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Bacterial infections, including surgical site infections (SSI), are a common and serious complication of diabetes. Staphylococcus aureus,
which is eliminated mainly by neutrophils, is a major cause of SSI in diabetic patients. However, the precise mechanisms by which dia-
betes predisposes to staphylococcal infection are not fully elucidated. The effect of insulin on this infection is also not well understood.
We therefore investigated the effect of insulin treatment on SSI and neutrophil function in diabetic mice. S. aureus was inoculated into
the abdominal muscle in diabetic db/db and high-fat-diet (HFD)-fed mice with or without insulin treatment. Although the diabetic
db/db mice developed SSI, insulin treatment ameliorated the infection. db/db mice had neutrophil dysfunction, such as decreased
phagocytosis, superoxide production, and killing activity of S. aureus; however, insulin treatment restored these functions. Ex vivo
treatment (coincubation) of neutrophils with insulin and euglycemic control by phlorizin suggest that insulin may directly activate
neutrophil phagocytic and bactericidal activity independently of its euglycemic effect. However, insulin may indirectly restore super-
oxide production by neutrophils through its euglycemic effect. HFD-fed mice with mild hyperglycemia also developed more severe SSI
by S. aureus than control mice and had impaired neutrophil phagocytic and bactericidal activity, which was improved by insulin treat-
ment. Unlike db/db mice, in HFD mice, superoxide production was increased in neutrophils and subsequently suppressed by insulin
treatment. Glycemic control by insulin also normalized the neutrophil superoxide-producing capability in HFD mice. Thus, insulin
may restore neutrophil phagocytosis and bactericidal activity, thereby ameliorating SSI.

The number of patients with diabetes mellitus has increased
greatly worldwide (8, 48). It is well known that diabetic pa-

tients are more prone to bacterial infections, including surgical
site infections (SSI), than healthy individuals. Although many
clinical reports have demonstrated that glycemic control reduces
the risk of infections, the precise mechanisms by which diabetes
predisposes to infections are not well understood (2, 21, 38). Con-
trol of bacterial infections has become more important for dia-
betic patients than in the past, because of the increase in diabetic
patients and their susceptibility to infections. Foot infections fol-
lowing skin ulceration are also common causes of hospitalization
for diabetic patients (6). These infectious complications seriously
impair prognoses for diabetic patients (44).

Gram-positive bacteria cause more than half of cases of diabetes-
related wound infections. Especially, Staphylococcus aureus is a major
pathogen in these infections (44). Methicillin-resistant S. aureus
(MRSA) also has become prevalent among both nosocomial and
community-acquired infections in diabetic patients (44). Neutro-
phils play crucial roles in eliminating bacteria, including S. aureus,
from hosts (22). Therefore, neutrophil dysfunction may be involved
in the high susceptibility of diabetic patients to staphylococcal infec-
tion. However, results remain conflicting and equivocal with regard
to neutrophil function in diabetic hosts (3, 15, 40). Although analyses
of neutrophil function among diabetic patients may provide infor-
mation to enable diabetic patients to more effectively overcome in-
fectious complications, it has yet to be fully elucidated how diabetic
hyperglycemia affects the neutrophil-mediated host defense and also
how insulin treatment affects diabetes-related infections.

Diabetic db/db mice provide a monogenic model of obesity and
type 2 diabetes (9). Insulin resistance is the earliest phenotypic

change in db/db mice (10), and by approximately 8 to 12 weeks of
age, these mice are severely obese, hyperglycemic, and insulin re-
sistant (10). High-fat-diet (HFD)-induced obese and diabetic
wild-type mice are also considered to be a model of type 2 diabetes
(39). We herein investigated the effect of insulin treatment on SSI
by S. aureus in diabetic db/db mice and HFD-fed wild-type mice,
focusing on their neutrophil function.

MATERIALS AND METHODS
This study was conducted according to the guidelines of the Institutional
Review Board for the Care of Animal Subjects at the National Defense
Medical College, Japan.

