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ABSTRACT

Macrophages play a critical role in wound healing and can be activated to two
distinctive phenotypes in vitro: classical macrophage activation (caM) and alterna-
tive macrophage activation (aaM). This study investigated whether the impaired
cutaneous repair observed in streptozotocin-induced diabetic rats was associated
with altered macrophage activation. Our results show that macrophage activation
phenotypes could be observed in wound healing through double immunostaining.
The caM macrophages appeared in the initial stage of wound healing, followed by
aaM macrophages, which predominated in normal wounds. However, through
examining markers associated with activation by immunoblotting and real-time
polymerase chain reaction (PCR), diabetic wounds demonstrated insufficient caM in
the early stage but excessive aaM in the later proliferative phase. Moreover, the
macrophage activation markers were correlated with the instructive T helper cell
type 1 (Th1)/Th2 cytokines in both groups. It was indicated that changed macroph-
age activation might contribute to impaired healing in diabetes wounds, and that
strategies for reverting this abnormal activation could be useful for enhancing the
wound healing process.

INTRODUCTION

Wound healing is an intricately regulated biological event that
involves infiltrating leukocyte subtypes and resident cells.
Macrophages play a central role in wound healing1,2 and are
even considered as “orchestra leaders” for normal tissue
repair, due to their participation in debridement and secretion
of amounts of cytokines and growth factors. Impaired wound
healing is one of the most frequent adverse effects affecting
patients with diabetes.3–5 Although previous research has
identified a large number of changes at the molecular and
cellular levels, the actual role and possible alteration of
macrophages in diabetic wound healing has not been fully
elucidated.

It is becoming increasingly clear that macrophages are a
remarkable population of cells whose plasticity allows them
to respond efficiently to microenvironmental signals and
change their activated phenotypes.6 The classical macroph-
age activation (caM) and alternative macrophage activation
(aaM) are defined as two extremes forms of macrophages in
the activation spectrum. The aaM arises due to the induction
of interferon-gamma (IFN-g) in combination with tumor
necrosis factor-alpha (TNF-a) or stimuli that can induce
TNF-a, such as lipopolysaccharide. The caM phenotype is
typically interleukin (IL)-12high and IL-10low, characterized by
enhanced microbicidal capacity and the secretion of high
levels of proinflammatory cytokines (such as IL-1, TNF, and
IL-6, etc.), toxic intermediates such as nitric oxide (NO), and
reactive oxygen intermediates (ROI). However, aaM polar-
ization is generated in response to Th2 cytokines, such as

IL-4 and IL-13. The aaM cells are typically IL-10high and
IL-12low, characterized by a failure to produce NO and
up-regulated mannose receptor expression. The aaM cells
produce low-level proinflammatory cytokines, meditating
anti-inflammatory responses and adaptive Th2 immunity.
These two types of activated macrophages also display dif-
ferent features in regard to wound healing. The caM/aaM can
be generalized roughly as tissue-destructive vs. tissue-
reparative macrophages.7 Generally, caM occurs during the
early inflammatory phase and scavenges debris, whereas
aaM populates during angiogenesis and tissue remodeling.8,9

Until now, the primary functions of the caM/aaM cells in
the wound were elucidated in vitro. However, few studies
have focused on investigating macrophage activation in skin
wound healing, especially in diabetic wounds in vivo. It is
well known that the activated macrophages play a critical role,
especially in the transition between inflammation and the
proliferative phase.1,2 Unfortunately, the diabetic wound is
often stalled in the abnormal inflammatory state, suggesting
that the transition from proinflammation to resolving inflam-
mation is hindered.10 The classification of caM/aaM demon-
strates a great difference regarding the inflammation state, and
there usually exists abnormal inflammation in the chronic
wound.11 Based on this information, it is necessary to study
macrophage activation in diabetic wound repair.

