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Abstract Fibroblasts are central in wound healing by

expressing important mediators and producing and

remodelling extracellular matrix (ECM) components. This

study aimed at elucidating possible mechanisms of action

of the ECM protein amelogenin on normal human dermal

fibroblasts (NHDF). Amelogenin at 100 and 1000 lg/ml

increased binding of NHDF via several integrins, including

avb3, avb5 and a5b1. Further, both surface interaction and

cellular uptake of amelogenin by NHDF was observed

using scanning and transmission electron microscopy.

Gene microarray studies showed [8-fold up or down-reg-

ulation of genes, of which most are involved in cellular

growth, migration and differentiation. The effect of ame-

logenin was exemplified by increased proliferation over

7 days. In conclusion, the beneficial effects of amelogenin

on wound healing are possibly conducted by stimulating

fibroblast signalling, proliferation and migration via inte-

grin interactions. It is hypothesized that amelogenin stim-

ulates wound healing by providing connective tissue cells

with a temporary extracellular matrix.

1 Introduction

Tissue repair involves the coordinate actions of different

cells, cytokines, growth factors and extracellular matrix

(ECM). Fibroblasts are central in wound healing by

secreting and remodelling ECM components and by pro-

viding paracrine stimulation of cellular processes in e.g.

inflammation, epithelialization and angiogenesis [1–3].

Amelogenin is the principal component of enamel

matrix proteins [4]. The 20 kDa ECM protein has an amino

acid sequence thought to inhibit formation of ordinary

secondary structures, instead enabling the proteins to self-

assemble into nanospheres which under physiological

conditions aggregate into micrometer sized structures [5,

6]. As a resorbable biomaterial for induction of tissue

regeneration, amelogenin enhances regrowth of tooth

supporting tissues in conjunction with surgical treatment

[7–11] and is beneficial in the treatment of chronic venous

leg ulcers of long duration [12, 13], although the mecha-

nism is not yet elucidated. Preclinically, amelogenin con-

verted near-senescent fibroblasts into an acute-like

phenotype [14], stimulated angiogenesis [15, 16], and

accelerated granulation tissue formation and wound closure

in a rabbit model [17]. Further, the promotion of adhesion,

migration and proliferation of periodontal ligament (PDL),

gingival and dermal fibroblasts as well as their synthesis of

ECM molecules, cytokine expression and up-regulation of
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second messengers as cAMP and alkaline phosphatase has

been demonstrated in vitro [14, 17–26].

The mechanisms of action of amelogenin remain to be

delineated. Amelogenin has been reported to be taken up

by osteoblasts by clathrin-coated pits [25] and the

involvement of integrin dependent adhesion between

amelogenin and both PDL and gingival fibroblasts has

been reported [22, 27, 28]. However, the interactions

between dermal fibroblasts and amelogenin have yet to be

investigated.

In the present study the effect of amelogenin on cell

surface integrin expression, gene expression (microarray

analysis) and cell proliferation in normal human dermal

fibroblasts was analyzed. Furthermore, ultrastructural

studies on cellular attachment to and uptake of amelogenin

aggregates were carried out.

2 Materials and methods

2.1 Amelogenin

Amelogenin was extracted and purified from the enamel

matrix of developing porcine teeth [19]. Lyophilized

amelogenin was produced by Biora-Straumann (Malmö,

Sweden) and dissolved in 17 mM acetic acid to provide a

10 mg/ml stock solution.

2.2 Cell culture conditions

Normal human dermal fibroblasts (NHDF; Karocell Tissue

Engineering AB, Stockholm, Sweden) were cultured at

37�C in humidified 5% CO2/air in Dulbecco’s Modified

Eagle’s Medium (Invitrogen, Paisley, UK) containing 10%

heat-inactivated EU-approved foetal bovine serum (Invit-

rogen), 100 units/ml penicillin, 100 lg/ml streptomycin

and 2.5 lg/ml Fungizone�. Culture medium was changed

thrice weekly. At 90–95% confluence, cells were washed

with PBS (Invitrogen), detached using 0.25% trypsin in

1 mM EDTA (Invitrogen) and split at a ratio of 1:3. NHDF

between passages 5 and 11 were used for the studies.

