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AbstrAct
The blocking of advanced glycation end-products (AGE) 
has been shown to reduce diabetic complications and 
control periodontitis. This study investigated the pattern 
of palatal wound-healing after graft harvesting under the 
administration of aminoguanidine (AG), an AGE inhibi-
tor, or N-phenacylthiazolium bromide (PTB), a glycated 
cross-link breaker. Full-thickness palatal excisional 
wounds (5.0 x 1.5 mm2) were created in 72 Sprague-
Dawley rats. The rats received daily intraperitoneal 
injections of normal saline (control), AG, or PTB and 
were euthanized after 4 to 28 days. The wound-healing 
pattern was assessed by histology, histochemistry for 
collagen matrix deposition, immunohistochemistry for 
AGE and the AGE receptor (RAGE), and the expression 
of RAGE, as well as inflammation- and recovery-associated 
genes. In the first 14 days following AG or PTB  
treatments, wound closure, re-epithelialization, and col-
lagen matrix deposition were accelerated, whereas  
AGE deposition, RAGE-positive cells, and inflamma-
tion were reduced. RAGE and tumor necrosis factor-
alpha were significantly down-regulated at day 7, and 
heme oxygenase-1 was persistently down-regulated until 
day 14. The levels of vascular endothelial growth factor, 
periostin, type I collagen, and fibronectin were all 
increased at day 14. In conclusion, anti-AGE agents 
appeared to facilitate palatal wound-healing by reducing 
AGE-associated inflammation and promoting the recov-
ery process.
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IntrODuctIOn

Originally introduced by Nabers (Nabers, 1966) the free gingival graft 
(FGG) technique has been recognized as a reliable procedure for increas-

ing the keratinized mucosa around natural teeth (Agudio et al., 2008) and 
dental implants (Stimmelmayr et al., 2011). The major complication of FGG 
is the post-operative morbidity associated with the open palatal wound, 
including acute pain, excessive hemorrhage, and bone exposure (Griffin  
et al., 2006). These symptoms and signs are not resolved until the completion 
of wound epithelialization, which usually takes 2 to 4 wks (Silva et al., 2010). 
Although the acellular dermal allograft has been developed as a substitute for 
FGG, to prevent the creation of the palatal wound, the treatment outcome is 
relatively ineffective and unpredictable (Wei et al., 2000). Thus, the develop-
ment of therapeutics to accelerate the healing and reduce the complications of 
the palatal wound is still needed.

Advanced glycation end-products (AGE), the irreversible adducts from the 
non-enzymatic glycosylation of proteins or lipids (Lalla et al., 2001; Abbass 
et al., 2012), have been found to accumulate in the tissues of animals with 
diabetes, as well as in physiologically healthy animals in which the periodon-
tal tissues are undergoing progressive inflammation or are in the early repair 
stage (Chang et al., 2012, 2013a). AGE have been reported to interfere with 
matrix-cell interactions by altering the cross-linking of the extracellular 
matrix and impairing wound-healing (Mealey and Oates, 2006). By engaging 
the cellular receptor for AGE (RAGE), the activation of the AGE-RAGE axis 
may further increase the oxygen tension, leading to the production of pro-
inflammatory cytokines via the NF-κβ pathway (Wei et al., 2013). In the 
acute wound, the up-regulation of RAGE signaling perpetuates inflammatory 
responses and exaggerates cellular responses to cause tissue destruction 
(Sparvero et al., 2009).

