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Epithelial to mesenchymal transition (EMT) occurs
normally in development. In pathology, EMT drives
cancer and fibrosis. Medication with phenytoin, nifed-
ipine, and cyclosporine-A often causes gingival over-
growth. Based partly on the histopathology of gingival
overgrowth, the present study investigates the hypoth-
esis that EMT could contribute to its development. We
found that phenytoin-induced human gingival over-
growth tissues, the most fibrotic drug-induced variety,
contain diminished epithelial E-cadherin expression,
whereas fibroblast-specific protein-1 (FSP-1) and �v�6
integrin levels are up-regulated. In connective tissue
stroma, fibronectin and alternatively spliced fibronec-
tin extra type III domain A (FN-ED-A) levels are in-
creased in overgrowth lesions. Transforming growth
factor (TGF)-�1 treatment of primary human gingival
epithelial cells cultured in transwell plates resulted in
inhibited barrier function as determined by reduced
electrical resistance, paracellular permeability assays,
and cell surface E-cadherin expression. Moreover,
TGF-�1 altered the expression of other markers of EMT
determined at the mRNA and protein levels: E-cadherin
decreased, whereas SLUG, fibronectin, matrix metallo-
proteinase (MMP)2, MMP9, and MMP13 increased. Ni-
fedipine- and cyclosporine A–induced gingival over-
growth tissues similarly contain diminished E-cadherin
and elevated levels of FSP-1 and fibronectin, but normal
levels of �v�6 integrin. In summary, data in vitro sup-
port that human gingival epithelial cells undergo func-
tional and gene expression changes consistent with
EMT in response to TGF-�1, and in vivo studies show
that important EMT markers occur in clinical gingival
overgrowth tissues. These findings support the hy-
pothesis that EMT likely occurs in drug-induced
gingival overgrowth. (Am J Pathol 2010, 177:208–218;

DOI: 10.2353/ajpath.2010.090952)

Increased accumulation of fibroblasts, collagen, and other
extracellular matrix components characterize fibrosis.1

Drug-induced gingival overgrowth and fibrosis occurs as a
side effect of systemic medications, including the antisei-
zure drug phenytoin, the immunosuppressant cyclosporin
A, and calcium channel blockers including nifedipine. The
clinical appearance of these gingival overgrowth lesions is
similar, but they contain differing degrees of inflammation
and fibrosis.2 Histological characteristics of drug-induced
gingival overgrowth include hyperplasia in the junctional
epithelium and hypertrophy in keratinized epithelium.2 Pa-
tients who suffer from gingival overgrowth do not have fi-
brosis elsewhere, indicating that this condition is tissue
specific, some features of which are due to unique signal
transduction pathways in gingival fibroblasts.3,4 It is inter-
esting that a classic feature of gingival overgrowth is that
epithelial rete pegs extend deep into the connective tissue
compared with normal tissues, and all forms of gingival
overgrowth lesions contain fibrotic or expanded connective
tissues with characteristic levels of inflammation.5 More-
over, we have observed elevated expressions of CCN2/
CTGF in both epithelial and connective tissue cells in phe-
nytoin-induced gingival overgrowth tissues.6 CCN2/CTGF
is considered to be a marker of fibroblastic mesenchymal
cells and is increased in cells undergoing epithelial to mes-
enchymal transition (EMT) in development, and in fibro-
sis.7–9 The observation of elevated CCN2/CTGF levels in the
epithelium of phenytoin gingival overgrowth lesions com-
bined with the histopathology of all gingival overgrowth
lesions has led us to test the hypothesis that EMT can
contribute to human gingival overgrowth and fibrosis.

EMT is a process in which epithelial cell–cell and cell–
extracellular matrix interactions are weakened as epithelial
cells trans-differentiate into fibrogenic fibroblast-like cells.10

Normally nonmotile epithelial cells acquire migratory char-
acteristics.11 Although a normal process in development,
EMT underlies pathological processes in mature tissues
including progression of tumors of epithelial origin,10 and
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heart, lung, liver, and kidney fibrosis.1,12 Molecular matrix
remodeling programs are initiated in epithelial cells that
enable these now motile and transitioning cells to invade
through basement membranes and migrate into connective
tissue stroma where they contribute to new extracellular
matrix production.13

A consistent feature of EMT is reduction in epithelial
E-cadherin expression14 that is accompanied by loss of cell
to cell contacts and compromised barrier integrity and func-
tion.15 E-cadherin is a calcium-binding transmembrane pro-
tein that helps to maintain the integrity of epithelial cell
contacts critical for epithelial tissue barrier function.16,17

Loss of E-cadherin expression occurs in malignancies and
is associated with poor prognosis in cancer.18 Increased
expression of fibroblast markers including fibronectin, and
an alternatively spliced form of fibronectin (ED-A isoform),19

and fibroblast-specific protein-1 (FSP-1) occur in EMT.
FSP-1 in particular has been considered to be a highly
specific marker for fibroblasts.20,21

Transforming growth factor (TGF)-�1 is a potent inducer
of EMT in epithelial cells from a variety of tissues, and
treated cells show common phenotypic changes including
down-regulation of E-cadherin, disassembly of cell junc-
tions,22 and increased synthesis of matrix metalloprotein-
ases including MMP-9 and MMP-2.13 The consequent deg-
radation of type IV collagen and the basement membrane13

permits migration and abnormal interactions between the
connective tissue stroma and epithelium.23,24

Integrins mediate cell-to-cell and cell-to-extracellular ma-
trix interactions and can promote EMT. Integrin �v�6 ex-
pression is normally limited to a few epithelial tissues in
adults25,26 but is expressed during development and at
elevated levels in inflamed tissues and in wound healing.27

It is a marker for EMT in colon carcinoma models,28 and a
major function of �v�6 integrin is to activate latent TGF-�1,
a key inducer of EMT.13,29 TGF-�1 in turn can induce the
expression of alternatively spliced fibronectin extra type III
domain A (FN-ED-A) and other extracellular matrix pro-
teins.19 Under mechanical stress, FN-ED-A and TGF-�1
induce an extracellular matrix synthetic phenotype.30

In this study, we investigated the hypothesis that EMT
contributes to gingival overgrowth by assessing for loss
of epithelial cell markers and gain of fibroblastic markers
in the epithelium and the gain of markers of fibrosis in the
connective tissue stroma in human tissue samples in vivo.
Moreover, we investigated the ability of TGF-�1, a factor
that drives gingival overgrowth,2,6,31 to stimulate EMT in
primary gingival epithelial cells in vitro. Taken together,
these data support our hypothesis that EMT contributes
to the pathology of gingival overgrowth.

