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Cigarette smoke, a complex mixture of over 7000 chemicals, contains many components capable of eliciting
oxidative stress, which may induce smoking-related disorders, including oral cavity diseases. In this study,
we investigated the effects of whole (mainstream) cigarette smoke on human gingival fibroblasts (HGFs).
Cells were exposed to various puffs (0.5–12) of whole cigarette smoke and oxidative stress was assessed
by 2′,7′-dichlorofluorescein fluorescence. The extent of protein carbonylation was determined by use of
2,4-dinitrophenylhydrazine with both immunocytochemical and Western immunoblotting assays. Cigarette
smoke-induced protein carbonylation exhibited a puff-dependent increase. The main carbonylated proteins
were identified bymeans of two-dimensional electrophoresis andMALDI–TOFmass spectrometry (redox pro-
teomics). We demonstrated that exposure of HGFs to cigarette smoke decreased cellular protein thiols and
rapidly depleted intracellular glutathione (GSH), with aminimal increase in the intracellular levels of glutathi-
one disulfide and S-glutathionylated proteins, as well as total glutathione levels. Mass spectrometric analyses
showed that total GSH consumption is due to the export by the cells of GSH–acrolein andGSH–crotonaldehyde
adducts. GSH depletion could be amechanism for cigarette smoke-induced cytotoxicity and could be correlat-
ed with the reduced reparative and regenerative activity of gingival and periodontal tissues previously
reported in smokers.

© 2012 Elsevier Inc. All rights reserved.
Despite the large body of epidemiological evidence that exists
today establishing a strong correlation between smoking and disease,
such as lung respiratory [1] and cardiovascular disorders [2], various
types of cancer [3], and oral cavity disorders [4,5], the molecular
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mechanisms of smoke-related disorders and how smoking initiates
and/or enhances diseases often remain unclear.

There are many harmful components in both mainstream (i.e., the
smoke inhaled by active smokers, emitted at the mouthpiece of a cig-
arette) and sidestream (i.e., the smoke emanating from the cigarette
between puffs; it is the main component (85%) of second-hand, or en-
vironmental, tobacco smoke, also known as passive, or involuntary,
smoking) cigarette smoke that can damage cellular molecules, even-
tually leading to cell death. Two major phases were identified in
whole cigarette smoke, a complex mixture of over 7000 chemical
compounds [6]: a tar phase and a gas phase. Both phases are rich in
reactive oxygen species (ROS) and reactive nitrogen species [7,8]. It
was estimated that a single cigarette puff contains approximately
1014 free radicals in the tar phase and 1015 radicals in the gas phase
[9]. In agreement with the concept that oxidative stress, an imbalance
between oxidants and antioxidants in favor of the oxidants, leading to
a disruption of redox signaling and control and/or molecular damage
[10], is capable of causing tissue damage and disease states [10],
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oxidative stress seems to play a central role in cigarette smoke-
mediated diseases [e.g., 11,12]. Cigarette smoke can also induce the
production of endogenous oxidants and reactive species in an inflam-
matory response to smoke-induced irritation [13].

Additional harmful constituents of tobacco smoke are highly reac-
tive, volatile aldehydes, including α,β-unsaturated chemicals such as
acrolein (2,3-propenal) and crotonaldehyde (2-butenal) [7]. Acrolein
is present in very high concentrations in the vapor phase of all ciga-
rettes, its levels varying up to 10-fold between high-tar and ultra-
low-tar cigarette smoke extracts. Several reports have estimated
that between 100 and 600 μg of acrolein is generated per cigarette
(50–70 ppm) and that acrolein constitutes 50–60% of total vapor-
phase electrophiles [14]. Cigarette smoke extracts from commer-
cial cigarettes containing the average tar content of 15 mg yielded
394±29 μmol/L acrolein [15]. Extracts of different ultralights and
light commercial cigarettes all yielded between 311 and 370 μmol/L
acrolein and corresponding levels of other aldehydes, indicating a
lack of correlation between the purported lightness of the tobacco
and the level of acrolein [15]. Smoking one cigarette per cubic
meter of air of room space in 10–13 min (10 puffs) generates acrolein
levels up to 0.84 mg/m3 [16]. The respiratory tract is commonly ex-
posed to a range of α,β-unsaturated aldehydes from cigarette
smoke exposure. It was estimated that, during cigarette smoking,
acrolein concentrations at the airway surface may be as high as
80 μM [17]. α,β-Unsaturated aldehydes are present in saliva and air-
way secretions in low-micromolar concentrations in healthy subjects
and are elevated up to 10-fold in heavy smokers [18,19]. The common
feature of these α,β-unsaturated aldehydes is the presence of an un-
saturated carbonyl group that confers them the capacity to form sta-
ble covalent adducts with nucleophilic amino acids (i.e., Cys, His, and
Lys), often resulting in protein carbonylation, as well as with the thiol
group in glutathione (GSH) [20–23].

Oral cavity tissues are the first exposed to mainstream cigarette
smoke and their responses to harmful stimuli are critical in maintain-
ing periodontal homeostasis. Cigarette smoke is a known modulator
of various oral cavity pathologies, but the mechanism(s) by which
cigarette smoke constituents affect gingival fibroblast integrity
needs to be elucidated. In this study, we exposed cultured human gin-
gival fibroblasts (HGFs) to increasing puffs of whole (mainstream)
cigarette smoke and assessed changes in protein carbonylation and
intracellular total glutathione as well as formation of both intracellu-
lar and extracellular GSH–α,β-unsaturated aldehyde adducts.

Materials and methods

Materials

An HPLC Zorbax Eclipse XDB-C18 column (4.6×150 mm, 5 μm)was
purchased from Agilent Technologies Italia S.p.A. (Cernusco sul
Naviglio, Milan, Italy). HPLC-grade and analytical-grade organic sol-
vents were purchased from Sigma–Aldrich (Milan, Italy) or from BDH
(Poole, England). HPLC-grade water was prepared with a Milli-Q
water purification system. EFBA (eptafluorobutyric acid), L-glutathione,
and protease inhibitor cocktail (leupeptin, aprotinin, pepstatin, and phe-
nylmethylsulfonylfluoride)were purchased fromSigma–Aldrich. Acrole-
in and crotonaldehyde were purchased from Fluka (Buchs, Switzerland).
H-Tyr-His-OH (TH) was a generous gift from Flamma S.p.A. (Chignolo
d'Isola, Bergamo, Italy). Monobromobimane (mBrB) was obtained from
Calbiochem (La Jolla, CA, USA). EZ-Link biotin–HPDP (N-(6-(biotina-
mido)hexyl)-3′-(2′-pyridyldithio)propionamide) was obtained from
Thermo Scientific (Rockford, IL, USA). Anti-dinitrophenyl–KLH (anti-
DNP) antibodies, rabbit IgG fraction, goat anti-rabbit IgG, horseradish
peroxidase conjugate, and 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA) were purchased from Molecular Probes (Eugene, OR, USA).
Monoclonal anti-GSH antibody was obtained from Virogen (Watertown,
MA, USA). Goat anti-rabbit fluorescein isothiocyanate (FITC) conjugate
waspurchased fromSanta CruzBiotechnology (Santa Cruz, CA,USA). Pre-
cision Plus Protein All Blue standards, ranging from 10 to 250 kDa, were
obtained from Bio-Rad Laboratories s.r.l. (Segrate, Italy). Sheep anti-
mouse IgG, horseradish peroxidase conjugate, Amersham ECL PlusWest-
ern blotting detection reagents, and streptavidin–horseradish peroxidase
conjugate (streptavidin–HRP) were purchased from GE Healthcare Eu-
rope GmbH (Milan, Italy). Research-grade cigarettes (3R4F) were pur-
chased from the College of Agriculture, Kentucky Tobacco Research and
Development Center, University of Kentucky (Lexington, KY, USA).
According to the analysis of 3R4F reference cigarettes preliminarily per-
formed by the College of Agriculture Reference Cigarette Program, Uni-
versity of Kentucky, and further confirmed in a recent study [24], the
average values (mean±SD) for standard parameters for the smoke of
3R4F reference cigarettes are total particulate matter 11.0±0.33 mg/cig-
arette, tar (nicotine-free dry particulate matter) 9.4±0.56 mg/cigarette,
nicotine 0.73±0.04 mg/cigarette, and carbon monoxide 12.0±0.6 mg/
cigarette.

