Leptin enhances wound re-epithelialization
and constitutes a direct function of leptin in skin repair
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Wound-healing disorders are a therapeutic problem of extensive clinical importance. Leptin-deficient
ob/ob mice are characterized by a severely delayed wound healing that has been explained by the mild
diabetic phenotype of these animals. Here we demonstrate that systemically and topically supplemented
leptin improved re-epithelialization of wounds in 0b/ob mice. Leptin completely reversed the atrophied
morphology of the migrating epithelial tongue observed at the wound margins of leptin-deficient ani-
mals into a well-organized hyperproliferative epithelium. Moreover, topically supplemented leptin accel-
erated normal wound-healing conditions in wild-type mice. As assessed by immunohistochemistry, pro-
liferating keratinocytes located at the wound margins specifically expressed the leptin-receptor subtype
ODbRD during repair. Additionally, leptin mediated a mitogenic stimulus to the human keratinocyte cell
line HaCaT and human primary keratinocytes in vitro. Therefore, leptin might represent an effective

novel therapeutic factor to improve impaired wound-healing conditions.

J. Clin. Invest. 106:501-509 (2000).

Introduction

Leptin, the ob gene product, has been characterized
as a satiety-regulating cytokine that is predominant-
ly expressed by adipocytes and secreted into the
bloodstream (1, 2). Obese/obese (ob/ob) mice,
homozygous for a spontaneous mutation in the ob
gene, fail to produce leptin and exhibit severe obesi-
ty. The appetite-regulating effect of leptin has been
shown to be dependent on binding of leptin to the
corresponding leptin-receptor subtype ObRD in the
hypothalamic region. Subsequently, activation of
ODbRD leads to initiation of the Janus kinase-signal
transducers (Jak-signal transducers) and activators of
transcription-signaling cascade (STAT), which final-
ly results in increased lipolytic activity and a decrease
of food intake (3-5). However, the leptin-receptor
splice variant ObRb was shown to be expressed in var-
ious tissues in rodents, including lung, pancreatic
beta islets, and kidney (6), suggesting that leptin
additionally mediates extrahypothalamic actions
and, thus, might exert diverse biological functions (7,
8). Accordingly, leptin triggers reproductive func-
tions in vivo (9, 10) and serves as a mitogen for a
growing number of cell types, including endothelial
cells, monocytes, lung epithelial cells, and pancreat-
ic beta cells in vitro (11-15). Moreover, antiapoptot-
ic activities of leptin have been shown for myeloid
leukemia cells (16). In addition, leptin has been dis-
cussed to play an important role in angiogenesis,
because leptin promotes the formation of new blood
vessels (11, 17).

For many years, leptin-deficient 0b/ob mice have
been used as a model system to analyze molecular
characteristics of impaired wound healing. The severe
wound-healing difficulties observed in 0b/ob mice
have been explained by the diabetic phenotype of the
animals. However, growth factors and cytokines are
central to a normal wound-healing process (18). Thus,
EGF and keratinocyte growth factor (KGF) are well-
known to be potent mitogens for epithelial cells and,
therefore, essentially involved in re-epithelialization
during wound healing (19, 20). The observation that
leptin mediates angiogenic and mitogenic effects in
vitro further implicates an important role for leptin
as a mitogenic factor during tissue regeneration in
vivo. Here we demonstrate that leptin markedly
improved re-epithelialization of excisional wounds in
ob/ob mice and accelerated normal wound-healing
conditions in wild-type mice. Furthermore, our stud-
ies demonstrate that leptin acts as potent mitogenic
stimulus to keratinocytes during skin repair. Thus,
our data clearly suggest that the delayed wound heal-
ing observed in 0b/ob mice might therefore be due, at
least partially, to impaired re-epithelialization
processes in the absence of the growth factor leptin
during cutaneous repair.

Methods

Animals. Female C57BL/6]J-0b/0b and wild-type mice
(Balb/c) were obtained from The Jackson Laboratory
(Bar Harbor, Maine, USA) or Charles River (Sulzfeld,
Germany) and maintained under a 12-hour-light/12-
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hour-dark cycle at 22°C until they were 8 weeks of age.
At this time they were caged individually, monitored
for body weight, and wounded as described below.

Leptin treatment of mice. To investigate the function
of systemically applied leptin during the wound-heal-
ing period, female C57BL/6]-0b/0b mice were injected
intraperitoneally once a day at 8 am with murine
recombinant leptin (5 pg/g body weight) in 0.5 mL
PBS per injection for 13 days. To investigate the effect
of locally applied leptin on the wound-healing
process, wounds of female C57BL/6]-0b/ob mice were
covered with 1 pg leptin in 20 PL PBS twice a day (8
am, 8 pm). Wounds of wild-type mice (Balb/c)
received 5 g leptin in 20 UL PBS twice a day (8 am, 8
pm). Control mice were treated with PBS alone.
Wounds from “mixed” mice were treated with topi-
cally applied leptin on the left side of the backs and
with PBS alone on the right side of the backs, respec-
tively. Murine recombinant leptin was from R&D Sys-
tems (Wiesbaden, Germany).

