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Kung H-N, Yang M-J, Chang C-F, Chau Y-P, Lu K-S. In vitro
and in vivo wound healing-promoting activities of �-lapachone. Am J
Physiol Cell Physiol 295: C931–C943, 2008. First published July 23,
2008; doi:10.1152/ajpcell.00266.2008.—Impaired wound healing is a
serious problem for diabetic patients. Wound healing is a complex
process that requires the cooperation of many cell types, including
keratinocytes, fibroblasts, endothelial cells, and macrophages. �-Lapa-
chone, a natural compound extracted from the bark of the lapacho tree
(Tabebuia avellanedae), is well known for its antitumor, antiinflamma-
tory, and antineoplastic effects at different concentrations and conditions,
but its effects on wound healing have not been studied. The purpose of
the present study was to investigate the effects of �-lapachone on wound
healing and its underlying mechanism. In the present study, we demon-
strated that a low dose of �-lapachone enhanced the proliferation in
several cells, facilitated the migration of mouse 3T3 fibroblasts and
human endothelial EAhy926 cells through different MAPK signaling
pathways, and accelerated scrape-wound healing in vitro. Application
of ointment with or without �-lapachone to a punched wound in
normal and diabetic (db/db) mice showed that the healing process was
faster in �-lapachone-treated animals than in those treated with
vehicle only. In addition, �-lapachone induced macrophages to re-
lease VEGF and EGF, which are beneficial for growth of many cells.
Our results showed that �-lapachone can increase cell proliferation,
including keratinocytes, fibroblasts, and endothelial cells, and migra-
tion of fibroblasts and endothelial cells and thus accelerate wound
healing. Therefore, we suggest that �-lapachone may have potential
for therapeutic use for wound healing.

cell proliferation; mitogen-activated protein kinase signaling path-
ways

THE HEALING OF CUTANEOUS WOUNDS is a dynamic, complex, and
well-organized process and requires the orchestration of many
different cell types and cellular processes (29). Immediately
after skin is injured, various factors are released by different
types of inflammatory cells. Then, starting several hours after
injury, inflammatory cells, such as neutrophils, monocytes, and
lymphocytes, initiate the proliferative phase of wound repair.
At 3–7 days after injury, new capillaries endow the neostroma
with its granular appearance. Leukocytes, fibroblasts, and
blood vessels move into the wound area, and each contributes
to the wound healing process. Macrophages provide a continu-
ing source of cytokines to stimulate fibroplasia and angiogen-
esis. During angiogenesis, the vascular basement membrane
and the fibrin or interstitial matrix are degraded by endothelial
cells. The endothelial cells then start to migrate into the matrix
and form new capillary-like tubes by proliferation (46). Mi-

gration and proliferation of keratinocytes at the wound edge
then commence and are followed by proliferation of fibroblasts
in the proximal area of the wound (45, 53).

Keratinocytes, fibroblasts, and endothelial cells are very
important in skin wound repair. Wounding the epidermis
generates cytokines and growth factors and initiates the syn-
thesis of extracellular matrix components, all of which can
regulate the processes of keratinocyte migration and prolifer-
ation, essential for reepithelialization (29). Fibroblasts predom-
inantly appear in the wound after the inflammatory phase, then
proliferate and synthesize new extracellular matrix, which is
necessary to support the additional cell ingrowth (56), form
granulation tissue (6, 16, 56), and subsequently generate me-
chanical forces within the wound to initiate wound contraction
(14). Wound contraction is beneficial to overall wound healing
by decreasing the wound area and forming a mechanically
strong reparative scar (19, 38). Blood vessels play an important
role in sustaining cell metabolism by providing oxygen and
nutrients (19). The integrity of the granulation tissue depends
on the presence of biological modifiers (e.g., growth factors),
the activity of target cells, and the environment of the extra-
cellular matrix (18). Macrophages, in the wound area, secrete
numerous enzymes and cytokines, including collagenases,
which debride the wound, and growth factors, which promote
angiogenesis, stimulate fibroblasts to produce collagen, and
stimulate the growth of keratinocytes (29). An understanding
of the mechanisms that regulate the cell migration, prolifera-
tion, and wound contraction of the keratinocytes, dermal fibro-
blasts, and endothelial cells could be beneficial in devising
novel therapies to regulate fibrosis and wound contraction to
ultimately improve the wound healing process.

�-Lapachone is a natural o-naphthoquinone compound ob-
tained from the bark of the lapacho tree (Tabebuia avellanedae).
Its inner bark is often used as an analgesic, antiinflammatory,
antineoplasic, antimicrobial, and diuretic in the northeast of Brazil
(8, 51). �-Lapachone has a good antitumor effect on several
carcinoma cells (23), including hepatoma (22), osteosarcoma
(27), breast cancer (24), prostate cancer (9), and human leu-
kemia (4, 43). However, whether it facilitates the process of
wound healing and has a beneficial effect on the proliferation
and migration of cells remains to be explored.

Diabetic patients frequently suffer serious problems with
impaired wound healing, and the etiology of this impaired
healing process is poorly understood. In mutant diabetic (db/
db) mice, the gene encoding the leptin receptor (ObR) is
inactivated and the mice develop obesity, insulin resistance,
and severe diabetes with marked hyperglycemia, resembling
adult-onset diabetes mellitus (5). As in diabetic humans,
wound healing in db/db mice is markedly delayed (15, 54).
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In the present study, we first demonstrated that �-lapachone
promoted the proliferation and migration of human keratino-
cytes, fibroblasts, and endothelial cells through different
MAPK signals, including extracellular signal-regulated kinase
1/2 (ERK1/2), c-Jun NH2-terminal kinase (JNK), and p38.
Moreover, we showed that �-lapachone accelerated wound
healing in both normal and mutant diabetic (db/db) mice,
suggesting a potential application of this compound as an
accelerator of wound repair.

