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al-Acid Glycoprotein Decreases Neutrophil Migration
and Increases Susceptibility to Sepsis in Diabetic Mice

Fernando Spiller,! Daniela Carlos,? Fabricio O. Souto,®> Andressa de Freitas,”? Fernanda S. Soares,

1

Silvio M. Vieira,? Francisco J.A. Paula,* José C. Alves-Filho,” and Fernando Q. Cunha?

The mechanisms underlying immune deficiency in diabetes are
largely unknown. In the present study, we demonstrate that di-
abetic mice are highly susceptible to polymicrobial sepsis due to
reduction in rolling, adhesion, and migration of leukocytes to the
focus of infection. In addition, after sepsis induction, CXCR2 was
strongly downregulated in neutrophils from diabetic mice com-
pared with nondiabetic mice. Furthermore, CXCR2 downregula-
tion was associated with increased G-protein—coupled receptor
kinase 2 (GRK2) expression in these cells. Different from nondia-
betic mice, diabetic animals submitted to mild sepsis displayed
a significant augment in a1-acid glycoprotein (AGP) hepatic mRNA
expression and serum protein levels. Administration of AGP in
nondiabetic mice subjected to mild sepsis inhibited the neutrophil
migration to the focus of infection, as well as induced L-selectin
shedding and rise in CD11b of blood neutrophils. Insulin treatment
of diabetic mice reduced mortality rate, prevented the failure of
neutrophil migration, impaired GRK2-mediated CXCR2 downregu-
lation, and decreased the generation of AGP. Finally, administra-
tion of AGP abolished the effect of insulin treatment in diabetic
mice. Together, these data suggest that AGP may be involved in
reduction of neutrophil migration and increased susceptibility to
sepsis in diabetic mice. Diabetes 61:1584-1591, 2012

ccounting for up to an estimated 22% of deaths

in diabetic individuals, infection is a common

and severe complication of diabetes, as well as a

well-recognized cause of mortality (1). In addi-
tion, it has been proven by murine experimental models
that diabetic mice are at higher risk for a variety of bac-
terial infections (2-5). Despite these considerations, the
mechanism behind immune deficiency in diabetes is largely
unknown.

In this context, deficiencies in neutrophil functions have
been described in diabetic host and include the following:
adhesion and migration to the site of inflammation (6),
chemotaxis (7), phagocytosis capacity (8), and microbicidal
activity (9). The major consequence of the high suscepti-
bility to infections in diabetic patients is the development
of sepsis and, ultimately, septic shock (10). Our group has
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previously shown that failure of neutrophil migration to
infection sites is associated with a poor outcome in exper-
imental sepsis (11). Furthermore, neutrophils obtained from
nonsurvival septic patients displayed a significant reduction
in chemotactic response compared with neutrophils from
healthy subjects or surviving septic patients (12).

The mechanisms involved in the reduction of neutrophil
migration during sepsis are not completely understood. How-
ever, excessive levels of circulating cytokines/chemokines and
LPS induce CXCR2 chemokine receptor internalization, as
well as upregulation of G-protein—coupled receptor kinase
2 (GRK2) expression in neutrophils (13,14). These events
culminate in decreased endothelium-leukocyte interactions
and diminished neutrophil chemotactic responses. Addition-
ally, al-acid glycoprotein (AGP) is involved in the failure of
neutrophil migration after human sepsis (15). In this context,
changes in glycosylation and higher serum levels of AGP
were found in patients with diabetes (16,17).

In the current study, we demonstrate that diabetic mice
have a reduction of neutrophil migration to the focus of in-
fection after polymicrobial sepsis. Moreover, we have pro-
vided evidence for the first time that in diabetic mice, these
events are mediated by CXCR2 downregulation and upre-
gulation of GRK2 in neutrophils. Interestingly, our results
also suggest that these events may be mediated by AGP
during diabetes development.

RESEARCH DESIGN AND METHODS

Care and treatment of animals was based on the Guide for the Care and Use of
Laboratory Animals (18), and research was approved by the Animal Research
Ethics Committee of the School of Medicine Ribeirdo Preto. Balb/C and
CH7BL/6 (8-10 weeks old) mice were housed in an adequate animal room at
23-25°C, with free access to water and food.

Diabetes induction. Diabetes was induced by a single intravenous injection of
50 mg/kg body wt alloxan (Sigma) in saline (100 pL). The control group received
an intravenous injection of saline (100 pL). Diabetic mice with a blood glucose
level =300 mg/dL 3 days after alloxan treatment were used. In the fifth day,
alloxan-treated animals were treated subcutaneously daily with saline or insulin
for 5 days. One dose of bovine insulin (Sigma) was administered in the morning,
and one dose of insulin glargine (long-acting insulin; sanofi-aventis) was ad-
ministered at 5 p.m. Both were administered at a dose of 1 UI for each 200 mg/dL
blood glucose. Blood samples were collected from the tail vein to measure
blood glucose levels by a glucometer (Precision Xtra, Abbott). Ten days after
alloxan treatment, mice were submitted to sham operation (SH), mild sepsis
(MS), or severe sepsis (SS) by the cecum ligation and puncture (CLP) model
and several parameters were analyzed. In another set of experiments, at day 10
after alloxan treatment, the mice were used for neutrophil migration assay in
vivo or for blood neutrophil chemotaxis assay in vitro.