Materials and Methods

Reagents

Dulbecco’s phosphate buffer solution (PBS), penicillin/
streptomycin (10,000 IU/ml), keratinocyte serum-free me-
dium, bovine pituitary extract were purchased from Gibco
(Carlsbad, CA); soybean trypsin inhibitor, Amphotericin B,
insulin, transferrin, �-mercaptoethanol, 2-ethanolamine, so-

dium selenite, and type IV collagen from human placenta
were purchased from Sigma (St. Louis, MO). Mouse mono-
clonal anti–E-cadherin IgG (sc-8426); goat polyclonal anti-
fibronectin IgG (sc-6953); goat anti-mouse IgG horseradish
peroxidase (HRP); donkey anti-goat IgG HRP; goat anti-
rabbit IgG HRP were purchased from Santa Cruz (Santa
Cruz, CA). Mouse monoclonal fibronectin ED-A IgG
(OBT0082) was purchased from AbD Serotech (Ra-
leigh, NC) and mouse monoclonal anti-�v�6 antibody
(MAB2074Z) was from Millipore (Billerica, MA). Mouse
monoclonal anti-actin IgM was obtained from EMD-
Calbiochem (Gibbstown, NJ). ECL Western blotting detec-
tion reagents were from Amersham Biosciences (Piscat-
away, NJ), and Restore Western blot stripping buffer was
purchased from Pierce (Rockford, IL). RNeasy Mini Kit for
RNA isolation was from Qiagen (Valencia, CA), real-time
PCR TaqMan probes were purchased from Applied Biosys-
tems (Foster City, CA): E-cadherin (Hs00170423_ml); fi-
bronectin (Hs00365052_ml); SLUG (Hs00161004_m1);
MMP-9 (Hs00234579_m1); MMP-2 (Hs01548727_m1);
MMP-13 (Hs00233992_m1); �-catenin (Hs00158408_m1); hu-
man GAPDH (4352666-0405001). For immunofluorescence
microscopy, E-cadherin anti-mouse antibody (BD Bio-
sciences 61081, Franklin Lakes, NJ), Alexa Fluor 488 goat
anti-mouse IgG (A11001, Molecular Probes Inc., Eugene,
OR), DAPI (D3571 Invitrogen, Carlsbad, CA) 1% Triton
X-100 (Invitrogen HFH-10, Carlsbad, CA), and Vectorshield
mounting medium (Vector Laboratories H-1000, Burlin-
game, CA) were used. Fluorescein isothiocyanate-dextran
was purchased from Sigma (FD70).

Gingival Tissues

Gingival tissue samples were obtained from subjects un-
dergoing periodontal surgery in the Department of Peri-
odontology and Oral Biology and the Clinical Research
Center of Boston University at the Goldman School of Den-
tal Medicine and the Franciscan Children’s Hospital and
Rehabilitation Center. Samples from 33 donors were in-
cluded in this study: phenytoin-induced gingival over-
growth, n � 7; cyclosporine-A–induced, n � 8; nifedipine-
induced, n � 7; and control tissues from systemically
healthy donors without gingival overgrowth, n � 11. Written
consent from all donors was obtained with the approval of
the Institutional Review Board of Boston University Medical
Center. All participants in this study were 20 years of age or
older. Age, gender, and clinical inflammation (gingival in-
dex and bleeding on probing) were recorded for each
individual immediately before surgical procedures. Gingi-
vectomy and other periodontal surgical procedures were
performed after initial periodontal treatment, including pro-
fessional elimination of supra and subgingival plaque and
maintenance of proper oral hygiene. On excision, tissues
were fixed in 4% paraformaldehyde in PBS at 4°C for 4
hours and then incubated in 30% sucrose overnight. Tis-
sues were then stored in 2-methylbutane at �80 degrees C.
At least twenty, 5-�m serial sections were made on a cry-
ostat and stored at �80°C.
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Immunohistochemistry

Immunoperoxidase-based immunohistochemistry of hu-
man gingival tissue samples was performed using a tem-
perature controlled staining system to standardize the stain-
ing conditions as described previously using Elite Vecta
Stain kits (Vector Laboratories) for visualizations.2 Working
concentrations for primary antibodies were 8 �g/ml for E-
cadherin and FSP-1, 30 �g/ml for �v�6, 15 �g/ml for FN-
EDA, and 10 �g/ml for fibronectin. Serial sections were stained
with nonimmune IgG and served as negative controls.