MATERIALS AND METHODS

Chemicals. �-Lapachone, prepared as described by Schaffner-Sabba
et al. (41), was dissolved as a 20 mM stock solution in DMSO and stored
at �20°C. Antibodies against ERK, phosphorylated ERK, p38, phos-
phorylated p38, JNK, and phosphorylated JNK were purchased from
Cell Signaling Technology (Danvers, MA). Macrophage marker an-
tibody (MCA1849) was purchased from AbD Serotec (Kidlington,
UK). Anti-mouse proliferating cell nuclear antigen (PCNA) antibody
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
ERK inhibitor (catalog no. 328006), p38 inhibitor (SB-203580; cat-
alog no. 559389), and JNK inhibitor (SP-600125, catalog no. 420119)
were purchased from Calbiochem (Merck, Darmstadt, Germany). All
fluorescent secondary antibodies were purchased from PerkinElmer

(Boston, MA). Other chemicals or antibodies were purchased from
Sigma (St. Louis, MO).

Cell culture. Human epidermal keratinocyte (HEKn) cells iso-
lated from neonatal foreskin were cultured in 5% CO2 at 37°C in
Epilife medium (cells and medium were purchased from Cascade
Biologics). The mouse keratinocyte XB-2 cells were cultured in
5% CO2 at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
containing 20% fetal bovine serum, 2 mM glutamine, and 100
�g/ml each of penicillin/streptomycin, with 3T3 cells as feeder
layer. The mouse fibroblast 3T3 cells, human foreskin fibroblast
HS68 cells, and mouse macrophage RAW264.7 cells were cultured
in 5% CO2 at 37°C in DMEM containing 10% fetal bovine serum,
2 mM glutamine, and 100 �g/ml each of penicillin/streptomycin
(all from GIBCO-BRL, Rockville, MD). Human endothelial cells,
EAhy926, derived from fusion of human umbilical vein endothelial
cells with the lung adenocarcinoma A549 cell line, were cultured
under the same conditions, but with 100 �M sodium hypoxanthine,
0.4 �M aminopterin, and 16 �M thymidine included in the me-
dium. Human umbilical vascular endothelial cells (HUVEC) were
harvested from the umbilical cord, incubated for 10 min at 37°C
with 1% collagenase IV (Sigma), and grown at 37°C in 5% CO2 in
M199 medium containing 20% FCS, 100 �g/ml each of heparin
and penicillin/streptomycin (100 U/ml), and 15 mg/ml of endothe-
lial cell growth supplement (all from Upstate Biotechnology, Lake

Fig. 1. Low concentrations of �-lapachone (�-lap) increase proliferation in various cell types and raise the percentage of cells in S phase. A: effect of various
concentrations of �-lapachone on the proliferation of human epidermal keratinocyte cells (HEKn), mouse keratinocyte cells (XB-2), mouse fibroblast cells (3T3), human
fibroblast cells (HS68), human endothelial cells (EAhy926), and human umbilical vein endothelial cells (HUVEC), respectively. *Significant difference (P � 0.05) from
vehicle treatment (0 �M �-lapachone; n � 3). B and C: flow cytometric analyses showing an increase in the percentage of S-phase cells in 3T3 cells (B) and EAhy926
cells (C) treated for 3–9 h with 1 �M �-lapachone. *Significant difference (P � 0.05) from the beginning (0 h) of the treatment (n � 3).
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Placid, NY). HUVEC cultures were passaged using 0.05% trypsin-
0.2% EDTA in phosphate-buffered saline (PBS); passages 3 to 7
were used for tests.

Cell treatment and cell viability assays. HS68 cells (103), 3T3
cells (103), or EAhy926 cells (104) in 100 �l medium were seeded
for 24 h at 37°C in a 96-well culture plate in a humidified 5% CO2

atmosphere. HEKn cells (104), XB-2 cells (104), and HUVEC (104)
were seeded for 48 h because of the lower growth rate. For the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay,
various concentrations of �-lapachone were added to the medium 24 h
before the cell viability assay. In brief, 10 �l MTT (0.5 mg/ml) were
added to each well and the plates were incubated at 37°C for 4 h. The

Fig. 2. �-Lapachone increases the level of proliferating cell nuclear antigen (PCNA) protein, and MAPK signaling pathways are involved in the �-lapachone-
induced proliferation of fibroblasts and endothelial cells. A: immunostaining for PCNA, a protein synthesized in early G1 and S phase, showing a greater number
of PCNA-positive cells in �-lapachone-treated group than in the untreated group. B: Western blots showing an increase in phosphorylated (p)-ERK and p-p38,
but not p-JNK, within 15 min in 3T3 cells treated with �-lapachone. C: Western blots of EAhy926 cells treated with �-lapachone showing that levels of p-ERK,
p-p38, and p-JNK dramatically increase in 30 min. D: ERK inhibitor or p38 inhibitor, but not JNK inhibitor, inhibits �-lapachone-induced 3T3 cell proliferation.
E: all three inhibitors inhibit �-lapachone-induced EAhy926 cell proliferation. *Significant difference (P � 0.05) from the group treated with 1 �M �-lapachone
but without inhibitors (n � 3; D and E).
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formazan product was then dissolved in 100 �l DMSO at 37°C for 30
min, and absorbance at 570 nm was measured with a microplate reader.

To test the effects of MAPK inhibitors, 3T3 cells or EAhy926 cells
(103 cells in 100 �l medium/well) were incubated for 1 h with 0, 5, or
10 �M ERK inhibitor or p38 inhibitor (SB-203580) or 0, 50, or 100
nM JNK inhibitor (SP-600125); the cells were then changed to
medium containing the same MAPK inhibitor with or without 1 �M
�-lapachone. The number of viable cells after treatment was measured
using the MTT assay. For all studies, at least three sets of independent
experiments were carried out, each in triplicate.