2.3 Integrin assay

The cell surface subunit (a1, a2, a3, a4, a5, av, b1, b2, b3,

b4, b6) or heterodimer (avb3, avb5 and a5b1) integrins

were quantified using an integrin-mediated cell adhesion

array (Millipore, Billerica, MA, USA). Briefly, NHDF

were trypsinized and seeded at 20000 cells/cm2 in T-75

culture flasks with medium alone or supplemented with

amelogenin (100 or 1000 lg/ml). Fibronectin derived from

human plasma (F2006, Sigma–Aldrich, St. Louis, MO,

USA) at 20 lg/ml served as a positive adhesion protein

control with concentration based on required amount for

monolayer coverage [29, 30]. The cells were incubated for

24 h and harvested non-enzymatically with 5 mM EDTA/

PBS. The cells were re-suspended to a final concentration

of 106 cells/ml and aliquoted (100 ll/well) to 96-well

plates and allowed to adhere for 2 h at 37�C. Thereafter,

unbound cells were washed off and the remaining adherent

cells stained with crystal violet for 5 min at room tem-

perature. The stain was then extracted for 5 min at room

temperature and the optical density of extracts measured at

540 nm on a SpectraMax� microplate reader (Molecular

Devices, Crawley, UK). The optical density of controls for

unspecific adhesion was subtracted from all values.

2.4 Electron microscopy studies

The NHDF cells were seeded at 20000 cells/cm2 on

ThermanoxTM coverslips (Nunc A/S, Roskilde, Denmark)

in 24-well plates and cultured for 24 h at 37�C with 5%

CO2 and 95% humidity. The supernatants were discarded,

including non-adherent cells and fresh medium alone

(control) or medium containing amelogenin (100 and

1000 lg/ml) was added. After 24 h incubation, the wells

were washed with PBS and cells were fixated in 2%

paraformaldehyde, 2.5% glutaraldehyde in 0.05 M sodium

cacodylate buffer (pH 7.2) for 2 h at room temperature.

2.4.1 SEM preparation

The cells were washed with 0.15 M sodium cacodylate

buffer (pH 7.2) and post-fixated with 1% osmium tetroxide

in 0.1 M sodium cacodylate buffer (pH 7.2) for 2 h at 4�C.

Contrast enhancement was performed with 1% thiocarbo-

hydrazide for 10 min at room temperature followed by

incubation in 1% osmium tetroxide for 1 h at 4�C

according to a modified version of the OTOTO post-fixa-

tion method [31]. Dehydration was performed with a series

of ethanol solutions ranging from 70–99.5% and critical

point-drying by hexamethyldisilizane evaporation. The

specimens were mounted on stubs and sputtered with pal-

ladium. The samples were analyzed using SEM (LEO 982

Gemini; Zeiss, Oberkochen, Germany) operated at 3 kV.

2.4.2 TEM preparation

The cells were washed with 0.15 M sodium cacodylate

buffer (pH 7.2) and post-fixated in 1% osmium tetroxide

with 1% potassium ferrocyanide for 2 h at 4�C. Contrast

enhancement was performed with 1% uranyl acetate in

distilled water for 1 h at room temperature in the dark. The

cells were dehydrated with a series of ethanol solutions

ranging from 70–99.5% followed by transition to epoxy

resin (Agar 100; Agar Scientific Ltd., Stanstead, UK) by
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dilution in ethanol in two steps before embedding in fresh

epoxy resin by polymerization at 40�C for 16 h and then at

60�C for 48 h. Ultra-thin (60–70 nm) sections were cut

using a Reichert Ultracut E ultramicrotome (Reichert,

Vienna, Austria) and collected on Formvar-coated cupper

grids. The sections were counterstained with uranyl acetate

and lead citrate before analysis in TEM (LEO 912 Omega;

Zeiss) operated at 120 kV. Digital images were taken with

a Megaview III camera (SIS, Münster, Germany).

2.5 Gene microarray

For these studies NHDF were seeded at lower density

(10000 cells/cm2) to avoid confluence in T-75 culture

flasks and cultured for 24 h at 37�C with 5% CO2 and 95%

humidity. The supernatants were discarded and fresh

medium containing 1000 lg/ml amelogenin was added to

triplicate flasks. Control comprised of 1.7 mM acetic acid

(solvent control). The effects of 1000 lg/ml amelogenin on

gene expression in NHDF were studied after 48 h and 72 h.