Wounding and preparation of wound tissues. To examine
leptin functions on the wound-healing process, six
full-thickness wounds were created on each animal,
and skin biopsy specimens from four animals were
obtained 1, 3, 5, 7, and 13 days after injury, as
described recently (21). For leptin-, or PBS-treated
ob/ob mice, body weight and blood glucose levels
(Accutrend sensor; Boehringer Mannheim, Mann-
heim, Germany) were determined. For every experi-
mental time point, the wounds from three animals
and the nonwounded back skin from three animals
were combined and used for RNA (n = 9 wounds) and
protein isolation (n = 6 wounds), respectively. All ani-
mal experiments were carried out according to the
guidelines and with the permission of the local gov-
ernment of Hessen, Germany.

RNA isolation and RNase protection analysis. RNA isola-
tion was performed as described (22). Twenty micro-
grams of total RNA from wounded or nonwounded
skin were used for RNase protection assays. RNase pro-
tection assays were carried out as described previously
(23), with at least two different sets of RNA from inde-
pendent wound-healing experiments. A 366-bp frag-
ment corresponding to nucleotides 506-871 of the
murine leptin-receptor cONA ObRb (24) was used as a
template. RNases A and T1 were from Roche Biochem-
icals (Mannheim, Germany).

Western blot analysis. Skin lysates were prepared as
described previously (21). Total protein (50 pg) from
unwounded back skin and 1-day, 3-day, 5-day, 7-day,
and 13-day wounds of wild-type mice (Balb/c) or 0b/0b
mice treated with either PBS or leptin were separated
using SDS gel-electrophoresis. After transfer to a PVDF
membrane, leptin receptor ObRa- and ObRb-specific
proteins were detected using a polyclonal antiserum
directed against a synthetic peptide whose sequence is
derived from amino acids 577-594 of the mouse leptin
receptor (ABR, Golden, Colorado, USA). A secondary Ab
coupled to horseradish peroxidase (Biomol, Hamburg,

Germany) and the enhanced chemiluminescence detec-
tion system (Amersham Pharmacia Biotech, Freiburg,
Germany) were used to visualize leptin-receptor protein.

Histological analysis. Mice were wounded as described
above. At days 3, 5, 7, and 13 after wounding mice were
sacrificed, and complete wounds were isolated from the
middle of the back, bisected, and frozen in tissue-freezing
medium. Immunohistochemistry was carried out on 6-
Mm frozen sections as described previously (21). Sections
were subsequently incubated for 60 minutes at room
temperature with a polyclonal antiserum recognizing the
ObRa and ObRb form of the murine leptin receptor
(ABR), a polyclonal Ab raised against the COOH-termi-
nus of the murine ObRD leptin-receptor subtype (Santa
Cruz Biotechnology Inc., Heidelberg, Germany) or a poly-
clonal antiserum raised against murine Ki67 (Dianova,
Hamburg, Germany) diluted 1:100 in PBS, 0.1% BSA.

Cell culture of buman primary keratinocytes. Human pri-
mary epidermal keratinocytes were purchased from
BioWhittaker Europe Inc. (Verviers, Belgium). Cells
were cultured in a defined keratinocyte medium (KBM-
2) according to the instructions of the supplier.

S-bromo-2"-deoxyuridine assay. Keratinocytes (HaCaT
cell line [25] and human primary cells) were seeded on
96-well plates in a concentration of 5 x 102 cells per
well. After 24 hours of incubation, cells were subse-
quently stimulated with leptin (0.1-500 ng/mL), EGF
(10 ng/mL), KGF (10 ng/mL), or a combination of the
growth factors for an additional 24 hours. After
growth-factor incubation, 5-bromo-2"-deoxyuridine
(BrdU) labeling reagent (Roche Biochemicals), was
added for an additional 1-hour incubation. BrdU
incorporation during cellular S-phase, as assessed by
BrdU colorimetric cell proliferation ELISA (Roche Bio-
chemicals) was used as a direct readout for cell prolif-
eration rates. Human recombinant leptin was pur-
chased from R&D Systems, and EGF and KGF were
from Roche Biochemicals.

Proliferation assay. Keratinocytes (HaCaT cell line and
human primary cells) were seeded on 96-well plates.
Each well contained 103 cells in a total volume of 100
ML of DMEM/10% FCS (for HaCaT) or KBM-2 (for pri-
mary cells). Subsequently, cells were grown for 24
hours. The proliferation rate of incubated cells was
determined after a 24-hour stimulation with leptin
(100 ng/mL), KGF (10 ng/mL), EGF (10 ng/mL), or a
combination of the growth factors using the CellTiter
96 Aqueous One Solution Cell Proliferation Assay
(Promega, Mannheim, Germany), according to the
instructions of the manufacturer. This assay deter-
mines the number of viable cells in proliferation assays,
because the total amount of the formed formazan end
product is directly proportional to the number of liv-
ing cells in culture.