Cell cycle analysis. Cells were treated with 1 �M �-lapachone for
3, 6, 9, 12, or 24 h, harvested with 0.5% trypsin-EDTA, and fixed with
cold 80% ethanol. After three washes with PBS, the cells were
incubated for 1 h at 37°C with RNase A (1 �g/ml) and then for 15 min
at 37°C with propidium iodide (50 �g/ml). Stained cells were detected
by flow cytometry (Becton-Dickinson) using the FL-2 parameter, and
the data were analyzed using Cell Quest Pro software (Becton-
Dickinson).

Immunofluorescence staining. Cells were incubated with 1 �M
�-lapachone for 0 to 24 h and were then fixed in 4% paraformalde-
hyde for 15 min. After being blocked for 1 h at room temperature with
10% normal goat serum (NGS), the cells were stained overnight at
4°C with monoclonal antibody against PCNA (1:1,000), incubated
with rhodamine-conjugated secondary antibody and Hoechst dye for
1 h at room temperature, and examined and photographed using a
Leica fluorescence microscope.

Western blot analyses. Cells treated with 1 �M �-lapachone for 0–24
h were lysed with lysis buffer (0.25 mM HEPES, pH 7.4, 14.9 mM NaCl,
10 mM NaF, 2 mM MgCl2, 0.5% NP-40, 0.1 mM PMSF, 20 �M
pepstatin A, and 20 �M leupeptin). The lysates were then centrifuged at
1,000 g for 15 min at 4°C, and the supernatants were collected for
immunoblotting. The amount of protein in the samples was measured by
the Bradford assay (Bio-Rad, Hercules, CA) using an ELISA reader.
Approximately 25–50 �g protein from each sample were separated by
10–12% SDS-PAGE and then transferred to Immobilon-P membranes
(Millipore, Bedford, MA) in an electrophoretic transfer cell (2 h at 200
V). All subsequent steps were at room temperature. The membranes were
blocked for 1 h with 5% skim milk in PBS containing 0.05% Tween 20
(PBST), incubated for 2 h with anti-phosphorylated-ERK, anti-ERK,
anti-phosphorylated-JNK, anti-JNK, anti-phosphorylated-p38, anti-p38,
or anti-actin antibodies (1:1,000 dilution) in 1% BSA, washed with PBST
for 30 min, and then incubated for 1 h with horseradish peroxidase-
conjugated secondary antibody (PerkinElmer; 1:5,000 dilution in PBST).
Bound antibody was detected with ECL Western blotting reagent
(PerkinElmer), and the chemiluminescence was detected with Fuji Med-
ical X-ray film (Tokyo, Japan). The amount of each protein was quanti-
fied using Scion software.

Scrape-wound healing assay. Cells were grown to confluence on a
24-well dish, the medium was aspirated, and new medium with or
without 1 �M �-lapachone alone or together with ERK inhibitor, p38
inhibitor, or JNK inhibitor was added. A single stripe (�150 �m
wide) was scraped on the cell-coated surface with a 200-�l disposable
plastic pipette tip, and the wound was allowed to heal for 24 h
(endothelial cells) or 48 h (fibroblast cells) at 37°C. The average
extent of wound closure was evaluated by measuring the width of the
wound. The migration speed of cells into wounded areas was exam-

ined and photographed by time-lapse microscopy (Laica, Wetzlar,
Germany) and was measured with Metamorph software (Molecular
Devices, Toronto, Ontario, Canada).

Transwell migration assay. Cell migration was assessed using a
modified Millicell chamber (8-�m pores; Transwell, Millipore,
Billerica, MA). Cells seeded into the upper chamber at 1 � 104

cells/well in 0.2 ml medium were treated with �-lapachone alone
or with �-lapachone plus ERK inhibitor, p38 inhibitor, or JNK
inhibitor, and 0.6 ml of the medium was added to the bottom
chamber. After 24 h at 37°C, the cells on the upper surface of the
membrane were mechanically removed, and the migrated cells on
the lower surface of the membrane were fixed and stained with
Coomassie brilliant blue (Sigma). The total number of migrated
cells on the lower surface of the membrane was counted. Each
experiment was performed in triplicate.

Animals. Adult C57BL/6 or db/db male mice (10 wk old) were
purchased from the National Taiwan University Animal Center and
housed in individual cages in a temperature- and humidity-controlled
room (12:12-h light-dark cycle) with free access to tap water and diet.
All of the animal experiments were performed according to National
Institutes of Health guidelines and were approved by the Laboratory
Animal Committee of the College of Medicine, National Taiwan
University.

Wound biopsy and measurement of wound closure. Mice (C57BL/6
or db/db) were anesthetized with 2% Rompun solution (0.1 ml/20 g
body wt; Bayer, Leverkusen, Germany). The back of the mouse was
shaved and then sterilized using an alcohol swab. A sterile biopsy
punch (6-mm diameter) was used to punch through the full thickness
of the back skin below the shoulder blades. A wound placed in this
area cannot be reached by the mouse and therefore prevents self-
licking. Ointment [100 mg pure white petrolatum jelly (Vaseline)]
alone (control ointment) or containing 29.8 �g/g �-lapachone was
applied to the wound and changed every 2 days. Wounds from
individual mice were digitally photographed every 5 days, beginning
on the day of wounding. For all measurements, the wound area was
quantified using Scion software.

Histological examination. During the process of wound closure,
skin samples (approximately 1 � 1 cm2) containing the wound areas
were collected at 3, 7, 14, or 21 days postwounding and fixed in 4%
formaldehyde for histological study. The samples were frozen and
transversely cut into 7-�m-thick sections from the middle part of the
wounds, which were stained with hematoxylin and eosin before
examination in a Zeiss Axiphot light microscope. The number of
vessels in the wounding area was calculated using Imagescope soft-
ware (Aperio, Vista, CA). The density of vessels (counts/mm2 area)
was measured and analyzed with Metamorph software.