To gain more insight into diabetic wound healing, we
aimed to confirm the existence of activated macrophage phe-
notypes in a rodent model with full-thickness skin wound, and
then study the activation events of macrophages under normal
and diabetic circumstances.
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MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats were obtained from the Labora-
tory of Animals Sciences, Shanghai Medical College of
Fudan University. All animal protocols were approved by the
Ethical Committee on Animal Experiments of the University
of Fudan Animal Care Committee. All experimental proce-
dures were in compliance with institutional guidelines for the
care and use of laboratory animals and conformed to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Induction of diabetes mellitus

Diabetes was induced by a single 62 mg/kg intravenous injec-
tion of streptozotocin (Sigma-Aldrich, St. Louis, MO). Blood
glucose levels were determined using a strip-operated blood
glucose monitoring system (Glucotrend 2, Roche Diagnos-
tics, Mannheim, Germany). The occurrence of polyuria, poly-
dipsia, polyphagia, weight loss, and elevated blood glucose
(16.7 mmol/L) confirmed the diabetic state. Rats were
allowed to manifest hyperglycemia for 8 weeks before surgi-
cal wounding.

Full-thickness skin wound preparation

All rats (n = 60, 30 each in the normal and diabetic groups)
were anesthetized with an intraperitoneal injection of sodium
pentobarbital (Westang Biotechnology Inc., Shanghai,
China). The dorsal regions were shaved, followed by a depila-
tory agent to remove the remaining hair, and the surgical area
was disinfected with benzalkonium bromide. Four full-
thickness wounds (11-mm diameter) were made on the back
by sterile punch, equidistant from the midline.

Wound tissues and their surrounding areas were harvested
from both groups at 0, 1, 3, 7, and 13 days after wounding.
The tissues were fixed in 10% neutral buffered formalin for
immunohistochemistry and immunofluorescence assay, or
snap-frozen in liquid nitrogen and stored at -70 °C for further
analysis.

Wound area measurement

The area of each wound was measured by tracing the edges of
the wound onto a transparent plastic membrane. After the
membranes were scanned, the wound area was measured
using ImageJ software (National Institutes of Health,
Bethesda, MD), and the percentage of wound closure over
time was calculated.

Hematoxylin and eosin (H&E) staining and

immunohistochemistry

Wound tissue sections were deparaffinized in xylene, rehy-
drated through graded series of alcohol to phosphate-buffered
saline, stained with H&E, and mounted in resin. The images
were captured using a Zeiss microscope and processed using
SPOT imaging software (Diagnostic Instruments, Sterling
Heights, MI).

After deparaffinized and antigen retrieval, sections of
wounds were blocked by incubating them in 0.3% hydrogen
peroxide for 20 minutes. Slides were incubated overnight at
4 °C with a mouse anti-rat CD68 monoclonal antibody
(1:200, AbD Serotec, Oxford, UK). Following incubation
with biotinylated secondary antibody and streptavidin-biotin
complex (Ultrasensitive SP Kit, Maixin Bio, Fuzhou, China),
labeling was visualized by using 3, 3’-diaminobenzidine with
hematoxylin. Stained cells were manually counted on a Zeiss
microscope on the wound edge at 200¥ magnification. The
results are expressed as the total number of infiltrating CD68+
cells per high power field (HPF).

Immunofluorescence

Deparaffinized sections were incubated with phosphate buff-
ered saline (PBS) containing 10% horse serum to reduce
nonspecific reactions. Then, the sections were further incu-
bated with a combination of anti-CD68 and anti-inducible
nitric oxide synthase (iNOS) (Santa Cruz Biotechnology,
Santa Cruz, CA) or anti-arginase 1 (Arg-1) (Abcam, Hong
Kong, China) Abs at 4 °C overnight. All Abs were used at a
dilution of 1:100. After incubation with Alexa 586 conjugated
goat anti-mouse, Alexa 488 conjugated goat anti-rabbit, or
Alexa 488 conjugated donkey anti-goat antibody (1:2500,
Molecular Probes, Eugene, OR) at room temperature for 60
minutes, tissue sections were mounted with Hoechst 33342
for nuclear staining and viewed on the wound edge using a
two-photon laser confocal scanning system (LSM 510, Zeiss,
Thornwood, NY).

Western blot

Protein concentrations were determined by the bicinchoninic
acid (BCA) method (Pierce, Rockford, IL), and protein
extracts from wound tissues and uninjured skin were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (8–12%) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore Inc.,
Bedford, MA). Subsequently, the membranes were probed
with primary antibodies against b-actin (1:5000, Kangchen
Bio-tech Inc., Shanghai, China), iNOS (1:200), and Arg-1
(1:2500). The membranes were then incubated with a second-
ary antibody for one hour at room temperature. Proteins were
then visualized with a BeyoECL plus kit (Beyotime, Nantong,
China).

