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Tours, Créteil, and Paris, France

Background: ReGeneraTing Agents (RGTAs) are biodegradable polymers en-
gineered to mimic heparan-sulfate in the extracellular matrix of damaged tissue.
RGTAs improve tissue healing in several animal models by stabilizing and
protecting heparin-binding growth factors and matrix proteins. RGTA restores
the normal matrix architecture and supports tissue regeneration. In this study,
the authors evaluated the effects of RGTA on epidermal repair and dermal
remodeling in a rat burn model.
Methods: Deep second-degree burns were induced in 156 hairless rats, of which
half (n � 78) received topical and intramuscular RGTA immediately after the
burn followed by intramuscular RGTA weekly for 1 month. The controls (n �
78) received saline according to the same protocol. Rats were killed starting on
each day of the first week and on days 14, 28, 60, 120, 240, and 365. The burns
were evaluated by photography, histology, and immunohistochemistry.
Results: Coagulation necrosis involved the entire epidermis and superficial
adnexa. Compared with the controls, speed of epidermal repair, as assessed
between days 3 and 7 based on cell-layer number and anticytokeratin-14 staining,
was faster in the RGTA group; and the zone of stasis, as assessed based on
secondary vascular lesions in the dermis, was smaller. On day 7, reepithelial-
ization was complete in both groups. On days 14 and 28, the remodeled dermal
zone was smaller in the RGTA group.
Conclusion: RGTA accelerated epidermal repair and protected the dermis
from secondary effects of heat as quantified by zone-of-stasis size and extent of
dermal remodeling. (Plast. Reconstr. Surg. 127: 541, 2011.)

After a thermal burn injury to the skin, the
epidermis heals from the keratinocytes of
the adnexa and basal layer. The dermis un-

dergoes prolonged remodeling, healing from the
fibroblasts. Healing is regulated by growth factors,
which are polypeptides produced by various cell

types in response to tissue injury. Growth factors
stimulate cell proliferation, migration, and differ-
entiation. They play a major role in burn injury
healing, being expressed during the phases of
proliferation, migration, matrix synthesis, and
contraction.1–5 Significant acceleration of healing
in several animal models of wound repair6,7 and in
a partial-thickness burn-repair model8,9 was ob-
tained by topically applying recombinant growth
factors such as epidermal growth factor, keratin-
ocyte growth factor, basic fibroblast growth factor
(bFGF), transforming growth factor (TGF)-�, and
platelet-derived growth factor (PDGF).
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ReGeneraTing Agents (RGTAs) are polymers
chemically derived from dextran by means of a
sequence of controlled substitutions.10–12 They
replicate some of the effects of heparan sulfate on
heparin-binding growth factors (HBGFs) such as
FGF, vascular endothelial growth factor (VEGF),
PDGF, and TGF-�, stabilizing and protecting them
from enzymatic degradation, heat, and pH varia-
tions, and potentiating their biological effects.
RGTAs are selected for their ability to interact with
HBGFs and their absence of anticoagulant activity.
RGTAs increase the speed and quality of tissue
healing in several animal models of injury to a
variety of tissues (e.g., skeletal muscle, myocar-
dium, bone, skin, cornea).13–19 RGTAs may hold
promise for accelerating reepithelialization and/or
improving skin repair in patients with burn inju-
ries, thereby decreasing mortality, morbidity, hos-
pital length of stay, and treatment costs, and im-
proving functional and cosmetic outcomes.

To assess the effects of RGTA therapy on burn
injuries, we designed an experimental study in
hairless rats. We hypothesized that RGTA accel-
erates and/or improves repair of the epidermis
and dermis in rats with second-degree burns.

MATERIALS AND METHODS

RGTAs
RGTAs are compounds, usually derived from

dextran by means of a sequence of controlled
substitutions. In this study, we used the RGTA
called OTR4120. Briefly, carboxymethyl dextran
was prepared from T40 dextran (average Mr,
37,000; Pharmacia Fine Chemicals, Uppsala, Swe-
den) by carboxymethylation of OH residues with
monochloroacetic acid. The presence of carboxy-
methyl groups was confirmed by infrared spec-
troscopy, which showed an absorption band at
1650 cm–1. Then, OTR4120 was obtained from
carboxymethyl dextran by O-sulfonation. The
presence of sulfate groups was confirmed by in-
frared spectroscopic identification of two absorp-
tion bands at 1250 and 1025 cm–1, respectively.