Evaluation

The orientation of each sample and identification of tissue
sites were determined at �100 and �200 magnification,
respectively. Four sites with corresponding areas of 0.09
mm2 were defined and used for quantitative analysis of
immunohistochemical staining in all tissue samples.
Quantitation was done by computer-assisted image anal-
ysis (Image-Pro Plus 4.0, Media Cybernetics, Bethesda,
MD). The tissue sites are shown schematically in Figure
1A: SE, sulcular epithelium; OE, oral epithelium; SSCT,
subsulcular connective tissue; SOCT, suboral connective
tissue. Histological layers of gingival epithelia were also
evaluated in three different parts: Stratum basale; mid-
epithelium (Stratum granulosum and Stratum spinosum);
Stratum corneum shown in Figure 1B. Analysis of immu-

nostaining for intracellular E-cadherin, FSP-1, fibronectin,
FN-ED-A, and �v�6 was done by counting the total num-
ber of positively stained cells in a given area and normal-
izing to the total number of cells, and results expressed
as the percent positive stained cells. Corresponding non-
immune stained slides from serial sections were used as
controls to determine background staining that was low
or negligible. Results were expressed as mean � SE for
each evaluated site. Analysis of variance with Bonferroni
correction for multiple tests was used for determining
statistical significance.

Primary Gingival Epithelial Cell Culture

Gingival tissues were collected as previously described.6

The tissue samples were collected in Dulbecco’s PBS sup-
plemented with 10% penicillin/streptomycin. They were
rinsed in 70% ethanol for 1 to 2 seconds and then washed
again 3� in PBS with penicillin/streptomycin. Excess con-
nective tissue and free epithelial layers were trimmed and
the tissue samples were cut into �2 mm cubes, placed in a
60-mm petri dish with 0.5� trypsin-EDTA (1�, 500 BAEE
units porcine trypsin and 180 �g EDTA) overnight at 4°C,
with the connective tissue portions submerged in the EDTA,
and not the epithelial layer. The epithelial layer was then
stripped from the tissues in a dish containing soybean tryp-
sin inhibitor (Sigma) and PBS. Epithelial cells and tissue
debris were collected after washing the plate with PBS and
centrifuged for 10 minutes at 120g at room temperature.
The pellet was suspended in keratinocyte serum-free me-
dium containing bovine pituitary extract (50 �g/ml), penicil-
lin/streptomycin (10,000 IU/ml), amphotericin B (50 �/ml),
insulin (10 �g/ml), transferrin (5 �g/ml), 2-ethanolamine (10
�mol/L), and sodium selenite (10 nmol/L) and plated in two
100-mm culture dishes precoated with type IV collagen
from human placenta and maintained at 37°C, 5% CO2. The
medium was changed every alternate day, and cells in the
logarithmic growth phase were passaged at a ratio of 1:3,
stored in liquid nitrogen after second passage, and were
used in either the third or the fourth passage. At about 80%
confluence, cells were cultured in the presence or absence
of 5 ng/ml TGF-�1.

Immunofluorescence Microscopy

Epithelial cells (7 � 104 per well) were seeded in 24-well
plates containing Transwell Clear membranes (0.4 �m pore
size; Corning Costar, Lowell, MA) that were precoated with
type IV collagen and grown for five days. Cells were then
treated with 5 ng/ml TGF-�1 or vehicle and fixed and
stained after an additional five days of culture. Membranes
were fixed with 4% paraformaldehyde for 15 minutes at
room temperature. Membranes were washed with PBS, and
then cells were made permeable with 0.2% Triton X for 20
minutes. Cells were next incubated for 20 minutes with 1%
BSA/PBS followed by 60 minutes incubation with E-cad-
herin primary antibody (5 �g/ml) or normal nonimmune IgG
(5 �g/ml) as a control. Samples were washed for 5 minutes
with PBS, incubated for 60 minutes with Alexa Fluor 488
goat anti-mouse IgG (A11001, Molecular Probes Inc.) di-
luted 1:200 in 1% BSA/PBS, washed for 5 minutes with PBS.

Figure 1. Sites in human gingival tissues evaluated for immunohistochem-
istry staining. A: SE, sulcular epithelium; OE, oral epithelium; SSCT, subsul-
cular connective tissue; SOCT, suboral connective tissue; Scale bar � 0.14
mm, at �25 magnification. B: Regions of epithelium; Scale bar � 50 �m, at
magnification �200 magnification.
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DAPI (1 �g/ml) was then applied to samples for 10 minutes
to stain nuclei. Processed membranes were mounted with
Vectorshield mounting medium and visualized by fluores-
cence microscopy for green and blue fluorescence for E-
cadherin, and nuclei, respectively. The same fields were
photographed for both green and blue fluorescence under
UV light with a Zeiss Axiovert 200 microscope and fluores-
cein isothiocyanate (FITC) and DAPI filters, respectively.

Measurement of Transepithelial Resistance

Epithelial cells (7 � 104 per well) were seeded in 24-well
plates containing Transwell Clear membranes (0.4 �m
pore size, Corning Costar) that were precoated with type
IV collagen. Cells were cultured using 200-�l volumes of
media in the apical compartments and 500 �l in the basal
compartments. Media were changed every 2 days.
Transepithelial electrical resistance (TEER) was mea-
sured at intervals under specified experimental condi-
tions using a Millipore Minicell ERS meter.32 TEER
(�.cm2) was calculated by multiplying the measurements
of resistance by the area of the transwell membranes.
Background resistance caused by the membrane alone
was subtracted from the experimental values.

Permeability Measurements

Primary human gingival epithelial cells were cultured in
transwell plates on membranes as described above, with a
standard schedule of refeeding. After reaching stable resis-
tance, cells were treated with 5 ng/ml TGF-�1 or vehicle
control and continuously cultured in the presence or ab-
sence of TGF-�1 with media changes every second day.
Based on electrical resistance data, permeability measure-
ments were performed after five days of treatment. FITC-
labeled dextran was used to study the paracellular flux as
described.32 Labeled dextran (50 �g) was added to the
apical compartment and equilibrated at 37°C for 30 min-
utes. The apical transwell chambers were then transferred
to a new 24-well plate containing 0.7 ml media in each well
and incubated for an additional 1 hour. FITC fluorescence of
basal medium samples was then measured in a Multiwell
plate reader (Berthold Tristar LB 941) equipped with a 485
nm excitation filter and a 535 nm emission filter.

