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Cell-surface carbohydrate chains are known to con-
tribute to cell migration, interactions, and prolifera-
tion, but their roles in skin wound healing have not
been evaluated. We examined the biological roles of
�4-galactosylated carbohydrate chains in skin wound
healing using mutant mice that lack �-1,4-galactosyl-
transferase-I (�4GalT-I), which is responsible for the
biosynthesis of the type 2 chain in N-glycans and the
core 2 branch in O-glycans. �4GalT-I-deficient mice
showed significantly delayed wound healing with re-
duced re-epithelialization, collagen synthesis, and
angiogenesis, compared with control mice. Neutro-
phil and macrophage recruitment at wound sites was
also impaired in these mice probably because of se-
lectin-ligand deficiency. In accordance with the re-
duced leukocyte infiltration, the expression levels of
macrophage-derived chemokines, transforming
growth factor-�1, and vascular endothelial growth
factor were all reduced in �4GalT-I�/� mice. These
results demonstrate that �4-galactosylated carbohy-
drate chains play a critical role in skin wound healing
by mediating leukocyte infiltration and epidermal cell
growth, which affects the production of chemokines
and growth factors. This study introduces a suitable
mouse model for investigating the molecular mecha-
nisms of skin wound healing and is the first report
showing that carbohydrate chains have a strong in-
fluence on skin wound healing. (Am J Pathol 2004,
164:1303–1314)

Wound healing immediately starts after an injury and
proceeds with a complicated but well-organized interac-
tion among various types of tissues and cells. Skin wound
healing is composed of the inflammatory, proliferative,

and maturation phases. In the inflammatory phase, the
recruitment of leukocytes such as neutrophils and
macrophages into the wound site is a hallmark. In the
proliferative phase, the migration and proliferation of
keratinocytes, fibroblasts, and endothelial cells result
in re-epithelialization and tissue granulation. In the
maturation phase, excess collagen in the wound site is
degraded by several proteolytic enzymes, leading to
the completion of tissue repair.1,2 It is well known that
biological substances such as cytokines, chemokines,
and growth factors are closely involved in every phase
of wound healing process.

Inflammatory cells that migrate into wound sites play
important roles in wound healing. In the early inflamma-
tory phase, neutrophils begin to accumulate at the wound
site to defend against invading microbes by releasing
oxygen radicals and secreting proinflammatory cytokines
that probably serve as the earliest signal to activate fi-
broblasts and keratinocytes. Subsequently, macro-
phages, as a producer for a battery of cytokines, chemo-
kines, and growth factors, dominantly migrate to the
wound site after the neutrophil accumulation. These mol-
ecules play important roles in the control of leukocyte
recruitment and effector function as well as in hemato-
poiesis, angiogenesis, and adaptive immunity.3–7 For in-
stance, we previously showed that tumor necrosis factor
(TNF) 55-kd receptor (TNF-Rp55) and interleukin-6 are
crucially involved in leukocyte recruitment in the inflam-
matory phase.8,9 On the other hand, cell-cell and cell-
matrix interactions thorough cell surface molecules, es-
pecially cell surface carbohydrates, are also involved in
cell adhesion, migration, and proliferation. Although the
roles of cytokines, chemokines, and growth factors in the
wound-healing process have been well studied, little is
known about the involvement of cell-surface carbohy-
drates in skin wound healing.

�-1,4-galactosyltransferase (�4GalT)-I is a glycosyl-
transferase that transfers galactose (Gal) from UDP-Gal
to the terminal N-acetylglucosamine (GlcNAc) of carbo-
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hydrate chains in a �1,4-linkage to form a
Gal�134GlcNAc structure in the Golgi apparatus. Al-
though seven �4GalT genes (�4GalT-I to �4GalT-VII)
have been isolated so far,10,11 the role of any individual
�4GalT protein is poorly understood. �4GalTs are re-
sponsible for the biosynthesis of the type 2 chain in
N-glycans and the core 2 branch in O-glycans. A va-
riety of terminal carbohydrate epitopes such as Lewis x
(Lex), Lewis a, and sialyl Lex (sLex) are formed on
these N- and O-glycans. These modified epitopes have
important roles in cell-cell and cell-matrix interactions.
For example, sLex is a ligand for E- and P-selectins,
which mediate the interaction between leukocytes and
vascular endothelium as well as platelet cells.12,13 To
further elucidate the biological relevance of �4-
galactosylated carbohydrates chains, �4GalT-I-
deficient (�4GalT-I�/�) mice have been independently
generated by us and another group.14,15 �4GalT-I�/�

mice exhibit growth retardation, semilethality, hyper-
plasia of the skin and small intestine, and impaired
differentiation of intestinal villus cells. These findings
suggest that �4-galactosylated carbohydrate chains
regulate the proliferation and differentiation of epithe-
lial cells.14 Pituitary insufficiency is also suggested in
�4GalT-I�/� mice, probably owing to the agalactosy-
lation of pituitary hormones.15 Impaired binding of
�4GalT-I-deficient sperm to the ZP3 of eggs16 and
enhanced branching morphogenesis in the mammary
glands of �4GalT-I�/� mice have also been reported.17

Furthermore, our recent studies have shown that
�4GalT-I plays a crucial role in the biosynthesis of
selectin ligands such as sLex. As a result, acute and
chronic inflammatory responses are suppressed in
�4GalT-I�/� mice, and neutrophil infiltration at the in-
flammatory sites is primarily reduced.18 Because mice
deficient in both P- and E-selectins show markedly
reduced recruitment of inflammatory cells and delayed
wound closure, endothelial selectins play an important
role in skin wound healing.19 However, the role of
�4-galactosylated carbohydrate chains and carbo-
hydrate selectin ligands in skin wound healing remain
to be elucidated.