Sepsis model. Sepsis was induced by CLP (19). Two punctures were made in
the cecum using a 21-gauge needle to induce MS or using an 18-gauge needle
to induce SS. SH animals were submitted to laparotomy without cecal puncture.
Neutrophil migration to peritoneal cavity and lung. Neutrophil migration
to peritoneal cavity or to lung cavity was evaluated 6 h after sepsis induction or 6 h
after intraperitoneal injection of macrophage inflammatory protein (MIP)-2
(chemokine [C-X-C motif] ligand (CXCL)-2, 3-30 ng/mice; R&D Systems).
Tissue myeloperoxidase assay. Extent of leukocyte accumulation in the lung
was measured 6 h after sepsis by myeloperoxidase activity as previously
described (20).
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Bacterial counts. Bacterial count was determined 6 h after sepsis in peritoneal
cavity and blood as previously described (21).

Determination of serum levels of alanine aminotransferase and
aspartate aminotransferase. Using colorimetric assay kits, serum alanine
aminotransferase and aspartate aminotransferase (Labtest Diagnéstica, Lagoa
Santa, Brazil) levels were estimated 6 h after sepsis.

Determination of serum levels of insulin. Using an ELISA assay kit (Millipore),
serum insulin levels were estimated 6 h after sepsis.

Leukocyte rolling/adhesion to mesenteric microcirculation. Briefly, mice
were anesthetized with tribromoethanol (250 mg/kg i.v.) and mesenteric tissue
was withdrawn for intravital microscopic examination 3 h after surgery as
previously described (20).

Neutrophil isolation and chemotaxis assay. Blood neutrophils were iso-
lated by Percoll gradient as previously described (14). Next, neutrophil che-
motaxis assay (10° cells/mL in RPMI-1640, 0.01% BSA, 97% of viable cells,
assessed by trypan blue) was performed using a 48-well modified Boyden
chamber (Neuro Probe) in response to RPMI-1640 or MIP-2 (10 or 30 ng/mL).
Measurement of seric AGP. AGP was measured in serum by an immuno-
turbidimetric method using a kit manufactured by Quibasa Quimica Basica
(Belo Horizonte, Minas Gerais, Brazil).

Detection of cytokines by ELISA. MIP-2, keratinocyte-derived chemokine
(KC), and interleukin (IL)-6 levels were detected in serum and peritoneal
cavity by ELISA 6 h after surgery.

Flow cytometry. Mouse blood samples were stained with rat anti-mouse
R-phycoethrin-CD62L (MEL-14), fluorescein isothiocyanate-CD11b (M1/70),
Peridinin-chlorophyll proteins (PerCP)-Cy5.5-GR1 (Ly-6G) (BD Bioscience),
and R-phycoethrin-CXCR2 (R&D Systems) monoclonal antibodies or appro-
priate isotype controls. After staining, cells were fixed, washed, and analyzed
using a flow cytometer (FACSort; Becton Dickinson).

Immunofluorescence of GRK2. Neutrophils were affixed on glass slides and
then incubated with rabbit anti-mouse GRK2 antibody or isotype control (Santa
Cruz Biotechnology). Next, Alexa-Fluor 594—conjugated goat anti-rabbit IgG
antibody (Invitrogen) was added. Cells were incubated with DAPI (Invitrogen)
to stain the cell nucleus. Microscopic analysis of fluorescent images was
performed using an Olympus BX-50 epifluorescence microscope.

AGP real-time PCR. Four hours after surgery, mice were killed and the liver
was collected. Total RNA was extracted with TRIzol reagent (Invitrogen) using
instructions from the manufacturer. Reverse transcription of total RNA to
cDNA was carried out with reverse transcription reaction (Superscript II; Gibco
Life Technologies). Real-time PCR quantitative mRNA analysis was performed in
an ABI Prism 7500 Sequence Detection System using the SYBR—green fluorescence
system (Applied Biosystems) as indicated by the manufacturer. Data were ana-
lyzed with the comparative cycle threshold method. Primer pairs for mouse
B-actin and AGP were as follows: AGP forward, 5'-CACAGCAAATAGTTCAACCA-3;
AGP reverse, 5'-CAAAGGTTTCTACTCCTCCT-3'; B-actin forward, 5'-AGCT-
GCGTTTTACACCCTTT-3'; and B-actin reverse, 5'-AAGCCATGCCAATGTTGTCT-3'.
All samples were submitted to dissociation characteristics of double-stranded DNA
during heating (melting curve analysis). To validate and standardize the method, we
used positive or negative known control samples for both AGP and B-actin genes.
Statistical analysis. Data are reported as means + SEM (except for survival
curves) and are representative of two or three independent experiments with
five mice in each group. Differences between two unpaired groups were
compared by Student ¢ test. The mean differences between three or more
groups within an experiment were compared by ANOVA. When significant
differences were identified, individual comparisons were tested subsequently
with Bonferroni ¢ test. Statistical significance was set at P < 0.05. Survival
rates (n = 10-12) were expressed as percentages, and a log-rank test (x> test)
was used to examine differences between survival curves.