Quantitative real-time polymerase chain

reaction (PCR)

Total RNA extraction was performed with Trizol (Invitrogen
Life Technologies, Carlsbad, CA) according to the manufac-
turer’s instructions. Single-stranded cDNA was synthesized
according to the manufacturer’s instructions (Promega,
Madison, WI). Quantitative real-time PCR was performed
with a Hot Start FQ-PCR Premix KIT (Transhold, Shanghai,
China) through an Applied Biosystems 7300 Real Time PCR
system (Applied Biosystems, Foster City, CA). Sequences of
interest were amplified using the primers shown in Table 1
(Invitrogen).
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Enzyme-linked immunosorbent assay (ELISA)

The protein extract was applied to ELISA. IL-10 and IL-12
protein levels were measured with commercial ELISA kits
(Senxiong Biotech, Shanghai, China). All ELISA kits were
used according to the instruction manuals, and the color inten-
sity was measured at 492 nm (IL-12) or 450 nm (IL-10).

Statistical analysis

All data were expressed as mean � SD and were analyzed
with SPSS for Windows 11.0 (SPSS, Chicago, IL). Statistical
significance was evaluated by t test, and the level of statistical
significance was set at p < 0.05.

RESULTS

Body weights and blood glucose levels confirm the

diabetic state

A significant elevation in blood glucose and a decrease in
body weight were observed in the diabetic rats 8 weeks after
induction. Blood glucose levels in the diabetic rats used in
the present study were consistently higher than 16.7 mmol/L
and were dramatically higher compared with the levels in
the normal rats (27.7 � 4.2 vs. 5.2 � 0.8 mmol/L, p < 0.01).
The loss in body weight observed in the diabetic rats
compared with the normal rats was significant (307 � 55 g
vs. 397 � 56 g, p < 0.01). In addition to the two main
characteristics—elevated body glucose and weight loss, clini-
cal manifestations of the streptozotocin-induced rats also
verified diabetes mellitus.

The H&E staining, wound healing rate, and variation

of total CD+68 cells indicated the repair stage of the

healing process

The H&E staining showed histological features of the wound
edge at each observation point in both groups (Figure 1A and
B). The images recorded on day 1 and 3 demonstrated
increased infiltrating cells. Granulation tissue appeared on
day 7, and the images on day 13 showed collagen deposition
and reepithelialization.

The excisional wound healing rates in both groups are
shown in Figure 1C. The healing curves of both groups dem-
onstrated that there was a rapid acceleration of wound healing
between days 3 and 7. However, unclosed wound percentage
was higher in the diabetic group when compared with the
normal group, especially on day 7. At the end of the obser-
vation, the wounds of the normal rats were nearly completely
closed, whereas the wounds of the diabetic rats were still
healing.

Macrophage infiltration into the wound area was assessed
by immunohistochemical staining for CD68. The number of
CD68+ cells in both groups increased significantly on day 1
and peaked on day 3, then decreased and began to return on
day 13. However, a statistically significant difference in the
number of CD68+ cells was observed between the groups on
days 3, 7, and 13 (Figure 1D). The quantity of CD68+ cells
was higher on day 3 in the normal group, but lower at the later
observation points.

In summary, these data indicate that days 1 and 3 are part
of the inflammatory stage, and day 7 belongs in the prolifera-
tive stage.12

The caM macrophages (CD68+/iNOS+) increased in

the inflammation phase but were succeeded by aaM

macrophages (CD68+/Arg-1+) in the normal wound

healing process

To characterize the macrophages phenotypically during the
wound healing process, we examined the normal wound sec-
tions for the expression of CD68/iNOS or CD68/Arg-1,
which were recently described as reliable markers of caM and
aaM.13,14 Co-localization showed that macrophages from the
wound tissue in the early inflammation phase stained posi-
tively for iNOS (Figure 2A), and that macrophages on day 7
postwounding stained positively for Arg-1 (Figure 2B). Resi-
dent macrophages from uninjured skin in the normal group
did not contain iNOS or Arg-1. No labeling was seen in the
control group when the primary antibodies were omitted from
the second round of staining (Figure 2A and B).