Macrophage assay and measurement of VEGF and EGF. At 3, 7,
14, or 21 days postwounding, mice were euthanized with an
overdose of 2% Rompun solution. The wound areas were removed
by cutting out a square area containing the entire wound site, and
the tissues were immediately placed in 4% paraformaldehyde for 1
wk. Cryosections (7 �m) from the middle part of the wound areas
were cut for immunofluorescence for general histological observa-
tion. For immunofluorescence, the sections were blocked with 10%
NGS in PBS for 2 h at room temperature and then incubated
overnight at 4°C with rabbit anti-mouse VEGF or EGF antibodies

Fig. 3. �-Lapachone facilitates wound closure in 3T3 cell monolayers through the ERK and p38 signaling pathways. A: a 150-�m-wide wound (area between
the dotted vertical lines) made in confluent fibroblast cultures was left untreated (left column) or was treated with 1 �M �-lapachone alone (second column from
left) or together with ERK inhibitor (third column from left), p38 inhibitor (fourth column from left), or JNK inhibitor (right column). B: microscopic observation
showing that the number of cells after cotreatment with ERK inhibitor or p38 inhibitor and �-lapachone is less than after treatment with �-lapachone alone.
C: wound area is reduced rapidly from 0 to 48 h after �-lapachone treatment, but not after cotreatment with �-lapachone and ERK inhibitor or p38 inhibitor.
*Significant difference (P � 0.05) among the same group (0, 12, 24, or 48 h) as compared with vehicle treatment (B and C). #Significant difference as compared
with the �-lapachone treatment (second column of each group; B and C). D: migration speed of cells after cotreatment with ERK inhibitor or p38 inhibitor and
�-lapachone is slower than that of cells treated with �-lapachone alone. E: Transwell migration assay showing that more �-lapachone-treated cells migrate
through the pores than untreated cells and those cells cotreated with �-lapachone and ERK inhibitor or p38 inhibitor, but not JNK inhibitor. In D and E, similar
comparison as in B or C was made between the treatments with vehicle (*) or �-lapachone (#).
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and polyclonal rat anti-mouse macrophage marker MCA1849 (1:
300). After several washes with PBS, the sections were incubated
for 1 h at room temperature with fluorescence-conjugated second-
ary antibody, washed, and mounted with 50% glycerol in PBS. The
number of macrophages in the wound area was counted, and the
sections were photographed with a Leica fluorescence microscope.

For measurement of VEGF or EGF levels, 1 � 104 macrophages
were seeded in 96-well plates and treated with 1 �M �-lapachone for
0, 30, 60, and 180 min, respectively. The medium was collected, and
the levels of VEGF and EGF were measured with the RayBio VEGF
and EGF ELISA kits using tetramethyl benzidine (TMB) as a chro-
mogen. The level of VEGF or EGF was determined by the intensity
of the absorbance at 450 nm on an ELISA reader (BioTek, Winoo
ski, VT).

Statistical analysis. All data are presented as means � SD, and
differences between groups were examined using a one-way ANOVA
with Scheffé’s test. P � 0.05 was considered statistically significant.

RESULTS

Low concentrations of �-lapachone promote cell prolifera-
tion and increase the percentage of cells in S phase. We used
the MTT assay to examine the effect of 24 h (HS68, 3T3,
and EAhy926) or 48 h (HEKn, XB-2, and HUVEC) treat-
ment with different concentrations of �-lapachone on vari-
ous cells. After incubation with low concentrations (up to 1
�M) of �-lapachone, the cell proliferation rates of 3T3,
EAhy926, and HUVEC increased in a dose-dependent man-
ner and peaked at 1 �M at 133% for 3T3 cells, 145% for
EAhy926 cells, and 145% of control levels for HUVEC
cells, respectively. The cell survival also peaked at 0.5 �M
at 196% for HEK cells, 2.5 �M at 125% for XB-2 cells, and
0.01 �M at 113% for HS68 cells incubating with �-lapa-
chone (Fig. 1A). At higher concentrations, �-lapachone was
cytotoxic to cells and the cell survival rates dropped to
20 – 40% in all cells (Fig. 1A). Similar observation was
obtained from all six cell lines we tested in this experiment;
therefore, we used two cell lines, 3T3 and EAhy926, in
subsequent studies to explore the molecular mechanism
underlying the proliferating activity of �-lapachone.

Flow cytometry showed that, in cells treated with �-lapa-
chone, the percentage of cells in S phase increased in a
time-dependent manner up to 9 h, but there was no significant
change in the percentages of cells in G0/G1 and G2/M phase
(Fig. 1, B and C). Cellular proliferation was also examined by
immunostaining for PCNA, a protein synthesized in early G1
and S phase, and the number of PCNA-positive cells in 3T3 or
EAhy926 cells treated with �-lapachone was found to increase
in a time-dependent manner from 0 to 24 h (Fig. 2A).

MAPK signaling pathways are involved in �-lapachone-
induced cell proliferation. Since MAPK signaling plays a very
important role in cell growth and migration, phosphorylation of
the MAPK proteins ERK1/2, JNK, and p38 was examined to

determine whether �-lapachone-stimulated cell proliferation
was mediated by a MAPK pathway. Western blot analysis
revealed that, in 3T3 cells, levels of phosphorylated ERK 1/2
and p38 MAPK, but not of phosphorylated JNK, were signif-
icantly increased by treatment with �-lapachone for 15 to 60
min (Fig. 2B). In EAhy926 cells, levels of all three phosphor-
ylated MAPK proteins increased at 15–30 min in �-lapachone-
treated cells (Fig. 2C). To determine whether phosphorylation
of MAPK proteins was crucial in �-lapachone-induced prolif-
eration in 3T3 or EAhy926 cells, the effects of specific inhib-
itors of ERK1/2 (ERK inhibitor), p38 (SB-203580), and JNK
(SP-600125) on �-lapachone-treated cells were assessed. For
these inhibition experiments, the cells were pretreated with
MAPK inhibitors for 1 h and were then incubated with fresh
medium containing 1 �M �-lapachone plus the same inhibitor
for 24 h. Treatment with the ERK inhibitor or p38 inhibitor, but
not the JNK inhibitor, inhibited the �-lapachone-induced in-
crease in proliferation (	20%) in 3T3 cells (Fig. 2D), whereas
in EAhy926 cells, all three MAPK inhibitors, especially the
ERK inhibitor, had an inhibitory effect (Fig. 2E).