Diabetic db/db mice and HFD-fed mice. Male, 8-week-old diabetic
db/db mice (C57BLKS/J lar-�Leprdb/� Leprdb) and control lean nondia-
betic mice (male, 8 weeks, C57BLKS/J lar-m�/m�) were purchased from
Japan SLC (Shizuoka, Japan). Male, 4-week-old C57BL/6 mice were also
purchased from Japan SLC and were fed a high fat diet (HFD) containing
60% fat (58Y1, Test Diet; PMI Nutrition International, Richmond, IN) or
a control chow diet (CD) for 12 weeks. Twelve weeks after high-fat feed-
ing, the animals’ body weights increased to approximately 40 g and their
blood glucose levels were approximately 12 to 14 mM. These mice were
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continuously fed the HFD during insulin treatment and postoperative
observation. All mice were housed under controlled conditions with a
12-h light/dark cycle and given food (HFD or CD) and water ad libitum.

Insulin or phlorizin treatment. Neutral protamine Hagedron (NPH)
insulin (Humulin N; Eli Lilly, Indianapolis, IN) was subcutaneously (s.c.)
injected into db/db mice and HFD-fed mice (16 weeks old) daily, morning
and evening, for a week in doses individually adjusted to control blood glu-
cose levels to below 8 mM. Blood glucose levels were measured routinely by a
tail prick method by using a glucose monitoring device (FreeStyle, Nipro Co.,
Osaka, Japan). Each diabetic db/db mouse required approximately 10 to 50
IU/day of insulin to control blood glucose levels to �8 mM using a sliding
scale of insulin. All db/db mice received almost the same doses of insulin for
euglycemic control. Age-matched nontreated db/db mice and control mice
(lar-m�/m�) similarly received s.c. injections with the vehicle (saline). Each
HFD-fed wild-type mouse also required approximately 1 to 10 IU/day of
insulin to control blood glucose levels. Age-matched, nontreated HFD and
CD wild-type mice similarly received injections with vehicle (saline). To ex-
amine the effect of insulin treatment on the mice fed a control diet, the
C57BL/6 mice (male, 8 weeks; Japan SLC) received 10 or 5 IU/day of insulin
or vehicle (saline) for 3 days. Phlorizin (Sigma-Aldrich, Deisenhofen, Ger-
many) directly decreases blood glucose independent of insulin-involved glu-
cose metabolism, because phlorizin blocks glucose uptake/reabsorption
through inhibition of the sodium-glucose symporters located in the proximal
renal tubule and intestinal mucosa (13). Phlorizin dissolved in propylene
glycol (Wako Pure Chemical Industries, Osaka, Japan) was also s.c. injected to
db/db mice daily, morning and evening, for a week in doses individually ad-
justed to control blood glucose levels at approximately 11 mM. Each db/db
mouse also required approximately 5 to 20 mg/day of phlorizin to control
blood glucose levels. Age-matched db/db and control mice (lar-m�/m�)
similarly received saline injections.

SSI and measurement of neutrophil count. After anesthetization of
mice using an intraperitoneal injection of pentobarbital (50 mg/kg; Abbott
Laboratories, Abbott Park, IL), a 5-mm midline skin incision to expose the
abdominal muscle was made. Thereafter, to develop a surgical site infection
(SSI), 1 � 106 CFU of S. aureus (S. aureus 209P, ATCC 6538P) dissolved in 20
�l of PBS was inoculated into the subfascial layer of the abdominal muscle
using a syringe with a 29-gauge needle (Terumo, Tokyo, Japan) under a mi-
croscope. The incisions were carefully closed using 5-0 silk. Seven days after
bacterial inoculation, the lesions of SSI were evaluated. Blood samples were
obtained from the retro-orbital plexus in mice after surgery and bacterial
inoculation to measure neutrophil counts using a hematology analyzer PEC-
170 (Beckman Coulter, Inc., Miami, FL).

Isolation of neutrophils. As previously described (22, 23), a blood
sample was drawn into a heparinized syringe from the abdominal inferior
vena cava under lethal pentobarbital anesthesia. Leukocytes were isolated
by dextran sedimentation. Thereafter, neutrophils were separated from
mononuclear cells by centrifugation using Pancoll for mouse (PAN Bio-
tech GmbH, Aidenbach, Germany) followed by hypotonic lysis of eryth-
rocytes. The resultant cells contained nearly 90% neutrophils, as assessed
by microscopy with Wright-Giemsa stain.