To control the AGE-RAGE axis, several glycated cross-link breakers and 
inhibitors have been used to break glycated collagen cross-links, scavenge 
AGE precursors, and reduce lipid peroxidation or oxidative stress (Engelen  
et al., 2012). Aminoguanidine (AG), an inhibitor of AGE and inducible nitric 
oxidase synthase, has been shown to reduce periodontal and periapical 
inflammation and accelerate osseointegration (Di Paola et al., 2004; Kopman 
et al., 2005; Farhad et al., 2011). N-phenacylthiazolium bromide (PTB), a 
glycated cross-link breaker, has also been shown to prevent diabetic compli-
cations (Cooper et al., 2000). Our recent investigations demonstrated that AG 
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inhibited the induction but did not apparently modulate the 
progression and recovery phases of periodontitis, presumably 
related to the limited effect of AG on the highly concentrated, 
pre-existing AGE at the sites of periodontitis (Chang et al., 
2014a). In contrast, PTB inhibited the induction and progression 
phases and facilitated the recovery phase of periodontitis (Chang  
et al., 2014b). The main mechanisms of these anti-AGE agents 
were the inhibition of AGE-associated inflammation and the 
maintenance of tissue integrity. Since the inactivation of RAGE-
dependent signaling has also been reported to reduce inflamma-
tion and increase matrix synthesis to promote wound-healing 
(Zhang et al., 2012; Sorci et al., 2013), in this study, we hypoth-
esized that controlling the deposition of AGE may facilitate the 
healing of palatal wounds in rats. We investigated the regulatory 
mechanisms of AG and PTB by examining the profile of gene 
expression and the pattern of wound closure.

MAtErIAls & MEtHODs

Animal Models

All the procedures performed on animals followed approved 
protocol no. 20130054 from the Institutional Animal Care and 
Use Committee of the National Taiwan University. In total, 72 
systemically healthy male Sprague-Dawley rats (250-300 gm, 
9-11 wks old), without any pathology or inflammation noted on 
the palatal mucosa, were utilized. The study design is illustrated 
in Fig. 1A, and the sample size was determined by Power 
Analysis (n = 6/group/time-point). In each rat, bilateral 5.0 x 1.5 mm2 
and 1.0-mm-depth full-thickness palatal excisional wounds 

were created, parallel to the gingival margin of the maxillary 
molars, by means of a double-bladed scalpel (1.5 mm inter-
blade distance) with 2 No. 15 surgical blades (Fig. 1B). All 
animals were covered with buprenorphine (0.01 mg/kg) for 7 
days and fed standard chow ad libitum post-surgery. Based on 
the effective dose from the previous studies (Chang et al., 
2014a, 2014b), the animals were randomly assigned and 
received daily intraperitoneal injections of normal saline (con-
trol), AG (100 mg/kg), or PTB (5 mg/kg), and were euthanized 
at 4, 7, 14, and 28 days after the creation of the palatal wound. 
The bilateral maxillae were harvested, and the tissues within the 
palatal wound of one randomly selected side of the maxillae 
were excised for the evaluation of gene expression levels, while 
the other side of the maxillae was fixed in 10% formaldehyde 
for histological examination.

Histological staining

After fixation, the maxillae were decalcified with 12.5% ethylene-
diaminetetraacetic acid, embedded in paraffin, and cut from the 
cross-sectional plane. Sections (5 μm) from across the mid-wound 
area were selected and stained with hematoxylin and eosin for 
descriptive histology and histomorphometry, Masson’s trichrome 
for collagen deposition, and immunohistochemical staining for 
AGE deposition and RAGE expression, as previously described 
(Chang et al., 2013). Each stain was performed in 3 consecutive 
slides, and the images were acquired by the AxioCam® ERc5s sys-
tem (Carl Zeiss Microscopy GmbH, Munich, Germany).

Quantitative Histology

The healing of the wound was assessed by the fraction of 
inflammatory cells/total cells, the status of re-epithelialization 
and wound closure, the scar elevation index (SEI), the fraction 
of collagen deposition/lamina propria, the fraction of AGE 
deposition/newly formed tissue and the fraction of RAGE(+) 
cells/total cells, evaluated with Image-Pro® Plus software 
(Media Cybernetics Inc., Rockville, MD, USA). All measure-
ments were made and averaged from three consecutive slides by 
a blinded examiner (TSC), and the definitions of all examined 
parameters are listed in the Appendix.

real-time Pcr Analysis

The RNA was harvested from the wound area without any 
unwounded tissue and was transcribed with the iScript-cDNA 
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) to 
yield cDNA, and the mRNA levels of genes were quantitatively 
analyzed by a real-time PCR system (StepOnePlus, Applied 
Biosystems, Foster City, CA, USA) and sequence-specific 
TaqMan gene expression assays (Applied Biosystems) for 
GAPDH (housekeeping gene of carbohydrate metabolism), 
β-actin (housekeeping gene of intercellular integrity), heme  
oxygenase-1 (HO-1, oxidative stress marker), the receptor for 
advanced glycation end-products (RAGE), tumor necrosis factor-
alpha (TNF-α), vascular endothelial growth factor (VEGF), fibro-
nectin (an extracellular matrix protein required for cell attachment), 
periostin (a matricellular protein essential for periodontal tissue 