Cell culture and cell viability assay

HGFs were obtained by a gingival biopsy from a young healthy
subject, who had clinically normal gums, with no signs of inflamma-
tion or hyperplasia. Health, drugs, alcohol abuse, and smoking histo-
ries were considered as exclusion criteria. The donor gave his
informed consent to the biopsy, which was obtained from adherent
gums under local anesthesia during minor oral surgical procedures.
The gingival tissue fragment was extensively washed with sterile
phosphate-buffered saline (PBS), plated in T-25 flasks, and incubated
in Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum and antibiotics (100 U/ml
penicillin, 0.1 mg/ml streptomycin) at 37 °C in a humidified atmo-
sphere containing 5% CO2. When fibroblasts grew out from the
explant, they were trypsinized (0.25% trypsin–0.2% EDTA) for second-
ary cultures. Viability was assessed by the trypan blue exclusion
method. Confluent HGFs were used at the fifth passage.

Exposure of human gingival fibroblasts to cigarette smoke

HGFs were exposed to mainstream cigarette smoke using a home-
made smoking device, consisting in a system connected to the tissue
culture flask, to the cigarette, and to a 60-ml syringe. By regulating
the system with a valve, it is possible to aspirate the cigarette
smoke using the syringe and then to deliver the smoke into the
flask. The use of the syringe allows one to aspirate and to deliver a
precise and fixed quantity of smoke into the flask, quantified as num-
ber of “puffs.” One single puff corresponds to a 60-ml volume of ciga-
rette smoke aspirated into the syringe; 12 puffs correspond to one
cigarette. Before the connection to the smoking device, the HGFs
were washed with sterile PBS. The washing PBS was replaced with
1 ml of sterile PBS and each flask was exposed to 0.5, 2, 5, or 12
puffs for 1 min or left untreated (control). Each treatment was per-
formed in triplicate. In preliminary experiments, cell-free T-25 flasks
containing 1 ml of sterile PBS were exposed to 0.5, 2, 5, or 12 puffs for
1 min; the smoke-exposed buffer was then recovered from each flask
and the smoke delivery system was validated by measuring the ab-
sorbance at a wavelength of 340 nm. The absorbance measured at
A340 showed insignificant variation between flasks exposed to the
same number of cigarette puffs.

Total particulate matter mass in mainstream smoke

Total particulate matter (TPM) was collected by passing the main-
stream smoke of two cigarettes through a 19-mm glass fiber filter pad
and that of four cigarettes through cellulose/acetate filter pads (one
cigarette per filter pad). The smoking protocol was the same as that
used to expose HGFs to cigarette smoke. To estimate TPM mass,
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each filter was weighed in triplicate both before and after sampling
and desiccation using a microbalance. The difference between the
final average mass of the sample filter and the initial average mass of
the blank filter was used as the TPM mass. We measured a TPM
mass of 11.6 mg/cigarette using the glass fiber filter pad and 11.33±
0.78 mg/cigarette using cellulose/acetate filter pads.

Detection of intracellular ROS formation with DCFH-DA dye assay

DCFH-DA was prepared as a 3.33 mM stock solution in absolute
ethanol. Control and smoke-treated HGFs were washed in PBS and in-
cubated in the dark for 45 min, at 37 °C, in complete DMEM contain-
ing DCFH-DA at the final concentration of 10 μM. The cells were then
washed with serum-free medium and maintained in 1 ml of serum-
free culture medium. Cellular fluorescence was monitored by an
inverted microscope (Leica DMIL) at wavelengths of 480 (excitation)
and 527 (emission); images were captured by a Leica DFC420 digital
camera.

Immunocytochemical detection of protein carbonyls

Control and smoke-treated HGFs were cultured on 12-mm-
diameter round coverslips put into 24-well culture plates. When
the cells were attached, they were washed in PBS, fixed in 4% para-
formaldehyde in PBS, containing 2% sucrose, for 5 min at room tem-
perature and postfixed in 70% ethanol. The cells were then washed
three times in PBS and incubated with 2,4-dinitrophenylhydrazine
(DNPH; 0.1% v/v in 2 M HCl) for 1 h. After DNPH derivatization, the
cells were washed four times with PBS and incubated with anti-
DNP antibodies (1:500 in PBS) for 1 h at room temperature. The sec-
ondary antibody was a goat anti-rabbit FITC conjugate, diluted 1:200
in PBS and incubated for 1 h at room temperature. Negative control
cells were incubated omitting the primary antibody. After the label-
ing procedure was completed, the coverslips were mounted onto
glass slides using a mounting medium containing 4′,6-diamidino-
2-phenylindole (DAPI). The cells were photographed by a digital
camera connected to a microscope (Nikon Eclipse E600).

Detection of protein carbonylation and protein S-glutathionylation by
SDS–PAGE and Western blotting

Control and smoke-treated HGF were washed twice with PBS and
harvested by trypsinization. Total cellular proteins were obtained
from each flask by addition of ice-cold lysis buffer (50 mM Tris–HCl,
pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100; 1×106 cells/
100 μl) supplemented with protease inhibitors and 5 mM N-
ethylmaleimide (NEM). The lysates were incubated on ice for 30 min
and centrifuged at 14,000g, for 10 min, at 4 °C, to remove cell debris.
Total cellular proteins were fractionated on 12.5% (w/v) reducing (car-
bonylated proteins) or nonreducing (S-glutathionylated proteins) SDS–
PAGE gels and electroblotted onto a polyvinylidene difluoride (PVDF)
membrane. Protein carbonylation was detected, after derivatization
with DNPH, with anti-DNP antibodies specific for the 2,4-dinitrophenyl
hydrazone–protein adduct byWestern blot immunoassay as previously
reported [25]. Protein S-glutathionylation was detected with monoclo-
nal anti-GSH antibody by Western blot immunoassay as previously
reported [26,27]. Immunostained protein bands were visualized by en-
hanced chemiluminescence (ECL) detection. Protein bands on PVDF
membranes were then visualized by washing the blots extensively in
PBS and then staining with amido black.

Two-dimensional gel electrophoresis

Each sample containing 200 μg proteins was precipitated using a
chloroform/methanol protocol and resuspended in a solution con-
taining 7 M urea, 2 M thiourea, and 4% 3-((3-cholamidopropyl)-
dimethylammonio)-1-propanesulfonate (Chaps). Solubilized samples
were used to rehydrate immobilized pH gradient (IPG) strips just
before isoelectrofocusing.

