gene transcription (26). RAGE has

been associated with the activation of

inflammatory mediators that may

include TIMP-1 (25). On the other

hand, treatment of collagen with

MGO involves the glycation of this

matrix, changing cell signaling in col-

lagen binding cells such as fibroblasts

(17,27). This response involves modifi-

cations in integrin signaling derived

from the interaction between cells and

the glycated collagen matrix (27). To

our knowledge, this is the first study

that links MGO or MGO-treated col-

lagen with the regulation of TIMP-1.

Further studies are needed to charac-

terize this effect.

To analyze the effects of soluble

MGO or MGO-treated collagen on

inflammatory mediators, MMPs and

TIMPs, several experimental appr-

oaches were used, including antibody

arrays, immunofluorescence, ELISA

and qPCR. Antibody arrays suggested

that MMP-3, TIMP-1, TIMP-2 and

IL-6 were stimulated when cells were

cultured over MGO-treated collagen.

As antibody arrays are semiquantita-

tive (28), these results were confirmed

Fig. 6. MMP-3, TIMP-1, TIMP-2 and IL-6 protein levels. Human gingival fibroblasts

were seeded over collagen or MGO-treated collagen (1–10 mM) or stimulated with soluble

MGO (1–200 nM). After 48 h of cell culture in the absence of fetal bovine serum, cell cul-

ture media was collected, centrifuged and analyzed through ELISA. Protein levels for

MMP-3 (A), TIMP-1 (B), TIMP-2 (C) and IL-6 (D) were normalized against cell viability

measurements assessed through the MTS assay. Col, collagen; IL-1beta, interleukin 1beta;

MGO, methylgyoxal; MMPs, matrix metalloproteinases; TIMPs, tissue inhibitor of metal-

loproteinases.

Fig. 7. TIMP-1 mRNA levels. Human gin-

gival fibroblasts were seeded over collagen

or MGO-treated collagen (1 mM) and stim-

ulated with soluble MGO (50 nM). Total

mRNA was extracted and mRNA levels

were determined through quantitative

polymerase chain reaction. TGF-b1 was

used as a positive control of TIMP-1

expression. Graph represents the average

and standard error of TIMP-1 mRNA

levels normalized against GADPH mRNA.

These data were obtained from three inde-

pendent experiments. GAPDH, glyceralde-

hyde-3-phosphate dehydrogenase; MGO,

methylgyoxal; MMPs, matrix metallopro-

teinases; TGF, transforming growth factor;

TIMPs, tissue inhibitor of metallopro-

teinases
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using ELISA assays. This new

approach showed that only TIMP-1

protein levels were regulated by

MGO-treated collagen or soluble

MGO. In addition, we performed

qPCR experiments to identify whether

TIMP-1 mRNA levels were regulated

by these two conditions. Surprisin-

gly, only soluble MGO stimulated

TIMP-1 mRNA levels. Meanwhile,

MGO-treated collagen induced only a

modest increase in this response. As

mRNA levels were only measured at

one time point (24 h), differences in

the signaling pathways and transcrip-

tional regulation initiated by both

stimuli (MGO-treated collagen or sol-

uble MGO) might account for this

inconsistency. TIMP-1 has been iden-

tified as a target of microRNA sug-

gesting a complex regulation for this

gene (29). Further studies are needed

to clarify this response.

TIMP-1 has been shown to control

the activity of MMPs by forming

1 : 1 stoichiometric non-covalent

complexes with these enzymes conse-

quently regulating extracellular matrix

remodeling in different physiological

processes (30). In addition to the reg-

ulation of the extracellular matrix,

TIMP-1 may regulate the inflamma-

tory response through a still-unde-

fined mechanism (31). TIMP-1 plays

important roles in the protection of

fibroblasts against cell death (32–34).
Recent studies in keloid fibroblasts

have also shown that silencing the

TIMP-1 gene increases apoptosis in

this cell type (35). Our study identified

that soluble MGO or culture of cells

over MGO-treated collagen was asso-

ciated with an increase in TIMP-1

protein levels. It has been also identi-

fied that CD-63 and b1-integrin may

act as cell surface receptors for

TIMP-1 that, through activation of

focal adhesion kinase, phosphatidyli-

nositol 3-kinase and extracellular

signal-regulated kinase, exert an anti-

apoptotic effect in human breast can-

cer cells (36). We believe that this

response might be involved in the

protection of cells against cell injury

induced by MGO.

The present findings suggest that

soluble MGO, representing the acute

exposure of cells to this agent, may

reduce the amount of connective tissue

cells necessary to preserve tissue home-

ostasis. TIMP-1 may represent a pro-

tective response of cells exposed to

MGO-modified collagen or soluble

MGO that may be important in tissue

remodeling and/or protection against

cell death induced by MGO. These

responses might be relevant to inflam-

mation and diabetes in gingival tissues.
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