Figure 1. The study design and palatal wound model. (A) The study 
design. In total, 72 animals (6 per group per time-point) and 144 
wound sites (2 per animal) were evaluated. (b) The illustration of a 
palatal wound. A standardized defect was created by means of a 
double-bladed scalpel with a 1.5-mm inter-blade distance. This figure 
is available in color online at http://jdr.sagepub.com.
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integrity) (Rios et al., 2008), and type I 
collagen (a major extracellular matrix 
protein in the periodontium). All gene 
expression levels were normalized to the 
housekeeping gene, respectively, and all 
experiments were performed in triplicate.

statistical Analysis

One-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test was 
used to compare the difference between 
control and AG- or PTB-treated groups 
at each time-point. The data are pre-
sented as the mean ± standard deviation 
(SD) of measurements, and a p value 
less than .05 was considered statistically 
significant.

rEsults

Gross Observation

All animals recovered well from the 
anesthesia and interventions, and there 
was no obvious difference in food intake 
among groups. The wound edges were 
swollen and reddish at day 4, and wound 
depression was visible at days 4 and 7, 
in all groups. The inflammation sub-
sided, and the wound edges were appar-
ently closer in most specimens of the 
AG and PTB groups at day 7. There was 
no noticeable difference among the 
groups after day 14.

Descriptive Histology

At day 4, the underlying alveolar bone 
was exposed without obvious signs of 
necrosis, and the surface was partially 
covered by the blood clot and degraded 
tissue mass in all groups (data not 
shown). Epithelium approximation was noted in all groups at 
day 7, and the underlying lamina propria was generally com-
posed of a primitive fiber matrix, with prominent inflammatory 
cell infiltration, AGE deposition, and occasional sequestrum in 
the control and AG groups (Figs. 2A, 2B, Appendix Figs. 1, 2). 
In the PTB group, the wound was closed, characterized by the 
down-grown and folded epithelium (Fig. 2C). The wound was 
fully covered by the epithelium, and the lamina propria was 
hypertrophic and infiltrated with inflammatory cells in all 
groups at day 14 (Figs. 2D-2F). Sequestrum was noted in most 
specimens of the control group, with the accumulation of 
degraded collagen matrix on the surface (Fig. 2D). The presence 
of sequestrum and AGE deposition was reduced, and collagen 
matrix deposition was more intense, in both the AG and PTB 
groups (Figs. 2E, 2F, Appendix Figs. 1, 2). However, inflamma-
tory cell infiltration was still noted on the surface of the alveolar 

crest (Figs. 2E, 2F). At day 28, inflammation had subsided, and 
the rete pegs were prominently extended in all groups (Figs. 
2G-2I). However, sequestrum was still present in 3 specimens of 
the control group (Fig. 2G).

Quantitative Histology

The extents of wound closure and epithelialization were appar-
ently facilitated in the AG and PTB groups relative to the control 
at days 7 and 14 (Figs. 3A, 3B), and the complete wound closure 
and epithelialization were noted in all groups at day 28 (data not 
shown). The SEI was significantly increased in the AG and PTB 
groups at day 7 (p < .05, Fig. 3C). The wound was progressively 
swollen in all groups at day 14 but apparently recessed at  
day 28. However, a milder hypertrophy was still shown in the 
control group, whereas the wound thickness was significantly 

Figure 2. Histological photographs under 100x magnification. Scale bar: 100 µm. (A) A 
wound site of NS-treated (control) animals at day 7. (b) A wound site of AG-treated animals at 
day 7. (c) A wound site of PTB-treated animals at day 7. (D) A wound site of NS-treated 
(control) animals at day 14. (E) A wound site of AG-treated animals at day 14. (F) A wound 
site of PTB-treated animals at day 14. (G) A wound site of NS-treated (control) animals at day 
28. (H) A wound site of AG-treated animals at day 28. (I) A wound site of PTB-treated animals 
at day 28. The asterisks indicate sequestrum, the arrowhead indicates the degraded tissue 
mass, and the areas with inflammatory cell infiltration are indicated by arrows. This figure is 
available in color online at http://jdr.sagepub.com.
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lower but close to the level of unwounded tissue in the AG and 
PTB groups (p < .05, Fig. 3C). Inflammatory cell infiltration 
was significantly reduced in both the AG and PTB groups rela-
tive to the control at day 7 (p < .05, Fig. 3D).