RNA was isolated and purified using DNase I kit, Qia-

shredder columns and RNeasy� mini kit (Qiagen, Solna,

Sweden) according to manufacturer’s instructions. The

RNA analysis was then performed at Swegene (Lund,

Sweden). Briefly, RNA integrity and amount were ana-

lyzed by Agilent 2100 bioanalyzer RNA LabChip� kit.

Total RNA was processed by the GeneChip� Expres-

sion 30-Amplification Reagents One-cycle cDNA synthesis

(Affymetrix Inc. Santa Clara, CA, USA). Biotin labelled

cDNA was fragmented and hybridized onto 12 GeneChip�

Human Genome 1.0 ST Arrays (Affymetrix Inc.) over-

night, with three chips for both amelogenin treatment and

control at each time point. The arrays were washed and

stained. Scanning was carried out with the GeneChip�

Scanner 3000 and image analysis was performed using

GeneChip� Operating Software. The Affymetrix MAS 5.0

software processed the data sets, and signal values repre-

senting the expression level of each transcript were gen-

erated. Genes were only considered up or down-regulated

if a more than threefold change (log change[1.6) between

test and control was observed; if the false discovery rates

(Q-values) for these genes were below 17%; and finally,

only if less than 3/4 of the approximately 26 probes for

each particular gene were marked ‘‘absent’’ by the Af-

fymetrix MAS 5.0 software.

Pathway analysis and bio-function analysis were per-

formed using the Ingenuity Pathway Analysis (IPA) 7.4

software (Ingenuity Systems, Redwood City, CA, USA)

using Affymetrix gene expression values with an eightfold

change (log change[3.0) or more between test and solvent

control as significance level. Results were sorted according

to the number of genes involved in each pathway.

2.6 Proliferation studies

NHDF at 1000 cells/well were allowed to attach for 24 h in

96-well tissue culture plates. The medium was then

exchanged with fresh medium alone (control) or medium

containing amelogenin (100 and 1000 lg/ml). Cells were

cultured for up to 7 days. At indicated time points, cells

were permeabilized and stabilized before being stained

with propidium iodide in the NucleoCassetteTM and

counted by the NucleoCounter� (ChemoMetec, Allerød,

Denmark) according to the manufacturer’s protocol.

2.7 Statistics

The ANOVA-test followed by the Tukey test was applied

to compare integrin expression between different treat-

ments, using the StatView 5.0 software. Differences were

considered statistically significant at P values\0.05. In the

proliferation experiment, the number of fibroblasts days 1,

2, 3, 4, 5, 6 and 7 was plotted against time of incubation as

abscissa. Area under the curve (AUC) was calculated using

the trapezoid method between day 1 and day 7 using the

FigSys 2.4.3 software (Biosoft, Cambridge, UK). ANOVA

followed by the Tukey test was then used to compare the

AUC values between the amelogenin treatment and

control.

3 Results and discussion

3.1 Integrin assay

Previous studies have suggested integrin-mediated adhe-

sion through b1 and avb3 of PDL and gingival fibroblasts

on amelogenin coated surfaces [22, 27, 28]. In the present

study, the regulation of integrin activity on NHDF upon

ECM protein interaction was analyzed after 24 h incuba-

tion with amelogenin (100 and 1000 lg/ml) and fibronectin

(20 lg/ml) and the results were compared to medium

control. The binding capacity of the subunits a1, a2, a3, a5,

av, b1, b2 (Table 1) and heterodimers avb3, avb5 and

a5b1 (Fig. 1) were significantly increased with 1000 lg/ml

amelogenin compared to control. Amelogenin at 100 lg/ml

showed no statistically significant effect on integrin

expression. The subunits b3, b4 and b6 were barely

detectable on the NHDF in culture, irrespective of treat-

ment. These results were comparable to fibronectin treat-

ment, an ECM protein involved in several phases of tissue

repair, influencing cell growth [32]. Recent studies suggest

that several integrin heterodimers have a natural ability to

mediate phagocytosis as an extension of their adhesive

capacity. This is true for several integrins mediating

binding to ECM components such as fibronectin [33].
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3.2 Electron microscopy studies

The interaction between NHDF and amelogenin aggregates

was visualized with SEM and TEM after 24 h incubation.