Ex vivo treatment (coincubation) of neutrophils with insulin. Neu-
trophils (2.5 � 106/ml) were obtained from nontreated db/db and control
mice (without surgery) and were incubated with 10 mIU/ml of insulin or
vehicle (saline) in 10% fetal bovine serum (FBS)-RPMI 1640 medium for
2 h in 5% CO2 at 37°C. To determine the in vitro insulin concentration, we
used as a reference the serum insulin levels in the db/db mice that resulted
in appropriate glycemic control by insulin (30). Thereafter, the following
functional analyses of neutrophils were performed.

Determination of bactericidal activity of neutrophils against S. au-
reus. Neutrophils (5 � 105/200 �l of medium without antibiotic) were
cultured with 5 � 103 CFU of S. aureus for 6 h in 5% CO2 at 37°C, as
previously described (22). Thereafter, culture medium was serially diluted
10-fold with phosphate-buffered saline (PBS), placed using a spiral platter
on brain heart infusion agar plates, and incubated at 37°C for 24 h. The

number of viable bacteria was then counted according to the observed
colonies on the agar plates.

Determination of microsphere phagocytosis by neutrophils. Neu-
trophils were incubated with Fluoresbrite YG (FITC) carboxylate mi-
crospheres (75-nm diameter; Polysciences Europe, Eppelheim, Ger-
many; here called FITC microspheres; 1 � 108/ml) in 500 �l medium
for 20 min in 5% CO2 at 37°C. After staining neutrophils with phyco-
erythrin (PE)-conjugated anti-mouse Gr-1 monoclonal antibody
(MAb) (eBioscience, San Diego, CA), phagocytosis of FITC micro-
spheres by Gr-1� neutrophils was analyzed using FC500 instruments
(Beckman Coulter Inc.) as previously described (22). FITC fluorescent
intensity is dependent on the number of ingested microspheres. Peaks
on the histogram in Fig. 3C correspond to neutrophils that contain no
ingested microspheres or one (peak 1), two (peak 2), or more (peak
�3) microspheres (from left to right in figure, respectively).

Determination of superoxide production by neutrophils. Superox-
ide production of neutrophils was determined by 2-methyl-6-(p-methoxy-
phenyl)-3,7-dihydroimidazo[1,2-alpha]pyrazin-3-one (MCLA)-dependent
chemiluminescence as described previously (23, 27). A cuvette containing
neutrophils (5 � 105) and MCLA (2 �M) in 200 �l of Hank’s balanced salt
solution was placed in a luminometer (Gene Light GL-200; Microtec Co.,
Chiba, Japan). Thereafter, 4 �g of phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich) was added to the cuvette to determine the MCLA-dependent
chemiluminescence intensity induced by PMA. After adding PMA, superox-
ide dismutase (final concentration, 0.5 �M; Sigma-Aldrich) was then added
to assess the role of superoxide anion in the MCLA-dependent chemilumi-
nescence emission from neutrophils.

Determination of fluorescence intensity of LysoTracker in neutro-
phils stimulated with S. aureus. Neutrophils (5 � 105/200 �l medium)
were incubated with or without 5 � 103 CFU of S. aureus for 5 min in 5% CO2

at 37°C. Thereafter, neutrophils were further incubated with 100 nM Lyso-
Tracker Red DND-99 (Invitrogen Life Technologies, Carlsbad, CA) for 15
min followed by staining with FITC-conjugated anti-mouse Gr-1 MAb
(eBioscience) for 10 min at 4°C. Fluorescence intensity of LysoTracker in
Gr-1� neutrophils was measured using FC500 instruments (Beckman
Coulter Inc.), as previously described (31). LysoTracker freely permeates the
cell membrane and labels and tracks acidic organelles in live cells, and its
staining indicates phagosome acidification and maturation (31, 41).

Pathological examination. Specimens of SSI were obtained from the
sites of surgery and bacterial inoculation at 7 days after surgery. Sections
were prepared from formalin-fixed, paraffin-embedded tissue samples
stained with routine procedures by hematoxylin and eosin.

