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Firsthand cigarette smoke alters fibroblast migration and
survival: implications for impaired healing

LINA S. WONG, BSa,b; MANUELA MARTINS-GREEN, PhDa

Although it is known that high levels of cigarette smoke lead to cell death, little is known about the effects of
low-to-moderate levels of smoke components that are found in vivo, such as those experienced by cells in
tissues. Clinical studies and experimental data show that smokers heal poorly and are more prone to develop
fibrotic diseases. Here we show the effects of first-hand cigarette smoke on fibroblasts, cells that are critically
involved in these processes. Using doses of smoke found in the tissues of smokers and a variety of cell and
molecular approaches, we show that these doses of cigarette smoke do not cause cell death but rather
stimulate fibroblasts to produce stress response and survival proteins such as interleukin-8, PKB/Akt, p53, and
p21 that in turn contribute to an increase in cell survival. In addition, smoke-treated cells show a decrease in
cell migration, which can be explained by the increased cell adhesion and alterations in cytoskeletal
elements. We also show that these levels of smoke cause changes in mitochondrial morphology with a
minimum loss of function and these changes are the result of exposure to reactive oxygen species. We
conclude that the increase in cell survival may lead to a build-up of connective tissue in the area of a
wound, potentially leading to delayed healing and/or fibrosis and that the alterations in the cytoskeleton
and in cell adhesion result in inhibition of cell migration, a process that could lead to nonclosure of the wound
for lack of proper fibroblast migration to form the healing tissue. (WOUND REP REG 2004;12:471–484)

It has been clinically and experimentally shown that
cigarette smokers suffer from impaired wound heal-
ing,1–5 an important medical concern, especially for
surgeons, because patients who smoke are at increased
risk of complications and a decrease in the quality of
postoperative results.6–8 Fibroblasts are critical cells
involved in the process of repair and are exposed and
affected by smoke components circulating in the blood
stream.9 This effect is quite evident, for example, in the
skin of the face of women who have smoked for many
years. The skin loses elasticity, a process that is intim-

ately linked to abnormalities in the dermis that in
turn are linked to dermal fibroblast function.10,11 In
addition, it is well known that when surgeons need to
perform surgery on people who smoke, they require
that the person stop smoking for a period of time
before the operation.6,12 This is not only to improve
lung function, but also to avoid problems with healing.
Furthermore, open wounds, for example in diabetic
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people, have exposed connective tissue and sometimes
fascia that absorb smoke components from the
environment, affecting the development of the healing
tissue.13 This problem is compounded by the absorption
of cigarette smoke components by the dressings, much
like the absorption by drapes, wallpaper, clothing, and
upholstery of furniture.

It is now clear that the effects of cigarette smoke
are not limited to cosmetic problems but that the
cosmetic response reflects an underlying systemic pro-
blem introduced by smoking. In some cases smokers
heal poorly14 and in other cases they over-heal.15

Despite the many clinical implications pointing to the
detrimental effects of tobacco use on wound healing,
very little is known about the effects of cigarette smoke
on the function of cells that are critical for proper
healing, e.g., fibroblasts.

During wound healing, fibroblasts are critically
involved in producing cytokines involved in the inflam-
matory response, and they are key players during the
formation of the healing (granulation) tissue. Upon
injury, fibroblasts respond by first secreting a variety
of cytokines, in particular, chemokines. The latter pro-
teins attract leukocytes that during the inflammatory
phase fight off infection and initiate the healing
response. In the subsequent phase of wound healing,
fibroblasts are involved in granulation tissue formation
by proliferating, migrating, depositing, and remodeling
the extracellular matrix (ECM) through new synthesis
and remodeling of the matrix molecules. In addition,
fibroblasts differentiate into myofibroblasts, cells that
are instrumental in wound closure and contraction.16

Development of the fibroblast-rich granulation tissue
during wound healing is tightly controlled and is crit-
ical for the formation of a healthy scar. Deregulation of
this process result in many severe consequences,
including impaired healing and/or fibrotic diseases.16,17

Because fibroblasts are ‘‘orchestrators’’ of the healing
process, studying the effects of cigarette smoke on the
structure and function of these cells will provide insight
into specific mechanisms involved in impaired wound
healing in smokers, and potentially could lead to preven-
tion of postoperative wound healing complications.

There are generally two types of smoke: main-
stream smoke (‘‘first-hand’’) is the smoke inhaled by
the smoker, and sidestream smoke (a main component
of environmental tobacco smoke), is the smoke given
off from the burning end of the cigarette during inter-
vals between puffs. Both smokes are a complex mix-
ture of particulate matter, volatile acids, and gases.
‘‘First-hand’’ smoke is rich in reactive oxygen species
(ROS) and reactive nitrogen species (RNS).18 It has
been shown that an imbalance between the production
of antioxidants in cells and exposure to excessive
amounts of ROS and RNS can lead to a state of ‘‘oxida-
tive stress’’ that can lead to cell death.19 However, the

outcome is unknown when cells are exposed to levels
of cigarette smoke found in tissues of smokers, hence
the studies presented here focus on the effects of these
levels of smoke on fibroblast structure and function. In
addition, unlike the majority of smoke studies, which
mostly focus on specific components of cigarette
smoke or smoke extracts, we studied the effects of
complex mixtures of whole cigarette smoke.