In the present study, we examined the biological rele-
vance of �4-galactosylated carbohydrate chains to skin
wound healing using the �4GalT-I�/� mice. Skin wound
healing was significantly delayed in these mice. Neutro-
phil and macrophage recruitment at the wound site in the
inflammatory phase was reduced probably because of
the reduced expression of selectin ligands in the �4GalT-
I�/� mice compared with �4GalT-I�/� mice. Re-epitheli-
alization was also delayed in the �4GalT-I�/� mice, along
with reduced collagen synthesis and angiogenesis. In
accordance with these observations, the expression lev-
els of macrophage-derived chemokines and growth fac-
tors were also reduced. Our results clearly demonstrate
that �4-galactosylated carbohydrate chains regulate skin
wound healing by mediating leukocyte recruitment and
the subsequent production of chemokines and growth
factors.

Materials and Methods

Animals

The generation of �4GalT-I�/� mice on a mixed 129/Sv
and C57BL/6 background was described previously.14

Sex- and age-matched (2 to 4 months old) heterozygous
littermates were used as controls in the following exper-
iments. Although approximately half of the �4GalT-I�/�

mice died before weaning period because of growth
retardation,14 half of them survived to be used for the
experiments. When survivors were able to eat pellets,
they gained weight and grew normally as described pre-
viously.14 The carbohydrate structures of the serum gly-
coproteins of �4GalT-I�/� and �4GalT-I�/� mice were
indistinguishable,20 and no overt phenotypes were ob-
served in the �4GalT-I�/� mice. All of the mice were kept
under specific pathogen-free conditions in an environ-
mentally controlled clean room at the Institute for Exper-
imental Animals, Advanced Science Research Center, Ka-
nazawa University. The experiments were conducted
according to the Committee on Animal Experimentation of
Kanazawa University, Takara-machi Campus.

Wound Model

Skin wounds were prepared as described previously.8

Briefly, mice were anesthetized by intraperitoneal admin-
istration of Nembutal (5 �g/g body weight; Dainippon
Pharmaceutical Co., Ltd., Osaka, Japan). After shaving
the dorsal hair and cleaning the exposed skin with 70%
ethanol, full-thickness excisional skin wounds of 4-mm
diameter were made aseptically on either side of the
dorsal midline using a 4-mm biopsy punch (Kai Indus-
tries, Tokyo, Japan). Usually, six wounds were made on
the same animal. Each wound region was digitally pho-
tographed at the indicated time intervals, and the areas
of the wounds were calculated by PhotoShop software,
version 7.0 (Adobe Systems, San Jose, CA). Changes in
the wound areas were expressed as the percentage of
the initial wound areas. In some series of experiments,
wounds and their surrounding area, including the scab
and epithelial margins, were harvested with an 8-mm
biopsy punch (Kai Industries) at the indicated time inter-
vals after the mice were killed with an overdose of dieth-
ylether.

Histology and Immunohistochemistry

Wound tissues were fixed overnight in 4% formaldehyde
buffered with phosphate-buffered saline (PBS) (pH 7.2),
and embedded in paraffin. Sections (4 �m thick) were
subjected to hematoxylin and eosin (H&E) staining or
immunostaining. For immunohistochemistry, deparaf-
finized sections were treated with endogenous peroxi-
dase blocking reagent (DAKO Cytomation A/S, Copen-
hagen, Denmark) and proteinase K (DAKO Cytomation
A/S) for 6 minutes at room temperature. They were then
incubated with rabbit anti-myeloperoxidase (MPO) poly-
clonal antibody (diluted 1:100; Neomarkers, Fremont,
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CA), anti-mouse F4/80 monoclonal antibody (mAb) (di-
luted 1:200; Dainippon Pharmaceutical Co.), or rat anti-
mouse CD31 (platelet endothelial cell adhesion molecule
1) mAb (diluted 1:200; PharMingen, San Diego, CA) over-
night at 4°C. The antibodies were appropriately diluted in
antibody diluent with background-reducing components
(DAKO Cytomation A/S). The sections reacted with anti-
MPO antibody were stained with EnVision� (DAKO Cy-
tomation A/S) according to the manufacturer’s instruc-
tions. The sections that had been reacted with anti-F4/80
and anti-CD31 antibodies were incubated with biotinyl-
ated rabbit anti-rat immunoglobulin (DAKO Cytomation
A/S) for 1 hour at 37°C. The signals on the positive cells
were then enhanced using the Catalyzed Signal Amplifi-
cation System (DAKO Cytomation A/S) according to the
manufacturer’s instruction. Thereafter, counterstaining
was performed with methyl green.

Analysis of Re-Epithelialization

The analysis of re-epithelialization was performed ac-
cording to the procedure of Low and colleagues.21 The
width of the wound and the distance between the leading
edge of the keratinocyte migration were measured on
H&E-stained wound sections. The degree of re-epitheli-
alization was calculated as follows: re-epithelialization
(%) � [distance covered by epithelium] � 100/[distance
between wound edges].

Detection of Proliferating Cells by Labeling with
5�-Bromo-2�-Deoxyuridine (BrdU)

In another experiment, wounded mice were injected in-
traperitoneally with 20 �l/g body weight of BrdU labeling
reagent (Roche Diagnostics GmbH, Mannheim, Ger-
many) 2 hours before the sacrifice. Wound tissues were
fixed overnight in 4% formaldehyde buffered with PBS
(pH 7.2), and embedded in paraffin. Deparaffinized sec-
tions (4 �m thick) were treated with the Histomouse-Plus
kits (Zymed Laboratories Inc., South San Francisco, CA)
to reduce background signals according to the manufac-
ture’s instructions. Sections were incubated overnight at
4°C with a solution of mouse anti-BrdU antibody and
nucleases for DNA denaturation in PBS/glycerin (diluted
1:10; Roche Diagnostics GmbH). Positive signals were
enhanced by the Catalyzed Signal Amplification System
(DAKO Cytomation), followed by counterstaining with
methyl green.