Collagen deposition was initialized in all groups at day 7. At 
day 14, the deposition was dramatically increased in all groups, 
and the deposited area in the AG and PTB groups was signifi-
cantly greater, relative to the control group (p < .01, Fig. 3E). 
There was no noticeable difference among the groups at day 28.

The AGE deposition was apparently milder in both the AG 
and PTB groups relative to the control at days 7 to 28, and a 
significantly lower level of AGE was noted in the AG (p < .05) 
and PTB (p < .01) groups at day 7 and in the PTB group (p < 
.05) at day 14 (Fig. 3F). The fraction of RAGE(+) cells gradu-
ally decreased with time in all groups and was significantly 
lower in both the AG and PTB groups relative to the control at 
days 7 and 14 (Fig. 3G).

Gene Expression Profiles

The fluctuations of all examined genes were generally similar 
relative to GAPDH and β-actin (Fig. 4, Appendix Fig. 3). The 
markers of AGE-associated inflammation were generally down-
regulated in the early stage of wound repair under AG or PTB 
treatment (Figs. 4A-4C). Specifically, RAGE was significantly 
down-regulated in the AG (p < .05) and PTB (p < .01) groups at 
day 7 (Fig. 4A), and a significant reduction in the expression level 
of HO-1 in both the AG and PTB groups was noted at days 7 and 

14 (p < .05, Fig. 4B). The significant down-regulation of TNF-α 
in both the AG and PTB groups was also noted at day 7 (p < .05, 
Fig. 4C).

Conversely, the markers of tissue repair and homoeostasis 
were up-regulated within the first 14 days under AG or PTB 
treatment (Figs. 4D-4F). VEGF was significantly elevated at 
days 7 and 14 in the AG group (p < .05), but only at day 14 in PTB 
group (p < .01, Fig. 4D). Additionally, significant up-regulation of 
periostin, type I collagen, and fibronectin was observed in both the 
AG and PTB groups at day 14 (Figs. 4E-4G).

DIscussIOn

To simulate the donor wound of a free gingival graft, in the pres-
ent study, a strip-shaped palatal mucosal graft was harvested 
(Fig. 1B). Although the wounds were relatively small, the pat-
tern of wound closure and histological changes in the control 
group were similar to those of trans-arch wounds previously 
described (Kahnberg and Thilander, 1982). The wound under-
went the healing sequences of blood clot accumulation, inflam-
mation and granulation tissue formation, approximation of 
epithelium and connective tissue, and the elimination of dam-
aged tissue elements, followed by ongoing tissue maturation in 
4 wks. The healing process was facilitated by the administration 
of AG or PTB (Figs. 2, 3). Since interference of RAGE signal-
ing has been previously shown to reduce the clinical and bio-
chemical signs of inflammation (Yan et al., 2009), in the present 
study, systemically administrating anti-AGE agents, including 

Figure 3. Quantitative histological measurements. (A-D) The measurements from the specimens of hematoxylin and eosin staining. (A) The extent 
of wound closure by lamina propria. (b) The extent of re-epithelialization. (c) The scar elevation index (SEI). (D) The fraction of inflammatory cells/
total cells. (E) The fraction of collagen-depositing area/lamina propria from the specimens of Masson’s trichrome staining. (F) The fraction of AGE-
depositing area/newly formed tissue of the immunohistochemical staining for AGE. (G) The fraction of RAGE(+) cells/total cells from the specimens 
of the immunohistochemical staining for RAGE. The definitions of all examined parameters are listed in the Appendix. (AG or PTB group compared 
with control group at the same time-point: *p < .05; **p < .01.)
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AG and PTB, effectively inhibited RAGE-mediated inflamma-
tory signaling and reduced inflammatory cell infiltration at day 
7 (Figs. 3D, 4A, 4C). The down-regulation of HO-1 and up-
regulation of VEGF in the AG and PTB groups (Figs. 4B, 4D) 
also indicated the recovery of the hypoxic and ischemic status 
of the wound (Lokmic et al., 2012). The abundance of blood and 
oxygen supply has been shown to prevent osteonecrosis (Bejar 
et al., 2005) and triggered the release of growth factors as well 
as the recruitment of fibroblasts (Diegelmann and Evans, 2004). 
As a consequence, matrix synthesis was significantly up- 
regulated in the AG and PTB groups at day 14 (Figs. 4D-4G), 
resulting in the significant recession of swollen lamina propria 
and the generation of densely aligned fiber matrix at day 28 
(Fig. 3C). Therefore, without the administration of anti-AGE 
agents, greater AGE deposition and the presence of RAGE(+) 
cells (Figs. 3F, 3G) may still lead to persistent inflammation and 
the interference of collagen synthesis and expression in the con-
trol group at day 14 (Figs. 3D, 3E, 4F).