For the first-dimension electrophoresis, samples were applied to
IPG strips (11 cm, pH 3–10 linear gradient; GE Healthcare). Strips
were rehydrated at 20 °C for 1 h without current and for 12 h at
30 V in a buffer containing 7 M urea, 2 M thiourea, 4% Chaps, 1 mM
dithiothreitol (DTT), and 1% IPG buffer 3–10 (GE Healthcare). Strips
were focused at 20 °C for a total of 70,000 V/h at a maximum of
8000 V using the Ettan IPGphor II system (GE Healthcare). The fo-
cused IPG strips were stored at−80 °C until second-dimension elec-
trophoresis was performed.

For the second dimension, IPG strips were equilibrated at room
temperature for 15 min in a solution containing 6 M urea, 2% SDS,
30% glycerol, 50 mM Tris–HCl (pH 8.8), and 10 mg/ml DTT and then
reequilibrated for 15 min in the same buffer containing 25 mg/ml
iodoacetamide in place of DTT. The IPG strips were placed on top of
a 12.5% polyacrylamide gel and proteins were separated at 25 °C
with a prerun step at 20 mA/gel for 1 h and a run step at 30 W/gel
for 3.5 h. After run, gels were fixed and stained with Sigma ProteoSil-
ver Plus silver stain according to the manufacturer's specifications
(Sigma–Aldrich).
Western blot analysis with anti-DNP antibody

Carbonylated proteins were detected by Western immunoblotting
using anti-DNP antibodies as previously reported [25] and visualized
with ECL detection.
In-gel trypsin digestion

Protein spots were manually excised from silver-stained gels with
a razor blade, chopped into 1-mm3 pieces, and collected into a LoBind
tube (Eppendorf). Gel pieces were destained with silver destaining
solutions (ProteoSilver Plus Kit; Sigma–Aldrich), washed with 100 μl
of 50% (v/v) acetonitrile in 50 mM ammonium bicarbonate (pH 7.4),
dehydrated in 100 μl of acetonitrile for 5 min, and completely dried
in a Speed-Vac (ThermoSavant) after solvent removal. Digestion
was performed for 2 h at 37 °C with sequencing-grade modified
trypsin diluted in ProteaseMAX surfactant (Promega, Madison, WI,
USA), which improves recovery of longer peptides providing an
increased sequence coverage. Digested samples were centrifuged
at 16,000g for 10 s and the digestion reaction with extracted
peptides was transferred into a new tube. Trifluoroacetic acid was
added to a final concentration of 0.5% to inactivate trypsin. Finally,
samples were reduced (to ≈5 μl) in a Speed-Vac and immediately
analyzed.
Protein identification by matrix-assisted laser desorption/ionization-time
of flight (MALDI–TOF) MS analysis

One-microliter aliquots of the trypsin-digested protein super-
natant were used for MS analysis on an Autoflex MALDI–TOF
(Bruker) mass spectrometer. Peak list was obtained by peak
deisotoping. Spectra were accumulated over a mass range of
750–4000 Da. Alkylation of cysteine by carbamidomethylation
and oxidation of methionine were considered fixed and variable
modifications, respectively. Two missed cleavages per peptide
were allowed, and an initial mass tolerance of 50 ppm was used
in all searches. Peptides with masses corresponding to those of
trypsin and matrix were excluded from the peak list. Proteins
were identified by searching against a comprehensive nonredun-
dant protein database (SwissProt 2011_07) using MASCOT
programs via the Internet.
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Analysis of protein thiols with biotin–HPDP

The numbers of free and total protein cysteines were determined
according to Baty and co-workers [28] with minor modifications.
Briefly, HGF protein extracts were obtained in lysis buffer supplemen-
ted with 2 mM NEM. Cell lysates were treated for 15 min with 1 mM
DTT and mixed with 2 volumes of 100% acetone. Proteins were
allowed to precipitate for 30 min at −20 °C, centrifuged at 10,000g
for 10 min, at 4 °C, and washed with 70% acetone and protein pellets
were resuspended in 50 mM PBS (pH 7.4), supplemented with
100 μM biotin–HPDP. After 10-min incubation at room temperature,
proteins were precipitated as described previously and resuspended
with an equal volume of 2× nonreducing Laemmli SDS–PAGE sample
buffer. After SDS–PAGE separation on 12% (w/v) polyacrylamide gels,
protein samples were electroblotted onto a PVDF membrane. After a
1-h saturation step in 5% (w/v) nonfat dry milk in PBST (10 mM Na
phosphate (pH 7.2), 0.9% (w/v) NaCl, 0.1% (v/v) Tween 20), mem-
branes were washed three times with PBST for 5 min each and the
linked biotin–HPDP was probed by a 2-h incubation with 5% milk/
PBST containing streptavidin–HRP at 1:5000 dilution. After three
washes with PBST for 5 min each, protein bands were visualized by
ECL detection.

Measurement of intracellular glutathione

GSH was measured after derivatization with mBrB. Control and
smoke-treated HGFs were washed twice with PBS and harvested by
trypsinization. Cell lysates were obtained in ice-cold lysis buffer sup-
plemented with protease inhibitors as described above. Aliquots of
samples were given 0.5 mM mBrB (final concentration) and incubat-
ed for 10 min at room temperature, in the dark; samples were then
acidified with 3% (v/v, final concentration) trichloroacetic acid
(TCA) and injected into a Sephasil C18 HPLC column. Glutathione di-
sulfide (GSSG) and glutathione linked to protein cysteine residues,
i.e., S-glutathionylated proteins (PSSG) were measured in other ali-
quots of cell lysates after addition of 0.5 mM (final concentration)
NEM and, after 5 min, acidification with 4% (w/v, final concentration)
TCA. GSSG was detected in the supernatant and PSSG in the protein
pellets after DTT reduction and mBrB conjugation as previously
reported [29]. Derivatized thiols were analyzed by fluorescence de-
tection (excitation 380 nm; emission 480 nm) and quantified using
authentic GSH similarly derivatized with mBrB using a Hewlett Pack-
ard HPLC Series 1100 as previously reported [29].

Preparation of GSH–acrolein (GSH–ACR) and GSH–crotonaldehyde
(GSH–CRO) adducts and electrospray ionization mass spectrometry
(ESI–MS) direct infusion analysis

Stock solutions of GSH–ACR and GSH–CRO were obtained by incu-
bating for 24 h at 37 °C GSH (final concentration 20 mM) in the pres-
ence of 2 mM either acrolein or crotonaldehyde in 1 mM phosphate
buffer (pH 7.4) and then stored at 4 °C until use. Sample aliquots
were directly analyzed by HPLC for the determination of hydroxyno-
nenal consumption, as previously described [30]: the reaction was
quantitative as no residual aldehyde was determined. Therefore, sam-
ples (50 μl) were diluted 1:5 with H2O:CH3OH:EFBA 90:10:0.1 (v/v/v)
and analyzed by ESI–MS (direct infusion), using a TSQ Quantum
triple-quadrupole mass spectrometer (ThermoFinnigan Italia, Milan,
Italy). ESI interface parameters (positive-ion mode) were set as fol-
lows: middle position, capillary temperature 270 °C, spray voltage
4.5 kV. Nitrogen was used as nebulizing gas at the following pres-
sures: sheath gas 30 psi, auxiliary gas 5 a.u. MS conditions and tuning
were performed by mixing through a T connection the water-diluted
stock solutions of analytes (flow rate 10 μl/min), with the mobile
phase maintained at a flow rate of 0.2 ml/min: the intensity of the
[M+H]+ ions was monitored and adjusted to the maximum using
Quantum Tune Master software. The Michael adducts of GSH with
acrolein and crotonaldehyde were detected at m/z 364.0 and m/z
378.0, respectively.