Statistical analysis. Data are presented as mean values � standard
errors (SE). Statistical analyses were performed using the StatView 4.02J
software package (Abacus Concepts, Berkeley, CA). Statistical evaluations
were compared using standard one- or two-way analysis of variance fol-
lowed by the Fisher’s protected least significant difference test. P values of
�0.05 were considered to indicate a significant difference.

RESULTS
Blood glucose levels after surgery in insulin-treated db/db mice.
Insulin treatment of db/db mice for 1 week decreased their blood
glucose levels to less than 7 mM (Fig. 1A) without changes in body
weight (before treatment, 37 � 1; after, 39 � 1 g). Thereafter, db/db
mice with and without insulin treatment and control mice under-
went surgery and bacterial inoculation. One day after surgery, the
blood glucose levels markedly decreased in nontreated db/db mice
but the next day rapidly returned to a hyperglycemic state (�17 mM)
(Fig. 1B). In contrast, insulin-treated db/db mice as well as control
mice kept their glucose levels at approximately 6 to 12 mM after
surgery (Fig. 1B). Body weight did not change between the period
before and after surgery in any of the three groups, although both
insulin-treated and nontreated db/db mice were markedly heavier
than control mice (db/db mice, 40 � 1 g; insulin-treated db/db mice,
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37 � 1 g; control, 19 � 0.2 g, at 7 days after surgery; P � 0.01). No
significant differences in neutrophil counts were statistically observed
among the three mouse groups (Fig. 1C).

Improvement of SSI by insulin treatment in db/db mice. Al-
though db/db mice had significantly larger SSI 7 days after surgery
than control mice, insulin treatment substantially suppressed devel-
opment of SSI in db/db mice (Fig. 2A and B and Fig. 3A). In control
mice, there was a proliferation of fibroblasts in the border of the
infectious lesion, suggesting the recovery phase of tissue injury/in-
flammation (as indicated by arrowheads in Fig. 2D), while in non-
treated db/db mice, there was diffuse infiltration of neutrophils in the
border of the lesions, suggesting vigorous expansion of SSI (Fig. 2C
and D). However, such marked infiltration of neutrophils was not
observed in the insulin-treated db/db mice (Fig. 2C and D). Prolifer-
ation of fibroblasts in the border of the lesions was not found in the
db/db mice even by insulin treatment (Fig. 2C and D).

Improvement of neutrophil dysfunction by insulin treat-
ment in db/db mice. We examined neutrophil function in insulin-
treated and nontreated db/db mice and control mice (without sur-
gery). Although S. aureus-killing activity of neutrophils from
db/db mice was remarkably impaired compared to that of control
mice, insulin treatment significantly improved bactericidal activ-
ity of neutrophils in db/db mice (Fig. 3B). In diabetic db/db mice,
the proportion of neutrophils having potent phagocytic activity
was decreased (Fig. 3C, peak �3), but insulin treatment markedly
restored this activity (Fig. 3C). PMA-induced superoxide produc-
tion by neutrophils was decreased in db/db mice; however, insulin
treatment significantly improved production (Fig. 3D). Although
no significant differences in fluorescence intensity of LysoTracker
in neutrophils, which indicates phagolysosome maturation (31,
41), were observed among the three mouse groups under a non-
stimulative condition, in insulin-treated db/db mice as well as con-
trol mice, there were significant increases in the LysoTracker-in-
tensity of neutrophils by stimulation with S. aureus, while no such
increase was shown in nontreated db/db mice (Fig. 3E-a and -b).
We also examined the effect of insulin treatment on neutrophil
function in control diet-fed wild-type mice. When the mice re-
ceived 10 IU/day of insulin for 3 days, they showed severe hypo-
glycemia (�1.2 mM), and half of them (5/10) died within 3 days.
Neutrophils from the survived mice showed a significantly lower
phagocytic activity than that of the vehicle (saline)-treated mice
(microsphere phagocytosis; peak �3; with insulin treatment,
22% � 3%, versus without insulin, 56% � 2%; P � 0.01) and did
not show a significant superoxide production by PMA stimulation
(data not shown), suggesting an impairment in neutrophil func-
tion. Treatment with 5 IU/day of insulin for 3 days also rendered
the mice mildly hypoglycemic (approximately 2.5 to 3 mM), but
no mice died. Their neutrophils did not show significant func-
tional changes, such as phagocytic activity, compared to those
from vehicle-treated mice (data not shown).