Electrophoretic mobility-shift assay. HaCaT keratinocytes
(DMEM/10% FCS) or human primary keratinocytes
(KBM-2) were grown to 70% confluence and rendered
quiescent by a 24-hour starvation in serum-free DMEM
(for HaCaT) or EGF-free KBM-2 (for primary cells).
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Subsequently, cells were stimulated with 100 ng/mL
human recombinant leptin or 10 ng/mL EGF. After 10,
15, 20, or 30 minutes of incubation, cells were harvest-
ed for the preparation of nuclear extracts (26). Binding
reactions were performed for 3 hours on ice using 10
Mg of nuclear protein in 20 UL of 4% Ficoll, 20 mM
HEPES, pH 7.9, 50 mM KCI, 1 mM EDTA, 1 mM DTT,
1 mM PMSF, 1 yg poly dI/dC, and 20,000 cpm of 32P-
labeled STAT3 consensus oligo. DNA-protein com-
plexes were separated from the free DNA probe by
native polyacrylamide gel electrophoresis (4.5%). Com-
petition experiments were performed by coincubation
of a 10-100-fold excess of unlabeled wild-type or
mutated STAT3 consensus oligo, respectively. The
wild-type and mutated STAT3 consensus oligos were
from Santa Cruz Biotechnology Inc.

ELISA. Total protein (50 Pg diluted in lysis buffer to
a final volume of 50 PL) from nonwounded skin lysates
and wound lysates, respectively, were subsequently ana-
lyzed for the presence of immunoreactive leptin protein
by ELISA using the Quantikine murine leptin kit (R&D
Systems), as described by the manufacturer.

Statistical analysis. Data are shown as means plus or
minus SD. Data were analyzed by unpaired Student’s
t test on raw data using Sigma Plot (Jandel Scientific,
Erkrath, Germany).

a b

Results

Systemically and topically applied leptin reversed impaired
wound healing in ob/ob mice. To determine a possible func-
tion of leptin for cutaneous wound healing, we investi-
gated the effect of systemically and topically applied lep-
tin for the healing process using a model of excisional
skin repair in leptin-deficient 0b/ob mice. Ob/ob mice
that were intraperitoneally supplemented with leptin (5
Mg/g body weight, once a day) were characterized by a
markedly accelerated wound-healing process, compared
with PBS-treated control mice. Whereas wounds in lep-
tin-treated ob/ob mice were completely re-epithelialized
within 13 days, the wounds from PBS-treated control
mice were still covered by a scab and not epithelialized
at 13 days after wounding (Figure 1c). Histology
demonstrated that wounds isolated from leptin-treated
mice were covered by a well-organized epithelium,
whereas wound re-epithelialization in PBS-treated con-
trol animals was remarkably retarded. Besides these
effects, however, leptin decreased body weight and
blood glucose levels in the animals (Figure 1a), clearly
indicating that the recombinant murine leptin protein
remained biologically active after systemic application.
Because systemic supplementation of leptin in 0b/ob
mice clearly reversed the diabetic phenotype of the ani-
mals, we had to evaluate the possibility that accelerated
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Figure 1

Effect of intraperitoneally and topically supplemented leptin on blood glucose level, body weight, and wound healing in 0b/0b mice. C57BL/6)-
ob/ob mice were treated with leptin intraperitoneally (i.p.) or topically (top) as described in Methods. PBS-treated ob/ob mice were used as
a control. (aand b) Blood glucose levels and body weight were determined for intraperitoneally injected (a) or topically treated (b) animals
at the indicated experimental time points. Three animals (n = 3) were analyzed at every experimental time point. Data are expressed as mil-
ligrams per deciliter (for blood glucose levels) or grams (for body weight). Mean changes = SD in blood glucose levels, or body weight, respec-
tively, are shown. AP < 0.05; 8P < 0.01; NS, not significant compared with the conditions as indicated with the brackets. (c) Thirteen-day
wounds after intraperitoneal (i.p.) treatment of animals with 5 g leptin/g of body weight (+leptin/i.p.) or PBS (+PBS/i.p.). (d) Back skin of
representative C57BL/6J-0b/ob mice topically treated with 1 g leptin in 20 UL PBS twice a day (+leptin/top.) or PBS (+PBS/top.) at day 10
after wounding. The bottom panels demonstrate the same wounds in higher magnification.
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re-epithelialization in leptin-treated mice was simply
due to improvement of the diabetic phenotype rather
than to a direct mitogenic effect of leptin on the epithe-
lium. To this end, we investigated the effect of topically
applied leptin on the wound-healing process. For this
purpose wounds of 0b/ob mice were supplemented with
1 pg leptin in 20 UL PBS per wound twice a day. PBS-
treated animals were used as control. It is noteworthy
that smallest amounts of topically applied leptin (1
Mg/wound/day) turned out to be potent in stimulating
repair. As shown in Figure 1d, topically applied leptin
markedly improved wound repair, since the wounds of
these mice had completely re-epithelialized at day 10
after wounding, whereas the wounds of PBS-treated
control animals were still covered by a scab at this exper-
imental time point. Moreover, we observed the same
curative action of leptin in animals where the wounds
located on the left side of the back were treated topical-
ly with leptin (1 pg/wound/day), whereas the wounds of
the right side received vehicle solution only. This is
demonstrated in Figure 2, a and d. After 10 days of lep-
tin application, the left-side wounds, which had
obtained the leptin-treatment, were characterized by a
highly organized epithelium that covered the whole
wounded area (Figure 2a). In contrast, the wounds
located on the right sides of the same animals (treated
with PBS vehicle only, Figure 2d) were not re-epithelial-
ized, because the migrating epithelial tongues had not
met to close the wound. Importantly, topically applied
leptin only marginally reduced blood glucose levels,