GSH–acrolein and GSH–crotonaldehyde adduct analysis by LC–MS/MS

Method development
LC–MS/MS analysis and separation of the adductswere done using a

ThermoFinnigan Surveyor LC system equipped with a quaternary
pump, a Surveyor UV–Vis Diode Array Programmable Detector 6000
LP, a Surveyor autosampler, and a vacuum degasser and connected to
a TSQQuantum triple-quadrupolemass spectrometer (ThermoFinnigan
Italia). Chromatographic separationswere performed at 25 °C by a Phe-
nomenex Sinergy polar-RP column (150×2-mm i.d.; particle size 4 μm;
Chemtek Analytica, Anzola Emilia, Italy) protected by a polar-RP guard
column (4×2-mm i.d.; 4 μm) kept at 25 °C. The mass spectrometer
was equipped with an ESI interface, which was operated in positive-
ion mode and controlled by Xcalibur software (version 1.4).

Separations (injection volume 10 μl) were performed at a flow rate
of 0.2 ml/min by gradient elution from 100% H2O:CH3OH:HFBA (A)
(9:1:0.01, v/v/v) to 60% methanol (B) in 16 min, followed by 5 min
for the reequilibration of the system to the initial conditions. The sam-
ples rack was kept at 4 °C. ESI interface parameters (positive-ion
mode) were set as follows: middle position, capillary temperature
270 °C, spray voltage 4.5 kV. Nitrogen was used as nebulizing gas at
the following pressures: sheath gas 30 psi, auxiliary gas 5 a.u.

Ionization efficiency in the presence of the mobile-phase modifiers
was monitored in multiple-reaction monitoring (MRM) mode at
2.00 kV multiplier voltage; the following MRM transitions of [M+H]+

precursor ions→product ions were selected for each analyte and inter-
nal standard and the relative collision energies were optimized by the
Quantum Tune Master software:

GSH–acrolein, m/z 364.0→m/z 216.9 (collision energy at 16);
GSH–crotonaldehyde, m/z 378.0→m/z 128.0+m/z 231.0 (colli-
sion energy at 18);
TH (internal standard), m/z 319.2→m/z 156.2+m/z 301.2 (colli-
sion energy at 25).

For quantitative analysis the instrument parameters were opti-
mized as follows: argon gas pressure in collision Q2, 1.5 mbar; resolu-
tion (FWHM), 0.70m/z at Q1 and Q3; scan width for all MRM
channels, 1 m/z; scan rate (dwell time), 0.2 s/scan. Data processing
was performed using Xcalibur version 2.0 software.

Working solutions of GSH–ACR and GSH–CRO were obtained by
dilution in PBS of the corresponding stock solutions. Calibration sam-
ples for GSH–ACR and GSH–CRO adducts were prepared by spiking
blank supernatants or cell lysates with each working solution, to pro-
vide the following final concentrations: 0.05, 0.1, 1, 5, 10, or 20 μM.
Aliquots of 90 μl were then mixed with 10 μl of a 200 μM internal
standard solution in mobile phase (5 μM final concentration). Sam-
ples were given 100 μl of 700 mM perchloric acid (aqueous solution)
and subsequently centrifuged at 20,000g for 10 min. The supernatant
was diluted 1:2 with H2O:CH3OH:HFBA 90:10:0.1 (v/v/v) and filtered
through 0.45-μm nylon Millex-HV filters (Millipore) before injection.
Standard curves for the analytes constructed on different working
days showed good linearity over the entire calibration ranges, with
coefficients of correlation (r2) greater than 0.998.

Method application
Ninety-microliter aliquots of HGF cell lysates and of cell superna-

tants were mixed with 10 μl of a 200 μM internal standard solution
in mobile phase (5 μM final concentration), treated as described
above, and injected into the LC–MS/MS system for quantization of
GSH–ACR and GSH–CRO adducts. Data were calculated as nmol/ml
and expressed as nmol/106 cells.
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Statistical analysis

Quantitative data are expressed as means±SD of three indepen-
dent experiments or as data±SEM. Differences between means
were evaluated using one-way analysis of variance with Tukey's mul-
tiple comparison posttest unless otherwise indicated. A value of
pb0.05 was considered statistically significant.

Results

Intracellular reactive oxygen species generation

We quantified the level of intracellular oxidative stress induced by
cigarette smoke by measuring ROS formation in HGFs using the
oxidation-sensitive nonfluorescent DCFH-DA. The intracellular DCF
Fig. 1. Intracellular ROS formation, loss of HGF viability, and cellular morphology. (A) Repre
sion) induced by exposure of cultured HGFs to 0, 0.5, 2, 5, and 12 cigarette puffs. Exposure
increase in intracellular ROS generation. All exposed cells revealed a fairly uniform distri
cells. (B) Loss of cell viability with increasing puffs of cigarette smoke. Cultured HGFs were ex
blue exclusion method. Values are expressed as the means±SD of three independent expe
evaluated by the Student–Neumann–Keuls test. (C) Shrinkage of HGFs exposed to increasin
their morphology was examined under a phase-contrast microscope. Unexposed HGFs (c
stellate cells. Aberrations in the cellular morphology were observed in the cells exposed
more globular cell body. By contrast, exposure to 0.5 puff had no significant effect on the
cells was measured and plotted with respect to puff number. Results are expressed as the m
fluorescence can be used as an index to quantify ROS production
(and overall oxidative stress) in cells, being an indicator of general-
ized oxidative stress rather than of any particular reactive species
(e.g., it is not a direct assay for H2O2 or other specific ROS) [31].
Whole (mainstream) cigarette smoke induces intracellular oxidative
stress: Fig. 1A shows that exposure of HGFs to whole cigarette
smoke produced a dose-dependent (i.e., puff-dependent) increase in
intracellular ROS generation.

Analysis of cell viability and cell morphology

The viability of cultured HGF, determined by trypan blue exclusion
analysis after exposure to 0.5–12 cigarette puffs (Fig. 1B), was dose-
dependently decreased by treatmentwithwhole cigarette smoke, rang-
ing from 97.7±2.7% for cells exposed to 0.5 cigarette puff to 88±9,
sentative images of the increase in DCF fluorescence (480 nm excitation, 527 nm emis-
of HGFs to whole cigarette smoke produced a dose-dependent (i.e., puff-dependent)

bution of the fluorescence, indicative of the spreading of ROS production within the
posed to 0, 0.5, 2, 5, and 12 cigarette puffs and cell viability was evaluated by the trypan
riments (n=3) and *pb0.01 vs control, **pb0.001 vs control, ***pb0.05 vs 0.5 puffs as
g puffs of cigarette smoke. HGFs were exposed to 0, 0.5, 2, 5, and 12 cigarette puffs and
ontrols) showed typical morphology, consisting in a population of spindle-shaped or
to 2–12 cigarette puffs, which showed a smaller size, a less elongated shape, and a
cellular morphology. (D) For each dose of cigarette puffs, the area of about 100 single
eans±SD of three independent experiments (n=3) and pb0.05 vs control.
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78.7±11, and 70.9±15% for cells exposed to 2, 5, and 12 cigarette
puffs, respectively. The effect of mainstream cigarette smoke on the
morphology of HGFswas assessed byphase-contrastmicroscopy. Unex-
posed HGFs (control) showed regular shape. Aberrations in the cellular
morphologywere observed in the cells exposed to 2–12 cigarette puffs,
whereas exposure to 0.5 puff had no significant effect on the cellular
morphology (Fig. 1C). Exposure of HGFs to 2–12puffs ofwhole cigarette
smoke caused cellular shrinkage and contraction, therefore impairing
cellular integrity (Fig. 1D).