�-Lapachone increases cell migration. The effect of �-lapa-
chone on the migration of 3T3 and EAhy926 cells was tested in
an in vitro wound healing model, in which scrape wounds were
generated in confluent cell cultures. Cells with or without �-lapa-
chone treatment were allowed to migrate into the denuded area for
12–48 h at 37°C. �-Lapachone-treated 3T3 cells started to mi-
grate into the denuded area at 12 h after being scratched, and
scratch closure was almost complete at 48 h (Fig. 3A, second
column from left). In contrast, cells without �-lapachone treat-
ment were less motile, as indicated by fewer cells in the denuded
area at 12, 24, and 48 h after scratching (Fig. 3A, first column from
left). The number of 3T3 cells in the wound area increased more
quickly and the wound area decreased more rapidly in �-lapa-
chone-treated cells than in other treatment cells (Fig. 3, B and C).
The migration speed of 3T3 cells treated with �-lapachone was
faster than others (2.25 times compared with nontreated cells; Fig.
3D). These observations indicated that 3T3 cells treated with
�-lapachone migrated faster than control cells. Similar results
were obtained using EAhy926 cells, which started to migrate at
6 h after scratching after incubation with �-lapachone, scratch
closure being almost complete at 24 h (Fig. 4A, second column
from left). More cells were seen in the denuded area at 6, 12, and
24 h after �-lapachone treatment than in the untreated controls
(Fig. 4A, first column). In the wound area, number of EAhy926
cells increased more swiftly and the wound area decreased more
promptly in �-lapachone-treated cells than in other treatment cells
(Fig. 4, B and C), and the migration speed of EAhy926 cells
treated with �-lapachone was faster than others (3.7 times com-
pared with nontreated cells; Fig. 4D). These results show that 3T3

Fig. 4. �-Lapachone facilitates wound closure in EAhy926 cell monolayers through the ERK, p38, and JNK signaling pathways. A: cells treated with
�-lapachone fill the wound area (area between the 2 solid dark vertical lines) faster than untreated cells at 12 to 24 h. Addition of ERK inhibitor (third column
from left), p38 inhibitor (fourth column from left), or JNK inhibitor (right column) significantly reduced the effect of �-lapachone. B: cell numbers after
cotreatment with �-lapachone and the ERK inhibitor, p38 inhibitor, or JNK inhibitor are less than after treatment with �-lapachone alone at 12 and 24 h. C: wound
area is reduced more rapidly in cells treated with �-lapachone than in untreated cells, but is slower in cells cotreated with �-lapachone and ERK inhibitor, p38
inhibitor, or JNK inhibitor. *Significant difference (P � 0.05) among the same group (0, 6, 12, or 24 h) as compared with vehicle treatment (B and C). #Significant
difference as compared with the �-lapachone treatment (second column of each group; B and C). D: migration speed of cells cotreated with �-lapachone and
ERK inhibitor, p38 inhibitor, or JNK inhibitor is slower than that of cells treated with �-lapachone alone. E: Transwell migration assay showing that more
�-lapachone-treated EAhy926 cells migrate through the pores than untreated cells or cells cotreated with �-lapachone and ERK inhibitor, p38 inhibitor, or JNK
inhibitor. In D and E, similar comparison as in B or C was made between the treatments with vehicle (*) or �-lapachone (#).
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fibroblasts and endothelial EAhy926 cells are more motile after
treatment with 1 �M �-lapachone.

Effect of MAPK inhibitors on the migration of �-lapachone-
treated cells. When the same system was used to study the effects
of MAPK inhibitors on �-lapachone-induced cell migration, pre-
treatment with the ERK or p38 inhibitor, but not the JNK inhib-
itor, inhibited the �-lapachone-dependent migration of 3T3 cells,
especially at 24 and 48 h (Fig. 3A, right three columns), whereas
all three significantly reduced �-lapachone-dependent EAhy926
cell migration at 12 and 24 h (Fig. 4A, right three columns). The
number of cells in the wound area increased approximately
twofold after �-lapachone treatment, whereas addition of the ERK
or p38 inhibitor greatly reduced the number of 3T3 cells (Fig. 3B,
24 h and 48 h) or EAhy926 cells (Fig. 4B, 24 h) in the scratched
area. The healing of the wound area in �-lapachone-treated 3T3
cell cultures was faster than that in the presence of the ERK or p38
inhibitor (Fig. 3C). The migration speed of cells treated with
�-lapachone was also double compared with that of nontreated
cells (Fig. 3D). In EAhy926 cell cultures, healing of the wound
area in �-lapachone-treated cells was slower in the presence of
ERK, p38, or JNK inhibitor (Fig. 4C) and the speed of migration
in �-lapachone-treated cells was reduced by pretreatment with
ERK, p38, or JNK inhibitor (Fig. 4D).

To exclude the proliferation effect of �-lapachone in the
scrape-wound healing assay, the Transwell migration assay
was used to investigate the migration effect of �-lapachone on
3T3 and EAhy926 cells. The Transwell migration assay also
showed that more �-lapachone-treated 3T3 cells migrated
through the Transwell pores than untreated cells or cells
cotreated with �-lapachone and ERK inhibitor or p38 inhibitor
(Fig. 3E). Similarly, all three inhibitors decreased the number
of �-lapachone-treated EAhy926 cells migrating through the
Transwell pores (Fig. 4E). In contrast, ERK (5 �M), p38 (5
�M), or JNK (50 nM) inhibitor did not affect cell migration
either in 3T3 or EAhy926 cells without �-lapachone treatment
in scrape-wound assays and Transwell migration assays (see
Supplemental Figs. S1 and S2 in the online version of this article).
Taken together, the data above indicate that the MAPK signaling
pathways are involved in �-lapachone-induced fibroblast and
endothelial cell migration.