Figure 2

Effect of leptin on epithelial proliferation and localization of leptin-
receptor subtypes in the skin. (a and d) Hematoxylin/eosin-stained
frozen sections from 10-day wounds isolated from the same
C57BL/6J-0b/0b individual that had been treated topically with 1 g
leptin/20 YL PBS twice a day on the left-side wounds (a) or PBS only
on the right-side wounds (d), respectively. Arrows indicate the lead-
ing edge of the migrating epithelium. (b and e) Frozen sections from
5-day wounds isolated from leptin-treated (intraperitoneally) (b) or
PBS-injected (e) C57BL/6J-0b/0ob mice were incubated with a mono-
specific, polyclonal Ab directed against murine Ki67. (c) Frozen sec-
tion from a 13-day wound isolated from a leptin-treated (intraperi-
toneally) mouse. The section was incubated with a monospecific
polyclonal Ab against the ObRb-receptor subtype. (f) Frozen section
from a 7-day wound isolated from a PBS-treated (intraperitoneally)
mouse. The section was incubated with a monospecific polyclonal
Ab against the ObRb-receptor subtype. Note that the epithelium did
not extend into the granulation tissue (compare to b, epithelium of
leptin-treated mouse, 5 days). (g) Frozen section from a 13-day
wound isolated from a wild-type mouse (BALB/c). The section was
incubated with a monospecific polyclonal Ab recognizing the ObRb-
and ObRa-receptor subtypes. Sections were stained with the avidin-
biotin-peroxidase complex system using 3-amino-9-ethylcarbazole as
a chromogenic substrate (b, ¢, e, f, g). Nuclei were counterstained
with hematoxylin. Strongly immunopositive signals within the sec-
tions are indicated with arrows. &, epithelium; g, granulation tissue;
he, hyperproliferative epithelium; s, scab.

and, additionally, no changes in body weight were
observed in mice treated topically with leptin (Figure
1b). These data strongly argue for a direct and local
function of leptin for wound repair, and, moreover, the
impaired wound healing observed in 0b/ob mice is only
partially due to the metabolic changes caused by the
diabetic phenotype.

Topically applied leptin accelerated wound bealing in wild-type
mice. Because systemically and topically supplemented
leptin strongly improved the delayed wound closure in
ob/ob mice, we speculated that leptin might mediate a
beneficial effect to normal wound-healing conditions.
Thus, we treated wounds of wild-type mice (Balb/c) top-
ically with 5 pg leptin in 20 PL PBS twice a day. PBS-
treated mice were used as a control. As shown in Figure
3a, we observed an accelerated closure of leptin-covered
wounds. After 5 days of repair, leptin-treated wounds
appeared to be markedly reduced in diameter and near-
ly completely re-epithelialized compared with PBS-treat-
ed wounds. Eosin/hematoxylin-stained sections of lep-
tin- or PBS-treated wounds consistently revealed
histological differences. After 5 days of leptin applica-
tion, wounds were characterized by a dense neoepitheli-
um that covered the whole wounded area (Figure 3b). By
contrast, vehicle-treated (PBS) wounds developed hyper-
proliferative epithelia at the wound margins, but as itis
well-known for this stage of a normal repair process in
mice, the migrating epithelial tongues did not yet meet
to completely cover the wound site. However, leptin
function was most likely to be restricted to enhance
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Figure 3