To observe the appearance of the caM and aaM phases,
macrophages that stained positive for iNOS or Arg-1 at 0, 1,
3, 7, and 13 days were counted. The ratio was calculated by
dividing the number of iNOS- or Arg-1-positive macrophages
per field by the number of macrophages in the same field. The
iNOS-positive macrophages appeared mainly on days 1 and

Table 1. Primers used in polymerase chain reaction

Primer Sense primer (5’-3’) Antisense primer (5’-3’)

iNOS CCCTAAGAGTCACAAGCATC AGGGTGTCGTGAAAAATCTC
Arg-1 AGCAGAGACCCAGAAGAATG TTTCCTTTCAGTTCCTTCAG
IFN-g AAAAGGACGGTAACACG AGGTGCGATTCGATGAC
TNF-a GACAAGGCTGCCCCGACTAT GGGAGACTCCTCCCAGGTACA
IL-4 TCGCTTGCCTTGGTGGTC TGTGATGTTGCTCAGCTCCTC
IL-13 TGCAACAGCAGCATGGTATGGAGCG CGATTTTGGTATCTGGGGGGCTGGA
GAPDH CCCCAATGTATCCGTTGTG CTCAGTGTAGCCCAGGATGC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IFN-g, interferon-gamma; IL, interleukin; TGF-a, transforming growth
factor a.
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3, accounting for 10 to 15% of all macrophages. The number
of iNOS-positive macrophages declined sharply after day 3
and returned to baseline on day 13. However, the ratio of
Arg-1-positive macrophages increased slowly and peaked on
day 7, for about one fifth of all macrophages (Figure 2C). The
number of these positive cells is shown in Figure 2D. Differ-
ent expressions of iNOS and Arg-1 in wound macrophages at
different healing stages suggest that these two activated mac-
rophages occurred in succession and might undertake differ-
ent tasks.

Impaired iNOS expression with late increased Arg-1

level in the diabetic wound

To evaluate the activity levels of caM and aaM, we analyzed
the timing of iNOS and Arg-1 expression during the wound
healing process. All three NO synthase isoforms were
expressed in skin and wound healing: the calcium-dependent
neuronal and endothelial NO synthases produced low levels
of NO, while the iNOS generated much higher levels of NO,
in a calcium-independent manner.15 Expression of iNOS in

Figure 1. The stage of the healing process involved in the observations. (A and B) The hematoxylin and eosin (H&E) staining
showed infiltrating cells, granulation tissue, and collagen deposition on wound edges at different times in both groups. Each scale
bar represents 30 mm. (C) The rate of wound healing in both groups is shown; wound closure was faster in the normal group. (D)
Macrophage infiltration into the wound area was assessed by CD68 positive staining. The amount of CD68 positive cells increased
and decreased more slowly in the diabetic group than in the normal group (n = 6, *p < 0.05, **p < 0.01).
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Figure 2. Macrophages in the normal wound (abbreviated by N) at different stages exhibit classical macrophage activation (caM)
or alternative macrophage activation (aaM) states when fluorescently stained with iNOS or Arg-1. Macrophages were identified
with iNOS or Arg-1 (column 1, green) and anti-CD68 (column 2, red). Marker colocalization is shown in column 3. (A) Wound
macrophages on day 1 after wounding stained positive for iNOS. (B) Wound macrophages on day 7 after wounding stained
positive for Arg-1. No labeling was seen in the negative control when the primary antibodies were omitted. (C) The ratios of
macrophages in the normal wounds that stained positive for iNOS or Arg-1 at different times were calculated. The iNOS-positive
macrophages appeared mainly on days 1 and 3 after wounding, but the ratio of Arg-1-positive macrophages peaked on day 7.
Each scale bar represents 10 mm. (D) The number of CD68, iNOS, and Arg-1 positive cells is shown at each observation point
(n = 6, *p < 0.05, **p < 0.01).
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healing wounds is restricted to macrophages present during
the early phases of repair.16 Accordingly, iNOS expression
represents the degree of caM during wound healing.17 Mam-
malian cells express two isoforms, Arg-1 and Arg-2. Arg-1 is
expressed as a cytosolic enzyme, mostly in the inflammatory
cells, except the liver.18 Arg-2 is constitutively expressed, but
Arg-1 expression in inflammatory cells is tightly regulated by
exogenous stimuli, including IL-4 and IL-13.8 Usually, it is
assumed that Arg-1 protein is predominantly produced by
macrophages following infection and wound healing.19,20