We show for the first time that nonlethal levels of
mainstream-whole (MSW) smoke stimulate cellular
stress responses that contribute to cell survival rather
than cell death. In addition, these levels of smoke lead
to inhibition of fibroblast migration, a process that is
critical for proper healing. In combination, these two
effects could be responsible for many of the healing
problems encountered by smokers.

MATERIALS AND METHODS
Mainstream-whole (MSW) and sidestream-whole (SSW)
smoke solutions were prepared in serum free Medium
199 (Gibco-BRL, Grand Island, NY) using 2R1 research-
grade cigarettes (University of Kentucky, Louisville,
KY). The puffs of smoke were drawn through 199
serum-free medium using a puffer box built by the Uni-
versity of Kentucky. These puffs are equivalent to those
inhaled by an active smoker.20 The pH of each solution
was adjusted to 7.4 before adding to primary fibroblasts.

Smoke quantitation by gas chromatography
To quantify the smoke solution, we used nicotine as a
marker. To extract the nicotine, 300 ml of smoke solu-
tion was mixed with 6 ml of 1 M NaOH to raise the pH
to �10, thus deprotonating the nicotine and enabling its
partition into a nonpolar organic solvent. To this solu-
tion, 1mlofpentanecontaining4mg/mlof 2-benzylamino-
/ml of 2-benzylaminopyridine (internal standard) was
added and mixed by shaking for �1 minute to allow the
nicotine to partition into the organic phase. The organic
phase was removed and the aqueous phase extracted
again with 1ml of pure pentane (without internal stan-
dard). The two organic extracts were combined, eva-
porated to dryness under a stream of dry nitrogen gas,
and re-dissolved in 100 ml of dichloromethane. A 1 ml
aliquot of this solution was injected into a fused-silica
DB-1 column (J & W Scientific, Folsom, CA). The injec-
tion port temperature was 250 �C, the carrier gas
(helium) flow rate was 1ml/minute, and the initial col-
umn temperature was 40 �C. After 1 minute, the tem-
perature was increased at 40 �C/minute to 170 �C and
then at 2 �C/minute to 190 �C. The column was then
cleared of residuals by increasing the temperature at
40 �C/minute to 250 �C, where it was held for 15minutes.
Compounds eluting from the column were monitored
by flame ionization detection, and the signal was
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processed through an integrator. Nicotine content was
determined by calculating the ratio between the peak
area for nicotine and the 2-benzylaminopyridine internal
standard, and comparing to a standard curve prepared
with known amounts of nicotine. The correlation coeffi-
cient of the standard curve was 0.9995. The amount of
nicotine in MSW is �5.17 mg/ml/cigarette.

Cell culture
Primary cultures of chicken embryo fibroblasts (CEFs)
were prepared from 10-day-old chicken embryos as
described previously.21 On the fourth day, secondary
cultures were prepared by trypsinizing and plating the
primary cells in Medium 199 containing 0.3 percent
tryptose phosphate broth and 2 percent donor calf
serum at a density of 0.3 · 106 cells/35mm plate for 3
days to reach confluency. To study the effects of MSW
or SSW smoke on CEFs or normal human dermal fibro-
blasts, these were exposed to the smoke solutions at
37 �C, 5 percent CO2 for varying periods of time.

Flow cytometry
Fibroblasts were plated at 1.2 · 106 cells/60mm plate,
allowed to grow to confluency and treated with MSW
or SSW for 4 hours. Cells were then trypsinized (500 ml),
centrifuged at 3500 r.p.m. for 5minutes and stained
with 50 nM DiOC6 (Molecular Probes, Inc., Eugene,
OR) in warm phosphate buffered saline solution
(PBS) for 10minutes, rinsed once with warm PBS,
and resuspended in 200 ml of PBS. PBS was warmed
in a 37 �C water bath. Cells were then loaded into a
FACScanmachine (Becton Dickinson Immunocytometry
Systems, San Jose, CA). Excitation was at 488 nm and
emission detected at 530nm.

ATP assay
The CellTiter-Glo Luminescent Cell Viability Assay kit
(Promega, Inc., Madison, WI) was used following the
manufacturer’s instruction with a small modification as
briefly detailed below. Cells were plated at 3 · 104 cells/
well in a 96-well plate (Costar, Inc., Acton, MA). After
confluency, cells were treated with MSW for 18 hours,
and 30minutes before the end of the treatment the cells
were removed from the 37 �C incubator and placed at
room temperature for equilibration. The substrate was
then added, incubated for 10minutes to lyse the cells,
the reaction mixed, transferred to a white nontransparent
96-well plate (Costar, Inc.), and read in a BMG LUMIstar
Galaxy Luminometer (Durham, NC) with a 1-second
integration time, 120-second cycle time and a 75 gain.
Experiments were done in triplicates and repeated at
least three times.

Fluorescence labeling
Labeling with MitoTracker Red (Molecular Probes,
Inc.) was performed according to the manufacturer’s

protocol. Briefly, fibroblasts were treated with MSW
for 4 hours and stained with (50 nM) Mitotracker Red
(CMXROS) for 10minutes in warm media, then fixed
for 15minutes in 4 percent paraformaldehyde and
mounted with VectaShield (Vector Laboratories,
Burlingame, CA). Fluorescence pictures were taken
with a Zeiss LSM510 confocal microscope. For rhoda-
mine phalloidin labeling, cells were plated at 0.3· 106

cells per 35mm plate. After 4 hours of treatment with
MSW, cells were washed with PBS and fixed in 4 percent
paraformaldehyde for 30minutes at room temperature.
At the end of this period, cells were washed three times
with PBS and 0.1 percent Triton-X-100 was added and
allowed to incubate for 10minutes. Cells were then
washed three times with PBS and rhodamine phalloidin
(5 units/ml or 0.165 mM) was added and allowed to incu-
bate at room temperature for 20minutes. The stained
cells were then washed three times and mounted with
VectaShield and sealed with nail polish. Pictures were
taken with a MicroPhot FXA fluorescence microscope
(Nikon, Garden City, NY). For quantification of the
F-actin, the procedure was similar to that described
above except that the cells were treated with 0.2 percent
Triton-X-100 for 10minutes after fixation and 0.1 M NaOH
was added to extract the cells after rhodamine phalloidin
staining. The level of fluorescence was measured with a
fluorimeter at 550–580nm.