Chemical characterization of OTR4120 was
based on the degree of substitution of each indi-
vidual group per glucosidic unit. A degree-of-sub-
stitution value of 3 indicates maximum substitu-
tion, because one glucosidic unit contains three
reactive OH groups at the C2, C3, and C4 positions,
respectively. Each degree-of-substitution value was
determined by acidimetric titration and elemen-
tary analysis and confirmed by 1H-nuclear mag-
netic resonance. The average molecular weight of
OTR4120 (64,100) was estimated by high-perfor-

mance size-exclusion chromatography. OTR4120
had no major anticoagulant activity (�15 IU/mg,
compared with 170 IU/mg for heparin).

Hairless Rat Model of Burn Injury
All study procedures were approved by the local

institutional animal care and use committee and
complied with the Guide for the Care and Use of Lab-
oratory Animals (European Convention no. 2001-131
of February 6, 2001). We used 3-month-old female
hairless rats (n � 156) weighing 300 g (Iffa-Credo,
Lyon, France). The smaller number of hair follicles
makes the hairless rat a better animal model than the
Wistar rat for studying burn injuries and skin repair.

Burn injuries were induced and evaluated under
pentothal anesthesia. Deep second-degree (partial-
thickness) burns were induced by applying a hot
brass cylinder (2 cm in diameter, 100°C) to the skin
of the dorsal aspect of the neck for 4 seconds (Fig.
1). The application time, cylinder temperature, and
pressure applied were determined in a previous
study.16 The cylinder was heated by being placed in
boiling water before inducing each lesion, so its tem-
perature was 100°C (at atmospheric pressure aver-
aging 1013 hPa), pressure of application of the metal
bar was its weight, and duration of application was 4
seconds. The pressure exerted by the brass cylinder
was constant during the 4 seconds.

The 156 rats with burn injuries were allocated
at random to RGTA treatment (n � 78) or saline
(n � 78). RGTA was administered topically and
given as an intramuscular injection in the leg im-
mediately after burn induction and then intra-
muscularly once per week for 1 month. The RGTA
solution for topical administration contained 100
�g/ml of RGTA in phosphate-buffered saline so-
lution. The dosage for systemic RGTA adminis-
tration was 1 mg/kg per injection; the determi-
nation of this dosage was based on previous
studies.13,16 The 78 controls received topical and
intramuscular saline according to the same pro-
tocol. Vehicle was physiologic serum in both
modes of administration. Topical application was
indeed sufficient to obtain the effect as described
in the previous articles.16 In both groups, an oc-
clusive paraffin gauze dressing was placed on the
burn injury and changed three times per week.
Before the first dressing and at each dressing
change, photographs of the burn injury were
taken and the size of the wound was measured.

Six rats in each group were killed on each day
of the first week and then on days 14, 28, 60, 120,
240, and 365. The burn injury with at least 1 cm
of surrounding normal skin was excised, fixed in
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formaldehyde for at least 48 hours, embedded in
paraffin, and cut into sections. The average was
three sections per microscopic slide at three or
four positions, close to the center, and as many as
needed to cover the width of the burn; altogether,
six to eight slides at a given time and a given animal.
Analysis was blinded to the histologic assessor. Sec-
tions stained with hematoxylin-eosin-saffron were
examined by light microscopy to evaluate fibroblast
counts and appearance, neoangiogenesis, inflam-
mation, changes in pilosebaceous units, and thick-
ness and appearance of the epidermis. The number
of keratinocyte layers was counted at the center of
the injury, where the burn was deepest. Sirius red
stain was used to assess collagen fiber density under
a polarizing microscope. To evaluate the extent of
epidermal healing, immunohistochemical studies
were performed on days 3, 4, 5, and 6 using anti–
cytokeratin 14 antibody (antibody 7800; Abcam,
Cambridge, United Kingdom), a marker for pluri-
potent keratinocytes. Anti–cytokeratin 14 labels
newly formed epidermis but not differentiated ker-
atinocytes. The antigen unmasking solution was

H-3300 (Vector Laboratories, Inc., Burlingame, Cal-
if.); the saturation buffer was phosphate-buffered
saline with 5% fetal calf serum, 1% gelatin, either 2%
(saturation solution) or 1% (dilution solution)
blocking reagent (BM 1096176; Boehringer Mann-
heim, Mannheim, Germany), 0.2% Tween, and 1%
goat serum. For statistical comparisons, t tests were
used. Data are reported as means � SEM, and values
of p � 0.05 were considered significant.