Direct effects of insulin on neutrophil function in db/db
mice. Neutrophils were also obtained from nontreated db/db mice
and control mice (without surgery) to coincubate with or without
insulin. Coincubation with insulin significantly restored S. aureus-
killing activities in vitro of neutrophils obtained from db/db mice,
suggesting that insulin directly stimulates neutrophils to restore bac-
tericidal activity, although insulin did not further augment neutro-
phil bactericidal activity in the control mice (Table 1). Insulin also
directly augmented phagocytic activity of neutrophils in not only
db/db mice but also in control mice, suggesting a direct enhancing effect
of insulin on neutrophil phagocytosis (Table 1). Coincubation with in-
sulin tended to increase superoxide production by neutrophils in db/db
mice; however, the difference was not significant (Table 1). Nevertheless,
coincubationwithinsulinsignificantlyrestoredtheLysoTrackerreaction
of neutrophils to bacterial stimulation (Table 1), suggesting the func-
tional augmentation of phagolysosomes of neutrophils.

Effects of phlorizin on neutrophil function in db/db mice.
Phlorizin treatment markedly decreased blood glucose levels in db/db
mice (before treatment, 23 � 1 mM; after, 12 � 1 mM; P � 0.01)
without significant changes in their body weight (before treatment,
37 � 1 g; after, 36 � 2 g). The antihyperglycemic effect of phlorizin is
independent of insulin-involved glucose metabolism (13). In con-
trast to insulin treatment, phlorizin treatment improved neither bac-
tericidal nor phagocytic activity of neutrophils in db/db mice, al-
though superoxide production and LysoTracker intensity were
significantly improved (Table 2).

FIG 1 (A) Blood glucose levels in insulin-treated db/db mice. Diabetic db/db
mice (n � 10) were treated with insulin for 1 week, and their blood glucose
levels were monitored. Changes in blood glucose levels (B) and neutrophil
counts (C) after surgery and bacterial inoculation. Data are means � SE from
10 mice in each group: *, P � 0.01 versus others.
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Blood glucose levels after insulin treatment in HFD-fed wild-
type mice. Although HFD-fed wild-type mice had substantially
higher glucose levels than chow-diet (CD)-fed wild-type mice,
insulin treatment decreased their glucose levels (before treatment,
13 � 1 mM; after, 6 � 1 mM; P � 0.01) without a change in body
weight (before/after, 40 � 1 g). After surgery, blood glucose levels
in insulin-treated HFD-fed wild-type mice were maintained at
approximately 5 to 6 mM, while in nontreated HFD-fed wild-type
mice and CD-fed wild-type mice, the blood glucose levels were
approximately 9 to 10 mM and 5 to 7 mM, respectively. No
changes in body weight between before and after surgery were
observed in any group, although both insulin-treated and non-
treated HFD-fed mice were heavier than the CD mice (both insu-
lin-treated and nontreated HFD-fed mice, 40 � 1 g, versus CD-fed
mice, 29 � 0.3 g, P � 0.01, at 7 days after surgery). No significant
changes in neutrophil counts were observed before and after sur-
gery in any group (data not shown).

Improvement of SSI and neutrophil dysfunction by insulin
treatment in HFD-fed wild-type mice. HFD-fed wild-type mice
with and without insulin treatment and CD-fed wild-type mice un-

derwent surgery and S. aureus inoculation. Although HFD mice de-
veloped significantly larger SSI 7 days after surgery than the CD mice,
insulin treatment markedly decreased the size of the SSI in HFD mice
(Fig. 4A). Next, we examined neutrophil function in these mice. Bac-
tericidal activity and phagocytic activity of neutrophils were remark-
ably decreased in HFD wild-type mice, and insulin treatment signif-
icantly restored those activities (Fig. 4B and C). In contrast, unlike
findings for db/db mice, neutrophils in HFD wild-type mice had a
potent superoxide-producing capability in comparison with CD
wild-type mice (Fig. 4D). Interestingly, insulin treatment signifi-
cantly suppressed the enhanced superoxide production by neutro-
phils in HFD-fed mice (Fig. 4D). However, no significant differences
in the LysoTracker response of neutrophils to S. aureus were observed
among the three mouse groups (data not shown).