Immunolabeling of proteins
Vinculin and microtubules were detected as follows.
Plates of fibroblasts were treated with MSW as
described above. After 4 hours, the cells were rinsed
with PBS, fixed in 4 percent paraformaldehyde,
permeabilized with 0.1 percent Triton X-100, and incu-
bated with PBS containing 0.1 M glycine for 10minutes.
Cells were blocked for 30minutes with 10 percent goat
or sheep serum in PBS, incubated with mouse anti-
vinculin (1 : 50; Hybridoma Bank, University of Iowa,
Iowa City, IA) or mouse anti-tubulin (1 : 200; Sigma-
Aldrich, St. Louis, MO) in 1 percent bovine serum
albumin (BSA)/PBS for 1 hour at room temperature,
and washed three times with 0.1 percent BSA/PBS for
10minutes each. The cells were then incubated in goat
anti-mouse FITC or sheep anti-mouse Texas Red
(1 : 100) in 1 percent BSA/PBS for 1 hour at room
temperature, washed three times for 10minutes with
0.1 percent BSA in PBS, and mounted with Vectashield.
Confocal fluorescence microscopy was performed on a
ZEISS LSM510.

Preparation of cytoplasmic extracts and immunoblot
analysis for cytchrome C analysis
To obtain cytoplasmic extracts, cells were plated in
35mm dishes as described above. After treatment,
cells were rinsed in Tris-Glucose and 100–150 ml of
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0.05 percent Triton-X-100 was added, incubated at
room temperature for 1–2minutes before collecting
the cytosolic extract. Cell lysates were then collected
with 100 ml 150mM RIPA buffer in the presence of
protease inhibitors.

Immunoblot analysis
To detect the stress response protein interleukin-8
(IL-8), cell culture supernatants were collected in the
presence of protease inhibitors. Equal volumes of the
cell culture supernatants corresponding to equal protein
concentration in the cell extracts were loaded on
20 percent polyacrylamide-glycerol gels and electro-
phoresed at 16–32mA for about 3 hours. Transfer was
performed in a semidry transfer apparatus (Millipore),
and the chemokine IL-8 was immunolabeled using poly-
clonal antibodies as previously described (rabbit serum
was prepared by Robert Sargeant [Ramona, CA]).22

For detection of p21, PKB/Akt, and p53, cells were
treated as above, cell lysates were extracted using
150mM RIPA in the presence of protease inhibitors
and equal concentration of protein (determined by
the DC protein assay kit from Bio-Rad Laboratories,
Hercules, CA) was loaded into a 7.5 percent or 10 per-
cent Doucet gel.23,24 The gel was then transferred to a
nitrocellulose membrane using wet-transfer apparatus
(Bio-Rad) at 100 V for 1 hour. The membranes were
blocked for 1 hour in 5 percent milk in Tween-Tris
buffered saline solution (TTBS) and then incubated over-
night at 4 �C in primary antibodies to cytochrome C
(1 : 500), p21 (1 : 400; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), PKB/Akt (2 mg/ml; Upstate Biotechnol-
ogy, Lake Placid, NY); PKB/Akt-p (ser-473 1 : 1000; Cell
Signaling Technology, Inc., Beverly, MA), p53 (1 : 1000;
Oncogene Research Products, Inc., San Diego, CA),
vinculin (1 : 200), or microtubules (1 : 200) in 1 percent
milk in TTBS. The membranes were washed three
times for 10minutes each with TTBS, incubated in
anti-mouse or anti-rabbit HRP (1 : 10,000; Amersham
Pharmacia, Inc., Piscataway, NJ) in 1 percent milk for
1 hour and washed as above, and the bands were
visualized using enhanced chemiluminescent (ECL;
Amersham Pharmacia). All blots were reprobed for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
to ensure that the samples were equally loaded.

Proliferation assays using 5-bromo-deoxyuridine
5-Bromo-deoxyuridine (BrdU) incorporation assay was
performed according to manufacturer’s instructions
(Oncogene Research Products). Cells were plated in
96-well plates and allowed to be confluent. BrdU was
added along with the MSW treatment for specific time
points. The cells were fixed, denatured, and incubated
for 30minutes at room temperature. The samples were
then incubated with anti-BrdU antibody for 1 hour at

room temperature and washed three times. Goat anti-
mouse IgG HRP conjugate (Amersham Pharmacia) was
added for 30minutes followed by substrate addition
and incubation in the dark for 15minutes. At this
time, the reactions were stopped and the samples
read at a dual wavelength of 450–570 nm.