Effects of �-lapachone on in vivo wound healing. To deter-
mine whether �-lapachone had a therapeutic effect on wound
healing, ointment alone or containing 29.8 �g/g �-lapachone
was applied to a wound on the back of C57BL/6 or db/db mice
for 21 days, and the wounds were examined for healing every 5
days from wounding day (day 0) to day 21 postwounding
(Figs. 5 and 6). Skin tissue (approximately 1 � 1 cm2) in the
center of the wounds was cut out on day 3, 7, 14, or 21
postwounding and was processed for hematoxylin and eosin
staining (Fig. 6). The density of vessels underlying the healing
skin was measured using Imagescope software (Fig. 6E). Micro-
scopic observation showed that the time required for wound
healing on db/db mice was significantly longer than that on
C57BL/6 mice (Fig. 5, A and C), and the wound area in C57BL/6
or db/db mice treated with ointment containing �-lapachone (Fig.
5, B and D) was markedly smaller than that in mice treated with
control ointment (Fig. 5, A and C) in 5 to 20 days. Compared with
mice treated with control ointment, the area of the �-lapachone-
treated wounds was significantly reduced in both C57BL/6 and
db/db mice (Fig. 5E). Compared with the wound treated with
ointment without �-lapachone, the recovery process of wound

healing by �-lapachone treatment was faster either in C57BL/6 or
in db/db mice (Fig. 6, A–D). On day 14, in C57BL/6 mice, the scar
tissue was thick and the dermis appeared disorderly in the wound
treated with control ointment (Fig. 6A3); however, on the same
day, the skin layers were completely rehabilitated in the �-lapachone-
treated wound (Fig. 6B3). Similarly, the scar tissue was relatively
thinner, and hair follicles appeared in the dermis in the �-lapachone-
treated wound at 14 days (Fig. 6D3) in db/db mice, but hair follicles
in the wound treated with the control ointment were only observed at
21 days.

Since MAPK inhibitor assays revealed that ERK inhibitor
exerted its inhibitory effect dramatically on �-lapachone-mediated
wound healing in both 3T3 (Fig. 2D) and EAhy926 cells (Fig.
2E), we next investigated the effect of ERK in �-lapachone-
facilitated wound healing. ERK inhibitor with or without �-lapa-
chone was used to treat the back wound in C57BL/6 and db/db
mice. Compared with �-lapachone treatment alone, wound heal-
ing was markedly reduced after ERK inhibitor with or without
�-lapachone treatment (Fig. 5E). However, ERK inhibitor did not
affect normal wound healing but significantly reduced the healing
effect of �-lapachone on wound healing (Supplemental Fig. S3).

Additionally, the density of vessels in �-lapachone-treated
wounds was higher than that in control-ointment-treated
wounds at days 3 to 21 postwounding in both C57BL/6 and
db/db mice (Fig. 6E). The number of macrophages that ap-
peared in the wound area in �-lapachone-treated mice was
more numerous than that treated with ointment without �-
lapachone at day 14 in C57BL/6 mice and at day 7 in db/db
mice (Fig. 7A). Double immunostaining with anti-MCA1849 (a
macrophage marker, FITC) and anti-VEGF or -EGF antibodies
(tetramethylrhodamine isothiocyanate) illustrated that macro-
phages secrete VEGF and EGF in �-lapachone-treated wounds
in C57BL/6 (Fig. 7B) or db/db mice. We also demonstrated the
release of VEGF and EGF by macrophages following 30–180
min of �-lapachone treatment (Fig. 7C) in vitro.

DISCUSSION

In the present study, we first reported that low concentrations of
�-lapachone promoted the proliferation of keratinocytes (0.5 �M
for HEKn; 1 and 2.5 �M for XB-2), fibroblasts (0.01 �M for
HS68, and for 3T3), and endothelial cells (1 �M for EAhy926 and
HUVEC cells) compared with untreated cells (Fig. 1A). The
responses of cells in reaction to different concentrations of �-
lapachone is due to cell specificity. Human endothelium-like
EAhy926 cell line is used for study because it displays the
characteristics of endothelial cells, such as the CD31 marker and
tube formation (11, 52). Immunofluorescence staining with an
anti-human Factor VIII antibody demonstrated that EAhy926
cells continue to synthesize Factor VIII similar to human umbil-
ical vein endothelial cells (HUVEC) (17, 32, 47). Because
EAhy926 cells express the characteristics of human vascular
endothelial cells and undergo tubule-like formation in matrigel as
do HUVEC cells, these facts extensively supported that EAhy926
cells can be used as a homogeneous experimental endothelial cell
line compared with the HUVEC cells collected from different
donors (1, 10, 11).

As we know, �-lapachone at high concentrations (	2 �M) is a
novel antitumor agent with specific anticancer activity against human
lung, prostate, and breast tumors (34). A previous study showed that
�-lapachone has a unique mechanism of action, which relies on its
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bioactivation by the cytosolic enzyme NAD(P)H:quinone oxi-
doreductase 1 (NQO1) (37). The activity of this enzyme is higher in
tumor cells (up to 20-fold) than in adjacent normal cells (44).
Moreover, �-lapachone has distinct advantages over other chemo-
therapeutic agents in that it kills tumors by inducing a novel �-cal-

pain-mediated apoptotic response, which is independent of p53 sta-
tus, cell cycle state, and caspase activation (37, 48).