DISCUSSION

Impaired neutrophil bactericidal activity is crucial in the defense
against S. aureus infection by diabetic mice, because S. aureus is
eliminated mainly by neutrophils (22). Once neutrophils encoun-
ter bacteria, they are activated to promptly phagocytose them into

FIG 2 Macroscopic (A, B) and microscopic (C, D) findings of the SSI at day 7 after surgery in nontreated db/db, insulin-treated db/db, and control mice. The
mouse skin was widely opened to examine the SSI. Panels B and D are magnified images of the square areas in panels A and C in each group, respectively.
Representative data are shown for each group.
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phagosomes, where they are digested by reactive oxygen species
(ROS), i.e., superoxide anions, and proteolytic enzymes (16).
Thus, phagocytosis and superoxide production are important for
neutrophils to kill bacteria. Phagolysosome maturation, which we
assessed by the LysoTracker reaction, also participates in bacterial
digestion by neutrophils. These neutrophil functions require

ATP-involved energy, which is produced mainly by the metabo-
lism of glucose to lactate (5). Since neutrophils from diabetic hosts
represent impaired glucose metabolism (14), the reduced energy
of neutrophils in diabetic hosts may render them functionally re-
fractory. Because db/db mice have a recessive, autosomal mutation
in the leptin receptor (9, 10), we could not completely deny the

FIG 3 Effect of insulin treatment on the maximal diameter of SSI at 7 days after surgery in db/db mice (A). Effect of insulin treatment on neutrophil bactericidal
activity against S. aureus (B), microsphere-phagocytic activity (C), PMA-induced superoxide production (D), and LysoTracker response to S. aureus (E) in db/db
mice just before surgery. (B to E) Neutrophils were obtained from the db/db or control mice after insulin/sham treatment for 1 week (without surgery) to examine
their function. (C) The percentage of each peak is shown for the three mouse groups in the lower panel. Fluorescence intensity of LysoTracker in neutrophils with
or without S. aureus coincubation for 20 min is shown (E-a; data shown are representative in each group), and mean fluorescence intensity of LysoTracker in
neutrophils is shown in the right panel (E-b). Data are means � SE from 10 mice in each group: *, P � 0.01; †, P � 0.05 versus other groups; ‡, P � 0.01 versus
insulin � db/db and control, P � 0.05 versus insulin � db/db; §, P � 0.01; **, P � 0.05.
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possibility that leptin receptor deficiency may have a role in neu-
trophil dysfunction in db/db mice (46). Park et al. demonstrated
that db/db mice are susceptible to foot and ankle infection by S.
aureus due to neutrophil dysfunction (34). Our present results
showed the potent effect of insulin in improving neutrophil dys-
function and ameliorating staphylococcal infection in db/db mice.

Ex vivo treatment (coincubation) of neutrophils with insulin
and euglycemic control by phlorizin suggest that insulin treat-
ment renders diabetic mice resistant to infections independent of
its antihyperglycemic effect, although insulin-induced severe hy-
poglycemia in normal mice may seriously damage neutrophil
function. Clinical reports have demonstrated that glycemic con-
trol decreased perioperative infections (2, 21, 38). These beneficial
effects of glycemic control on infections may be caused by the
direct effect of insulin, because most diabetic/hyperglycemic pa-
tients are treated with insulin. In contrast, insulin treatment for
db/db mice may indirectly, probably through its antihyperglyce-
mic effect, restore the superoxide-producing capability of neutro-
phils. Hypertonic glucose reportedly exerted a dose-dependent
inhibitory effect on superoxide production by rat neutrophils
(37). Activation of NADP (NADPH) oxidase is closely related to
superoxide production by neutrophils (16, 47). In the presence of
excessive glucose levels, the hexokinase pathway (glucose is con-
verted to glucose-6-phosphatase) is saturated and glucose is con-
verted to sorbitol using the polyol pathway in neutrophils. Acti-
vation of the polyol pathway decreases the availability of NADPH,
leading to reductions of NADPH oxidase activity and superoxide
production (43).