Effect of topically supplemented leptin on wound healing in wild-type mice. Balb/c mice were topically treated with leptin as described in
Methods. PBS-treated mice were used as a control. (b) Wounded back skin of representative Balb/c mice (5 days after wounding). Wounds
have been treated topically for the whole 5-day period after wounding with 5 lig leptin/20 JL PBS twice a day (+leptin) or 20 pL PBS (+PBS),
respectively. (a and ¢) Hematoxylin/eosin-stained frozen sections from 5-day wounds isolated from Balb/c mice that have been treated
topically with 5 g leptin/20 UL PBS twice a day (a) or 20 pL PBS only (c). Arrows indicate the leading edge of the migrating epithelium.
e, epithelium; g, granulation tissue; gH, atrophied granulation tissue; he, hyperproliferative epithelium; s, scab.

epithelial processes, because the underlying granulation
tissue appeared to be characterized by a low cellularity
and, hence, by deficiencies in the development of new
stroma (Figure 3c). Thus, leptin function suggests a role
primarily in triggering epithelial processes during repair.

The leptin-receptor isoforms ObRa and ObRb were differen-
tially expressed during wound healing. Because topically
applied leptin markedly enhanced wound re-epithelial-
ization in ob/ob and wild-type mice, we investigated the
expression pattern of the leptin receptor in normal skin
and during cutaneous repair in leptin- or PBS-injected
(intraperitoneally) ob/ob mice, respectively. Until now,
four different splice variants of the leptin-receptor gene
have been identified, from which only the ObRb isoform
has been demonstrated to mediate intracellular signal-
ing through activation of the Jak-STAT cascade (5).
Using the RT-PCR technique, the ObRa and ObRbD splice
variants of the leptin receptor could be amplified from
RNA of unwounded control skin and from 7-day or 13-
day wounds of wild-type mice (Balb/c) and ob/ob mice.
The identity has been confirmed by cloning and subse-
quent sequence analysis of the amplified receptor cDNA
fragments (data not shown). To investigate regulation of
ODbR mRNA and protein expression during wound heal-
ing, we performed a RNase protection assay (Figure 4a)
and a Western blot analysis (Figure 4b). We used an anti-
sense RNA probe that hybridized to a mRNA region rec-
ognizing both leptin-receptor splice variants and a poly-
clonal Ab recognizing both ObRa and ObRb. As shown
in Figure 4, ObR mRNA and protein were expressed in
unwounded skin of 0b/0b mice, but wounding led to a
rapid decline in ObR mRNA and protein levels. Minimal
ODR expression was observed 3 days after wounding.
ObR mRNA levels started to reincrease 5 days after

injury, followed by clearly detectable levels of ObRb-spe-
cific proteins 7 days after wounding. It is noteworthy
that the kinetics of ObR expression were identical for
wild-type (Balb/c; data not shown) and leptin-supple-
mented ob/ob mice (Figure 4, a and b). In these animals,
interestingly, ObR mRNA levels remained elevated after
re-epithelialization at day 13 compared with control
skin. In contrast, PBS-treated 0b/ob mice did not show a
marked recovery of ObR mRNA and protein expression
after wounding, and ObR expression levels remained
reduced even after 13 days of repair (Figure 4b, compare
13-day wound). Thus, we observed expression of the
functional leptin receptor ObRb to be regulated during
repair. Moreover, its ligand leptin was constitutively pres-
ent in nonwounded skin and at the wound site during
normal healing, because Balb/c control animals revealed
leptin levels of approximately 30 pg/50 Hg total protein
of nonwounded skin or total wound protein (day 1, 3, 5,
7,and 13 after wounding), respectively, as assessed by
leptin-specific ELISA. Therefore, leptin readjusted the
dysregulated expression of its own receptor in leptin-
deficient ob/ob mice and, furthermore, was most likely to
trigger the enhanced expression of ObRb during the late
phase of repair.

The leptin-receptor subtype ODbRD is exclusively
expressed in keratinocytes of the basal layer of the epi-
dermis and the hyperproliferative epithelium at the
wound edge. Because supplementation of leptin clear-
ly accelerated wound re-epithelialization in ob/ob mice,
it was important to determine the potential target cells
for leptin function at the wound site. Thus, we per-
formed immunohistochemistry using antibodies spe-
cific for the ObRb-receptor subtype or both leptin-
receptor subtypes, respectively. In control skin of
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wild-type (Balb/c) and 0b/ob mice, ObRb protein was
specifically expressed in keratinocytes of the basal layer
of the epidermis (data not shown). As shown in Figure
2c¢, the same ObRD expression pattern was observed in
completely re-epithelialized wounds 13 days after
injury. Moreover, ObRb expression was not restricted
to the basal layer of the epidermis during repair, but
strong immunopositive signals could be detected in
keratinocytes of the migrating epithelial tongue at the
wound margins (Figure 2f). This situation was found
in wild-type and ob/ob mice and turned out to be inde-
pendent of the organization of the proliferative epithe-
lium. In line with the data observed in Western blot
analysis, a weak staining of keratinocytes of the hyper-
proliferative epithelium could be detected for the
ODbRb-receptor subtype at day 5 after injury (data not
shown), but became clearly visible at day 7 after wound-
ing (Figure 2f). ObRa protein was observed to be
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Figure 4