Western Blotting and qPCR

Primary human gingival epithelial cells from three indepen-
dent subjects without gingival overgrowth were respectively
cultured and treated as described in each experiment, and
cultures were analyzed for protein expression changes by
Western blotting and for mRNA changes by qPCR. For
Western blots, cell layers were extracted into sample buffer
(0.5 M Tris pH 6.8, glycerol 10% SDS, 5% �-mercaptoetha-
nol), boiled for 5 minutes, and stored at �20°C. Protein
concentrations were determined using the Nano-Orange
Protein Quantitation Kit (Molecular Probes, Invitrogen).
Samples containing equal amounts of protein were sub-
jected to SDS-PAGE and then transferred to PVDF mem-
branes.33 Membranes were blocked with 5% milk-TBST for

2 hours at room temperature. Membranes were then incu-
bated, respectively, with different primary antibodies in 5%
milk-TBST overnight at 4°C. The membranes were then
washed with TBS-T; incubated with appropriate secondary
antibodies conjugated to HRP at a dilution of either 1:5000
or 1:2000 in 5% milk-TBS-T for 1 hour at room temperature;
and visualized with ECL Western Blotting Detection Re-
agents (Amersham Biosciences). After stripping with Re-
store Western blot stripping buffer for 30 minute at room
temperature, membranes were processed with mouse
monoclonal anti–�-actin as a loading control. The films were
analyzed by densitometry with a VersaDoc Imaging Sys-
tem; Model 3000 (BioRad) using Quantity One software.
Experiments were performed with cells from three indepen-
dent subjects without gingival overgrowth for Western blot
experiments to control for the possibility of nonrepresenta-
tive findings obtained from a particular subject’s cells. Anal-
ysis of variance with Bonferroni correction for multiple tests
was used to determine significance.

RNA was isolated using the RNeasy Mini Kit (Qiagen).
The concentration of RNA for each sample was mea-
sured using NanoDrop, ND-1000 Spectrophotometer and
ND-1000 V3.1.2 software. The quality of RNA was deter-
mined by 1% agarose gel electrophoresis and ethidium
bromide staining to assess for the presence of intact 18S
and 28S rRNA. One-microgram samples of intact RNA
were subjected to reverse transcription in 30-�l reactions
(Applied Biosystems). Conditions for reverse transcrip-
tion were 25°C for 10 minutes, 37°C for 60 minutes, and
95°C for 5 minutes, using Gene Amp PCR System 9700
(Applied Biosystems). cDNA was stored at �20°C. Four
microliters of each reverse transcription reaction was
used for 50-�l real-time PCR reactions using a standard
96-well format and TaqMan probes. Real-time PCR reac-
tions were run on an Applied Biosystems GeneAmp
Prism 7700 System, and data were analyzed using the
2���ct method.34 Results were calculated in comparison
with corresponding control samples run at the same time,
each normalized to human GAPDH mRNA levels deter-
mined on the same plate. Analysis of variance with Bon-
ferroni correction for multiple tests was used for deter-
mining statistical significance of fold changes.

Results

E-Cadherin and FSP-1 Expression in Gingival
Epithelium

Human phenytoin-induced gingival overgrowth tissues are
fibrotic2 and were first analyzed due to the more likely
occurrence of EMT in fibrotic tissue. E-cadherin and FSP-1
levels were measured by immunohistochemistry and quan-
titative histomorphometry as described in Materials and
Methods. E-cadherin expression was found to be limited to
the gingival epithelium, as expected (Figure 2A). E-cad-
herin levels are reduced in all areas of epithelia in pheny-
toin-induced gingival overgrowth specimens compared
with nonovergrowth control tissues (Figure 2B). Expression
in phenytoin overgrowth samples exhibit clearly lower levels
in Stratum basale and Stratum corneum of oral epithelium
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compared with controls. In parallel to the decreased E-
cadherin expression in gingival epithelia, elevated FSP-1
levels occur in phenytoin-induced overgrowth in all layers of
both oral and sulcular gingival epithelia compared with
nonovergrowth sections (Figure 2, A and C). Moreover,
overgrowth tissues contain a higher proportion of FSP-1–
positive fibroblasts in the subsulcular connective tissue
compared with control samples, whereas little FSP-1 stain-
ing was seen in oral epithelial samples.

Fibronectin and Fibronectin ED-A Expression in
Gingival Overgrowth Tissues

Fibronectin expression in gingival tissues from control and
phenytoin-induced overgrowth groups was found associ-
ated with connective tissue fibroblasts and not in the epi-
thelium (Figure 3A). Phenytoin-induced overgrowth tissues
contain higher levels of fibronectin in connective tissue fi-
broblasts in both subsulcular and suboral regions underly-
ing the epithelium (Figure 3B). The alternatively spliced form
of fibronectin (FN-ED-A), often elevated in fibrotic tissues,35

is present at significantly higher levels in phenytoin samples
(Figure 3, A and C), consistent with fibrotic enlargements in
gingiva. Extracellular staining for both fibronectin and FN-

ED-A is clearly also visible in overgrowth sections, and was
increased in parallel with cellular staining in all sections
(Figure 3).

�v�6 Expression in Gingival Epithelium

Integrin �v�6 expression is associated with EMT.28 As an
activator of TGF-�, �v�6 is of mechanistic interest be-
cause TGF-�1 and one of its effectors, CCN2/CTGF, have
been implicated in the development of phenytoin-in-
duced gingival overgrowth.2,3,6 Integrin �v�6 was de-
tected only in gingival epithelia, and no expression oc-
curs in the connective tissue stroma (Figure 4A).
Interestingly, the levels of expression of �v�6 in normal
tissues are minimal while expression was found to be
significantly higher in overgrowth tissues at oral epithelial
locations (Figure 4B).