Activated neutrophils release superoxide anions not only into

phagosomes but also into the extracellular surroundings (16). We
measured phagosomal and extracellular superoxide together by a
luminometer. Hydrogen peroxide that is formed from dismuta-
tion of the superoxide radical is bactericidal only at high concen-
trations (e.g., in phagosomes), but extracellularly generated su-
peroxide does not kill bacteria and presumably accounts for the
destructive capacity of neutrophils (19). To be effective in com-
bating bacteria, superoxide should be produced near the targets in
phagosomes. LysoTracker staining may be involved in superoxide
production in phagolysosomes of activated neutrophils (4). On
one hand, insulin may directly augment neutrophil phagocytosis,
resulting in an increase in microbe-ingesting phagolysosomes and
augmentation of the LysoTracker reaction. On the other hand,
euglycemia by phlorizin may augment not only extracellular but
also phagosomal superoxide production in neutrophils, which
may also possibly augment the LysoTracker reaction. Because
phlorizin did not augment bactericidal activity of neutrophils,
phagocytosis, which is the first step in the bactericidal process,
may be crucial for killing of bacteria.

Although hyperglycemia-induced ROS production from
	-cell mitochondria is known to contribute to the development of
insulin resistance and pancreatic 	-cell failure (25, 35), conflicting
results have been reported about ROS production by neutrophils
in diabetes. Some reports have demonstrated that ROS generation
by neutrophils are impaired/decreased in diabetic hosts, resulting
in attenuating host defenses (12, 32). Other reports have demon-
strated that hyperglycemia caused by diabetes increases ROS gen-
eration by neutrophils, resulting in oxidative stress (3, 26, 42). The
db/db mice used in the current study had substantially higher

TABLE 1 Effect of in vitro insulin coincubation on neutrophil functionsa

Characteristic

Result

db/db Control
Medium
alone

Coincubation with insulin � � � �
Bacterial count after 6 h coculture (�106 CFU) 6.9 � 1.2† 4.3 � 0.8 4.6 � 0.5 4.4 � 0.7 9.3 � 1.2§
Proportion of phagocytic neutrophils (peak � 3) (%) 44 � 2* 53 � 3 58 � 1 71 � 2*
Superoxide production of neutrophils (PMA

stimulation; �103 cpm)
2.3 � 0.6‡ 2.5 � 0.5‡ 4.2 � 0.5 4.1 � 0.6

Mean fluorescence intensity of LysoTracker (S.
aureus stimulation)

2.9 � 0.2† 5.6 � 1.3 5.8 � 0.8 5.7 � 0.9

a Neutrophils obtained from the nontreated db/db and control mice (without surgery) were incubated with (�) or without (�) 10 mIU/ml of insulin or vehicle (saline) for 2 h in
5% CO2 at 37°C. Thereafter, neutrophil functions were examined. Mean flow intensity of LysoTracker in neutrophils coincubated with S. aureus for 20 min are shown. All data are
pooled from three or four individual experiments with five mice in each group. Data are means � SE. *, P � 0.01; †, P � 0.05 versus other groups; ‡, P � 0.05 versus controls with
and without insulin; §, P � 0.01 versus db/db with insulin, with controls, with and without insulin, P � 0.05 versus db/db without insulin.

TABLE 2 Effect of phlorizin treatment on neutrophil functionsa

Characteristic

Value

db/db

Control
Medium
alone

Phlorizin
(minus)

Phlorizin
(�)