Regulation of leptin-receptor expression during wound healing in
Balb/c (wt) and C57BL/6J-0b/0b mice. (a) C57BL/6) mice were
intraperitoneally treated with leptin as described in Methods.
Total cellular RNA (20 pg) from nonwounded and wounded back
skin of C57BL/6J-0b/ob mice treated with leptin as indicated was
analyzed by RNase protection assay with an RNA hybridization
probe complementary to ObRb and ObRa leptin-receptor splice
variants. For every experimental time point, three wounds each
from three animals (total: n = 9 wounds) were pooled for analysis.
The time after injury is indicated for each lane. Control skin refers
to nonwounded skin. Hybridization probe (1000 counts/min) was
added to the lane labeled probe. Expression of GAPDH mRNA is
shown as a loading control in the bottom panel. (b) Total protein
(50 pg) from lysates of nonwounded and wounded back skin (day
1, 3, 5, 7, and 13 after injury, indicated for each lane) of
C57BL/6J-0b/0b mice treated with leptin or PBS (used as control)
as indicated were analyzed by immunoblotting for the presence of
leptin-receptor subtype proteins ObRa and ObRb. Two wounds
from the backs of three animals (n = 6) were excised for each
experimental time point and used for protein isolation. Leptin-
receptor subtypes ObRa and ObRb are indicated by arrowheads.

expressed specifically in keratinocytes of wild-type and
ob/ob mice. In contrast to ObRb isoform expression,
ObRa staining was detected throughout all layers of
the epidermis (Figure 2g).

Because expression of the ObRb leptin-receptor iso-
form was restricted to proliferating keratinocytes (epi-
dermal basal layer, hyperproliferative epithelium), we
hypothesized that leptin might mediate a mitogenic
stimulus to keratinocytes located at the wound margins.
Therefore, we investigated the proliferation pattern with-
in the hyperproliferative epithelia of leptin-injected or
PBS-injected ob/ob mice, respectively. For this purpose,
we stained sections from leptin-treated or PBS-treated
ob/ob mice with an Ab detecting the proliferation mark-
er Ki67 (27). Note that the epithelial tongues from
wounds of PBS-injected control mice were characterized
by a disorganized and atrophied morphology and, fur-
thermore, a diffuse distribution of Ki67-positive, prolif-
erating keratinocytes (Figure 2e). In contrast, wounds
from leptin-injected mice showed a highly organized and
massive bulk of keratinocytes at the wound margins.
These wounds were characterized not only by hyperpro-
liferative epithelia that covered the wound, but, addi-
tionally, by Ki67-positive keratinocytes that reached out
deep into the granulation tissue (Figure 2b). Moreover,
the total number of keratinocytes and Ki67-positive pro-
liferating keratinocytes appeared to be markedly reduced
in wounds isolated from leptin-deficient, PBS-treated
control animals (Figure 5a). These results suggest that
leptin might function as a mitogenic factor to ker-
atinocytes during repair, probably by acting on the lep-
tin-receptor isoform ObRb, which is exclusively
expressed in this cell type within the skin.

Leptin-enhanced proliferation and activated STAT3 in the
buman keratinocyte cell line HaCaT and human primary ker-
atinocytes. To further strengthen our in vivo observa-
tions, we determined the mitogenic potency of leptin
in keratinocytes in vitro. First, by RT-PCR amplifica-
tion and subsequent cloning and sequencing of the
amplified cDNA fragments, we assessed that the
human keratinocyte cell line HaCaT (25) and, addi-
tionally, human primary keratinocytes indeed
expressed the ObRb splice variant, suggesting that the
cells are susceptible to leptin-mediated signaling (data
not shown). Using the BrdU cell-proliferation ELISA,
we observed a strong and dose-dependent proprolifer-
ative effect of recombinant human leptin on the
HaCaT cell line (Figure Sb, shaded bars) and the
human primary keratinocytes (Figure 5b, filled bars).
Remarkably, the mitogenic effects could be observed
even at the lowest leptin concentrations (0.1 ng/mL)
used. Note that the medium used for culturing human
primary keratinocytes (KBM-2; see Methods) included
epinephrine (0.5 pg/mL), which is known to increase
the activity of adenylate cyclase (28) and, subsequently,
cAMP concentrations (29) in keratinocytes. The pro-
proliferative effect of leptin was comparable to the
effects observed by the well-known epithelial mitogens
EGF and KGF (Figure 5c, left panel). Furthermore,
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Figure 5