Recovery experiment using flow cytometry
Cells were plated at 0.3 · 106 cells/35mm plate in
Medium 199 as described above and cultured to reach
confluency. They were treated with MSW solution in
serum-free media for 18 hours. At the end of the treat-
ment, fresh medium was added and cells were allowed
to recover for 24 hours. At the end of this period, the
cells were photographed and treated again for 18 hours,
then typsinized, resuspended in Isoton solution (Beckman
Coulter, Inc., Fullerton, CA), and counted in a Coulter
counter (Model Z2; Beckman Coulter). Another batch of
cells was allowed to recover for another time and treated
again before the cell number was measured.

Lysate for PKB detection
For PKB/Akt detection, cells were extracted according
to manufacturer’s protocol (New England Biolabs, Inc.,
Beverly, MA). Briefly, cells were plated at 2 · 106 cells/
35mm plate and cultured in medium containing no fetal
calf serum overnight to reduce basal levels of phos-
phorylation. The following day, the medium was aspi-
rated, fresh serum free media added, and the cells were
allowed to incubate for 2 hours. Cells were treated with
MSW in the presence of fresh serum-free media for the
pertinent times. Cells were washed with 1· PBS, lysed in
1· sodium dodecyl sulfate sample buffer (100 ml/35mm
plate or 500 ml/plate of 100mm plate), immediately
scraped, and the extract transferred to a microcentrifuge
tube and kept on ice. The samples were sonicated for
10–15 seconds to shear DNA and reduce sample viscos-
ity. The samples were heated to 95–100 �C for 5minutes,
cooled on ice, microcentrifuged for 5minutes, and equal
amounts of protein loaded onto 10 percent sodium
dodecyl sulfate-polyacrylamide electrophoresis gel.

Cloning ring migration assay
Fibroblasts were plated at 0.3 · 106 cells in a cloning
ring. Cells were allowed to adhere for 3 hours. The edge
of the ring formed by the cells were marked and then
treated with MSW and allowed to migrate for 24 hours.
At the end of the treatment time, migration distance
was measured using a micrometer measuring from the
edge of the initial ring to where the cells had migrated.

Statistical analysis
All data were expressed as mean � SEM. Significance
was determined using Student’s t-test for comparison

WOUND REPAIR AND REGENERATION
474 WONG AND MARTINS-GREEN JULY–AUGUST 2004



between two means. Means were considered signifi-
cantly different when p � 0.05.

RESULTS
We have used primary CEFs and a variety of cellular
and molecular approaches to study the effects of a
complex mixture of ‘‘first-hand’’ or MSW smoke
components on these cells. We used embryonic fibro-
blasts because it has been known for many years that
these cells behave very much like wound fibroblasts.25

We quantified the smoke solution to ensure that the
same dose of smoke components was consistently
delivered to the cells and that the dilutions used to
treat the cells were within the range of toxicants
found in tissues. Nicotine was used as a marker to
measure the concentration of our smoke solution
because it is a commonly used biomarker in smoking-
related studies20,26,27 and it can be effectively measured
by gas chromatography in our smoke solutions. The
average serum level of nicotine in human smokers is
0.04 mg/ml or as high as 0.072 mg/ml in more chronic
smokers.20,28–31 It has been determined that the con-
centration of nicotine found in the organs is 15–25
times higher than that found in the blood of
smokers,32–35 hence 0.6–1 mg/ml of tissue volume.

Fibroblasts were first treated with a range of MSW
smoke solutions diluted from 1 : 2, 1 : 4, and 1 : 9 (smoke
to media), whereas controls were incubated under the
same conditions but without addition of smoke solu-
tions (Figure 1). We found that 18 hours after treatment
with a 1 : 9 dilution the cells were somewhat more
elongated than the control (Figure 1B), but treatment
with double this concentration (1 : 4 dilution) resulted
in accentuated cell elongation and separation of cells
from each other (Figure 1C). However, the cells recov-
ered well after 24 hours in fresh medium, returning to
the morphology of the control cells (Figure 1E). Solu-
tions more concentrated than 1 : 4 resulted in consider-
able cell death (Figure 1D). Because we were
interested in determining the effects of nonlethal
doses of smoke on cell function, we used concentra-
tions of smoke solution that affected the cells but did
not cause cell death (i.e., 1 : 4 and lower). The 1 : 9 and
1 : 4 dilutions correspond to nicotine concentrations of
�0.5 and 1.03 mg/ml, respectively. Therefore, the MSW
smoke solutions we used are well within the range of
that found in human tissues.

To confirm that the cells treated with 1 : 4 dilutions
of MSW were healthy and not undergoing apoptosis,
we analyzed the cells by fluorescence-activated cell
sorting. The majority of the cells in the untreated and
MSW-treated groups showed high forward scattering
properties, suggesting a smooth cell surface which is
indicative of healthy cells (Figure 2A and B). In
contrast, many cells treated with staurosporine

Control

a

1:2 MSW

d

1:4 MSW

c

1:9 MSW

b

Recovery after treatment

e

FIGURE 1. Phase-contrast microscopy of primary fibroblasts treated
withMSW smoke solutions. Cells were treatedwith different doses of
MSW in serum-free medium for 18hours. Control cells were treated
identically except that no smoke solution was added to the
medium. (A) Untreated cells. (B) Cells treated with 1 :9 MSW :
medium (�0.5 mg/ml of nicotine) began to show an elongated
morphology. (C)Cells treatedwith 1 :4MSW :medium (�1.03 mg/ml
of nicotine) show a more pronounced effect on cell elongation
and noticeable cell separation. (D) Cells treated with 1 : 2 MSW :
medium (�2.06 mg/ml of nicotine) became much more
elongated but at the same time there was significant cell
death. Pictures are representative of at least three experiments
performed with different batches of primary cells. (E) Cells
recovered after treatment with smoke solution (1 : 4). The
morphology of the cells is healthy after being recovered for
24 hours in fresh medium.
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(positive control), a molecule known to induce cell
death, showed lower forward scattering properties,
suggesting more cell surface irregularities and smaller
particles reflecting cell breakdown (Figure 2C). Stauro-
sporine caused an average of 40.8 percent cell death
out of 10,000 events, whereas in the same number of
events, untreated and MSW-treated cells exhibited only
9.5 percent and 9.7 percent cell death, respectively.