Analysis of protein carbonylation

Protein carbonylation, a stable index of irreversible oxidation, can
be assayed by immunochemical methods after formation of the DNP
adduct [24,25]. Immunocytochemical techniques were used to deter-
mine the formation of carbonyl groups in HGFs exposed to 0.5–12 cig-
arette puffs (Fig. 2A). The fixed cells were incubated with DNPH
solution, then with anti-dinitrophenyl–KLH antibody, and finally
with a goat anti-rabbit FITC-conjugated secondary antibody. In con-
trol HGFs and in fibroblasts exposed to 0.5 cigarette puffs no
carbonyl-specific staining was observed by fluorescence microscopy,
whereas HGFs exposed to 2–12 cigarette puffs showed a diffuse
DNP immunoreactivity throughout the cytoplasm, indicative of pro-
tein carbonylation. Distribution of smoke-induced protein carbonyla-
tion in whole-cell lysates was analyzed by Western immunoblotting.
As shown in Fig. 2B, exposure of HGFs to 0.5–12 cigarette puffs in-
duced a marked, dose-dependent increase in protein carbonylation.
Fig. 2B demonstrates that proteins of HGFs exposed to mainstream
cigarette smoke are highly carbonylated in comparison to those
extracted from untreated cells. Several carbonylated proteins were
Fig. 2. Cigarette smoke-induced formation of protein carbonyls in HGFs. (A) Cigarette smok
was assessed by an immunocytochemical DNPH assay as described under Materials and me
two independent experiments are shown. To see this illustration in color the reader is refe
bonylation in whole-cell lysates from HGFs exposed to 0, 0.5, 2, 5, and 12 cigarette puffs w
as described under Materials and methods. A representative Western blot of the protein ca
protein staining (lane on the right in each pair) are shown. Lane 0 shows the protein carb
standards. Each pair shows a single representative experiment of three separate experiment
samples were treated with NaBH4 or the primary antibody to DNP was omitted (not shown)
proteins in homogenates of (C) control HGFs and (D) HGFs exposed to 5 cigarette puffs. Id
identified in HGFs exposed to 5 cigarette puffs by means of redox pro-
teomics [32], using the MASCOT search engine and human proteins
available in the SwissProt database (Fig. 2D and Table 1). Nine of
the 21 highly carbonylated proteins we identified in HGFs exposed
to cigarette smoke were slightly or moderately carbonylated also in
the control, i.e., HGFs not exposed to cigarette smoke (Fig. 2C).

Analysis of thiol redox status

Fig. 3 shows the effects of whole-smoke exposure on the revers-
ibly oxidized thiol protein profiles of HGFs. A small percentage of pro-
tein thiols were already reversibly oxidized in untreated cells and no
significant difference in thiol protein oxidation was observed after
HGF exposure to 0.5 puff. Clear changes were observed in the pattern
of oxidized protein thiols after HGF exposure to 2–12 puffs. All of the
oxidized thiol proteins detected in untreated cells and in HGF ex-
posed to 0.5 puff became more oxidized and a number of new
bands were detectable after HGF exposure to 2–12 puffs, suggesting
a reversible oxidation of protein thiols in response to smoke-
induced oxidative stress.

Exposure of various cell types to cigarette smoke causes rapid de-
pletion of intracellular GSH, which often parallels cell toxicity [33].
We determined the amount of total glutathione (tGSH=GSH+
2GSSG+PSSG) in HGFs exposed to cigarette smoke by a validated
HPLC method [34] (Fig. 4). Cigarette smoke markedly depleted total
intracellular levels of glutathione.

Under oxidative stress, GSH can oxidize to its disulfide forms,
GSSG and PSSG. We therefore examined the cellular levels of the var-
ious forms of glutathione to ascertain possible alterations in the levels
of GSH, GSSG, and/or PSSG contributing to the decrease in tGSH
e-induced protein carbonylation in HGFs exposed to 0, 0.5, 2, 5, and 12 cigarette puffs
thods and observed by fluorescence microscopy. Representative microphotographs of
rred to the Web version of this article at http://ees.elsevier.com/frbm. (B) Protein car-
as detected using a Western blot assay including carbonyl derivatization with DNPH
rbonylation pattern (lane on the left in each pair) and the corresponding amido black
onyl pattern of HGFs incubated in PBS alone (control). MW, molecular weight protein
s. No immunostaining was observed in parallel experiments in which either the protein
. (C, D) Representative 2D immunoblots corresponding to the detection of carbonylated
entified proteins are listed in Table 1.
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Table 1
Identified carbonylated proteins in HGFs exposed to five cigarette puffs.

Spot Identification Mass
(Da)

pI MASCOT
score

Number of hits Coverage

Matched Total

1 Elongation factor 1-α1 50,451 9.10 70 9 12 26
2 Pyruvate kinase isozyme M1/M2 58,470 7.96 157 18 23 42
3 Fructose-bisphosphate aldolase A 39,851 8.40 97 9 16 32
4 Glyceraldehyde-3-phospate dehydrogenase 36,201 8.57 58 7 26 23
5 Cofilin 1 18,719 8.22 66 6 7 42
6 Annexin A2 38,808 7.57 105 11 14 30
7 Glyceraldehyde-3-phospate dehydrogenase 36,201 8.57 59 8 12 20
8 Annexin A2 38,808 7.57 92 14 20 39
9 Glyceraldehyde-3-phospate dehydrogenase 36,201 8.57 70 10 15 26
10 α-Enolase 47,481 7.00 58 5 5 16
11 Annexin A1 38,918 6.57 70 8 12 22
12 α-Enolase 47,481 7.00 132 13 14 41
13 Annexin A1 38,918 6.57 101 12 18 35
14 Annexin A1 38,918 6.57 72 7 8 19
15 Elongation factor 2 96,246 6.41 155 18 21 23
16 α-Enolase 47,481 7.00 80 10 17 24
17 Actin, cytoplasmic isoform 1, 2 42,052 5.29 86 10 18 36
18 Actin, cytoplasmic isoform 1, 2 42,052 5.29 100 8 15 27
19 Tropomyosin α-4 chain 28,619 4.67 77 13 28 37
20 Ribonuclease inhibitor 51,766 4.71 75 9 22 30
21 Annexin A5 35,971 4.94 170 27 37 48
21 Annexin A5 35,971 4,94 170 27 37 48