Therefore, Arg-1 has been considered as one hallmark of aaM
in tissue repair.17,21

The protein and mRNA levels of iNOS or Arg-1 in both
groups were evaluated. Although skin lesion provoked a tran-
sient increase of iNOS in both groups, a reduction in iNOS
level on days 1 and 3 was detected in the diabetic wounds,
especially on day 3 (Figure 3A, B, and D). Expression of the
Arg-1 protein and mRNA levels in the normal group increased
slowly postwounding and peaked on day 7 to roughly sixfold
and 50-fold, respectively, compared with the baseline levels.
The Arg-1 protein and mRNA levels in the diabetic group
were lower than those in the normal group on day 7. However,
they did not decrease, as in the normal group, but increased
sharply on day 13 to become higher than the Arg-1 level in the
normal wounds on day 7 (Figure 3A, C, and E). These data
suggest that the diabetic wounds displayed reduced iNOS
expression and elevated Arg-1 levels in the later phase.

The level of instructive cytokines of caM/aaM was

correlated with iNOS/Arg-1 expression in normal and

diabetic wounds

As IL-4 and IL-13, and IFN-g and TNF-a induce aaM and
caM, respectively, we examined the timing of the expression
of these instructive cytokines in the normal and diabetic
wounds with real-time PCR.

Overall, expression of the four instructive cytokines was
higher in the normal group than in the diabetic group. This
result may be related to the delayed inflammation response in
the diabetic wounds. However, we should pay more attention
to the relation between the instructive cytokines and the caM/
aaM markers. The expression of IFN-g and TNF-a mRNA in
the normal group increased sharply after wounding, peaked
on day 1, and remained at a fairly high level on day 3. On day
7, the Th1 cytokines began to decrease significantly, espe-
cially TNF-a (Figure 4A and B). The levels of IL-4 and IL-13
mRNA in the normal group also increased evidently after

wounding and peaked on day 1, but they increased again on
day 7 (Figure 4C and D). The fluctuations of these two cyto-
kines were parallel to the expression of iNOS/Arg-1 at each
observation point. Although all the cytokines simultaneously
increased after wounding, at the beginning of the posttrauma
period, the organism prefers inflammation cytokines to elimi-
nate germs and slough rather than repair factors.

Similar correlation was also found in the diabetic wounds.
Expression of the inducing cytokines of iNOS-IFN-g and
TNF-a, were lower in the diabetic wounds (Figure 4A and B).
Although the expression of Th1/Th2 cytokines was generally
lower on day 13 in the diabetic wounds than in the normal
wounds, the level of Th1 cytokines declined more rapidly than
Th2 cytokines. In other words, the expression of Th2 cyto-
kines was higher than that of Th1 cytokines on day 13 in the
diabetic group relatively (Figure 4C and D). These data indi-
cate that the level of these instructive cytokines was correlated
with the markers for caM/aaM expression in both groups.

The expression of IL-10/IL-12 ratio in the wound did

not resemble the alteration of caM/aaM in vitro

Because IL-10/IL-12 is an important indicator of macrophage
activation in vitro, in these experiments, whether the IL-10/
IL-12 expression ratio during wound healing reflected the
transition from caM to aaM was examined.

After wounding, the normal group showed a higher IL-10/
IL-12 ratio than the diabetic group overall. The ratio peaked
on day 3 in the normal group and on day 1 in the diabetic
group. However, neither group showed results similar to the in
vitro results, in which the IL-10/IL-12 expression ratio was
lower in the early stage but higher in the late stage
(Figure 5A). The ratios of IL-10/IL-12 expression in both
groups were elevated after wounding and decreased substan-
tially after day 7.

DISCUSSION
To determine the effect of diabetes mellitus on the immune
state of macrophages in cutaneous wound healing, we first
confirmed the existence of caM/aaM and calculated the posi-
tive rate of activated macrophage in vivo. To the authors’
knowledge, the current study is the first to prove that caM and
aaM are evident by double immunostaining in dorsal wound
tissues of male Sprague-Dawley rats. This study demon-
strated that diabetes mellitus affects the expression of macro-
phage activation markers such as iNOS and Arg-1 in skin

Figure 2. Continued.
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wounds. The study also demonstrated that these macrophage
activation responses are mediated via instructive cytokines,
which can be impacted by a hyperglycemic environment.