TGF-�1 Disrupts the Barrier Integrity of Cultured
Human Primary Gingival Epithelial Cells

Loss of epithelial cell junctions and loss of barrier function
of epithelial cell layers are functionally important charac-

Figure 2. E-cadherin and FSP-1 expression in phenytoin-induced gingival
overgrowth and no overgrowth control tissues. A: Representative sections from
oral epithelium (e) and suboral connective tissue (ct) of immunohistochemistry
staining of phenytoin induced gingival overgrowth (PHE) and no overgrowth
control (CON) tissues; Scale bar � 35 �m, at �400 magnification. B: Histomor-
phometric and quantitative analyses of E-cadherin immunostaining in phenytoin
induced gingival overgrowth (PHE) in different areas of gingival epithelium (0.09
mm2) compared with no overgrowth control tissues (CON). C: Histomorpho-
metric and quantitative analyses of FSP-1 immunostaining in phenytoin induced
gingival overgrowth tissues (PHE) in different areas of gingival epithelium
compared with no overgrowth control (CON) tissues; n � 11 in control, n � 7
in phenytoin. Data are means � SE; *P � 0.05 compared with control by analysis
of variance with Bonferroni correction for multiple tests.

Figure 3. Fibronectin and fibronectin FN-ED-A expression in phenytoin-
induced gingival overgrowth and no overgrowth control tissues. A: Repre-
sentative immunohistochemistry-stained sections from suboral connective
tissue (ct) of phenytoin-induced gingival overgrowth (PHE) and control
(CON) tissues. Scale bar � 35 �m at �400 magnification. B: Histomorpho-
metric and quantitative analyses of fibronectin immunostaining in phenytoin-
induced gingival overgrowth (PHE) in subsulcular and suboral connective
tissues compared with no overgrowth control (CON) tissues. C: Histomor-
phometric and quantitative analyses of FN-ED-A immunostaining in phenyt-
oin (PHE)-induced gingival overgrowth in subsulcular and suboral connec-
tive tissues compared with control (CON) tissues. For fibronectin analyses:
n � 9 in no overgrowth control; n � 5 for phenytoin overgrowth. For
FN-ED-A analyses: n � 6 for no overgrowth control; n � 5, phenytoin. Data
are means � SE; *P � 0.05 compared with control by analysis of variance
with Bonferroni correction for multiple tests.
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teristics of EMT. To determine whether TGF-�1 could
perturb intercellular adhesion and the barrier function of
cultured human gingival epithelial cells, electrical resis-
tance of cells cultured on Transwell membranes was first
measured as a function of treatment with 5 ng/ml TGF-�1.
Cells reached stable resistance on day 5, and TGF-�1 or
vehicle treatment was then initiated. After two days of
treatment (day 7), vehicle-treated cultures exhibit in-
creasing resistance (Figure 5A). By contrast, electrical
resistance failed to increase, and actually decreased
(P � 0.05), in TGF-�1–treated cells, indicating loss of
epithelial integrity. The epithelial resistance in TGF-�1–
treated cultures continued to decrease during the 5-day
treatment period (through experimental day 10) at which
time the epithelial resistance was lowest (Figure 5A).

TGF-�1 Increases Paracellular Permeability of
Cultured Primary Human Gingival Epithelial Cells

To confirm that the TGF-�1–related decrease in TEER
was functionally significant, we evaluated the paracellular
flux of FITC-labeled dextran (mol wt 77,000) of primary
human gingival epithelial cells cultured on Clear Trans-
well membranes, and then treated with vehicle or
TGF-�1 as above. Data show that TGF-�1 treatment re-
sults in a two-fold increase in paracellular permeability on
treatment day 5, thereby confirming the loss of barrier func-

tionality of human gingival epithelial cells by TGF-�1
(Figure 5B).

TGF-�1 Induces Loss of Cell Surface
E-Cadherin in Primary Cultured Human
Gingival Epithelial Cells

To further investigate characteristics of EMT in primary
human gingival epithelial cells treated with TGF-�1, we
evaluated TGF-�1– and vehicle-treated cells again
grown on Clear Transwell filters as above, for cell
surface E-cadherin expression by immunofluores-
cence assays. Primary human gingival epithelial vehicle-
treated cells exhibit cell surface E-cadherin expression and
close contact between cells, typical of epithelial cells (Fig-
ure 6). By contrast, E-cadherin expression was lower and
not associated with the cell surface of TGF-�1–treated cells.
DAPI staining confirmed that cell density was comparable
in vehicle and TGF-�1–treated cultures (Figure 6).

TGF-�1 Inhibits E-Cadherin and Increases
Fibronectin Expression in Cultured Primary
Gingival Epithelial Cells

We next determined whether TGF-�1 can induce molecular
expression changes characteristic of EMT in primary hu-

Figure 4. �v�6 Integrin expression in phenytoin-induced gingival over-
growth and no overgrowth control tissues. A: Representative immunohisto-
chemistry sections from oral epithelium (OE) of phenytoin (PHE)-induced
gingival overgrowth and control (CON) tissues. Scale bar � 35 �m at �400
magnification. B: Histomorphometric and quantitative analyses of �v�6 in-
tegrin immunostaining in phenytoin-induced gingival overgrowth (PHE) in
sulcular and oral epithelium compared with no overgrowth control (CON)
tissues (0.09 mm2). Data are means � SE; n � 5 for both control and
phenytoin groups; *P � 0.05 compared with control by analysis of variance
with Bonferroni correction for multiple tests.