Measurement of BrdU-Positive Cells,
Macrophage Recruitment, and Angiogenesis

A blinded observer counted BrdU-positive cells in the
epidermis and F4/80-positive macrophages in the wound
bed (defined as the area surrounded by unwounded skin,
fascia, regenerated epidermis, and eschar) in five ran-
dom high-power (�200) fields of each immunohisto-
chemically stained section, as described previously.21

The neovascular areas (CD31-positive cells) were mea-

sured in the whole wound bed areas using the freehand
drawing tool of the PhotoShop software, and the degree
of vascularization was calculated as described previous-
ly21: vascularization (%) � [CD31-positive area] � 100/
[total wound bed area].

MPO Assay

The excised wound samples were homogenized in 400 �l
of PBS. The homogenates were frozen and thawed three
times, and then the debris was removed by centrifugation
at 15,000 rpm. The MPO activity in the supernatants was
measured using a Sumilon peroxidase assay kit (Sumi-
tomo Bekuraito, Tokyo, Japan) according to the manu-
facturer’s instructions. MPO activity was calculated using
commercial peroxidase (Sigma, St. Louis, MO) as a stan-
dard.

Fluorescence-Activated Cell Sorting (FACS)
Analysis

Neutrophils infiltrated into the wound sites were prepared
24 hours after the injury as described with some modifi-
cations.22 The wounded skin samples were incubated
with 0.15% trypsin (Invitrogen Co., Ltd., Carlsbad, CA)
and 50 U/ml of Dispase (Invitrogen Co., Ltd.) in Hanks’
solution (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan)
for 1 hour at 37°C, and then stirred in PBS containing
0.15% DNase I for 1 hour at 37°C. Cell suspensions were
centrifuged at 1500 rpm for 5 minutes at 4°C, and cells
were incubated in 5 ml of hemolysis buffer (17 mmol/L
Tris-HCl containing 140 mmol/L NH4Cl, pH 7.2) for 5
minutes at room temperature. Cells were washed with
RPMI 1640 medium, resuspended in 1 ml of FACS solu-
tion (2% fetal calf serum and 0.01% azide in Hanks’
solution), and filtrated through the nylon mesh.

Cells (1 � 106) were blocked with mouse Fc block
(anti-mouse CD16/CD32, PharMingen) and goat serum
for 15 minutes, and then washed with the FACS solution.
Cells were incubated with mouse P-selectin fused to
human IgG (P-selectin-hIgG) chimeric molecule (Phar-
Mingen) for 20 minutes. After washing, cells were incu-
bated with fluorescein isothiocyanate-conjugated anti-
mouse Ly-6G and Ly-6C (Gr-1) (PharMingen) and red
macrophytic alage phycoerythrin (R-PE)-conjugated goat
anti-human IgG (Jackson ImmunoResarch Laboratories,
Inc., West Grove, PA) for 20 minutes. Incubations with
antibodies were performed on ice. After washing, cells
were applied to FACS analysis and neutrophil popula-
tions were gated by Gr-1. Data were analyzed on a
FACSCalibur flow cytometer using CellQuest software
(Becton Dickinson, Mountain View, CA).

Hydroxyproline (HP) Analysis

The collagen content of the wound area was assessed by
determining the amount of HP, a major component of
collagen.23 HP content was measured as described pre-
viously.24 In brief, samples of skin tissue were dried at
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120°C for 16 hours and then hydrolyzed in 2 ml of 6 N HCl
at 100°C for 8 hours. Five hundred �l of citrate/acetate
buffer (5% citric acid, 7.24% sodium acetate, 3.4%
NaOH, 1.2% acetic acid) and 2 ml of chloramine T solu-
tion (1.13% chloramine T, 8% 1-propanol, 64% citrate/
acetate buffer) were added to each sample, and the
samples were incubated at room temperature for 20 min-
utes. Two ml of Ehrlich’s solution (10.13 g of p-dimethyl-
aminobenzaldehyde, 41.85 ml of 1-propanol, 17.55 ml of
70% perchloric acid) was then added, and the resulting
mixture was incubated at 65°C for 20 minutes. The sam-
ples were cooled with cold tap water for 10 minutes.
Absorbance at 550 nm was measured, and the amount of
HP was determined by comparison to a standard curve.
All of the reagents used in this assay were purchased
from Wako Co., Osaka, Japan.

RNA Isolation and Semiquantitative Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR) Analysis

Total RNA was extracted from untreated and skin wound
samples using Isogen (Nippon Gene Co., Ltd., Toyama,
Japan), according to the manufacturer’s instructions. Ten
�g of total RNA was reverse-transcribed into cDNA using
the SuperScript first-strand synthesis system for RT-PCR
(Invitrogen Corp., Carlsbad, CA). Semiquantitative RT-
PCR was performed according to the published meth-
od.25,26 The synthesized cDNA was amplified using
TaqDNA polymerase (Nippon Gene Co., Ltd.) and spe-
cific primers for target genes. Amplification was per-
formed in a GeneAmp PCR System 9700 (Applied Bio-
systems, Foster City, CA). The optimum number of
amplification cycles to obtain quantitative results was
determined for each gene by testing at intervals of five
cycles; each cycle included denaturation at 94°C for 30
seconds, annealing at 60°C for 30 seconds, extension at
72°C for 1 minute, and a final extension for 5 minutes,
after which the sample was cooled to 4°C. The primer
sequences, cycle numbers, and product sizes are de-

scribed in Table 1. The PCR products were separated by
electrophoresis on a 2% agarose gel and stained with
ethidium bromide. The density of the DNA bands was
analyzed by NIH Image version 1.62 software (National
Institutes of Health, Bethesda, MD) and compared with
that of �-actin bands to quantify the PCR products.