In addition to its novel antitumor activity, �-lapachone has
been shown to have a variety of pharmacological effects.
Recent studies have shown that it has antiinflammatory effects,

Fig. 5. �-Lapachone is effective in the in vivo wound healing. A–D: control ointment or ointment containing 29.8 �g/g �-lapachone was applied to a wound on the
back of normal or db/db mice for 21 days, and photographs were taken every 5 days from wounding day (day 0) to day 20 postwounding. The wound area on normal
or db/db mice after treatment with ointment containing �-lapachone (B and D) is smaller than that on mice treated with control ointment (A and C). E: the area of the
�-lapachone-treated wounds in both normal and db/db mice is significantly smaller than that of wounds treated with control ointment. At day 10 after wounding, a
significant improvement in wound healing was found in wild-type C57BL/6 mice treated with �-lapachone, whereas after 10 days, wound healing was significantly
progressed in the db/db mice. *Significant difference (P � 0.05) as analyzed by Student’s t-test.

C939�-LAPACHONE ACCELERATES WOUND HEALING

AJP-Cell Physiol • VOL 295 • OCTOBER 2008 • www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (035.133.255.221) on October 12, 2021.



Fig. 6. A histological examination of skin
and the underlying blood vessels in the
wound area. A–D: hematoxylin and eosin-
stained sections at day 3, 7, 14, or 21 post-
wounding showed that the recovery of epi-
dermis (cuticle or scar tissue) and dermis
(connective tissue and hair follicle) in the
wounds treated with �-lapachone (B1–B4 and
D1–D4) was faster than that treated with
control ointment (A1–A4 and C1–C4) either
in C57BL/6 or db/db mice. E: photographs of
vessels in tissue sections of C57BL/6 and
db/db mice. Vascular density in �-lapachone-
treated wounds was higher than in those
treated with control ointment at day 3 to day
21 in C57BL/6 and db/db mice. The histo-
gram is a quantitative analysis of vascular
density in the dermis layer of C57BL/6 and
db/db mice after wounding and treatment
with vehicle or �-lapachone ointment. It is
clear that vascular density after 3 days of
�-lapachone treatment greatly increased both
in C57BL/6 and db/db mice. *Significantly
different from each paired group.
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because it can decrease inducible nitric oxide (NO) synthase
expression, NO production (26), and NF-
B activation (31) in
LPS-stimulated macrophages, thus protecting against LPS-
induced lung edema and decreasing mortality in LPS-mediated
sepsis (50). Most previous studies have reported that high
doses (	2 �M) of �-lapachone induce either apoptotic or
necrotic cell death in a variety of human carcinoma cells, but
not in normal human cells. However, very little is known about
the biological activity of low-dose �-lapachone on normal or
primary cultured cells. In fact, normal human cells have usu-
ally been used as the negative control, without looking for any
possible effects of �-lapachone on these cells. In the present
study, we reported that low doses of �-lapachone (0.01–1 �M)
enhanced the proliferation of various cells including different
keratinocytes (HEKn and XB-2), fibroblasts (HS68 and 3T3),
and endothelial cells (HUVEC and EAhy926) (Fig. 1A). Flow
cytometric and immunostaining of PCNA showed that the
percentage of cells in S phase in �-lapachone-treated cells was
higher than that in untreated cells (Fig. 1, B and C, and Fig.
2A), suggesting that low-dose �-lapachone promotes DNA
synthesis and stimulates cell proliferation. To explore the
mechanism by which low-dose �-lapachone induces cell pro-
liferation, we examined the proliferation-related signal trans-
duction pathway, the MAPK pathway.

The MAPK family consists of three major subfamilies with
multiple members, including the extracellular signal-regulated
kinases (ERK), p38 MAP-kinases (p38), and c-Jun NH2-terminal
kinases (JNK), which all play critical roles in the regulation of cell
proliferation, differentiation, and apoptosis. Each MAPK subfam-
ily is activated in response to diverse extracellular stimuli by
phosphorylation within a conserved Thr-X-Tyr motif in its acti-
vation loop (7). Activation of MAPKs leads to the phosphoryla-
tion and activation of a variety of proteins, including a number of
transcription factors involved in regulating the expression of
genes controlling cellular proliferation and migration (2). Sup-
pression of the ERK1/2 signaling pathway by 2-chloro-3-(4-
hexylphenyl)-amino-1,4-naphthaquinone (NQ304), a synthetic

1,4-naphthoquinone derivative, has an antiproliferative effect on
vascular smooth muscle cells (20). Moreover, the inhibition of
endothelial cell proliferation by Notch-1 signaling is mediated by
suppressing the MAPK and phosphatidylinositol 3-kinase/Akt
pathways (20). As reported in studies on different cell lines,
MAPKs trigger the downstream growth and migration signaling
cascades after they are activated by cytokines and mitogens (12,
13). Angiogenic growth factors, such as vascular endothelial
growth factor and basic fibroblast growth factor, which activate
ERK, JNK, and p38, induce endothelial cell proliferation, migra-
tion, and survival (25, 39, 42). The JNK pathway is predominantly
involved in the platelet-derived growth factor-stimulated migra-
tion and proliferation of osteoblastic cells, whereas the p38 path-
way is involved in migration and the ERK pathway in prolifera-
tion (33, 40, 49). In corneal wound healing, both hepatocyte

Fig. 7. Secretion of VEGF and EGF by mac-
rophages after �-lapachone treatment promot-
ing wound healing. A: number of macrophages
(cells/mm2) in the wound areas of C57BL/6 or
db/db mice after treatment with or without
�-lapachone. *Significant change (P � 0.05)
in the number of macrophages as compared
with vehicle treatment at day 3 after wounding
in C57BL/6 or db/db mice. B: double staining
with macrophage marker, MCA1849 and
VEGF or EGF, showed that macrophages con-
tained VEGF and EGF in �-lapachone-treated
wounds in C57BL/6 (data of db/db mice are
not shown; the staining was the same with
those presented in C57BL/6 mice). Arrows
indicate the immunostaining of VEGF or EGF
(red) in macrophage (green). Arrowheads indi-
cated the staining of VEGF or EGF alone (red).
C: in vitro assay showed that macrophages
secrete VEGF and EGF at 30 to 180 min after
�-lapachone administration. *Significant dif-
ference in VEGF or EGF secretion after �-
lapachone treatment (for 30, 60, and 180 min)
as compared with the beginning of the exper-
iments (0 min).