Because AGE formation is triggered by hyperglycemia or 
oxidative stress (Nedic et al., 2013) and RAGE signaling is able 
to activate inflammatory pathways (Wei et al., 2013), the block-
ade of the AGE-RAGE axis has also been considered to control 
inflammation in non-diabetic conditions. As shown in our previ-
ous studies, both AG and PTB significantly retarded the induction 
of experimental periodontitis in non-diabetic animals (Chang  
et al., 2014a, 2014b). Since AGE deposition was evident during 
palatal wound-healing in the control group (Fig. 3F), the reduc-
tion of AGE deposition (Fig. 3F) and the down-regulation of 

RAGE (Fig. 4A) confirmed the anti-AGE effects of AG and PTB. 
The down-regulation of TNF-α (Fig. 4C) also confirmed that the 
activation of the AGE-RAGE axis was in parallel with the pro-
gression of inflammation (Chang et al., 2012, 2013). However, 
without the infection from exogenous pathogens, inflammation 
was elicited only in the initial stages and gradually receded in the 
control group (Fig. 3D), implying that AGE deposition was 
milder relative to the conditions of experimental periodontitis 
(Chang et al., 2014a), and the inhibition of the AGE-RAGE axis 
by the anti-AGE agents became negligible after day 14 (Figs. 3G, 
3H, 4A). Given that inflammation and AGE deposition were initi-
ated after wound creation, the de-activation of the AGE-RAGE 
axis occurred in both the AG and PTB groups and consequently 
promoted wound healing. To further distinguish among the dif-
ferential mechanisms of these agents, the prescription of AG or 
PTB, after inflammation is established, might be necessary.

The main limitation of the study is that the partial-thickness 
graft was not achievable because of the limited thickness of the 
rat palate mucosa, and the exposure of the underlying bone 
might increase the incidence of wound morbidity or osteonecro-
sis. Additionally, the healing dynamics observed in animals 
might not be directly relevant to humans. Although no systemic 
adverse effects of the administration of the anti-AGE agents 
were noted in the present study, complications such as glomeru-
lonephritis and cardiovascular symptoms have been reported in 
previous studies (Goh and Cooper, 2008; Hartog et al., 2011). 
Thus, the development of a local delivery vehicle to reduce the 
systematic dosage of anti-AGE agents is still needed.

Figure 4. Gene expression of the palatal wound (GAPDH as the housekeeping gene). (A) Receptor for advanced glycation end-products (RAGE). 
(b) Heme oxygenase-1 (HO-1). (c) Tumor necrosis factor-alpha (TNF-α). (D) Vascular endothelial growth factor (VEGF). (E) Periostin. (F) Type I 
collagen. (G) Fibronectin. All gene expression levels were normalized to GAPDH, and the data are presented as the expression levels relative to 
the averaged levels of the specimens of the control group at the same time-point. Refer to Appendix Fig. 3 for the gene expression levels relative 
to β-actin. (AG or PTB group compared with control group at the same time-point: *p < .05, **p < .01, ***p < .001.)
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Within the limitations of the study, we conclude that the anti-
AGE agents AG and PTB facilitated the healing of palatal wounds 
via the inhibition of the AGE-RAGE axis. Further investigations 
in a more clinically relevant model and the development of a local 
delivery vehicle for anti-AGE agents are warranted.
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