Effect of leptin on proliferation and STAT3 activation in HaCaT a _
keratinocytes and human primary keratinocytes. (a) Low-mag- z . 5E
nification photographs (100x) of frozen serial sections were g E m Eg =0
analyzed for total keratinocyte cell numbers or proliferating ker- Ix 55 ‘—‘—‘ =3
atinocytes within the hyperproliferative epithelia from leptin- e E 200 3 1so
treated (intraperitoneally) ob/ob mice and PBS-treated . = 2w 5T% £ ;E
(intraperitoneally) ob/ob mice (n = 3), as indicated. This was T E,‘E_ 100
df)ne'by counting hemato>'<y||n—sta|ned !(f:ratmocyte nuclei or 3 Loy Pos Ley Pos b";;:
Ki67-immunostained keratinocyte nuclei in a defined area (3 x = — e =

2 mm). Data are expressed as total number of keratinocyte c posltive KCa

nuclei + SD (n=3).AP < 0.01 as indicated by the brackets, per-
centage of means compared with leptin-treated animals. (b)
Dose-dependent effects of human recombinant leptin (0.1-500
ng/mL) on HaCaT (open bars) or primary (filled bars) ker-
atinocyte proliferation. Proliferation was determined by BrdU
incorporation. Data are expressed as percentage of unstimu-
lated control. Mean percentage of change in proliferation + SD
are shown (values represent the mean of five assays with a read-
out of nine wells for each concentration; n=45). AP <0.01 com-
pared with control; 8P < 0.05 compared with control. (¢) Effects
of leptin (100 ng/mL), KGF (10 ng/mL), or EGF (10 ng/mL) on
HaCaT (open bars) and primary (filled bars) keratinocyte pro-

Cell proliferation (MTS)
(% of unstimulated contral}

Cell proliferation {Brdl)
{% of unstimulated control)

Control Lep KGF WGF! EGF EGFT Control Lep KGF KGF! EGF EGF
Lep Lep Lap

Lep

15 15 30 30 15 15 0T 1
liferation. KGF and leptin or EGF and leptin were also given min _min _min _min min___min___min 15 min Lep
simultaneously, as indicated. Proliferation was determined by “. I ‘

BrdU incorporation (left panel) or using the MTS reagent (right - “ - - H -
panel) as described in Methods. Data are expressed as per-
centage of unstimulated control. Mean percentage of change Control Lep  EGF  Control Lep T srjra-mm

in proliferation + SD are shown (values represent the mean of
six assays with a readout of nine wells for each condition; n = e I 1
54).AP<0.01 compared with control. (d and e) EMSA. HaCaT min min min  min 10 min Lep

keratinocytes (d) and primary keratinocytes (e) were grown to

confluence and rendered quiescent by a 24-hour incubation in H-H
serum-free medium. Cells were subsequently stimulated with

Iept.in (100 ng/mL) or EGF(’IQ ng/mL) for the indi'cated time Contral L EGF  STAT3wt STATS st
periods. Nuclear extracts of stimulated cells were isolated as e -

described in Methods. Specificity of binding was confirmed by
competition experiments using a 10-100-fold excess of unla-
beled wild-type (STAT3 wt) or mutated STAT3 (STAT3 mut)
consensus oligo as indicated. Lep, leptin; KC, keratinocyte.

STAT3 within 15 minutes of leptin stimulation. EGF-
mediated STAT3 activation was used as a positive con-
trol (30), and specificity of the STAT3 complex was
confirmed by competition experiments using mutated
or wild-type STAT3 consensus oligonucleotides,
respectively (Figure 5, d and e).

these results were confirmed using the MTS assay (Fig-
ure Sc, right panel), which represents a colorimetric
method to determine the number of viable cells in pro-
liferation assays. Additionally, the mitogenic effects of
leptin observed in the human keratinocyte cell line and
human primary keratinocytes could be seen in murine
primary keratinocytes (data not shown).

These results implicated a signaling machinery in  Discussion

keratinocytes that could respond to a leptin-mediated
stimulus. Since it has been described that binding of
leptin to its receptor activates Jak tyrosine kinases,
which then phosphorylate STATSs (5), we investigated
whether a similar signal-transduction pathway is oper-
ative in keratinocytes. Therefore, we determined the
potency of leptin to activate the transcription factor
STATS3 in the keratinocyte cell line HaCaT (Figure 5d)
and primary keratinocytes (Figure Se), respectively,
because nuclear translocation of STAT3 has been
described as a result of ObRb-receptor activation in the
hypothalamus or endothelial cells (4, 17). Using the
electrophoretic mobility-shift assay (EMSA) technique,
we observed a rapid and strong increase in activated