Increasing attention has focused on the issue of macro-
phage activation in vivo, especially in lung and wound tissues,
and the characterization of macrophage activation has been
clarified relatively well in vitro.22–24 Recent studies on human
wounds have demonstrated that in the early stage of wound

repair, the expression of caM-related genes increased, but the
aaM-related genes predominated later.17,25 For the purpose of
catching these two activated macrophages in rodent wound
healing, we also set a time window to cover the inflammation
and proliferative stages in our experiments. Consistent with
the previous research on the appearance stage of activation-
related genes in human wounds, we also found by immuno-
fluorescence assay that caM macrophages appeared in the

Figure 3. Reduced iNOS expression with late increased Arg-1 level in the diabetic wound. Western blot (A and B) and real-time
polymerase chain reaction (PCR) (D) analysis showed a reduction in iNOS level on days 1 and 3 after wounding in the diabetic
lesion, especially on day 3, compared with the normal group. Western blot (A and C) and real-time PCR (E) analysis showed that
expression of Arg-1 in the diabetic group was lower than in the normal group on day 7. Expression of Arg-1 peaked on day 7 in
the normal group, but it increased sharply on day 13 in the diabetic group (n = 6, *p < 0.05, **p < 0.01).
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inflammation phase, but aaM macrophages increased in the
proliferation stage in a normal rodent wound. Simultaneously,
the measurements of caM/aaM markers by Western blot and
real-time PCR also yielded similar results. This arrival
sequence seems to conform to the request of wound tissue
repair. After wounding, the first behaviors in a skin wound are
hemostasis and inflammation, followed by cell proliferation,
collagen deposition, and angiogenesis.2 Conforming to the
known functions from research in vitro, the tissue-destructive
macrophages emerge first after wounding and mainly “burn
something out,” acting as a fire retardant. However, tissue-
reparative macrophages tend to arrive slowly and act as a
“builder.” The complexity of the repair phase, which involves
extracellular matrix formation, as well as multiple type cell
infiltration, and takes more time than the inflammation stage,
may explain the higher positive ratio of aaM to caM in this
study. Inconsistent results were also reported in different
species and wound types. The wound macrophages obtained
from a PVA sponge inserted in the midline dorsal incision in
mice did not express iNOS protein, and IL-4 and IL-13 were
also not detected in the wound.26 However, the sterile dermal
incision often has been considered as the “simplest” wound

type in the diverse field of tissue repair, due to its lower
involvement of immune responses and regeneration pro-
cesses.7 In addition, dressings on the wound prevent the inva-
sion of harmful bacteria into the wound and reduce the
inflammation response.27 Therefore, we chose open full-
thickness skin defects in our studies.

It is also interesting to consider why the positive rate of
activated macrophages did not exceed 20% of total macro-
phages activated in the wound healing. There may be two
reasons accounting for these iNOS or Arg-1 negative macro-
phages postwounding. First, the major portion of macro-
phages at a wound site is recruited from capillaries rather than
resident macrophages.12 In this process, it takes time for cir-
culating monocytes to enter the tissue space successively,
transform into tissue macrophages, and display different phe-
notypes. In our experiments, the total number of CD68+ cells
in both groups peaked on day 3 (Figure 1D), indicating that at
this point there were still new monocytes being recruited from
blood, which looked “naive” compared with the “furious”
activated macrophages. Second, macrophages may be located
in a niche that was exposed to the different microenvironment
considering the complexity of wound healing in vivo. Thus,

Figure 4. Plots of mRNA expression through real-time polymerase chain reaction (PCR) for Th1 and Th2 cytokines in normal and
diabetic wounds. The expression of T helper cell type 1 (Th1)/Th2 cytokines was higher in the normal group than in the diabetic
group. (A and B) The expression of interferon-gamma (IFN-g) and tumor necrosis factor-alpha (TNF-a) mRNA in the normal group
peaked on day 1 after wounding and remained at a fairly high level on day 3. (C and D) The levels of interleukin (IL)-4 and IL-13
mRNA in the normal group also increased markedly after wounding and peaked on day 1, but increased again on day 7. On day
13, all the cytokines began to drop, but the level of Th1 cytokines declined more rapidly than the Th2 cytokines in the diabetic
wounds (n = 6, *p < 0.05, **p < 0.01).
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the organism may reserve a fair proportion of the total tissue
macrophages, waiting for possible further requirements for
wound healing. However, we have not found any clear evi-
dence to support this conjecture.