Enzyme-Linked Immunosorbent Assay (ELISA)

Samples of wounded skin were homogenized in 300 �l of
lysis buffer (10 mmol/L PBS, 0.1% sodium dodecyl sul-
fate, 1% Nonidet P-40, 5 mmol/L ethylenediaminetet-
raacetic acid) (EDTA) containing Complete protease in-
hibitor mixture (Roche Diagnostics GmbH) to extract the
proteins. The homogenates were centrifuged at 15,000
rpm for 15 minutes at 4°C to remove the debris. The
MIP-1�, MIP-2, MCP-1, transforming growth factor (TGF)-
�1, and vascular endothelial growth factor (VEGF) protein
contents in the supernatant were measured with an
ELISA kit (Quantikine M; R&D Systems, Inc., Minneapolis,
MN) according to the manufacturer’s instructions. The
total protein concentration was measured with a BCA
protein assay reagent kit (Pierce Biotechnology, Inc.,
Rockford, IL). The data were expressed as cytokine or
growth factor/total protein (pg/mg) for each sample.

Statistical Analysis

Statistical differences were determined using the Mann-
Whitney U-test or analysis of variance. All data are pre-
sented as the mean � SEM. A P value �0.05 was ac-
cepted as statistically significant.

Results

Impairment of Skin Wound Healing in
�4GalT-I-Deficient Mice

To elucidate the role of carbohydrate chains in the
wound-healing process, we made full-thickness exci-

Table 1. Sequences of the Primers Used for RT-PCR

Transcript Sequence
Annealing

temperature (°C)
Product

length (bp) Cycles

MCP-1 (F) 5�-ACTGAAGCCAGCTCTCTCTTCCTC-3� 60 274 25
(R) 5�-TTCCTTCTTGGGGTCAGCACAGAC-3�

MIP-1� (F) 5�-GCCCTTGCTGTTCTTCTCTGT-3� 57 258 25
(R) 5�-GGCAATCAGTTCCAGGTCAGT-3�

MIP-2 (F) 5�-GAACAAAGGCAAGGCTAACTGA-3� 56 205 25
(R) 5�-AACATAACATCTGGGCAAT-3�

TGF-�1 (F) 5�-CGGGGCGACCTGGGCACCATCCATGAC-3� 60 405 35
(R) 5�-CTGCTCCACCTTGGGCTTGCGACCCAC-3�

TGF-� (F) 5�-ATGGTCCCCGCGACCGGACAGCTC-3� 60 190 35
(R) 5�-ACATGCTGGCTTCTCTTCCTGCA-3�

COL1A1 (F) 5�-GCCAAGAAGACATCCCTGAAG-3� 60 139 40
(R) 5�-TCATTGCATTGCACGTCATC-3�

VEGF (F) 5�-TGAACTTTCTGCTCTCTTGG-3� 60 457 35
(R) 5�-AACAAATGCTTTCTCCGCTC-3�

�-actin (F) 5�-TTCTACAATGAGCTGCGTGTGGC-3� 60 456 25
(R) 5�-CTCATAGCTCTTCTCCAGGGAGGA-3�

(F), Forward primer; (R), reverse primer.
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sional wounds on the dorsal skin of �4GalT-I�/� mice and
their �4GalT-I�/� littermates (as controls), and the
wound-healing process was monitored (Figure 1A). One
day after the injury, the wound sites of the �4GalT-I�/�

mice were similar in size and appearance to those of the
�4GalT-I�/� mice. Three days after the injury, however,
wound closure in the �4GalT-I�/� mice was markedly
delayed compared with that of the �4GalT-I�/� mice
(82% in �4GalT-I�/� mice versus 68% in �4GalT-I�/�

mice, P � 0.01) (Figure 1B). Thereafter, the wound areas
of the �4GalT-I�/� mice remained significantly larger
than those of the �4GalT-I�/� mice, but finally, 14 days
after the injury, the wounds of the �4GalT-I�/� mice
healed to the same degree as those of the �4GalT-I�/�

mice (Figure 1B). These results indicate that macro-
scopic wound healing was delayed in �4GalT-I�/� mice.

Delayed Re-Epithelialization at the Wound Sites
of �4GalT-I-Deficient Mice

During the wound-healing process, re-epithelialization is
one of the crucial events. Thick and hyperproliferative
epithelia as well as extensive granulated tissues form to
cover the wound. We compared the re-epithelialization of
the wounds of the �4GalT-I�/� and �4GalT-I�/� mice
(Figure 2). One day after the injury, no re-epithelialization
was observed in either mouse (Figure 2G). The rate of
re-epithelialization in the wounds of the �4GalT-I�/� mice
was significantly lower on days 3 and 6 after the injury
than in those of the �4GalT-I�/� mice (Figure 2G). Immu-
nohistochemical analysis on proliferating cells with BrdU
demonstrated that the number of BrdU-positive cells in
the �4GalT-I�/� wounds was also significantly lower at 6
days after the injury than in the �4GalT-I�/� wounds
(Figure 3; A to C).

RT-PCR analysis failed to detect any mRNA of TGF-� in
uninjured skin samples derived from both mice. After the
injury, the gene expression was dramatically increased 3
and 6 days in the �4GalT-I�/� mice, while the induction
levels were less in the �4GalT-I�/� mice (Figure 3, D and
E). These results are consistent with the macroscopic
observations, and suggest that �4GalT-I deficiency de-
layed re-epithelialization in skin wound healing.