RESULTS

Diabetic mice died after MS induction. Alloxan-induced
diabetes has commonly been used as an animal model of
insulin-dependent diabetes (22-24). Compared with those
in control nondiabetic mice, blood glucose levels were
found to be elevated in alloxan-treated mice (Fig. 1A).
Moreover, body weight gain was observed in nondiabetic
mice during the observation period (10 days, 2 = 0.2 g),
whereas diabetic mice presented significant weight loss
(—3.2 = 1.4 g). Insulin-replacement therapy reversed the
state of metabolic catabolism, as observed by decreased
blood glucose levels (Fig. 1A) and recovery of weight
gain: increase of 0.25 * 0.31 g. Taken together, these data
confirmed the presence of severe diabetes in this mouse
model.
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We next investigated the influence of alloxan treatment
on sepsis outcome. Diabetic mice submitted to MS (10
days after alloxan treatment) showed 100% mortality after
4 days, whereas ~85% of control mice survived until 7 days
after surgery (Fig. 1B). Induction of MS 5 days after alloxan
treatment also decreases survival rate compared with non-
diabetic mice (Supplementary Fig. 14). All SH control and
diabetic mice survived during the observation period (data not
show). As previously demonstrated (21), all nondiabetic mice
submitted to SS died during the 3 day period after sepsis in-
duction. As expected, diabetic mice exposed to SS died faster
than nondiabetic mice (Supplementary Fig. 1B). Similar effects
on blood glucose, weight loss, and mortality were also ob-
served in a different mouse strain (Supplementary Fig. 24-C).
In accordance with survival data, diabetic mice subjected to
MS or control mice subjected to SS failed to control the
infection, as demonstrated by the higher number of colony-
forming units (CFUs) in peritoneal cavity and blood com-
pared with MS control mice (Fig. 1C and D).

Deficiencies in neutrophil migration have been described
in experimental diabetic models (7). Here, we observed that
diabetic animals with MS displayed a significant impairment
of neutrophil migration into the peritoneal cavity, which
was similar to that observed in nondiabetic mice subjected
to SS (Fig. 1E).

The reduction of neutrophil migration to the infection
site in diabetic mice was not a consequence of low con-
centration of neutrophil chemotactic cytokine in the focus
of infection. The levels of MIP-2 (CXCL2) in the peritoneal
cavities were 77.2 * 18.0 pg/mL (SH), 423.4 = 132.6 pg/mL
(MS), and 1,893 =+ 85.9 pg/mL (SS) for control mice (n = 5)
and 99.6 = 32.0 pg/mL (SH) and 2,017 = 51.6 pg/mL (MS)
for diabetic mice (n = 5). The peritoneal levels of tumor
necrosis factor-a were 28.0 = 3.0 pg/mL (SH), 119.3 * 28.2
pg/mL (MS), and 505.8 + 87.5 pg/mL (SS) for control mice
(n =5) and 25 £ 9.5 pg/mL (SH) and 310.8 * 45.4 pg/mL
(MS) for diabetic mice.

The elevated serum glucose levels and/or low levels of
insulin associated with diabetes may be responsible for
disturbance in the host immune response (25). Therefore,
we subjected diabetic mice to insulin therapy followed
by CLP. Expectedly, insulin treatment significantly pre-
vented high mortality rate of diabetic MS mice (Fig. 1B),
decreased the bacterial load in the focus of infection and
blood (Fig. 1C and D), and improved neutrophil migration
toward the infection site (Fig. 1E).

To investigate whether the observed effects of insulin
treatment in diabetic septic mice were specific to a diabetes-
associated phenomenon, we also evaluated the outcome
of control nondiabetic mice exposed to insulin during sepsis.
Nondiabetic animals subjected to SH, MS, or SS did not
present significant changes in serum levels of insulin 6 h
after surgery (Supplementary Fig. 3A). As expected, alloxan-
treated mice displayed reduced serum insulin amounts,
which increased during treatment.