Figure 5. TGF-�1 disrupts cell layer integrity and paracellular permeability in
primary cultured human gingival epithelial cells. A: Cells were cultured on
Transwell membranes. TEER was monitored for 10 days. After reaching stable
resistance on day five, TGF-�1 (5 ng/ml) or vehicle treatment was begun
(arrow). TEER was recorded every day for five days after the start of treatment.
Values are means � SE of triplicate determinations; *P � 0.001 compared with
vehicle treatment; †P � 0.001 compared with day three and day five; ‡P � 0.001
compared with vehicle treatment day six through day ten; §P � 0.05 compared
with TGF-�1 treatment day six and day seven by analysis of variance with
Bonferroni correction for multiple tests. B: Cells cultured on Transwell mem-
branes were treated with TGF-�1 (5 ng/ml) or vehicle for five days. On day five,
FITC-labeled dextran was added to the cells for one hour as described in
Materials and Methods. Values are means � SE of triplicate determinations; *P �
0.001 compared with vehicle treatment by analysis of variance.
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man gingival epithelial cells in vitro. This is necessary, as
gingival overgrowth is a tissue-specific phenomenon.5 Un-
expected TGF-�1 signaling relationships in human gingival
fibroblasts have been shown, and these contribute to tissue
specific CCN2/CTGF expression and tissue specificity of
gingival overgrowth.3,4 No such studies have been per-
formed with primary human gingival epithelial cells to our
knowledge. Thus, primary human epithelial cells were cul-
tured and treated with or without 5 ng/ml TGF-�1, and cell
lysates were assayed at intervals for changes in protein and
mRNA levels of specific EMT markers. E-cadherin levels
were seen to increase in vehicle-treated control samples,
whereas TGF-�1 inhibits E-cadherin levels (Figure 7A). E-
cadherin mRNA levels are similarly inhibited by TGF-�1
treatment (Figure 7B), whereas profound increases of fi-
bronectin expression occur at both at the protein (Figure
7C) and mRNA levels (Figure 7D).

TGF-�1 Upregulates the Expression of SLUG

SLUG is a transcriptional repressor of E-cadherin, and its
up-regulation occurs in EMT. Total RNA and cell lysates
isolated from TGF-�1–treated primary gingival epithelial
cells were subjected to qPCR analysis and Western blot-
ting. SLUG mRNA and protein levels are significantly up-
regulated by TGF-�1 in primary human gingival epithelial
cells (Figure 8, A and B).

TGF-�1 Upregulates the Expression of Matrix
Metalloproteinases in Gingival Epithelial Cells

MMPs are expressed in epithelia undergoing EMT and con-
tribute to remodeling of the extracellular matrix thereby pro-
moting cell migration.36 We investigated whether MMP ex-
pressions could be increased by TGF-�1 in primary human
gingival epithelial cell cultures. TGF-�1–treated gingival ep-
ithelial cells showed significant and substantial up-regula-

tion at mRNA levels of MMP-2 and MMP-13 (Figure 9, A and
B). MMP-9 was similarly up-regulated by TGF-�1 both at
mRNA (Figure 9C) and protein (Figure 9D) levels.

E-Cadherin, FSP-1, and Fibronectin ED-A
Expression in Cyclosporin-A and Nifedipine-Induced
Gingival Overgrowth Tissues

The histopathology of nifedipine- and cyclosporine A–in-
duced gingival overgrowth is characterized by rete pegs
extending deep into the connective tissue stroma and could
suggest that EMT may also occur in these less fibrotic forms
of gingival overgrowth.6 E-cadherin, FSP-1, and FN ED-A
expressions were, therefore, evaluated (Figures 10 and 11,
A–C). Cyclosporin A– and nifedipine-induced gingival over-
growth tissues show significant reduction of E-cadherin lev-

Figure 6. TGF-�1 inhibits cell surface E-cadherin expression in primary
cultured human gingival epithelial cells. Gingival epithelial cells from a
healthy donor were cultured until 80% confluent followed by treatment with
TGF-�1 (5 ng/ml) or vehicle for five days. Cells were stained for E-cadherin
and FITC-labeled secondary antibody for immunofluorescence on day five
(right) and with DAPI to stain nuclei (left). The same fields are shown for
each chromophore. Data show representative images from multiple stainings
of cells at �400 magnification; Scale bar � 0.02 mm.

Figure 7. TGF-�1 regulation of E-cadherin and fibronectin protein (A and C)
and mRNA (B and D) expression in primary cultured human gingival epithelial
cells. E-cadherin (A) and fibronectin (C) Western blots of cell layer extracts of
primary human gingival epithelial cells. Cells were cultured and treated with
TGF-�1 or no treatment control for five days. �-actin antibody was for normal-
ization as described in Materials and Methods. Blots are representative results
obtained from cells from three different subjects with consistent results. Quan-
titative data were obtained by pooling data obtained from three different subjects
(n � 3). Fibronectin protein was not detected in control cultures. Real-time PCR
analyses of E-cadherin and fibronectin expression of primary human gingival
epithelial cells for E-cadherin (B) and fibronectin (D). Cells were cultured and
treated with or without TGF-�1 for five days. Total cellular RNA was extracted on
each day, and real-time qPCR was conducted using GAPDH as control. Data are
represented as fold changes compared with untreated cells on day one. Data are
means � SE from triplicate real-time PCR assays each of cells isolated from three
different subjects (n � 3; *P � 0.05; **P � 0.001, Student t test, compared with
no treatment control cultures).
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els in the gingival epithelium compared with nonovergrowth
control tissues (Figures 10 and 11). Elevated FSP-1 levels
occur in oral and sulcular gingival epithelia compared with
nonovergrowth sections (Figures 10 and 11). Cyclosporine
A– and nifedipine-induced gingival overgrowth tissues have
elevated levels of cell associated and extracellular FN ED-A
in gingival connective tissues (Figures 10 and 11). It is
interesting to note that �v�6 integrin is not consistently
up-regulated in nifedipine or cyclosporine A–induced gin-
gival overgrowth (data not shown). Taken together, data
show that EMT appears to be a common feature of gingival
overgrowth and that major features of EMT are not restricted
to the most fibrotic form (i.e., phenytoin-) of drug-induced
gingival overgrowth.