Reduced MPO Activity and Macrophage
Infiltration at the Wound Sites of
�4GalT-I-Deficient Mice

A variety of leukocytes migrate outside blood vessels and
infiltrate into the wound site during the wound-healing
process; the specific cell type(s) depends on the type of
wound and the time after the injury. In the inflammatory
phase, neutrophils and macrophages are the main infil-
trates in the wound site. In �4GalT-I�/� mice, a large
number of neutrophils were detected immunohistochemi-
cally 24 hours after the injury using the anti-MPO antibody
(Figure 4, A and B). In contrast, neutrophil infiltration at
the wound sites in �4GalT-I�/� mice was markedly lower
than at those of the �4GalT-I�/� mice (Figure 4, C and D).
Moreover, we measured the MPO activity to evaluate the
neutrophil recruitment at the wound site. The MPO activity
was significantly lower in the �4GalT-I�/� wound sites 6
hours and 24 hours after the injury compared with the
�4GalT-I�/� wound sites (Figure 4E).

The number of infiltrated macrophages at wound sites
was examined using the anti-F4/80 antibody, which rec-
ognizes mature macrophages (Figure 5; A to D).27 Infil-
tration of F4/80-positive macrophages into wound sites
was observed 1 day after the injury and reached its
maximum 6 days after the injury in the �4GalT-I�/�

wound sites (Figure 5E). The number of F4/80-positive
macrophages at the wound sites in �4GalT-I�/� mice
was significantly lower 3 and 6 days after the injury com-
pared with the number in the �4GalT-I�/� wound sites,
although it was comparable 1 day after the injury (Figure
5E). These results suggest that �4GalT-I is involved in
leukocyte recruitment in skin wound healing.

Figure 1. Skin wound healing in �4GalT-I�/� and �4GalT-I�/� mice. A:
Macroscopic observation of wounds in �4GalT-I�/� and �4GalT-I�/� mice.
Wounds were photographed from the same distance at the indicated time
after the injury. Representative results of the six animals in each group are
shown. B: The ratio of the wound area to the initial wound area at each time
point after the injury in �4GalT-I�/� (open bars) and �4GalT-I�/� (filled
bars) mice. Data are expressed as the mean � SEM (n � 6). *, P � 0.05; **,
P � 0.01.
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Reduced Expression of Selectin Ligands on
Infiltrated Neutrophils into the Wounds
We have previously shown that expression of P-selectin
ligands on neutrophils and monocytes from the spleen of
�4GalT-I�/� mice was reduced compared to control
mice, indicating impaired biosynthesis of selectin ligands
in �4GalT-I�/� mice.18 Reduced infiltration of neutrophils
and macrophages at the wound sites in �4GalT-I�/� mice
could be caused by the same reason. To confirm this
notion, FACS analysis using the P-selectin-hIgG chimeric
molecule were performed. As shown in Figure 6, there
were infiltrated neutrophils that bound the P-selectin-
hIgG strongly in �4GalT-I�/� mice, whereas those from
�4GalT-I�/� mice bound it weakly. Because nonspecific
binding by the second antibody (goat PE-anti-human
IgG) alone was detected in �4GalT-I�/� mice even in the

presence of normal goat serum, mean fluorescence in-
tensities of specific binding were calculated by subtract-
ing those of PE-anti-hIgG alone (filled histogram) from
those of P-selectin-hIgG and PE-anti-hIgG (open histo-
gram). Mean fluorescence intensities of specific binding
(mean values � SEM) in �4GalT-I�/� mice (116.5 � 28.5)
were significantly lower than those in �4GalT-I�/� mice
(225.2 � 22.4) in three independent experiments (Stu-
dent’s t-test, P � 0.05). In addition, specific binding
through P-selectin and its ligands was confirmed by the
reduction of binding to background levels in the pres-
ence of EDTA (data not shown). Therefore, the reduced
infiltration of neutrophils and probably macrophages at
the wound sites in �4GalT-I�/� mice was caused by
the reduced expression of selectin ligands on these
cells.

Figure 2. Histological analysis of re-epithelialization. A to F: Histological
sections showing the re-epithelialization of skin wounds in �4GalT-I�/�

(A, C, E) and �4GalT-I�/� (B, D, F) mice 6 days after the injury. A and
B: Sections from the middle of wounds were stained with H&E. Arrow-
heads and arrows indicate the original wound edges and re-epithelial-
ized edges, respectively. The region indicated by the left and right
arrows in A and B are magnified in C and D and E and F, respectively.
G: Re-epithelialization ratio after the injury was measured in �4GalT-I�/�

(filled squares) and �4GalT-I�/� (filled circles) mice. Data are ex-
pressed as the mean � SEM (n � 6). *, P � 0.05. Original magnifications:
�20 (A and B); �200 (C to E).
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Reduced Expression of Chemokines at Wound
Sites in �4GalT-I-Deficient Mice

To compare the expression levels of the chemokines at
the wound sites of the �4GalT-I�/� and �4GalT-I�/�

mice, semiquantitative RT-PCR was performed for MIP-
1�, MIP-2, and MCP-1 (Figure 7A). Under the used ex-
perimental condition, no mRNAs of these chemokines
were detected in uninjured skin samples from mice of
either genotype, but their expression was induced after
the injury. The mRNA levels of these chemokines were
significantly lower 3 days, but not 6 days, after the injury
in the �4GalT-I�/� wound sites compared with the
�4GalT-I�/� wound sites (Figure 7; B to D). The reduced
gene expression of these chemokines in the �4GalT-I�/�

wound sites was confirmed by the chemokine protein
levels as determined by an ELISA assay (Figure 7; E to
G). The amounts of these chemokines correlated well
with their mRNA levels. These results indicate that the
reduced infiltration of neutrophils and macrophages in
�4GalT-I�/� mice was accompanied by diminished ex-
pression of these chemokines.