Thin extensions from the cell membrane were observed,

adhering to amelogenin either on the plastic surface or to

spheres on top of the cells (Figs. 2a, b and 3a). TEM

sections also displayed a condensation of the cell mem-

brane, visualized by a relatively increased electron-dense

staining of the plasma membrane in areas of close prox-

imity to amelogenin (Fig. 3b).

Further, cellular uptake of amelogenin was visible for

NHDF in the SEM micrographs, shown both with mem-

brane-enclosed spheres (Fig. 2d) as well as spherical pro-

trusions of the cell surface (Fig. 2c), having similar size and

shape as amelogenin spheres and most likely representing

internalized protein spheres. Aggregates of the protein were

Table 1 Quantification of alpha (a) and beta (b) integrin subunits on NHDF after 24 h treatment with amelogenin and fibronectin expressed in

percent of medium control

Treatment a1 a2 a3 a4 a5 av b1 b2

Amelogenin (100 lg/ml) 103 ± 8 126 ± 7 103 ± 6 104 ± 8 117 ± 8 124 ± 11 104 ± 11 108 ± 12

Amelogenin (1000 lg/ml) 188 ± 10*** 231 ± 25*** 174 ± 9*** 119 ± 7 199 ± 8*** 214 ± 14*** 183 ± 9*** 164 ± 16**

Fibronectin (20 lg/ml) 153 ± 4*** 172 ± 6*** 167 ± 8*** 193 ± 7*** 180 ± 6*** 187 ± 15*** 133 ± 6* 136 ± 8

Mean ± SEM (n = 6)

* P \ 0.05, ** P \ 0.01, *** P \ 0.001
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Fig. 1 The increased expression of integrin heterodimers on NHDF

after 24 h cultivation with amelogenin at 100 lg/ml (open), 1000 lg/

ml (filled) and 20 lg/ml fibronectin (hatched) expressed in percent

compared to medium control. Mean ± SEM (n = 6), ** P \ 0.01,

*** P \ 0.001

Fig. 2 SEM micrographs

displaying the interaction of

NHDF with amelogenin,

showing extensions adhering to

the protein at a 3000 and

b 30,000 times magnification

after 24 h incubation and also

displaying possible

internalization of amelogenin of

NHDF, showing c protrusions

(arrows) under the cell

membrane in similar size and

shape as amelogenin spheres,

and d possible uptake of

amelogenin after 24 h

incubation, showing a larger

sphere that is partially

enveloped by the cell membrane

and a relatively smaller sphere
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present where amelogenin displayed structures typically

between 0.5 and 1 lm (Fig. 2d). The uptake of amelogenin

was verified in TEM, occurring in high degree for many

cells in microscopic sections (Fig. 3c). A thin membrane

was observed surrounding the internalized amelogenin, in

which the enclosed protein was found to be both tightly

packed or having a less dense structure (Fig. 3c, d).

Fibroblasts remodel the surrounding ECM partly by

phagocytosis and ingest both collagen and fibronectin-

coated beads in the size-range of amelogenin spheres in

vitro [34–36]. Thus, amelogenin could also be subject to

endocytosis for this intent. The cellular uptake of amelo-

genin has previously been detected in osteoblasts through

clathrin-coated pits [25]. Interactions between amelogenin

and the transmembrane proteins LAMP1 and CD63,

involved in endocytosis have also been reported, where

CD63 is known to form complexes with integrins [37].

Thus, the found interaction and uptake of amelogenin by

human dermal fibroblasts demonstrated here could be part

of the remodelling activity of fibroblasts and probably

involve integrin interactions.

3.3 Gene microarray

The gene microarray studies showed that amelogenin

treatment of normal dermal fibroblasts caused more than

threefold up or down-regulation (log change [1.6) of 856

genes out of the 28,869 genes represented in the Affyme-

trix GeneChip� Human Gene 1.0 ST Array. Of these, 507

genes were regulated after 48 h and 676 genes after 72 h.