Discussion

EMT is now a well-defined concept in embryonic devel-
opment, cancer progression, and epithelial stress/injury.
During EMT, epithelial cells lose their polarity and cell–
cell and cell–matrix adhesion and are remodeled and
rearranged as they acquire characteristics of mesenchy-
mal cells.13 EMT is characterized by the loss of proteins
associated with the epithelial phenotype and by in-
creased expression of proteins associated with a mes-
enchymal and migratory cell phenotype. In the present
study, we report that in gingival overgrowth the epithe-
lium expresses decreased levels of E-cadherin, whereas
FSP-1 levels increase. The most prominent change in
E-cadherin expression is seen in basal layers of the ep-
ithelium, adjacent to the basement membrane suggest-
ing that transitions to the mesenchymal phenotype occur
in epithelial cells at or near the basement membrane. In
addition to changes at the basal layer, gingival epithelial
expression of FSP-1 in overgrowth samples suggests that

Figure 8. TGF-�1 regulation of SLUG mRNA (A) and protein (B) expression
in primary cultured human gingival epithelial cells. Cells were cultured and
treated with or without TGF-�1 for five days. A: Total cellular RNA was
extracted on each day and real-time qPCR was conducted using GAPDH as
control. Data are represented as fold change compared with untreated
control cultures. Data are from triplicate real-time PCR assays of all samples.
**P � 0.001 compared with day 0; *P � 0.001 compared with no treatment
control. B: Western blots of cell layer extracts for SLUG of primary human
gingival epithelial cells. �-actin antibody was used to verify equal loading of
gels. The Western blot shown is representative of three experiments with
consistent results. Quantitative data are from experiments performed in
triplicate each with cells from three different subjects. Data shown are
means � SE; *P � 0.05 compared with no treatment controls; #P � 0.05
compared with day 0 by analysis of variance with Bonferroni correction for
multiple tests.

Figure 9. TGF-�1 regulation of MMP-2, MMP-13, and MMP-9 mRNA (A–C)
and MMP-9 protein (D) expression in primary cultured human gingival
epithelial cells. Real-time PCR analyses of (A) MMP-2, (B) MMP-13, and (C)
MMP-9 expression of primary human gingival epithelial cells. Cells were
cultured and treated with or without TGF-�1 for 5 days. Total RNA was
extracted on each day for real-time qPCR. Data are fold changes compared
with untreated cells normalized to GAPDH levels and are from triplicate
real-time qPCR assays of samples derived from three subjects, all with similar
outcomes. D: MMP-9 Western blots of cell layer extracts of primary human
gingival epithelial cells. Cells were cultured and treated as described in the
Materials and Methods section with TGF-�1 or no treatment control for five
days. �-actin antibody was used to verify equal loading of gels. The blot is
from one representative experiment done with cells derived from three
different subjects (n � 3); quantitative data are pooled (n � 3); and data are
means � SE; **P � 0.001 compared with control day 0; *P � 0.001 compared
with no treatment control by analysis of variance with Bonferroni correction
for multiple tests.
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the entire epithelium may be participating in the EMT
process even if some epithelial cells persist in expressing
E-cadherin. It will be interesting to develop an in vivo
model of gingival overgrowth to establish temporal rela-
tionships for changes of expression of EMT markers as
overgrowth develops to gain insights into possible func-
tional relationships.

In addition to in vivo findings from specimens collected
from patients, we have shown that TGF-�1 is a strong
inducer of EMT in primary cultured gingival epithelial
cells. Data demonstrate that TGF-�1 can cause a change
of phenotype in human primary gingival epithelial cells
primary culture, in the context of expression patterns
seen in gingival overgrowth. TGF-�1 has functional ef-
fects on these cells. TGF-�1–treated human primary gin-
gival epithelial cells lose their cellular integrity. This was
shown as decreases in TEER and increases in paracel-
lular flux. These functional observations support both the
protein and the gene level experiments in which primary
human gingival epithelia cells were treated with TGF-�1.
We have focused on effects of TGF-� because it is a
potent inducer of EMT, and also because of the highly
elevated levels of CCN2/CTGF seen in phenytoin-in-
duced gingival overgrowth.2,6 CCN2/CTGF is a well
known downstream target of TGF-� signaling. Additional
growth factors can stimulate EMT, however, including
PDGF.37,38

In colon cancer models, �v�6 integrin is expressed in
tumor cells undergoing EMT. Integrin �v�6 enables cells
to interact with interstitial matrix and to sustain the acti-
vation of TGF-�1.28 In the present study, �v�6 was found
to be highly expressed in the epithelia of phenytoin-
induced but not cyclosporin A– or nifedipine-induced
gingival overgrowth specimens. In light of the higher
expression of CCN2/CTGF in phenytoin-induced gingival
overgrowth, these results suggest that �v�6 integrin may
function to maintain a level of activation of TGF-� in this
form of gingival overgrowth. By contrast, we speculate that

EMT in nifedipine- and cyclosporine A–induced gingival
overgrowth may be driven by elevated levels of growth
factors other than TGF-� (such as PDGF) that have been
reported to be elevated in gingival overgrowth.39

TGF-�1 increases SLUG levels in EMT directly through
SMAD-3 signaling.13 SLUG (also known as SNAIL2) is a
zinc finger transcription factor in the Snail superfamily.40

SLUG regulates disruption of desmosomes at the onset of
cytokine-induced EMT and inhibits the desmoplakin and
desmoglein expression to facilitate progression of EMT.41

Most important, SLUG represses E-cadherin gene expres-
sion,42 resulting in diminished adherens tight junctions and
desmosomal junction components and disrupting intercel-
lular adhesion between cells.13,42 TGF-�1–induced SLUG
expression may be of significant functional importance in
driving EMT in gingival epithelial cells, based on the high
response of cultured primary gingival epithelial cell SLUG
expression to TGF-�1 treatment reported here. Efforts to
visualize SMAD and SLUG expression by immunohisto-
chemistry in human clinical samples were, however, not
successful. We suggest that SMAD and SLUG expression

Figure 10. E-cadherin, FSP-1, and Fibronectin ED-A expression in cyclo-
sporine A–, nifedipine-induced gingival overgrowth, and control tissues.
Representative sections from oral epithelium (e) and suboral connective
tissue (ct) for the immunohistochemical staining of E-cadherin, FSP-1, and
FN-ED-A expression in nifedipine (NIF), cyclosporin A (CSA), and control
(CON) tissues. Each bar represents 35 �m at a magnification of �400.