For many years, ob/ob mice have been used as a model
system for impaired wound healing, and, additionally,
the observed wound-healing disorders have been
explained by the diabetic phenotype of these animals
(31). However, it is well-known that the genetic back-
ground C57/BL6J gives rise to a moderate diabetic phe-
notype that occurs only transiently and predominant-
ly in early developmental stages (32), indicating that
moderate hyperglycemia might not represent the only
reason for the impaired wound healing observed in lep-
tin-deficient animals. The present study demonstrates
that impaired repair in 0b/ob mice might result from a
lack of leptin acting as a mitogenic factor for ker-
atinocytes at the wound site. Beneficial effects of leptin
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were not restricted to leptin-deficient mice, because lep-
tin markedly promoted the re-epithelialization process-
es in wild-type mice. Our data provide direct evidence
that the beneficial effect of leptin on wound repair is
due to a direct mitogenic action of leptin on ker-
atinocytes located at the wound margins. Growth fac-
tors driving re-epithelialization are central to the
wound-healing process. Crucial roles for this process
have been elucidated for KGF, EGF, and TGF-a, which
have been shown to stimulate re-epithelialization in
animal models (33, 34) or to be absent in models of
impaired re-epithelialization (35). In line with these
observations, keratinocytes of the hyperproliferative
epithelium at the wound edge are known to express the
KGF- or EGF-receptor (20, 36), respectively. According
to these observations, we found a comparable expres-
sion pattern for the ObRD leptin-receptor isoform that
is expressed in keratinocytes of the hyperproliferative
epithelium. These keratinocytes are known to be undif-
ferentiated and still able to proliferate (37).

In contrast to the observed constitutive expression
of the KGF receptor (23) or elevated expression of the
EGF receptor (38) in wound repair, the ObRDb leptin-
receptor expression is downregulated early after
injury. This regulation might reflect an adaptive
mechanism to counteract the effect of an immediate-
ly available leptin at the wound site. Whereas KGF or
EGF are released in high amounts upon injury from
fibroblasts or platelets (18), respectively, and subse-
quently trigger a rapid epithelial response, the down-
regulation of ObRb after injury is most likely to tar-
get specifically the mitogenic properties of leptin to
later epithelial movements during repair. Among the
four identified leptin-receptor subtypes, the ObRb
form is characterized by a long cytoplasmic region
with consensus sequences for the binding of Jak tyro-
sine kinases and binding of the transcription factor
STAT3. Thus, the ObRb-receptor subtype has been
shown to be responsible for leptin-dependent signal-
ing in the hypothalamus. The other known leptin-
receptor subtypes carry truncated cytoplasmic regions
and, presumably, are not able to activate the Jak-STAT
pathway. Because we identified the ObRb-receptor
subtype to be specifically expressed in the proliferat-
ing keratinocytes of the epidermal basal layer in non-
wounded skin and the hyperproliferative epithelia
during repair, it is tempting to argue that the ObRb-
receptor subtype system might serve to target the
mitogenic effect of leptin toward the epithelial com-
partment. This assumption is further supported by
the observation that db/db mice, which are deficient
in ObRD signaling but not for the other known leptin-
receptor splice variants, including ObRa, are charac-
terized by severe wound-healing disorders (39).

The observation that leptin promoted the prolifera-
tion of keratinocytes is in accordance with results
obtained from various cell types because leptin report-
edly has the potency to mediate mitogenic effects on
lung epithelial cells, hemopoietic cells, pancreatic beta

cells, monocytes, or endothelial cells (11-16, 40). How-
ever, this is the first report, to our knowledge, that
demonstrates a proliferative function of leptin for an
in vivo situation.

Until now, only little information dealing with the
intracellular cascade involved in leptin-dependent sig-
naling has been available. The leptin-receptor subtype
ODbRDb has considerable homology to class I cytokine
receptors (24). Several studies have demonstrated that
binding of leptin causes receptor dimerization with
association and activation of Jak kinases. Subsequent-
ly, STAT proteins are recruited to this complex and
phosphorylated (4, 5). In line with these observations,
it has been shown for lung epithelial cells that leptin
mediates its mitogenic effects through the ObRb sub-
type (41). Accordingly, our data demonstrate that lep-
tin activated STAT3 in keratinocytes. In agreement
with these results, keratinocyte-specific STAT3-defi-
cient mice were characterized by a severely impaired
wound repair (42). In these animals, STAT3 deficiency
was targeted to keratinocytes using a keratin-5 pro-
moter construct. Thus, these data clearly underline an
important role for a leptin-stimulated ObRD recep-
tor-signaling cascade during repair, which subse-
quently mediates STAT3 activation in keratinocytes.

In summary, the possibility of an impairment of lep-
tin-triggered epithelial processes must be considered to
be crucially involved in the wound-healing deficiencies
observed in ob/ob mice. More important, our data pro-
vide evidence for beneficial effects of topically applied
leptin for normal wound-healing situations. In this
study we have identified leptin as a potent mediator of
keratinocyte proliferation during wound healing in
vivo. Since the absence of leptin from the wound is
accompanied by an impaired re-epithelialization, we
must consider leptin, besides the well-known mitogens,
as a novel therapeutic factor to improve severely dis-
turbed wound-healing conditions.
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