A total of 327 of the involved genes showed similar reg-

ulation at both time points, whereas 180 genes were

uniquely regulated after 48 h and 349 genes were only

regulated after 72 h.

An eightfold regulation (log change[3.0) was observed

for 486 genes of which most are involved in cellular

growth, migration, survival and differentiation (Table 2).

Several of these genes are also involved in canonical

pathways, especially in the hepatic fibrosis pathway and

IL-6 and FGF signalling (Table 3). The microarray studies

displayed no changes in integrin gene expression above the

threefold cut off level after 48 or 72 h of EMD exposure.

However, a significant ([3-fold) increase in gene expres-

sion for some ECM proteins, e.g. several collagens and

fibronectin was observed at both time points. The previ-

ously reported increase in VEGF, TGF-b1 and MMP-2

secretion from EMD stimulated NHDF cells [17, 18] could

not be confirmed on the gene level at the chosen cut off

level and time points, suggesting that these factors are

mainly regulated at a higher cellular level and/or is part of

a secondary response not detectable in the present experi-

mental set-up.

These results support earlier observations in other gene

expression and gene micro-array studies on the effect of

amelogenin on human periodontal ligament fibroblasts [21,

38–40] and on primary human osteoblasts [25]. To sum up,

amelogenin treatment seems to influence key pathways in

connective tissue repair and regeneration.

Fig. 3 TEM micrographs

displaying NHDF after 24 h

treatment with amelogenin,

showing a extension adhering to

the protein (scale bar = 2 lm)

and b condensations (arrows) of

the membrane in close

proximity to amelogenin (scale

bar = 1 lm). Also, details of

the internalization of

amelogenin with NHDF after

24 h incubation, showing c the

internalized amelogenin (scale

bar = 2 lm) and d a thin

membrane (arrow) surrounding

the densely packed spheres

(scale bar = 0.5 lm)
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3.4 Fibroblast proliferation

The effect of amelogenin on fibroblast proliferation was

studied by culture of NHDF for up to 7 days. Cells were

counted in separate wells every 24 h. Overall cell growth

was assessed by area under the curves (AUC) from days 1

to 7. Amelogenin increased the proliferation significantly

with 42% at 100 lg/ml (P = 0.022) and 112% with

1000 lg/ml (P \ 0.0001) compared to medium control

(Fig. 4). The in vitro stimulatory effect of amelogenin on

Table 2 Number of genes, sorted by function, regulated by amelogenin more than eightfold (log change [3.0) in Affymetrix experiments

Molecular and cellular

functions

Total number of

genes regulated

Number of genes

regulated after 48 h

Number of genes

regulated after 72 h

Number of genes regulated

both at 48 and 72 h

Growth and proliferation 166 76 (36) 130 (90) 40

Cell survival 121 39 (24) 97 (82) 15

Cell differentiation 103 53 (23) 80 (50) 30

Migration 99 47 (19) 80 (52) 28

Signalling and interaction 64 26 (0) 64 (38) 26

Cell cycle 61 11 (3) 58 (50) 8

Gene expression 35 35 0 (0) 0

Small molecule biochemistry 10 10 0 (0) 0

Amino acid metabolism 3 3 0 (0) 0

Total number of genesa 550 218 (98) 424 (336) 132

Genes per functions are listed according to Ingenuity analysis. Figures in parenthesis indicate number of genes unique to that particular time

point
a Some genes participate in several functions

Table 3 Number of genes, sorted by the most involved canonical pathways, regulated by amelogenin more than eightfold (log change[3.0) in