In addition, we stained cells with acridine/
ethidium bromide to ascertain the state of the nucleus
and the plasma membrane; neither showed blebbing, a
feature that develops during apoptosis (Figure 2D).
This was further confirmed by DNA laddering, another
assay used to determine whether cells are dying; MSW
did not induce breakdown of the chromatin (data not
shown).

Effects of MSW on mitochondrial structure and
function
Although doses of smoke components found in tissues
of smokers do not appear to cause cell death, this type
of smoke is rich in ROS and excess ROS can interfere
with mitochondrial function, which is critical for
normal cell physiology. Therefore, we examined the
effects of MSW on the structure and function of the
mitochondria. We visualized integrity of the structural
mitochondria by staining treated and control cells with
the fluorescent dye, Mitotracker Red, a cationic dye
that enters the mitochondria and remains inside if the
membrane potential is intact. Control cells showed
long sausage-like mitochondria in an intertwined pat-
tern that extended throughout the cytosol, and the dye
was retained inside the mitochondria (Figure 3A). In
the cells treated with MSW the mitochondria changed
morphology and became more vesicle-like but they still
retained the dye inside, suggesting that the membrane
potential remains intact (Figure 3B). These effects
were specific for MSW; the mitochondria in cells treated
with SSW smoke (which is poor in ROS) were very
similar to those of the control cells (data not shown).
To confirm that the membrane potential of the mito-
chondria was not significantly affected, we performed
flow cytometry analysis using DIOC6, a cell-permeable
fluorescent dye that is frequently used for these assays.
The DIOC6 dye will remain inside healthy mitochondria
and is highly fluorescent if the membrane potential is
undisturbed. However, in cells with altered mitochon-
drial membrane potential, the dye will diffuse out, lead-
ing to a decrease in intensity of fluorescence. We
observed that in MSW-treated cells, the intensity of
the dye was as strong as in control cells or SSW-treated
cells, suggesting that the MSW effects on mitochondria
do not disturb the membrane potential (Figure 3C).
Staurosporine was used as a positive control because
it has been shown that this molecule disrupts the
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FIGURE 2. Fluorescence-activated cell sorter analysis of cells
treatedwithMSW smoke. (A–C) Cells were treated with 1 : 4 MSW
or with staurosporine. MSW-treated or untreated cells showed
significantly fewer side scattering properties than staurosporine-
treated cells (positive control), indicating that the smoke is not
causing cell death and that the overall structure of the cell is
normal. Each graph represents 10,000 events. (D) Cells stained
with ethidium bromide and acridine orange after treatement
with MSW showed normal cell morphology; no membrane
blebbing was detected. Pictures are representative of at least
three experiments performed with different batches of primary
cells. SSC ¼ side-scatter; FSC ¼ forward-scatter.
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FIGURE 3. MSW does not significantly affect mitochondrial function. (A and B) Fibroblasts treated with 1 : 4 MSW smoke solution were
stained with Mitotracker Red, which specifically stains normal functioning mitochondria, and analyzed by confocal microscopy.
Control cells showed a long interconnected network of mitochondria extending throughout the cytoplasm (A); MSW- treated cells
showed globular staining, indicating fragmentation of the mitochondrial network (B). (C) Fluorescence-activated cell sorter analysis
using DIOC6 to test for intact membrane potential. Overlay of a representative histogram from each sample group indicates a shift
of fluorescent intensity to the left in staurosporine-treated cells (positive control). This was not observed in the untreated samples or in
the MSW-treated samples. Therefore, cigarette smoke appears not to adversely affect the mitochondrial potential. Each curve
represents 10,000 events. (D) Cells were treated for 18hours and analyzed for ATP production using the CellTiter-Glo Luminescent cell
viability assay kit. MSW showed a small but significant decrease in ATP production. Bar represents standard error of the means of
three samples per condition. (E and F) Untreated and treated cells were extracted with 0.05 percent Triton-X-100 for 1minute to
collect the cytosolic cytochrome C (CytC) and then the noncytosolic fraction extracted with RIPA to collect the membrane-bound
cytochrome C; relative loading was detected by probing the gels for GAPDH. Graphs represent quantification of the cytochrome C
normalized to GAPDH for comparison. Micrographs are representative of at least two experiments performed with different batches
of primary cells.

WOUND REPAIR AND REGENERATION
VOL. 12, NO. 4 WONG AND MARTINS-GREEN 477



mitochondrial membrane potential; this is shown by
the left shift in the curve (Figure 3C).