RESULTS

Epidermal Regeneration
Examination of the deep second-degree burn

injuries showed keratinocyte necrosis, edema,
neutrophil infiltrates, and cleavage of the epider-
mis from the dermis after day 1. On day 3, coag-
ulation necrosis was seen throughout the entire
thickness of the epidermis and in the superficial
part of the dermis and adnexa. Between day 3 and
day 7, epidermal repair proceeded faster in the
RGTA group than in the control group (Table 1
and Fig. 2). Thus, the mean number of keratin-

Fig. 1. The burn is made on the back of a hairless rat by the application
a brass cylinder at 100°C for 4 seconds. (Above) Aspect of the burn on the
day of injury. (Below) Aspect of the burn at day 3.
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ocyte layers on day 3 (Fig. 3), day 4 (Fig. 4), day
5 (Fig. 5), day 6 (Fig. 6), and day 7 (Fig. 7) was
greater in the RGTA group than in the control
group. Necrotic material from the epithelium, su-
perficial dermis, and adnexa was completely elim-
inated by day 7, when the thickness of the new

epidermis was 0.10 mm with four layers of gran-
ulomatous cells in the RGTA group and 0.09 mm
with three layers of granulomatous cells in the
control group. New epithelium was visible at the
infundibulum of the pilous folliculi.

The number of keratinocyte layers decreased
subsequently, to 10.67 � 0.94 in the RGTA group
and 7.50 � 0.96 in the control group by day 14.
Epidermal thickness was 0.14 mm with three layers
of granulomatous cells in the RGTA group, indicat-
ing epidermal hyperplasia, compared with 0.09 mm
with two layers of granulomatous cells in the control
group. On day 28, the number of layers was similar
in the two groups and close to that in normal epi-
dermis (6.83 � 0.69 in the RGTA group and 6.33 �
0.47 in the control group). Mean thickness of the
epidermis on day 28 was 0.13 mm in the RGTA
group, indicating mild hyperplasia, and 0.09 mm in
the control group. From day 60 onward, the number
of layers was six in both groups, and epidermal thick-
ness was 0.08 to 0.09 mm, as in normal rat epidermis.

Immunostaining for cytokeratin 14 showed
faster epidermal regeneration in the RGTA group

Fig. 2. Evolution of the mean number of keratinocyte layers. RGTA
administration increases the mean number of keratinocyte layers
between day 3 and day 7 (above) in comparison with the control
group (below). At day 1 and day 2, this number was 0; on and after
day 60, this number was 6.

Table 1. Mean Number of Keratinocyte Layers in the
RGTA Group and in the Control Group*

Day
RGTA Group

(n � 78)
Control Group

(n � 78) p

1 0 0 NS
2 0 0 NS
3 1.5 � 0.79 0.67 � 0.74 NS
4 4.17 � 0.69 2.17 � 1.07 0.0055
5 7.67 � 1.7 5.0 � 1.41 0.0224
6 10.83 � 1.07 7.17 � 1.57 0.0015
7 11.0 � 1.29 9.5 � 0.96 0.042

14 10.67 � 0.94 7.5 � 0.96 0.0004
28 6.83 � 0.69 6.33 � 0.47 NS
60 6 6 NS

120 6 6 NS
240 6 6 NS
365 6 6 NS
NS, not significant.
*Each subgroup contained six animals (sample size � 6).
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(Fig. 8). Cytokeratin 14 labeling, indicating the
presence of newly forming epidermis, appeared
earlier (on day 3) and decreased earlier (on day
5) in the RGTA group than in the control group.
The suprabasal layer of the new epidermis, com-
posed mostly of regenerating keratinocytes, was
strongly stained.

Dermis Remodeling
In the deep part of the reticularis dermis

and in the hypodermis, vascular congestion and an
infiltrate composed of lymphocytes, histiocytes,
mast cells, and a few neutrophils were noted. In
the RGTA group, the number of newly formed
blood vessels in the deep part of the dermis was
larger than in the control group. Between the
necrotic zone and underlying zone of inflamma-
tion was a zone of reticularis dermis that showed
no inflammatory reaction but contained necrotic
fibroblasts, necrotic vessels, and altered collagen
fibers, consistent with previous descriptions of the

zone of stasis.20,21 The zone of stasis reflects de-
layed vascular lesions that develop between the
burn injury and the adjacent healthy tissue when
the temperature is between 48°C and 52°C and the
duration of heat exposure is sufficient.20 Mean
thickness of the zone of stasis on day 3 was 0.43 mm
and 30 percent of the total dermis in the RGTA
group, compared with 0.65 mm and 47 percent of
the total dermis in the control group. The zone
with necrosis of the pilosebaceous adnexa was 0.39
mm thick in the RGTA group and 0.58 mm thick
in the control group. Thus, on day 3, the zone of
stasis was smaller in the RGTA group than in the
control group.