Affymetrix experiments

Top canonical

pathways involved

Total number of

genes regulateda
Number of genes

regulated after 48 h

Number of genes

regulated after 72 h

Number of genes regulated

both at 48 and 72 h

Hepatic fibrosis pathway 13/131 5 (2) 11 (8) 3

IL-6 signalling 9/91 1 (1) 8 (7) 1

FGF signalling 7/84 7 (0) 7 (0) 7

LXL/RXR activation 6/81 3 (3) 6 (3) 3

NF-jB signalling 9/143 9 (9) 9 (9) 9

Nicotinate metabolism 7/129 0 (0) 7 (7) 0

Phenylalanine metabolism 4/107 0(0) 4 (4) 0

Cytochrome p450 5/215 5 (3) 3 (0) 3

Glycerolipid metabolism 3/144 3 (0) 3 (0) 3

Coagulation system 2/215 2/35 2 (0) 2 (0) 2

Fatty acid metabolism 3/189 3 (0) 3 (0) 3

Axon guidance signalling 12/386 12(7) 5(0) 5

Eicosanoid signalling 4/84 4 (3) 1 (0) 1

TR/RXR activation 4/92 4 (3) 1 (0) 1

Acute phase response signalling 8/172 0 (0) 8 (8) 0

G2/M DNA damage check 4/43 0 (0) 4 (4) 0

SAPK/JNK signalling 4/93 4 (4) 0 (0) 0

IL-4 signalling 3/68 3 (3) 0 (0) 0

Pathway participations are listed according to Ingenuity analysis. Figures in parenthesis indicate number of genes unique to that particular time

point
a Number of regulated genes/Total number of genes known to be involved in that particular pathway
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proliferation of human dermal fibroblasts is in accordance

to earlier findings on fibroblasts derived from other tissues

[14, 17, 18, 24].

4 Conclusions

Amelogenin is an extracellular matrix protein with alleged

positive effects on the regeneration of periodontal tissues

as well as on healing of chronic cutaneous wounds. The

present results provide possible mechanisms for the

reported positive effects of amelogenin on wound healing.

Amelogenin induced the expression of genes crucial for

migration, differentiation, growth and survival of normal

human dermal fibroblasts. The effect of amelogenin on

cells was exemplified by a significantly increased cell

growth over 7 days. Ultrastructural observations showed

that both solitary and aggregated micrometer-sized spher-

ical structures were attached to the plasma membrane and

also internalized. It is hypothesized that the observed

effects are, at least partly, mediated by integrin adhesion to

and uptake of amelogenin structures.
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amelogenin fraction of enamel matrix proteins on fibroblast-mediated

collagen matrix reorganization. Biomaterials. 2006;27:2926–33.

19. Gestrelius S, Andersson C, Lidström D, Hammarström L, Som-

erman M. In vitro studies on periodontal ligament cells and

enamel matrix derivative. J Clin Periodontol. 1997;24:685–92.

20. Hoang AM, Klebe RJ, Steffensen B, Ryu OH, Simmer JP,

Cochran DL. Amelogenin is a cell adhesion protein. J Dent Res.

2002;81:497–500.

20000

25000

15000

20000

10000

5000

0
0 1 2 3 4 5 6 7

Days of treatment

N
u

m
b

er
 o

f 
N

H
D

F
 c

el
ls

 p
er

 w
el

l

Fig. 4 Proliferation of normal human dermal fibroblasts (NHDF) in

medium without (open circles) or with amelogenin at 100 lg/ml

(filled circles) and 1000 lg/ml (filled squares) over 7 days in 96-well

plates. At indicated time points, cells were counted. Overall cell

proliferation, estimated by AUC from days 1 to 7, was 34250 ± 484

cells*day for medium control, 48833 ± 4049 cells*day for 100 lg/ml

amelogenin and 72700 ± 2421 cells*day for 1000 lg/ml amelogenin.

Mean ± SEM (n = 3)

J Mater Sci: Mater Med (2010) 21:947–954 953

123



21. Lyngstadaas SP, Lundberg E, Ekdahl H, Andersson C, Gestrelius

S. Autocrine growth factors in human periodontal ligament cells

cultured on enamel matrix derivative. J Clin Periodontol. 2001;

28:181–8.

22. Narani N, Owen GR, Hakkinen L, Putnins E, Larjava H. Enamel

matrix proteins bind to wound matrix proteins and regulate their

cell-adhesive properties. Eur J Oral Sci. 2007;115:288–95.

23. Zeldich E, Koren R, Nemcovsky C, Weinreb M. Enamel matrix

derivative stimulates human gingival fibroblast proliferation via

ERK. J Dent Res. 2007;86:41–6.

24. Rincon JC, Haase HR, Bartold PM. Effect of Emdogain on

human periodontal fibroblasts in an in vitro wound-healing

model. J Periodontal Res. 2003;38:290–5.