Spot numbers are the same as those used to identify proteins shown in the gel provided in Fig. 2C. pI, isoelectric point. Database: SwissProt. Protein scores are all biologically
significant (pb0.05).
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levels. The marked decrease in intracellular GSH levels we measured
in all HGFs exposed to 0.5–12 puffs, with HGFs exposed to 12 puffs
exhibiting the largest decline in GSH level (Fig. 5A), was only mini-
mally compensated for by oxidation of GSH to GSSG (Fig. 5B) and
by little increases in PSSG levels (Figs. 5C and D). In addition, the in-
creases in GSSG and PSSG were even scarcer in HGF exposed to 12
puffs (Figs. 5B–D). As a whole, these data indicate that exposure to
whole cigarette smoke notably decreases GSH levels and, concurrent-
ly, very moderately increases GSSG and PSSG levels, in HGF.
Determination of GSH–α,β-unsaturated aldehyde adducts

We therefore hypothesized that the decrease in intracellular GSH
(and, consequently, that of tGSH) could be induced by export of GSH
to the extracellular environment as GSH adducts with α,β-unsaturated
aldehydes, which are contained in high concentrations in whole ciga-
rette smoke. To test this possibility, we developed a new analytical
Fig. 3. Reversibly oxidized protein thiols. The increase in reversibly oxidized protein –

SH residues in whole-cell lysates from HGFs exposed to 0, 0.5, 2, 5, and 12 cigarette
puffs was assessed by the use of biotin–HPDP and Western blotting probed with
HRP-conjugated streptavidin, as described under Materials and methods. In each pair
of lanes, the lane on the left shows the Western blot developed with ECL, whereas
the lane on the right shows the corresponding PVDF membrane stained for proteins
with amido black. MW, molecular weight protein standard. Each pair shows a single
representative experiment of three separate experiments.
methodology for the detection and quantification of GSH adducts with
acrolein and crotonaldehyde (GSH–ACR and GSH–CRO, respectively),
two of the major highly reactive aldehydes in tobacco smoke. First, we
prepared the adducts by incubation of GSH with the aldehydes. Fig. 6
shows the CID spectra of GSH–ACR (Fig. 6A) and GSH–CRO (Fig. 6B),
obtained by collision of the corresponding [M+H]+ at m/z 364.0 and
378.0, respectively (infusion experiments), at a collision energy of
20 eV. The most abundant and stable product ions were chosen for
setup using an MRM transitions-based LC–MS/MS method (quantita-
tive analysis). The method was validated as described in the Supple-
mentary Material and then applied to monitor the intracellular
formation of GSH–ACR adducts and GSH–CRO adducts over a 2-h time
course, in HGFs exposed to 0.5–12 puffs, as well as their extracellular
export, determining such GSH–aldehyde adducts in the extracellular
medium. As an example, Fig. 7 reports the LC–MS/MS profiles of intra-
cellular medium, relative to human HGFs exposed to 12 cigarette
Fig. 4. Cigarette smoke-induced depletion of total glutathione in HGFs. Depletion of
total glutathione (GSH+2GSSG+PSSG) in whole-cell lysates from HGFs exposed to
0, 0.5, 2, 5, and 12 cigarette puffs was assessed by an HPLC method as described
under Materials and methods. Results are expressed as the means±SD of three repli-
cate measurements (n=3) and pb0.05 vs control.
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Fig. 5. Effects of cigarette smoke on the levels of GSH, GSSG, and protein S-glutathionylation in HGFs. Changes in (A) GSH and (B) GSSG levels in whole-cell lysates from HGFs ex-
posed to 0, 0.5, 2, 5, and 12 cigarette puffs were assessed by an HPLC method as described under Materials and methods. Results are expressed as the means±SD of three replicate
measurements (n=3) and pb0.05 vs control. (C) Protein S-glutathionylation in whole-cell lysates from HGFs exposed to 0, 0.5, 2, 5, and 12 cigarette puffs was quantified by
reversed-phase HPLC coupled with fluorometric detection after derivatization of protein-bound GSH with mBrB. Results are expressed as the means±SD of three replicate mea-
surements (n=3) and pb0.05 vs control. (D) Western blot analysis of protein S-glutathionylation in whole-cell lysates from HGFs exposed to 0, 0.5, 2, 5, and 12 cigarette puffs
was performed using anti-GSH monoclonal antibody as described under Materials and methods. In each pair of lanes, the lane on the left shows the Western blot developed
with ECL, whereas the lane on the right shows the corresponding PVDF membrane stained for proteins with amido black. MW, molecular weight protein standards. Each pair
shows a single representative experiment of three separate experiments.
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puffs, in which the typical MRM peaks relative to the internal standard
(Fig. 7A), GSH-ACR (Fig. 7B), and GSH-CRO (Fig. 7C) are easily detect-
able (although with different intensities) at the expected retention
times.
Fig. 6. Positive ESI–MS/MS spectra (direct infusion experiments) of (A) GS
The results of the quantitative analysis of both GSH–aldehyde ad-
ducts at various observation times and conditions are summarized in
Figs. 8 and 9. Although at the first observation time (0 min) no signif-
icant differences were found between HGFs exposed to 2 and 5 puffs,
H–ACR and (B) GSH–CRO adducts, acquired at 20 V collision energy.
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Fig. 7. LC–ESI–MS/MS analysis profile (MRM mode) of intracellular medium relative to
HGFs exposed to 12 cigarette puffs: (A) internal standard, (B) GSH–ACR, (C) GSH–CRO.
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cigarette smoke led to a clear dose-dependent intracellular formation
of both the adducts (Figs. 8A and 9A). The intracellular levels of GSH–
ACR and GSH–CRO significantly declined already at 30 min after ciga-
rette smoke exposure and, consistently, they dose-dependently in-
creased in the extracellular medium (Figs. 8B and 9B) to indicate an
export of both adducts from the cell. At the subsequent observation
times, the increase in the extracellular levels of GSH–aldehyde ad-
ducts was even more pronounced and was paralleled by an almost
complete intracellular disappearance of both adducts. Table 2 shows
the cumulative sum of intra- and extracellular adduct levels, and
these data indicate that formation of ACR is far greater than that of
CRO. In addition, by considering the total amount of GSH consumed
for the formation of intra- and extracellular GSH–ACR and GSH–CRO
(2.097, 4.019, 5.174, and 6.040 nmol/106 cells at 0.5, 2, 5, and 12
puffs, respectively), it is evident that GSH depletion reported in
Fig. 4 is due only in part to detoxification of cytotoxic aldehydes.

Discussion

Cigarette smoking can directly affect gingival tissues/cells because
the oral cavity is the first area exposed to the smoke. Several studies
Fig. 8. LC–ESI–MS/MS quantitative analysis of (A) intracellular and (B) extracellular GSH–AC
are expressed as data±SD of three independent experiments (duplicate injection) (n=3).
arette puff (at least pb0.05).
have demonstrated deteriorating effects of smoking on oral tissues
[4,5,35]. Gingival fibroblasts, the predominant cell type inhabiting
the gingival connective tissue, play a critical role in remodeling and
maintaining gingival structures and extracellular matrix [36] and in
tissue repair and wound healing [37] through their adhesion, migra-
tion, growth, proliferation, and differentiation, as well as production
of extracellular matrix. However, exposure to cigarette smoke can
hamper fibroblast function and consequently that of gingival tissue.
Secondary to bacterial plaque, cigarette smoking is a major risk factor
for periodontal disease and even promotes its development [38,39].
However, the exact mechanisms leading to smoking-related oral dis-
ease processes still need to be fully understood. In particular, the ef-
fect of whole cigarette smoke on gingival fibroblasts has yet to be
elucidated.