On day 7, new blood vessels and numerous
mast cells were visible in the subcutaneous tissue
and hypodermis. In the RGTA group, the number
of small vessels exhibiting the characteristics of
newly formed vessels was larger than in the control
group, and the fibroblasts were hyperplastic. Ac-
tive dermal remodeling was noted between day 7
and day 120. On day 14, dermal hyperplasia and

Fig. 3. Histologic study on day 3 at 100� magnification. (Above)
Control group with no layers. (Below) RGTA group with one
layer.

Fig. 4. Histologic study on day 4 at 100� magnification.
(Above) Control group with two layers. (Below) RGTA group
with five layers.
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fibroblast density were greater in the RGTA group
than in the control group; whereas on day 28,
dermal thickness was similar in the two groups.
From day 28 onward, the thickness of remodeled
dermal zone was 0.49 � 0.08 mm in the RGTA
group compared with 0.84 � 0.15 in the control
group.

Burn injury size was not significantly different
between the two groups. Between day 0 and day 60,
the mean transverse dimension decreased from 20
mm to 13 mm, and the mean craniocaudal di-
mension remained unchanged at 25 mm.

DISCUSSION
In this study, OTR4120 improved the speed

and quality of burn injury healing when adminis-
tered topically and systemically in very low dos-
ages, as a single dose or as repeated doses. Young
adult female hairless rats allow easier evaluation
than Wistar rats of burn injuries and their repair.
Other animal models used to study burns include
the micropig22 and the hairless dog.23 We induced

superficial partial-thickness burn injuries at the
dorsal aspect of the neck, where the skin was thin-
nest. The epidermis is thicker in hairless rats than
in Wistar rats, the hair canals contain lamellar
cornified tissue instead of hair, and some of the
hair follicles deep in the dermis exhibit cyst for-
mation. The normal hairless rat skin has six cell
layers, including two layers of granulomatous cells,
which are in the stratum basale. We assessed the
effect of RGTA treatment on several aspects of skin
repair, namely, reepithelialization and produc-
tion of collagen fibers.

RGTA should have stimulated the production
of new vessels within the first few days. This can
explain that the zone of stasis was smaller on day
3 in the RGTA group than in the control group.
On day 7, neovascularization was complete. Epi-
dermal repair was also complete on day 7 in both
groups. However, the epidermis seemed more ma-
ture in the RGTA group, where three layers of
granulomatous cells were visible, compared with
four in the control group. On each day during the

Fig. 5. Histologic study on day 5 at 100� magnification. (Above)
Control group with four layers. (Below) RGTA group with eight
layers.

Fig. 6. Histologic study on day 6 at 250� magnification.
(Above) Control group with six layers. (Below) RGTA group with
10 layers.
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first week, the stage of epidermal repair was ap-
proximately 1 day earlier in the RGTA group. Be-
tween day 7 and day 30, the epidermis was thicker
in the RGTA group. The quality of the newly formed
epidermis seemed similar in the two groups. The
adnexa were destroyed gradually, with no differ-
ence between the two groups.

On day 14, fibroblast density was greater in
the RGTA group. This effect might be ascribable
to the protective effect of RGTA on FGF, which
is chemotactic and mitogenic for fibroblasts in
vitro and in vivo. FGF protection also explains
the earlier development of a myofibroblastic ap-
pearance in the RGTA group. The greater de-
gree of scar contraction in the RGTA group, in
both the craniocaudal and the transverse direc-
tions, may be related to the larger number of
myofibroblasts.

For our immunohistochemical study, we chose
anti–cytokeratin 14, because keratin 14 is a marker of
choice for monitoring keratinocyte division and ep-
ithelium restoration in skin. Dividing keratino-

cytes of stratified epithelium express keratin 5 and
keratin 14,24 whereas keratinocytes in simple epi-
thelial tissue express keratin 8 and keratin 18. As
the basal cells stop dividing and engage in the
terminal differentiation pathway that ultimately
results in squame production, keratin 5 and ker-
atin 14 gene expression stops and keratin 1 and
keratin 10 production begins. When keratinocytes
of stratified tissues withdraw from the cell cycle
and begin to differentiate, they down-regulate the
transcription of keratin 5 and keratin 14, which
are often coexpressed. The skin of mice lacking
keratin 14 (keratin 14–null mice) blisters on ex-
posure to physical stress, as a result of mechani-
cally induced degeneration of the epidermal basal
layer,25 and genetic alterations in the keratin 14
network are responsible for epidermolysis bullosa
in humans.26 In our study, cytokeratin 14 staining
intensity on day 3 was more marked in the RGTA
group than in the control group. On day 4, cyto-
keratin 14 expression peaked in the treated group,
where it was far greater than in the control group.
On day 5, cytokeratin 14 expression was noted
throughout the epithelium in the RGTA group
but was confined to the stratum granulosum and
stratum spinosum. Thus, cytokeratin expression
was more marked and showed faster kinetics in the
RGTA group, in keeping with the histologic evi-
dence of faster reepithelialization.