Reduced Collagen Synthesis at Wound Sites in
�4GalT-I-Deficient Mice

Collagen synthesis is induced at wound sites to heal the
injury. To assess collagen synthesis, we measured the

HP content at wound sites. The HP content was signifi-
cantly lower 3 and 6 days after the injury in the �4GalT-
I�/� wound sites compared with the �4GalT-I�/� wound
sites (Figure 8A). The expression of the collagen type 1
�1 (COL1A1) gene was also examined by semiquantita-
tive RT-PCR analysis (Figure 8B). Although RT-PCR anal-
ysis failed to detect any COL1A1 mRNA in uninjured skin
samples from mice of either genotype, expression was
induced after the injury. The level of COL1A1 mRNA was
significantly lower in the �4GalT-I�/� wound sites 3 and 6
days after the injury compared with the �4GalT-I�/�

wound sites (Figure 8C).
Because TGF-�1 is known to induce the expression of

COL1A1, the expression of TGF-�1 was analyzed by
semiquantitative RT-PCR (Figure 8B). Although RT-PCR
analysis failed to detect any TGF-�1 mRNA in uninjured
skin samples from mice of either genotype, its expression
was induced after the injury. As expected, both TGF-�1
mRNA and its protein levels were significantly lower 3
and 6 days after the injury in the �4GalT-I�/� wound sites
compared with the �4GalT-I�/� wound sites (Figure 8, D
and E). The gene expression of connective tissue growth
factor, which is induced by TGF-�1, was also significantly
lower 3 and 6 days after the injury in the �4GalT-I�/�

wound sites compared with the �4GalT-I�/� wound sites
(data not shown). These observations indicate that re-
duced expressions of COL1A1 and TGF-�1 are respon-
sible for the diminished collagen accumulation at the
wound sites of the �4GalT-I�/� mice.

Figure 3. Proliferation of keratinocytes. A and B: Analysis of cell prolifera-
tion by immunohistochemical staining with the anti-BrdU monoclonal anti-
body in �4GalT-I�/� (A) and �4GalT-I�/� (B) mice 6 days after the injury.
C: The number of anti-BrdU-positive cells per high-power microscopic field
in the epidermis was counted. Data are expressed as the mean � SEM (n �
6). **, P � 0.01. D: RT-PCR analysis of the expression of the TGF-� gene at
wound sites in �4GalT-I�/� and �4GalT-I�/� mice. RT-PCR analysis did not
detect any TGF-� mRNA in uninjured skin samples from mice of either
genotype. Representative results for the six animals in each group are shown.
E: Relative expression levels of TGF-� normalized to �-actin mRNA levels
in �4GalT-I�/� (open bars) and �4GalT-I�/� (filled bars) wound sites
were determined by RT-PCR 3 and 6 days after the injury. Data are
expressed as mean � SEM (n � 6). *, P � 0.05. Original magnifications:
�100 (A, B); �200 (C).

Figure 4. Neutrophil recruitment into wound sites. A to D: Neutrophil
recruitment into skin wounds of �4GalT-I�/� (A and B) and �4GalT-I�/� (C
and D) mice was analyzed using an anti-MPO antibody in samples taken 24
hours after the injury E: MPO activity at the wound sites of �4GalT-I�/�

(open bars) and �4GalT-I�/� (filled bars) mice 6 and 24 hours after the
injury. Data are expressed as the mean � SEM (n � 6). **, P � 0.01. Original
magnifications: �20 (A and C); �200 (B and D).
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Impaired Angiogenesis at Wound Sites in
�4GalT-I-Deficient Mice

The neovascularization is indispensable for sustaining
the newly formed granulated tissues in the wound-heal-
ing process. To compare the extent of angiogenesis be-
tween the �4GalT-I�/� and �4GalT-I�/� mice, we per-
formed immunohistochemical staining with an anti-CD31
antibody (Figure 9; A to D). There was no difference in the
vessel density of uninjured skin between the �4GalT-I�/�

and �4GalT-I�/� mice (Figure 9E). Six days after the
injury, the vascular density in the wound bed of �4GalT-
I�/� mice was significantly lower than that of �4GalT-I�/�

mice (1.8% in �4GalT-I�/� mice versus 4.2% in �4GalT-
I�/� mice, P � 0.01) (Figure 9E). The expression level of
the VEGF gene, a major regulator of angiogenesis, was
also assessed using semiquantitative RT-PCR analysis
(Figure 9F). Although VEGF mRNA was strongly induced
after the injury in both mice, its level 6 days after the injury
was lower in the �4GalT-I�/� mice than in the �4GalT-
I�/� mice (Figure 9G). The �4GalT-I�/� mice also
showed significantly lower VEGF protein levels 6 days
after the injury, compared with the �4GalT-I�/� mice,
which correlated with the reduced mRNA levels (Figure
9H). These results indicate impaired angiogenesis in the
�4GalT-I�/� mice in the proliferation phase of wound
healing.

Figure 5. Macrophage recruitment into wound sites. A to D: Macrophage
recruitment into skin wounds of �4GalT-I�/� (A and B) and �4GalT-I�/� (C
and D) mice was analyzed using an anti-F4/80 antibody in samples taken 6
days after the injury. E: Macrophage recruitment into skin wounds of �4GalT-
I�/� (open bars) and �4GalT-I�/� (filled bars) mice 1, 3, and 6 days after
the injury. The number of recruited macrophages per high-power micro-
scopic field was counted. Data are expressed as the mean � SEM (n � 12).
**, P � 0.01. Original magnifications: �20 (A and C); �200 (B and D).

Figure 6. Binding of P-selectin to infiltrated neutrophils. Binding of the
P-selectin-hIgG chimeric molecule to neutrophils (Gr-1 gated) infiltrated into
wound sites 24 hours after the injury was analyzed by flow cytometry.
Infiltrated neutrophils from �4GalT-I�/� (A) and �4GalT-I�/� (B) mice were
stained with the P-selectin-hIgG (open histogram) and the second anti-
body (PE-anti-hIgG) alone (closed histogram). Representative results of
three independent experiments are shown.