Fig. 8. A schematic representation of the mechanism of �-lapachone promot-
ing the wound healing. �-Lapachone induces the proliferation of various cells,
including keratinocytes, fibroblasts, and endothelial cells, and stimulates the
macrophages to release the growth factors VEGF and EGF for promoting
wound healing.

C941�-LAPACHONE ACCELERATES WOUND HEALING

AJP-Cell Physiol • VOL 295 • OCTOBER 2008 • www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (035.133.255.221) on October 12, 2021.



growth factor and keratinocyte growth factor have been demon-
strated to activate the ERK1/2 pathway and facilitate wound
closure (30, 42). We here report that stimulation of the MAPK
signaling cascades is an important event in �-lapachone-mediated
cell proliferation and migration. �-Lapachone was found to acti-
vate ERK, p38, and JNK pathways in EAhy926 cells, whereas
only ERK and p38 signaling was activated in 3T3 fibroblasts (Fig.
2, B–E). This was confirmed by the use of specific MAPK
inhibitors that decreased �-lapachone-mediated cell proliferation
and migration (Figs. 3 and 4).

Some quinines, including embelin, 3-hydroxy-�-N-lapachone,
and �-lapachone, have been reported to be helpful in wound
healing, with a high rate of wound contraction (21), and can be
used in topical preparations against wound infections (36). We
therefore examined whether �-lapachone facilitated wound heal-
ing in normal mice (C57BL/6) or diabetic mice (db/db), in which
wound healing is markedly delayed (36, 54). It is well known that
the cells of diabetic patients or experimental animals (db/db) are
longtime exposed in a microenvironment of high glucose concen-
tration. To understand the in vitro effect of �-lapachone on
the cells under high glucose condition, EAhy926 cells were
incubated in the medium containing high concentrations of
glucose (5 and 25 mM) with or without �-lapachone. The
results indicated that high concentrations of glucose de-
crease the cell proliferative rate and cause cell death either
in 5 or 25 mM glucose-treated cells (without �-lapachone).
Moreover, for cells grown in the glucose-containing me-
dium, the addition of 0.5 �M �-lapachone can increase the
cell proliferative rate, whereas high concentrations of �-
lapachone (5, 10, or 15 �M) cause a significant decrease of
proliferative rate (Supplemental Fig. S4). According to
studies of silver sulfadiazine, the most commonly used
topical antibacterial agent for the treatment of burn wounds,
the working concentration used on wounds of rabbit and
human (1%) (28) is 100 –1,600 times to that directly ex-
posed to the microbial pathogens including Staphylococcus
aureus, Escherichia coli, etc. (6.2–100 �g/ml) (3). �-Lapa-
chone in the ointment is less effective than affecting cells
directly in the medium and has to be diffused throughout the
ointment to stimulate the cells around the wound area. Thus
the �-lapachone concentration (29.8 �g/g � 100 �M) was
used in the in vivo wound healing assay, approximately 100
times of that in the in vitro scrape-wound healing assay (1
�M). To test the therapeutic effect of �-lapachone, a 6-mm-
diameter wound was made on the back of normal and db/db
mice, and ointment alone or containing 29.8 �g/g �-lapachone
was then applied to the wounds for 0–21 days. These in vivo
animal experiments confirmed that �-lapachone treatment sig-
nificantly accelerated wound healing in C57BL/6 (Fig. 5B) and
diabetic mice (Fig. 5D) compared with the control groups (Fig.
5, A and C). Microscopic examination showed that the recov-
ery of the epidermis and dermis was faster (Fig. 6, A–D) and
the vessel density was higher in the wound treated with
�-lapachone-containing ointment than those treated with oint-
ment containing no �-lapachone (Fig. 6E), suggesting that
�-lapachone possesses a therapeutic effect in the wound heal-
ing process. On the other hand, we also demonstrated that ERK
inhibitor decreased the recovery of wound healing by �-lapa-
chone significantly (Supplemental Fig. S3). These data sug-
gested that ERK may play an important role in the �-lapa-
chone-mediated wound healing process.

During inflammation, macrophages are released from blood
vessels in response to inflammatory stimuli, and an increased
number of macrophages may facilitate more efficient cleaning of
debris, dead cells, or extracellular matrix and help the wound
healing process (35, 55). �-Lapachone dramatically increased the
number of macrophages at 14 days postwounding in normal mice
and at 7 days in db/db mice (Fig. 7A), and it induced macrophages
to secrete VEGF and EGF in the process of wound healing
(Fig. 7B); thus VEGF and EGF can attract other cells, such
as fibroblasts, endothelial cells, and epidermal cells, to
migrate into the wound area and aid in the recovery of skin
injuries. In vitro ELISA assay demonstrated that macro-
phages secrete VEGF and EGF 30 to 180 min after �-lapa-
chone administration (Fig. 7C).

From the in vitro assays, it is clear that �-lapachone promotes the
proliferation in keratinocytes, fibroblasts, and endothelial cells, and
accelerates the migration in 3T3 and EAhy926 cells. In in vivo
assays, �-lapachone accelerates the process of wound healing either
in normal or diabetic mice. In addition, �-lapachone induces macro-
phages to secret VEGF and EGF for facilitating the growth of other
cells (Fig. 8). Taken together, we conclude that �-lapachone may
have a potential as a healing promoting agent for wound healing.
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