Figure 11. Histomorphometric and quantitative analyses in nifedipine and
cyclosporine A human gingival overgrowth tissues. A: E-cadherin immuno-
staining in nifedipine- (NIF) and cyclosporin A– (CSA) induced gingival
overgrowth compared with control (CON) in different areas of gingival
epithelium (0.09 mm2); n � 7 for nifedipine and cyclosporin A; n � 11 for
control. B: Histomorphometric and quantitative analyses of FSP-1 immuno-
staining in nifedipine- (NIF) and cyclosporin A– (CSA) induced gingival
overgrowth tissues compared with control (CON) in different areas of gin-
gival epithelium n � 6 for cyclosporin A; n � 5 for nifedipine; and n � 11
for control. C: Histomorphometric and quantitative analyses of FN-ED-A
immunostaining in nifedipine- (NIF) and cyclosporin A– (CSA) induced
gingival overgrowth compared with control (CON) in subsulcular and subo-
ral connective tissues; n � 5 for cyclosporin A; n � 5 for nifedipine; and n �
6 for control. Data are means � SE. Each bar represents 25 �m at a
magnification of �400. *P � 0.05 compared with control by analysis of
variance with Bonferroni correction for multiple tests.
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may be early events in lesion development in vivo. Clinical
human tissue samples obtained in the present study were
taken at therapeutic gingivectomy surgery, and were all
advanced chronic lesions, at which time TGF-� signaling is
unlikely to be at its maximum, as previously discussed.2,5

An animal model will be required to directly determine
whether a predicted time-dependent and transient peak of
TGF-� expression and signaling occurs in the development
of gingival overgrowth.

Remodeling of the basement membrane is an essential
aspect of EMT and permits cell invasion into underlying
connective tissue. TGF-�1 activates some matrix metal-
loproteinases to digest the basal lamina specifically col-
lagen type IV.23,24 MMP-2, MMP-9, and MMP-13 were
evaluated as TGF-�1 targets in primary gingival epithelial
cells and were found to be potently induced. MMP-13 has
a unique role in connective tissue homeostasis in gingival
tissue.43 It has a highly restricted tissue distribution44 and
is expressed in fetal skin not in adult skin but is also
expressed in adult gingiva.43 These data suggest that
MMP-13 and the highly induced MMP-2 and MMP-9 en-
zymes could participate in gingival tissue remodeling
and development of gingival fibrosis. Studies in animal
models of drug-induced gingival overgrowth have been
initiated to directly establish temporal and mechanistic
relationships in the development of gingival overgrowth.

Taken together, results from data presented here sug-
gest that EMT is a biological process that contributes to
drug induced gingival overgrowth. Our working model for
phenytoin-induced gingival overgrowth is that an abnormal
cytokine profile develops as a result of phenytoin-induced
alterations of innate and acquired immune responses lead-
ing to cytokine-induced expression of epithelial cell �v�6
integrin, which may be partially responsible for sustaining a
sufficient level of activation of TGF-�. TGF-�1 is elevated in
human gingival overgrowth tissues,45 and it is realized that
TGF-�1 activation can occur independent of �v�6 and that
peak levels of active TGF-� may occur in a time-dependent
manner. TGF-� then induces a variety of effects in epithelial
cells including increased SLUG, decreased E-cadherin, in-
creased paracellular permeability, and elevated levels of
MMPs including MMP-2, MMP-9, and MMP-13 resulting in
degradation of the basement membrane. Epithelial cells
gain the ability to migrate in the absence of normal cell to
cell junctions and a damaged basement membrane. The
compromised basement membrane then permits abnormal
communication between the epithelium and the underlying
stroma, resulting in TGF-�1 stimulation of levels of fibronec-
tin, FN-ED-A, and CCN2/CTGF and lysyl oxidase enzyme
activity31 that contribute to connective tissue fibrosis. For
nifedipine- and cyclosporine A–induced gingival over-
growth, we speculate that TGF-�–driven pathways are
somewhat less prominent, as seen by less robust expres-
sion of �v�6, and that growth factors other than TGF-�1
may be more important in driving down levels of epithelial
markers and stimulating mesenchymal markers that we re-
port here in Figures 10 and 11. We anticipate that greater
insights into these relationships will be obtained in the study
of animal models of gingival overgrowth that will permit
analysis of gingival overgrowth lesions as they develop in
vivo. As summarized in an earlier review,5 previous studies

have investigated direct effects of cyclosporine A, nifedi-
pine, and phenytoin on extracellular matrix production by
primary human gingival fibroblasts with few consistent out-
comes, while it is understood that cytokine and growth
factor imbalances are common in human gingival over-
growth tissues. These findings have led to the current un-
derstanding that the pathology of gingival overgrowth is
likely to be driven primarily by indirect effects of these drugs
that in some way modulate innate and acquired immune
responses and cytokine imbalances. These imbalances
combined with tissue specific responses of gingival cells3,4

are suggested to drive EMT and result in the observed
tissue abnormalities.
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