Figure 7. Expression of chemokines at wound sites. A: RT-PCR analysis of
the gene expression of MIP-1�, MIP-2, and MCP-1 at wound sites in �4GalT-
I�/� and �4GalT-I�/� mice. RT-PCR analysis did not show any of these
mRNAs in uninjured skin samples from mice of either genotype. Represen-
tative results of the six animals in each group are shown. Relative expression
levels of MIP-1� (B), MIP-2 (C), and MCP-1 (D) to �-actin in �4GalT-I�/�

(open bars) and �4GalT-I�/� (filled bars) mice were determined by
RT-PCR at 3 and 6 days after the injury. Data are expressed as the mean �
SEM (n � 6). *, P � 0.05; **, P � 0.01. Protein levels of MIP-1� (E), MIP-2 (F),
and MCP-1 (G) in the wound sites of �4GalT-I�/� (open bars) and �4GalT-
I�/� (filled bars) mice were analyzed by ELISA. Data are expressed as the
mean � SEM (n � 6). *, P � 0.05; **, P � 0.01.
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Discussion

There have been few reports of a biological role for
carbohydrate chains in skin wound healing and this is the
first report that shows a critical role for �4-galactosylated
carbohydrate chains in skin wound healing using genet-
ically modified �4GalT-I-deficient mice. The results ob-
tained in this study revealed that wound closure was
significantly delayed concomitant with reduced leukocyte
infiltration at the wound site in �4GalT-I�/� mice, indicat-
ing indispensable and cooperative roles for �4-galacto-
sylated carbohydrate chains in skin wound healing.

Skin injury immediately causes clot formation and local
inflammation characterized by an infiltration of neutro-
phils and macrophages into the wound sites. These
pathological changes are hallmarks of the inflammatory
phase of wound healing.1,2 The migration of neutrophils
and macrophages into inflamed sites is closely related
with cell adhesion through interaction between selectins
and their ligands. Actually, P- and E-selectin double-
deficient mice show an impaired infiltration of neutrophils
and macrophages during wound healing, although single

mutant mice are not affected in leukocyte recruitment,
except for an early decrease in neutrophil recruitment in
P-selectin-deficient mice.19 The reduced recruitment of
inflammatory cells together with the delayed migration of
keratinocytes may cause the impaired wound healing in
P- and E-selectin double-deficient mice. Moreover, the
lack of �-1,3-fucosyltransferase-VII or �4GalT-I impairs
the biosynthesis of selectin ligands such as sLex, result-
ing in the attenuation of inflammatory responses.18,28

Consistently, in the present study, the infiltration of neu-
trophils and macrophages into wound sites and the ex-
pression of P-selectin-ligands on the infiltrated neutro-

Figure 8. Collagen content at wound sites. A: Collagen content was assessed
by quantitatively measuring the HP content of the wound sites of �4GalT-
I�/� (open bars) and �4GalT-I�/� (filled bars) mice 3 and 6 days after the
injury. Data are expressed as the mean � SEM (n � 6). *, P � 0.05; **, P �
0.01. B: RT-PCR analysis of the expression of COL1A1 and TGF-�1 genes in
the wound sites of �4GalT-I�/� and �4GalT-I�/� mice. Representative
results of the six animals in each group are shown. Relative expression levels
of COL1A1 (C) and TGF-�1 (D) to �-actin in �4GalT-I�/� (open bars) and
�4GalT-I�/� (filled bars) mice were determined by RT-PCR at 3 and 6 days
after the injury. Data are expressed as the mean � SEM (n � 6). *, P � 0.05;
**, P � 0.01. E: Protein levels of TGF-�1 in wound samples from �4GalT-I�/�

(open bars) and �4GalT-I�/� (filled bars) mice were analyzed by ELISA.
Data are expressed as the mean � SEM (n � 6). **, P � 0.01.

Figure 9. Analysis of angiogenesis at wound sites. A to D: Immunohisto-
chemical sections of wound sites of �4GalT-I�/� (A and B) and �4GalT-I�/�

(C and D) mice 6 days after the injury. Sections were stained with a
monoclonal antibody for endothelium (CD31). Representative results from
the six animals in each group are shown. E: The areas of the wound beds that
were CD31-positive areas of �4GalT-I�/� (open bars) and �4GalT-I�/�

(filled bars) mice were quantified using Photoshop software before and
after the injury. Data are expressed as the mean � SEM (n � 6). **, P � 0.01.
F: RT-PCR analysis of VEGF gene expression at the wound sites of �4GalT-
I�/� and �4GalT-I�/� mice. RT-PCR did not show any VEGF mRNA in
uninjured skin samples from mice of either genotype. Representative results
from the six animals in each group are shown. G: Relative expression levels
of VEGF to �-actin in �4GalT-I�/� (open bar) and �4GalT-I�/� (filled bar)
mice were determined by RT-PCR 6 days after the injury. Data are expressed
as the mean � SEM (n � 6). *, P � 0.05. H: VEGF protein levels in wound
samples from �4GalT-I�/� (open bar) and �4GalT-I�/� (filled bar) mice
were analyzed by ELISA. Data are expressed as the mean � SEM (n � 6). *,
P � 0.05. Original magnifications: �20 (A and C); �200 (B and D).
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phils were impaired in �4GalT-I�/� mice. The infiltrated
neutrophils expressed selectin ligands weakly in �4GalT-
I�/� mice, probably because the biosynthesis of selectin
ligands was attenuated, but not completely blocked, in
�4GalT-I�/� mice as reported previously.18 Taken to-
gether, these reports indicate that cell adhesion through
selectins and carbohydrate selectin ligands is indispens-
able for leukocyte recruitment in the inflammatory phase
of wound healing.