To further confirm mitochondrial functionality, we
determined the levels of ATP production in untreated
cells and in cells that were treated with MSW smoke for
18 hours. We found that a 1 : 4 dilution of MSW solution
resulted in a small, albeit significant, decrease in ATP
production (Figure 3D) when compared to the control,
again confirming that that the mitochondria are not
greatly affected. To further ascertain that mitochon-
drial function is not significantly affected, we examined
the levels of cytochrome C in the mitochondrial mem-
brane. After smoke treatment, cells were exposed to a
low concentration of Triton-X-100 for a short period of
time to collect the cytosolic contents to analyze for
cytochrome C released from the mitochondrial mem-
brane. The cell insoluble fraction was then further
extracted to analyze for membrane-bound cytochrome
C. The results show that there was a very small amount
of cyochrome C present in the cytosol of treated and
untreated cells, and a higher amount in the membrane
fraction, as expected (Figure 3E and F). The level of
cytochrome C in the cytosol was essentially the same
in treated and untreated cells (Figure 3E), showing that
MSW does not cause cytochrome C release from the
mitochondrial membrane. Taken together these results
show that although the mitochondria change morpho-
logy upon treatment with MSW, their function is not
significantly affected by exposure to nonlethal levels of
MSW smoke.

To test whether the ROS in MSW may be involved
in the effects we observe on mitochondrial morphology
when cells are treated with MSW, we treated the smoke
solution with superoxide dismutase (SOD) and catalase
(CAT) before applying them to the cells. SOD interacts
with the oxygen radicals in the smoke to produce
hydrogen peroxide that in turn is converted to water
and oxygen by CAT. Cells treated with smoke solution
containing SOD plus CAT and then stained with
Mitotracker Red showed that in the presence of these
ROS scavengers the effect of MSW smoke on mito-
chondrial fragmentation was essentially reversed
(Figure 4).

We conclude that levels of MSW cigarette smoke
found in the tissues in vivo do not induce the cells to
undergo cell death and that the ROS in this type of
smoke do not strongly inhibit ATP production. There-
fore, we investigated potential effects that these doses
might have on functions of ‘‘wound-like’’ fibroblasts
that can affect wound healing.

Effect of MSW on fibroblast migration
Because we observed a change in cell shape with MSW
treatment, we examined whether alterations occur in
major cytoskeletal elements such as microtubules and
microfilaments. Immunoblot analysis for tubulin

showed that MSW stimulates the cells to produce
more tubulin (Figure 5A; for loading control see Figure
6A). Immunolabeling showed that the microtubules
were more disorganized in the smoke-treated than in
control cells (Figures 5B and C). In particular, the
centrosome (from which the microtubules emanate)
appears less well defined than in cells treated only
with vehicle. For the microfilaments, using rhodamine
phalloidin we measured more F-actin in the MSW-
treated cells (Figure 5D) and observed that the stress
fibers appeared thicker (not shown).

It is known that stress fibers associate with focal
adhesion molecules to anchor cells to the substratum.
To examine whether MSW-treated cells have more
adhesion plaques, we measured the level of the focal
adhesion plaque molecule vinculin in the cells and
immunolabeled for the same molecule. Vinculin was
markedly elevated in response to MSW treatment
(Figure 6A) and treated cells showed many more
focal adhesion plaques than control cells (Figure 6B
and C).

Based on these results we postulated that MSW-
treated fibroblasts would have impaired migration. To
test this possibility, we used the cloning ring migration
assay by plating the fibroblasts inside the cloning ring,
allowing fibroblasts to adhere for 3 hours, removing the
ring, and marking the edge of the ring formed by the
cells. The cells were then immediately treated for 24
hours and migration was measured from the initial
edge of the ring to where the cells migrated at

Control MSW MSW+SOD+CAT

BA C

FIGURE 4. Effects of ROS on mitochondrial morphology in cells
treated with MSW. Cells were stained with Mitotracker Red; one
cell is shown for each condition. (A) Control cells; mitochondria
are elongated and spread throughout the cell. (B) Cells treated
with MSW; mitochondria became vesicular and more
concentrated around the nucleus. (C) Cells exposed to MSW
after the smoke was treated with ROS scavengers, SOD (1000
units) and CAT (500 units). These scavengers were added to the
smoke solution for 10minutes before subsequent treatment of the
cells. The treatmentof the smokewith the twoenzymeseliminated
theability ofMSW tocause change inmitochondrial morphology.
Figures are representative of three experiments or more.
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FIGURE 5. Effect of MSW on microtubules and microfilaments.
(A) Immunoblot analysis showed an increase in tubulin after
smoke treatment. (B) Microtubules in control cells showed
typical bright centrosomal staining (arrowheads) with
microtubules radiating outward throughout the cytosol. (C)
MSW-treated cells showed a much less ordered extension of
the microtubules and the centrosomes (arrowheads) were
much less organized than in the control. (D) Rhodamine
phalloidin was used to stain microfilaments (F-actin) and
fluorescence intensity was measured at 550–580nm using a
fluorimeter. MSW-treated cells contained more F-actin than the
control cells. Bar represents standard error of the means of
three samples per condition.
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migration. (A) Immunoblot analysis for vinculin showed that
MSW stimulates a marked increase in the level of this protein.
(B and C) Immunolabeling for vinculin showed that treated
fibroblasts also have many more focal adhesion plaques
(arrowheads). (D) Cells were plated inside a cloning ring and
allowed to adhere for 3 hours. Upon removal of the cloning
ring, the boundary of the cell region was marked. The cells
were then treated with MSW and permitted to migrate for
24hours. The distance migrated by the cells was measured
from the initial ring edge to the leading edge of the migrating
cells. MSW strongly inhibited fibroblast migration, correlating
well with the increased level of focal adhesion plaques. Figures
are representative of at least three experiments performed with
different batches of primary cells. Bars represent standard errors
of the means of at least three samples per condition.
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24 hours. We found that MSW significantly decreased
the ability of the cells to migrate (Figure 6D).