RGTAs stimulate the repair and regeneration
of damaged tissues. They mimic the effects of
heparan sulfates on HBGFs in vitro and increase
the speed and quality of tissue healing in several
animal models, including a model of crushed
muscle.13 RGTA therapy prevents muscle-flap at-
rophy in a cardiomyoplasty model.14 RGTAs in-
crease the speed of healing after colonic anasto-
mosis surgery and improve endothelialization.27

Furthermore, RGTAs improve healing of the
cornea,19 mucosa,28,29 myocardium,30 and skin.16–18

The healing effects of RGTAs probably involve
protection of HBGF against thermal and enzy-
matic degradation, resulting in increased HBGF
bioavailability.10 This mechanism was established
in a recent study of the interaction between
OTR4120 and endogenous VEGF.31 Most of the
HBGFs play a key role in burn injury healing.
Among them, VEGF, a compound released by ker-
atinocytes, macrophages, and fibroblasts, has a
powerful angiogenic effect32 and is related to the
induction of endothelial cell division.33 FGF-2, a
major mediator of wound angiogenesis34 and ep-
ithelialization, accelerates reepithelialization35 by
improving keratinocyte division and granulation
tissue formation36 by stimulating the synthesis of

Fig. 7. Samples of RGTA group on day 7 with 12 layers, (above) at
100� and (below) at 250� magnification.
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matrix components such as collagen, fibronectin,
and proteoglycan. Topical application accelerated
healing of burn injuries in a pig model9 and im-
proved wound epithelialization in diabetic mice.37

In humans, topical application of FGF-2 to burns38

and chronic dermal ulcers39 was followed by ac-
celerated healing.

Keratinocyte growth factor (KGF)-1 and KGF-2
are important regulators of keratinocyte prolifera-
tion. In a murine wound model, KGF-140 or KGF-241

administration improved reepithelialization and col-
lagen synthesis by fibroblasts by means of increased
release of PDGF, TGF-�, and FGF-2 by epithelial
cells. In rats, KGF-2 accelerated the epithelialization
of cutaneous meshed grafts42 and improved epider-
mal and dermal healing.

PDGF is mitogenic for fibroblasts and improves
collagen production.43 It accelerates healing of
wounds in diabetic mouse44 and of chronic ulcers
in humans.45 TGF-� increases and regulates an-
giogenesis by means of extracellular matrix syn-
thesis, fibroblast activation, and collagen and
fibronectin production.46 The mechanisms of
action of OTR4120, the RGTA tested in this
study, can probably be summarized as follows.
After a burn injury, activation of neighboring
tissues leads to cell proliferation and migration

to the injury site, allowing skin repair. OTR4120
replaces destroyed heparan sulfate on heparin-
binding sites, if any are available. Heparin-binding
sites are located on most extracellular matrix pro-
teins (e.g., collagens, laminin, fibronectin, elas-
tin). Binding of OTR4120 should have promoted
recovery of the original scaffold of extracellular
fibers, thereby ensuring normal extracellular ma-
trix architecture, with normal location of the HB-
GFs produced by neighboring cells. By restoring
the normal architecture of the matrix scaffold,
HBGFs in the appropriate dosage would be ex-
pected to improve skin repair.

Topical OTR4120 therapy proved dramatically
effective in the treatment of patients with grade 4
nonhealing arteritic skin ulcers. Clinical trials in-
cluding burn patients are under way.

CONCLUSIONS
RGTA administration to hairless rats with burn

injuries accelerated reepithelialization and seemed
to protect the dermis from the delayed effects of
heat as quantified based on zone-of-stasis thick-
ness. Over the longer term, RGTA limited the
extent of dermal remodeling.

Fig. 8. Immunostaining with cytokeratin 14 antibody (above) versus control (below). (Left) Day 3. (Center) Day 4. (Right) Day 5.
Immunostaining cytokeratin 14 antibody (in cm–1) was more intense, and appeared (day 3) and decreased earlier (day 5) in the RGTA
group than in the control group.
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