Accumulating evidence indicates the crucial involve-
ment of chemokines as well as adhesion molecules in
leukocyte infiltration. The present results demonstrate
that the expression of several chemokines such as MIP-
1�, MIP-2, and MCP-1, which are chemoattractants for
neutrophils and monocytes/macrophages,29 were all re-
duced at the wound site of �4GalT-I�/� mice. The most
likely reason for this reduction is that the number of
neutrophils and macrophages recruited into the wound
site was reduced because neutrophils and macrophages
are major sources of these chemokines during skin
wound healing (our unpublished data). Moreover, the
reduced production of these chemokines might cooper-
atively cause further attenuation of leukocyte infiltration.
On the other hand, wound repair, including re-epithelial-
ization, angiogenesis, and collagen synthesis is delayed
in MCP-1�/� mice without any change in the level of
macrophage recruitment into wound sites,21 suggesting
that MCP-1 regulates the effector state of macrophages
and other cell types but not macrophage recruitment.

The inflammatory response is believed to be instru-
mental in supplying the growth factors, cytokines, and
chemokines that orchestrate the cell movement neces-
sary for wound repair.1,2 Macrophages that have infil-
trated into wounded tissues produce large amounts of
these factors. In the re-epithelialization process, macro-
phages produce TGF-�, a key regulator of keratinocyte
proliferation at the wound site.30 The reduced expression
of TGF-� mRNA, which was probably because of the
reduced infiltration of macrophages in the wound site,
might have caused the delayed re-epithelialization in the
�4GalT-I�/� mice. TGF-�1 and VEGF are a principal
fibrogenic factor and a potent angiogenic factor in adult
skin wound healing, respectively.31,32 Thus, the reduced
expression of TGF-�1 and VEGF might result in the at-
tenuation of collagen synthesis and angiogenesis in
�4GalT-I�/� mice, respectively. Collectively, the delayed
tissue granulation, including delays in collagen synthesis
and angiogenesis, in the �4GalT-I�/� mice might be
caused by the reduced number of activated macro-
phages that produce a variety of factors such as TGF-�1
and VEGF necessary for tissue repair. The ultimate end-
point of the wound healing, however, was comparable
between �4GalT-I�/� and �4GalT-I�/� mice, suggesting
the early inflammatory phase of wound healing was af-
fected.

An absence or a decrease in macrophage number at
the wound sites impairs tissue repair,33 and transfer of
macrophages into aged mice accelerates wound heal-
ing.34 Skin wound healing is impaired with decreased
macrophage infiltration in mice deficient in interleukin-6
or ICAM-1.9,35 In contrast, the depletion of neutrophils by

anti-neutrophil sera accelerates only re-epithelialization
but not collagen contents and does not lead to delayed
wound repair.36 Thus, macrophage recruitment is con-
sidered to be important for wound healing. Therefore, a
possible explanation for the delayed wound repair in the
�4GalT-I�/� mice could be the impaired macrophage
infiltration in the inflammatory phase. However, several
recent reports have raised questions on the validity of this
notion. Skin wounds are healed in the neonate PU.1-null
macrophageless mice with the same time course as in
wild-type littermates, implying that wound repair of neo-
nates is not dependent on inflammatory cells.37 Secretory
leukocyte protease inhibitor-deficient mice exhibit im-
paired wound healing despite or because of exagger-
ated leukocyte infiltration into wound sites.38 Skin wound
healing is accelerated despite reduced leukocyte infiltra-
tion in mice deficient in Smad3 or TNF-Rp55.8,39 Collec-
tively, in an aseptic wound model, the regulation of mac-
rophage-derived growth factors that are responsible for
re-epithelialization, angiogenesis, and collagen synthesis
may be more important than the quantity of recruited
macrophages. Most of the factors that regulate wound
healing are glycoproteins, and their glycosylation pat-
terns affect their biological activity, stability, transport,
and clearance from the circulation.40 We cannot rule out
the possibility that impaired glycosylation of any of the
crucial chemokines, cytokines, growth factors, or of their
receptors might cause the delayed wound healing in the
�4GalT-I�/� mice.

A human hereditary disease, leukocyte adhesion defi-
ciency (LAD), is caused by immunodeficiency owing to
the defective adhesion of leukocytes to the endothelial
cell surface. LAD-I patients possess mutations in the �2
integrin gene, and LAD-II (also known as congenital dis-
orders of glycosylation (CDG)-IIc) patients have impaired
selectin ligand biosynthesis owing to mutations in the
GDP-fucose transporter gene.41–43 These LAD patients
suffer from severe bacterial infection and impaired
wound healing.44,45 A human mutation in the �4GalT-I
gene has recently been identified in an infant boy with
mental retardation, hydrocephalus, myopathy, and
blood-clotting defects, and designated as CDG-IId.46

Because only a single infant patient has been identified to
date, and only a few biochemical parameters were ana-
lyzed in that patient,47 it is still unknown whether the
human mutation in the �4GalT-I gene causes the selectin
ligand deficiency, impaired wound healing, and inflam-
matory responses we observed in the mouse.

In summary, our data demonstrate that �4-galactosy-
lated carbohydrate chains synthesized by �4GalT-I play
a critical role in skin wound healing. In particular, the
impaired leukocyte infiltration in the inflammatory phase
that is probably because of the defect in selectin-ligand
biosynthesis could result in the delayed wound healing
we observed in the �4GalT-I�/� mice. The �4GalT-I�/�

mouse could be a good animal model of CDG-IId syn-
drome and mimic some symptoms of CDG-IIc patients,
who are deficient in selectin-ligand biosynthesis. Further
analysis of �4GalT-I�/� mice may lead to good therapies
for skin wound healing and CDG syndromes.
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