Effects of MSW on fibroblast survival
In addition to the effects described above, we also
observed that the cells treated with our doses of MSW
smoke appear to survive better than the control in long-
term cultures. To ascertain whether cell proliferation
was affected by MSW smoke, cells were treated as
above and either counted or exposed to BrdU at the
beginning of the experiment. Cell counts showed that
smoke treatment does not affect cell number (Figure 7A),
whereas BrdU incorporation showed that MSW inhibited
cell division (Figure 7B). Due to the profound decrease in
BrdU incorporation during the period of 18hours, we
have performed longer treatments (24hours) in more

sensitive cells, such as human dermal fibroblasts, and
shown that these cells are not lethally damaged; the
level of ATP after treatment remained high (Figure 7C).
Furthermore, we performed a recovery experiment
where we challenged the cells for several consecutive
treatments with two recoveries in between the treat-
ments to detect whether the cells were damaged. After
the final treatment, the MSW-treated cell number was
similar to the control, indicating that the cells did not
undergo cell death (Figure 7D). This apparently conflict-
ing result led us to hypothesize that nonlethal concentra-
tions of MSW stimulate fibroblasts to survive better.

To test this possibility, we treated cells with MSW
for 18 hours and then replaced the treatment with
complete media for 24 hours, which is sufficient to
allow these cells to undergo one round of cell division.
These cells were then subjected to another 18 hours of

a

0

100

200

300

400

500

600

Control 1:4 MSW

N = 6
b

0.0

0.5

1.0

1.5

Control

1:4 MSW

6 hours 18 hours

N = 6

*** ***

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Control 1:4 MSW

**
 N = 3 ATP

c

0

20

40

60

80

100

120

140

160

Control 1:4 MSW

d
N = 6

T
ot

al
 C

el
l N

um
be

r 
(×

10
4 )

B
rd

U
 In

co
rp

or
at

io
n

A
T

P
 L

ev
el

s 
(×

10
5 )

T
ot

al
 C

el
l N

um
be

r 
(×

10
4 )

FIGURE 7. Effects of MSW treatment on fibroblast division. (A) Cells were treated with MSW smoke solution for 24 hours and the total
cell number was counted. There was no significant difference between controls and treated cells. (B) Fibroblasts were plated in
96-well plates, allowed to grow to confluency, MSW and BrdU were added to the cultures, and the cells allowed to incorporate BrdU
for the indicated time points. At both 6 and 18hours, MSW-treated cells showed a large decrease in BrdU incorporation when
compared to the control. (C) Normal human dermal fibroblasts treated for 24 hours show that the cells are not lethally damaged.
(D) Cells treated for 18hours, three times with two recovery periods (24hours) in between each treatment. The MSW-treated cell
number is similar to the control, indicating that the cells did not undergo cell death.
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treatment to determine whether the cells are able to
survive better upon smoke treatment (Figure 8A). We
found that after treatment, the number of cells in the
cultures exposed to MSW was significantly higher
(p < 0.01) than the number of cells in the controls
after treatment with medium only (C) and prior to treat-
ment (PT). These results suggest that cells not only
survived well after treatment with doses of smoke
similar to those found in the tissues of smokers in
vivo, but survived more efficiently than the control
cells. Based on these results we raised the possibility
that MSW-treated cells turn on stress response proteins
that then allow them to survive well the stressful envir-
onment. Therefore, we examined the expression and/or
activation of proteins that are known to be involved in
cell survival such as IL-8, an early stress response
protein, protein kinase B (PKB/Akt, a cell survival pro-
tein), p53 and p21 (cell cycle regulatory and survival
proteins).

MSW stimulated an increase in the levels of IL-8 in
a dose-dependent manner (Figure 8B) and induced
phosphorylation/activation of PKB/Akt in a time-dependent
manner shortly after smoke exposure (Figure 8C).
The level of p53, a protein critical for cell survival,
was also elevated upon MSW treatment (Figure 8D).
Because it is known that p53 can stimulate expression
of p21, a protein that increases cell survival involving
PKB/Akt,36 we investigated whether MSW also
increases p21 and found that it did (Figure 8E).
These results support the idea that when fibroblasts
are treated with nonlethal levels of MSW smoke, they
respond better to the stresses imposed by the
toxicants present in the smoke, and hence are able
to survive better. We currently are determining the
mechanisms by which these proteins lead to cell
survival as a result of exposure to MSW smoke.