25. Reseland JE, Reppe S, Larsen AM, Berner HS, Reinholt FP, Gautvik

KM, et al. The effect of enamel matrix derivative on gene expression

in osteoblasts. Eur J Oral Sci. 2006;114(Suppl 1): 205–11.

26. Van der Pauw MT, Van den Bos T, Everts V, Beertsen W.

Enamel matrix-derived protein stimulates attachment of peri-

odontal ligament fibroblasts and enhances alkaline phosphatase

activity and transforming growth factor beta1 release of peri-

odontal ligament and gingival fibroblasts. J Periodontol. 2000;71:

31–43.

27. Suzuki N, Ohyama M, Maeno M, Ito K, Otsuka K. Attachment of

human periodontal ligament cells to enamel matrix-derived pro-

tein is mediated via interaction between BSP-like molecules and

integrin alpha(v)beta3. J Periodontol. 2001;72:1520–6.

28. van der Pauw MT, Everts V, Beertsen W. Expression of integrins

by human periodontal ligament and gingival fibroblasts and their

involvement in fibroblast adhesion to enamel matrix-derived

proteins. J Periodontal Res. 2002;37:317–23.

29. Garcia AJ, Boettiger D. Integrin-fibronectin interactions at the

cell-material interface: initial integrin binding and signaling.

Biomaterials. 1999;20:2427–33.

30. Grinnell F, Feld MK. Adsorption characteristics of plasma

fibronectin in relationship to biological activity. J Biomed Mater

Res. 1981;15:363–81.

31. Friedman PL, Ellisman MH. Enhanced visualization of peripheral

nerve and sensory receptors in the scanning electron microscope

using cryofracture and osmium-thiocarbohydrazide-osmium

impregnation. J Neurocytol. 1981;10:111–31.

32. Clark RA. Potential roles of fibronectin in cutaneous wound

repair. Arch Dermatol. 1988;124:201–6.

33. Dupuy AG, Caron E. Integrin-dependent phagocytosis: spreading

from microadhesion to new concepts. J Cell Sci. 2008;121:1773–83.

34. Grinnell F, Geiger B. Interaction of fibronectin-coated beads with

attached and spread fibroblasts. Binding, phagocytosis, and

cytoskeletal reorganization. Exp Cell Res. 1986;162:449–61.

35. Lee W, Sodek J, McCulloch CA. Role of integrins in regulation

of collagen phagocytosis by human fibroblasts. J Cell Physiol.

1996;168:695–704.

36. McCulloch CA, Knowles GC. Deficiencies in collagen phago-

cytosis by human fibroblasts in vitro: a mechanism for fibrosis? J

Cell Physiol. 1993;155:461–71.

37. Shapiro JL, Wen X, Okamoto CT, Wang HJ, Lyngstadaas SP,

Goldberg M, et al. Cellular uptake of amelogenin, and its local-

ization to CD63, and Lamp1-positive vesicles. Cell Mol Life Sci.

2007;64:244–56.

38. Brett PM, Parkar M, Olsen I, Tonetti M. Expression profiling of

periodontal ligament cells stimulated with enamel matrix proteins

in vitro: a model for tissue regeneration. J Dent Res. 2002;81:

776–83.

39. Barkana I, Alexopoulou E, Ziv S, Jacob-Hirsch J, Amariglio N,

Pitaru S, et al. Gene profile in periodontal ligament cells and

clones with enamel matrix proteins derivative. J Clin Periodontol.

2007;34:599–609.

40. Parkar MH, Tonetti M. Gene expression profiles of periodontal

ligament cells treated with enamel matrix proteins in vitro:

analysis using cDNA arrays. J Periodontol. 2004;75:1539–46.

954 J Mater Sci: Mater Med (2010) 21:947–954

123


	Amelogenin is phagocytized and induces changes in integrin configuration, gene expression and proliferation of cultured normal human dermal fibroblasts
	Abstract
	Introduction
	Materials and methods
	Amelogenin
	Cell culture conditions
	Integrin assay
	Electron microscopy studies
	SEM preparation
	TEM preparation

	Gene microarray
	Proliferation studies
	Statistics

	Results and discussion
	Integrin assay
	Electron microscopy studies
	Gene microarray
	Fibroblast proliferation

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