Our current study delineated the induction of caM/aaM
through Th1/Th2 cytokines in rodent skin wounds. Similar
consistent results were also reported in the expression of
macrophage activation-related inducing factors in mucosal
wound repair of mice colons.17 The balance of Th1/Th2
determines the outcome of a wide variety of immune
responses involving infectious, allergic diseases and wound
healing.2,28,29 In addition, the defined relationship between
Th1/2 cytokines and macrophage activation phenotypes in
vitro was confirmed not only in normal wounds, but also in
diabetic wounds.30 However, we noticed a discrepancy in that
the Arg-1 expression in the diabetic group showed a dramatic
increase on day 13, but Th2 cytokines were low. As is
known, iNOS/Arg-1 are reciprocally regulated by Th1/Th2
cytokines in vivo.19 Although Th2 cytokines decreased
sharply on day 13 in the diabetic group, they decreased more
slowly than Th1 cytokines, which may have led to Th2
cytokines predominating. Furthermore, the reduced iNOS

expression in the first 3 days prognosticated a relatively high
expression of Arg-1 on subsequent days. Considering the
repair ability of Arg-1 positive macrophages, the abnormally
increased Arg-1 level could be a compensatory reaction to
the impaired diabetic wound healing. This may also be con-
sistent with our conjecture, previously stated, that the wound
will keep parts of macrophages as a “military reserve” for
possible future healing needs.

The iNOS/Arg-1 in activated macrophages regulated by
Th1/Th2 cytokines is considered as an important pathway in
the regulation of inflammation and tissue repair.19,30 Our data
from the normal wounds demonstrated that Th1/Th2-caM/
aaM-iNOS/Arg-1 is regulated moderately and in a timely
manner by the immune system. However, during the balance
of the inflammation process in the streptozotocin-induced
diabetic wounds, Th2-aaM-Arg-1 increased. Moreover,
abnormal caM may cause problems as well. Unrestrained
proinflammatory caM induced by iron and too many TNF-a
positive macrophages, which are considered as caM cells,
impairs wound healing in humans and mice.24,31 An imbalance
of caM/aaM in wound healing seems to impede skin defect
restoration. It may be that one of the requirements for

Figure 5. The expression of the interleukin (IL)-10/IL-12 ratio in both groups did not reflect the characteristics of classical
macrophage activation (caM)/alternative macrophage activation (aaM) in vitro. Expression of the IL-10/IL-12 ratio in the wound
extracts was higher in the normal group (A). Neither group showed the same results as the in vitro results, in which the IL-10/IL-12
expression ratio was lower in the early stage but higher in the late stage. (B and C) The data of IL-10 and IL-12 are also shown
(n = 6, *p < 0.05 and **p < 0.01).
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successful wound healing is that macrophages must be acti-
vated in a suitable phase and extent.

However, not all the related cytokines in wounds fluctuate
in the same manner as they do in vitro, such as IL-10 and
IL-12. We have not found the accurate relation between
IL-10/IL-12 and iNOS/Arg-1 in both groups, which seems
that the trend of both cytokines may be inconsistent with the
story presented that the caM and aaM predominate orderly
and alter in the wound healing. Besides macrophages, the
data of IL-10 and IL-12 could be affected by multiple types
of infiltrating leukocyte subtypes and resident cells, such as
T lymphocytes, B lymphocytes, dendritic cells, and kerati-
nocytes, after wounding.32,33 The ratio of IL-10/IL-12
expression in both groups demonstrated that macrophage
activation appears to be more complex in vivo. Furthermore,
we suppose that the IL-12, IL-10, and IL-10/IL-12 ratio
maybe were not good markers to assess macrophage activa-
tion in vivo, at least they could not match the assessment
quality as in vitro.

In conclusion, our findings provide new insights into the
effects of diabetes mellitus on macrophage activation and
should help clarify the functional importance of the macroph-
age state within wound healing. However, additional investi-
gations of the mechanisms by which diabetes mellitus
regulates Th1/Th2 cytokines and the utility of therapies that
alter macrophage activation in the treatment of impaired
wound healing are warranted.
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