DISCUSSION
Despite the common belief that smoking ‘‘moderately’’
is not very damaging, we show here that doses of
cigarette smoke that do not kill cells can have poten-
tially serious effects on health. Moderate doses of MSW
minimally affect ATP production by primary fibro-
blasts, but they stimulate production/activation of
stress response proteins that are known to be survival
factors. As a consequence, when cells treated with
these smoke levels are allowed to recover, they do
not divide faster but they survive better than cells not
exposed to smoke. We show that the minimal effects
on ATP production are probably due to morphological
rather than functional changes in the mitochondria and
that ROS in the smoke play an important role in this
effect. We also show that these levels of cigarette
smoke cause alterations in the cytoskeleton and in
cell adhesion molecules resulting in inhibition of cell
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FIGURE 8. Effects of MSW treatment on fibroblast survival. (A)
Confluent fibroblasts were treated for 18hours, allowed to
recover for 24hours to give the opportunity for the cells to
divide, and finally treated again for another 18hours to look at
the ability for cell recovery. The total cell numbers were
counted. The number of cells after MSW treatment was
significantly higher than in the control group. PT ¼ cell number
before treatment began (Pretreatment). (B–E) Primary fibroblasts
were treated with MSW as indicated. MSW stimulated an
increase in the immediate early stress-response protein, IL-8 (B),
and phosphorylated PKB/Akt (C). MSW-treated cells also
showed an increased level of p53 (D) and p21 (E). GAPDH was
used to indicate the levels of protein loading. Because the
supernatant does not contain GAPDH, we verify equal loading
of IL-8 gels by using coomassie staining of identical samples.
Each figure is a representative of at least two experiments.
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migration, a process critical for proper wound healing.
These data suggest that fibroblasts exposed to
nonlethal levels of ‘‘first-hand’’ smoke are invigorated
by survival factors, increasing their life span and lead-
ing to a net accumulation of these cells. This effect
may lead to a buildup of connective tissue, potentially
resulting in over-healing or fibrosis of organs. In the
case of open wounds, exposure to smoke could result
in nonclosure of the wound for lack of proper fibro-
blast migration into the healing tissue.

Cells respond to insults by stimulating the express-
ion/production of stress response proteins. Whereas
this is a defense mechanism for cell survival, constant
stimulation may lead not only to short-term survival
responses but also to a more sustained stimulation of
these proteins. Therefore, increased production/acti-
vation of these proteins has implications for diseases
such as cancer and fibrosis. In particular, MSW stimu-
lates an increase in the levels of p53 and p21. These
two proteins have been implicated in cell survival by
initiating processes that allow the cells to repair their
DNA.36–38 In general, p53, when activated, binds to the
promoter region of p21 and induces p21 expression,
leading to DNA repair during cell cycle arrest.

Our results show that ROS are involved in the
observed effect of MSW on mitochondrial morphology.
The mechanism of the specific effect on the mitochon-
dria by MSW is unclear at this point. It is known that
dynamin-related GTPase Dnm1p, Net2P, Mdv1p, Fis1p,
and Fzo139–42 are involved in mitochondrial fission/
fusion in yeast. In mammalian cells, however, these
mitochondrial processes are less well understood. The
most well studied mammalian homolog implicated in
mitochondrial fission is the dynamin-like protein 1 and
it has been shown to be involved in causing aberrant
mitochondrial morphology (i.e., punctuated mitochon-
dria) under environmental stress.43–45 Thus, we specu-
late that this protein could be involved in causing the
vesicular morphology we observed in our studies. We
are currently investigating this possibility.

Our observations that MSW disrupts microtubule
patterns in fibroblasts may have important implications
for impaired wound healing. In MSW-treated fibro-
blasts, the microtubules are not as well organized as
in control cells. Microtubules are major cytoskeletal
elements that help carry signaling molecules and organ-
elles to different parts of the cell so they can perform
their tasks efficiently. Therefore, the effects of MSW on
microtubule organization may also have implications
for the effects we observe on the mitochondria. Mito-
chondria are not randomly distributed in cells but are
organized along microtubules, hence changes in the
structure of the microtubule may very well affect the
distribution and shape of these organelles.46 Disruption
of the microtubules could contribute to mitochondrial
fragmentation and accumulation in the perinuclear

region.46 Given that the slightly reduced levels of ATP
are not due to a loss of the mitochondrial membrane
potential, it is possible that this decrease in ATP pro-
duction is a result of the mitochondrial morphological
changes we observed. This is consistent with findings
showing that the aqueous phase of cigarette smoke
caused mitochondrial swelling but did not disrupt the
inner mitochondrial membrane.47 The disruption of the
microtubule organizing center or centrosome may also
have implications for cell motility (see below). For
example, CDC42, a GTPase that is involved in cell
migration is also involved in orientation of the micro-
tubule organizing center. Similarly, the Rho GTPase
bridges communication between microtubules and
microfilaments, cytoskeletal elements that are involved
in cell motility.

We also demonstrated an increase in focal plaques
and their adhesion molecules, such as vinculin and
F-actin that most likely contribute to the decrease in
cell migration we observe. These results further sug-
gest a potential mechanism by which smokers have
impaired wound healing; an increase in focal adhesions
and microfilaments would potentially lead to a loss of
fibroblast migration into the wound site. A major char-
acteristic of wound fibroblasts during wound repair is
migration into the wound site to secrete growth factors
and cytokines and to deposit and remodel the ECM. If
these processes are disrupted, the wound will heal
poorly, potentially resulting in open sores. In smokers,
this is a very common problem such that they are often
advised by surgeons to stop smoking for a period of
time before undergoing surgery.7,8,48,49 In conclusion,
we have shown that nonlethal levels of firsthand
smoke, in spite of being rich in ROS, do not signifi-
cantly affect mitochondrial function nor do they stimu-
late cell death. However, these levels of smoke
stimulate proteins that increase cell survival and inhibit
cell migration. These findings suggest that nonlethal
levels of smoke may cause significant damage to the
healing process. Indeed, an increase in fibroblast survival
may lead to fibrosis whereas a decrease in fibroblast
migration may lead to abnormal wound closure, both of
which are found to occur in smokers. Furthermore, in
situations in which DNA mutations occur and cells
become malignant, an increase in cell survival would
greatly enhance the ability of tumors to survive.
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