Bacterial count after 6 h coculture (�106 CFU) 6.2 � 0.3 5.7 � 0.3 3.5 � 0.5* 9.8 � 1.5*
Proportion of phagocytic neutrophils (peak � 3) (%) 39 � 6 35 � 5 55 � 5†
Superoxide production of neutrophils (PMA stimulation; �103 cpm) 2.7 � 0.3‡ 3.6 � 0.3 4.2 � 0.3
Mean fluorescence intensity of LysoTracker (S. aureus stimulation) 2.8 � 0.2† 4.6 � 0.4 5.2 � 0.8
a Neutrophils were obtained from the phlorizin-treated and nontreated db/db mice and control mice (without surgery). Mean flow intensity of LysoTracker in neutrophils
coincubated with S. aureus for 20 min are shown. Data are means � SE from 10 mice in each group. *, P � 0.01; †, P � 0.05 versus other groups; ‡, P � 0.01 versus control, P �
0.05 versus phlorizin-treated db/db.
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blood glucose levels than the HFD-fed wild-type mice (23 � 1
versus 13 � 1 mM, P � 0.01). Diabetic db/db mice seem to have a
more severe diabetic state than HFD mice.

Type 1 diabetes results from destruction of pancreatic 	-cells,
leading to absolute insulin deficiency, while type 2 diabetes results
from insulin resistance caused by obesity, leading to relative insu-
lin deficiency (1). Systemic inflammation, although of low grade,
is a feature of the insulin-resistant states related to obesity and type
2 diabetes (11). Patients with type 2 diabetes have elevated levels of
proinflammatory cytokines, such as TNF in skeletal muscle (36),
adipose tissue (17), and sera (28). Proinflammatory cytokines,
including TNF, augment superoxide production by neutrophils
(45). This hyperproductivity of superoxide by neutrophils was
also observed in the HFD mice but not in the db/db mice. From
this aspect, HFD mice may be suitable as a model of type 2 diabe-
tes, in which hyperglycemia develops gradually and in the earlier
stages is often not severe enough for the patients to be aware of the
clinical symptoms of diabetes (1).

It was shown that p47phox is a key protein in the assembly of
NADPH oxidase and that the translocation of cytosolic p47phox to
plasma membrane is important for ROS generation (33, 47). Al-
though severe hyperglycemia may inhibit neutrophil superoxide
production (37), mild hyperglycemia mechanistically stimulates

the translocation of p47phox (29, 33), leading to priming neutro-
phils to produce superoxide. HFD-fed mice reportedly upregulate
p47phox expression in endothelial cells (7), so it could be specu-
lated that their neutrophils also may upregulate p47phox-mediated
superoxide production. In contrast, db/db mice of the C57BL/6J
strain reportedly showed no significant expression of p47phox in
neutrophils (18). Leptin receptor genes and the p47phox gene are
independent of each other, because the former mutated genes are
mapped on chromosome 4 in db/db mice (24), while the latter
gene is mapped on chromosome 5 (20). Thus, the difference in
diabetic states between db/db and HFD mice may affect superox-
ide-producing capability of neutrophils, although their bacteri-
cidal/phagocytic activities were similarly impaired in both mice.

Interestingly, glycemic control by insulin may normalize either
excessive or suppressive superoxide-producing capability of neu-
trophils in HFD-fed or db/db mice, respectively. Generally, insuf-
ficient superoxide production by neutrophils is harmful for hosts
because it reduces bactericidal activity while excessive superoxide
production by neutrophils is also injurious to hosts because of its
tissue destructive properties. Although normalization of blood
glucose appeared to be beneficial to both groups of diabetic mice,
further studies are required to reveal the precise mechanisms of

FIG 4 Effect of insulin treatment on the maximal diameter of SSI at day 7 after surgery in HFD-fed wild-type mice (A). Effect of insulin treatment on neutrophil
bactericidal activity against S. aureus (B), microsphere-phagocytic activity (C), and PMA-induced superoxide production (D) in HFD-fed wild-type mice. (B to
D) Neutrophils were obtained from the HFD-fed or control mice after insulin/sham treatment for 1 week (without surgery) to examine their function. Data are
means � SE from 10 mice in each group: *, P � 0.01 versus other groups; †, P � 0.01 versus CD, P � 0.05 versus insulin � HFD; ‡, P � 0.01 versus CD, P � 0.05
versus insulin � HFD and medium alone; §, P � 0.01 versus insulin � HFD and CD, P � 0.05 versus insulin � HFD.
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insulin-induced pleiotropic effects on superoxide production by
neutrophils.
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