In this study, we observed that exposure to cigarette smoke
exerted a rapid and lethal effect on HGFs (Fig. 1B) as well as induc-
ing aberrations in their cellular morphology (Figs. 1C and D). No ap-
optotic cellular bodies were evidenced under the phase-contrast
microscopy, and DAPI staining did not reveal the occurrence of nu-
clear condensation, DNA fragmentation, or perinuclear apoptotic
bodies. Therefore, we think it is highly unlikely that the reduction
in HGF viability after exposure to cigarette smoke was due to apo-
ptosis. Because of the short duration of cigarette smoke necessary
until these effects become manifest, we tend to exclude complex
signal transduction pathways (via transcription and/or translation)
from being involved in these processes. Increase in intracellular
ROS (Fig. 1A) and carbonylation of proteins (Fig. 2), including
some cytoskeletal proteins and the actin-depolymerizing factor
cofilin-1 (Table 1), may be one, although not the only, possible ex-
planation, because such a rapid death can result from modifications
and destruction of protein structures and/or impairment of metabol-
ic pathways. The fibroblast cytoskeleton plays a key role in basic cell
functions such as motility, adhesion, and division. Actin filaments, in
particular, play central and fundamental roles in the shaping of cells,
the maintenance of cell integrity, and the stability of cytoskeletal in-
teraction, as well as cell substrate adhesion. Cellular shrinkage and
rounding depend on perturbation of filamentous actin (F-actin).
Carbonylation of actin and some actin-binding/remodeling proteins
such as cofilin-1, which promotes cytoskeletal dynamics by mediat-
ing severing and depolymerization of actin filaments in mammalian
nonmuscle cells, playing an important role in cytokinesis, cell motil-
ity, and morphogenesis in mammals [40]; elongation factor 1-α, the
second most abundant protein in eukaryotic cells after actin, which
has been shown to associate with and reorganize F-actin, inducing
filament bundling [41]; and annexin A2, which has a role as an
actin nucleator on phosphatidylinositol 4,5-bisphosphate-enriched
R adducts after HGF exposure to 0.5 (●), 2 (○), 5 (■), and 12 (□) cigarette puffs. Values
All data were statistically different (versus time 0) except for those relative to 0.5 cig-
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Fig. 9. LC–ESI–MS/MS quantitative analysis of (A) intracellular and (B) extracellular GSH–CRO adducts after HGF exposure to 0.5 (●), 2 (○), 5 (■), and 12 (□) cigarette puffs. Values
are expressed as data±SD of three independent experiments (duplicate injection) (n=3). All data were statistically different (versus time 0) (at least pb0.05).
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cell membranes [42] and whose tyrosine phosphorylation is an im-
portant event in triggering Rho/ROCK-dependent and actin-
mediated changes in cell morphology associated with the control
of cell adhesion [43], can impair the fibroblast actin-based cytoskel-
eton. In particular, functional studies performed in vitro revealed
significant inhibition of polymerization rate and extent, progressive
disruption of actin filaments [44,45], and reduction in the activation
of the myosin ATPase activity [45] for carbonylated actin compared
to control actin. Enhancement of actin carbonylation, causing the
disruption of the actin cytoskeleton and the loss of the barrier func-
tion, was found in cultured human colonic cells after exposure to
hypochlorous acid or hydrogen peroxide [46,47]. Marked actin car-
bonylation was also seen in inflamed colonic mucosa from patients
affected with inflammatory bowel disease, suggesting that oxidant-
induced cytoskeletal disruption is required for tissue injury, mucosal
disruption, and inflammatory bowel disease flare up [48]. Cytoskel-
eton disorganization was also observed in human colon cancer cells
after actin carbonylation owing to acrolein adduction [49]. Further-
more, carbonylation of actin and tropomyosin is largely increased
in failing human hearts and is inversely correlated with left ventric-
ular ejection fraction, thus probably contributing to the contractile
impairment evident in end-stage heart failure [50]. Therefore, irre-
versible oxidative modification of actin and some actin-associated
proteins of gingival fibroblasts would be expected to alter their loco-
motion and phagocytosis of collagen, which are actin-dependent
functions important for physiological tissue remodeling and peri-
odontal wound repair. The direct cytopathic effect of cigarette
smoke on HGF supports the hypothesis that cigarette smoke is a
Table 2
Sum of intra- and extracellular GSH–ACR and GSH–CRO levels after 0.5, 2, 5, and 12 cig-
arette puffs.

0.5 cp 2 cp 5 cp 12 cp

GSH–ACR (nmol/106 cells)
0 min 0.107 0.369 0.603 0.674
30 min 0.402 0.672 1.082 1.036
60 min 0.277 0.849 1.021 1.302
120 min 0.274 1.043 1.06 1.136
Total 1.06 2.933 3.766 4.148

GSH–CRO (nmol/106 cells)
0 min 0.09 0.119 0.181 0.222
30 min 0.179 0.229 0.316 0.393
60 min 0.323 0.286 0.436 0.629
120 min 0.445 0.452 0.475 0.648
Total 1.037 1.086 1.408 1.892

GSH–ACR+GSH–CRO (GSH consumption)
(nmol/106 cells)

2.097 4.019 5.174 6.04

cp, cigarette puffs.
great risk factor in the development and progression of periodontal
disease, impairing the ability of gingival fibroblasts to maintain the
integrity of the oral connective tissue or to repair it during peri-
odontal destruction or wound healing. Reduced cell viability, mod-
ified cell morphology, disruption of the microtubule network, and
oxidative damage of tubulin, detected as increased carbonyl con-
tent, were recently observed in human lung epithelial (A549) cells
and noncarcinoma human lung alveolar epithelium (L132) cells ex-
posed to aqueous extract of cigarette smoke [51]. Furthermore,
some of the carbonylated proteins detected in cigarette smoke-
exposed HGFs are involved in energy metabolism. Therefore, their
oxidative modification may impair their function and, consequently,
the HGF energy production. α-Enolase is a glycolytic enzyme that
hydrolyzes 2-phosphoglycerate to phosphoenol pyruvate in glycoly-
sis, and impairment of this enzyme can greatly affect ATP pro-
duction. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is
another glycolytic enzyme that catalyzes the oxidation of glyceral-
dehyde 3-phosphate to 1,3-bisphosphoglycerate and NADH. As a re-
sult, the increased carbonylation of GAPDH and α-enolase could
lead to impaired glycolytic function and decreased ATP production.
Fructose-1,6-bisphosphate aldolase cleaves fructose 1,6-bispho-
sphate into dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate in glycolysis. Its impairment can cause increased levels
of fructose 1,6-bisphosphate, inhibition of complete glycolysis, and
ATP depletion.

As shown in Fig. 3, the increase in total reversibly oxidized protein
thiols parallels the increase in cigarette puffs, suggesting a dose-
dependent oxidation of protein cysteine residues in response to
smoke. Cellular thiol redox status is critical for a variety of biological
processes including transcriptional activation of various genes, regu-
lation of cell proliferation, inflammation, and apoptosis. Thiols, partic-
ularly GSH, are also critical for cellular antioxidant defenses, including
protecting cells from oxidant injury and inflammation. When cells are
exposed to oxidizing conditions, GSH can be oxidized to GSSG and/or
be reversibly bound to protein cysteine residues, by a process called
S-glutathionylation, forming PSSG [52]. Cellular GSH concentration,
by modulating the redox intracellular environment, also plays a key
role in regulating cellular signaling events resulting from the action
of redox-sensitive proteins [53]. As a nucleophile, GSH also functions
as a scavenger, which conjugates with reactive intermediates derived
from exogenous agents. Because of this dual function in shielding
against the attacks of endogenous and exogenous toxic species, GSH
is essential in maintaining normal biochemical and physiological
functions in tissues, and the cellular depletion of GSH can lead to sig-
nificant cell/tissue damage [31].

In this study, we demonstrate for the first time that total glutathi-
one (GSH+2GSSG+PSSG) decreased dramatically within HGF after
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whole cigarette smoke exposure (Fig. 4), indicating that thiol deple-
tion could be a mechanism for cigarette smoke-induced cytotoxicity.
Intracellular GSH depletion by cigarette smoke might render the
cells more vulnerable to oxidative/carbonyl stress in the oral cavity
and might impair the reparative and regenerative potential of gingi-
val tissues of smokers. Cellular loss of GSH, along with the reduced
cellular vitality and carbonylation of some cytoskeletal proteins and
cofilin-1, might also be correlated with the reduced reparative and re-
generative activity of smoke-exposed gingival and periodontal tissues
[35,54]. Cigarette smoke-induced depletion of intracellular GSH
(Fig. 5A) was not accompanied by a corresponding formation of
GSSG and PSSG (Figs. 5B–D). Subsequent experiments suggest that
total GSH consumption is due to the export of GSH–acrolein (Fig. 8)
and GSH–crotonaldehyde (Fig. 9) adducts. However, also in this
case, the amount of the exported GSH–aldehyde adducts does not ac-
count for the marked depletion of intracellular GSH, not even if the
amount of GSH reacted with acrolein and crotonaldehyde was
added to the quantity of GSSG and PSSG formed after HGF exposure
to cigarette smoke. The remaining depleted GSH could be due to reac-
tions with some of the many other cigarette smoke-reactive compo-
nents. As a major substrate for glutathione S-transferases (GSTs),
GSH in cells could be largely depleted because of GST-mediated de-
toxification of xenobiotic compounds, including those present in cig-
arette smoke, in particular, high levels of various reactive aldehydes
other than acrolein and crotonaldehyde, such as acetaldehyde, form-
aldehyde, and propanal. However, many reactive/electrophilic ciga-
rette smoke components are also expected to react directly with
GSH or other cellular thiols.

Our data would suggest that irreversible GSH alkylation by alde-
hydes or other reactive xenobiotics may be the most prominent
mechanism by which whole cigarette smoke depletes cellular GSH
in HGFs. However, multiple other free sulfhydryl groups and complex
GSH pathways influence GSH homeostasis in vivo. For example, ciga-
rette smoke-derived oxidants or aldehydes may inhibit several en-
zymes involved in GSH homeostasis, such as γ-glutamylcysteine
synthetase, GSH reductase, and GSH peroxidase. Acrolein and croto-
naldehyde themselves are well known to be toxic [e.g., 15,33]. Fur-
thermore, GSH–acrolein and GSH–crotonaldehyde adducts have
been shown to be toxic in humans and animal models [e.g., 55].
Hence, acrolein and crotonaldehyde reaction with GSH (as well as
that of other unsaturated and saturated aldehydes) could represent
a cellular defense mechanism, further illustrated by the observed in-
creased endothelial dysfunction induced by exposure to tobacco
smoke in mice lacking GST isoform P, which preferentially conjugates
many of the small reactive carbonyls present in cigarette smoke, such
as acrolein and crotonaldehyde [56].

Irreversible modification/depletion of GSH by reactive aldehydes
renders it unavailable for the enzymatic reducing cycle system,
which is normally activated after oxidative stress occurrence and
the formation of GSSG. This exhaustion of the GSH pool could induce
a chronic lack of antioxidant protection in HGFs. Persistent smokers
might, in that case, inhale more ROS than can be scavenged by the re-
sidual antioxidants, resulting in increased vulnerability to oxidative
stress of gingival/periodontal tissues.

Future research is needed both to better define the effects of
smoke-derived oxidants and reactive carbonyl compounds on oral
tissues and to determine the most efficacious strategies for generat-
ing significant antioxidant protection in the oral cavity. However,
given some evidence of systemic oxidative stress in smokers
[57,58], it is clear that the endogenous antioxidant response is inad-
equate to prevent the development of oxidative/carbonyl stress inju-
ry. In this respect, we have recently demonstrated that physiological
(plasma) concentrations of glutathione, cysteine, and other antioxi-
dants, i.e., ascorbic acid, methionine, and uric acid, which are strong
reducing agents and potent antioxidants that act together in circula-
tion, as well as the synthetic aminothiol N-acetylcysteine used at
pharmacological concentrations, are absolutely ineffective at pre-
venting the cigarette smoke-induced thiol oxidation and carbonyla-
tion of human serum albumin (HSA) and plasma proteins on the
whole. In contrast, human erythrocytes, by virtue of their rich and
highly efficient antioxidant systems, coupled with their high blood
concentration, were shown to be protective against cigarette smoke-
induced oxidation (carbonylation and thiol oxidation) of both HSA
and total human plasma proteins [59]. As a whole, the role of antioxi-
dant supplementation in preventing smoke-associated diseases re-
mains controversial [60–65], if not noxious, as shown in the case of
high, long-term β-carotene supplementation in heavy smokers by sev-
eral large, long-term intervention or epidemiological trials [66]. Any-
way, a recent randomized controlled trial tested for 8 weeks the
compliance, tolerability, and safety of two food-based antioxidant-rich
diets in smokers: i.e., a comprehensive combination of antioxidant-
rich foods (such as berries, nuts, spices, fruits, and vegetables) providing
dietary antioxidants at levels that are similar to those only previously
tested in randomized controlled trials using pharmacological doses of
antioxidant supplements and a kiwi fruit diet, in which participants
consumed three kiwi fruits, which are a rich source of vitamin C, per
day [67]. This trial demonstrated the safety of both diets as no potential-
ly harmful or pro-oxidative effects were observed and that the
antioxidant-rich diet was particularly effective in terms of increasing
plasma antioxidants. Future studies are needed to explore the impact
of such dietary intervention strategies on the risk of chronic diseases re-
lated to oxidative stress, also in smokers.

Caution should be exercised in extrapolating the results of this
study to in vivo conditions. However, the results of this research
might lay the foundation for the effective use of drug-based strategies
for ablating exposure to reactive carbonyl compounds as a tool to pre-
vent, or reduce, smoke-related oral tissue damage, provided that the
best “antioxidant” would be to give up smoking. α,β-Unsaturated
and, probably, saturated aldehydes could therefore be potential phar-
macologic targets for intervention strategies against smoking-induced
tissue damage. Recent results suggest that carbonyl-sequestering
drugs can reduce the formation of carbonylated proteins and
GSH–α,β-unsaturated aldehyde derivatives and might potentially
prevent or restrain carbonyl stress-associated diseases, including
some of the smoking-induced gingival/periodontal tissue damage
[25,68–71]. However, the potential benefits of using carbonyl scaven-
gers in particular human diseases are still currently accompanied by a
number of pitfalls and challenges confronting this therapeutic strategy
[71].
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