After 2 h postsepsis, all animal groups displayed similar
blood glucose concentration, indicating that the anesthesia
(ketamine/xilasine) rather than sepsis induced hypergly-
cemia, as previously published by Saha et al. (26). After the
observed hyperglycemia, nondiabetic septic, but not sham
or naive animals, displayed low levels of blood glucose
(Supplementary Fig. 3B and data not shown). In contrast
with the observed effect on diabetic septic mice (Fig. 1B),
insulin administration (2 or 1 UI s.c. 30 min after surgery)
in nondiabetic septic mice promoted significant mortal-
ity rates (Supplementary Fig. 3C-F), which could be
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FIG. 1. Mice subjected to alloxan-induced insulin-dependent diabetes died after MS induction. A: Blood glucose levels were measured 10 days after
administration of alloxan (diabetic group), alloxan plus insulin treatment (diabetic + INS group), or saline (nondiabetic group); *P < 0.01
compared with nondiabetic group; **P < 0.01 compared with diabetic group. Ten days after alloxan or saline administration, nondiabetic or di-
abetic mice were subjected to SH, MS, or SS, and survival rate (B), bacterial load in peritoneal cavity lavage (PCL) (C), or blood (D) or neutrophil
migration to peritoneal cavity (E) were evaluated 6 h after surgery. The survival rate was determined daily up to 7 days after surgery, and other
parameters were determined 6 h after surgery. *P < 0.01 compared with SH nondiabetic group; **P < 0.01 compared with MS nondiabetic group;
ooP < 0.05 compared with MS diabetic group. Diabetic mice were treated with insulin for 5 days (diabetic + INS group). (See RESEARCH DESIGN AND
METHODS.) Values are means = SEM (n = 5) and are representative of three independent experiments.

explained by exacerbation of hypoglycemic state, i.e.,
treatment of already hypoglycemic mice with insulin (27).
Together, these data suggest that specific defects associ-
ated with diabetes enhance sepsis sensitivity, which can be
rescued by insulin treatment.

Systemic inflammation in diabetic septic mice was
prevented by insulin treatment. High levels of systemic
inflammatory cytokines, as well as leukocyte sequestration
into remote tissues of infection site, were correlated with
the severity of sepsis (13). Therefore, we determined leu-
kocyte sequestration into the lung and serum levels of
cytokines 6 h after CLP. MS diabetic mice had significantly
higher serum concentrations of MIP-2 and KC than found in
resistant MS nondiabetic mice (Fig. 2A and B). Serum levels
of MIP-2, KC, and IL-6 in SS nondiabetic mice were similar
to the levels found in MS diabetic mice. Notably, insulin
treatment in MS diabetic mice significantly inhibited the el-
evation of MIP-2, KC, and IL-6 serum levels.

Leukocyte sequestration (Fig. 2D) in the lungs and neu-
trophil migration to broncoalveolar cavity (Supplementary
Fig. 4) of MS diabetic mice were significantly higher than
in MS nondiabetic mice. Insulin-treated diabetic mice pre-
sented significantly reduced leukocyte sequestration and
neutrophil migration in lungs. In addition to systemic in-
flammatory response, diabetic mice subjected to MS pre-
sented significantly higher serum levels of aspartate
aminotransferase and alanine aminotransferase (biochemical
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markers of liver injury) compared with nondiabetic MS mice.
Insulin treatment was able to prevent the increased ala-
nine aminotransferase and aspartate aminotransferase se-
rum levels (Supplementary Fig. 5).

Diabetic mice exhibit decreased leukocyte rolling/
adherence to mesenteric microcirculation and decreased
neutrophil chemotaxis response. Since neutrophil migra-
tion depends on leukocyte-endothelium interactions and
chemotaxis (28), we examined the effect of diabetes on these
parameters. Diabetic MS mice and nondiabetic SS mice
displayed a significant decrease in leukocyte rolling and
adhesion compared with nondiabetic MS animals (Fig. 34
and B). Importantly, insulin treatment of diabetic mice sig-
nificantly prevented the reduction of leukocyte rolling and
adhesion after CLP surgery (Fig. 3A and B).

As shown in Fig. 3C, MS induction in diabetic mice or SS
induction in nondiabetic mice resulted in significant inhi-
bition of MIP-2-induced chemotaxis of circulating neu-
trophils compared with neutrophils from MS nondiabetic
mice. Insulin treatment also restored the neutrophil
chemotaxis response to MIP-2 in MS diabetic mice. Inter-
estingly, blood neutrophils from diabetic mice without
sepsis presented a significant decline in neutrophil che-
motaxis response (Supplementary Fig. 6A). In vivo, intra-
peritoneal administration of MIP-2 also induced a lower
neutrophil migration in diabetic mice compared with cell
migration in nondiabetic mice (Supplementary Fig. 6B5).
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FIG. 2. Systemic inflammation in diabetic mice during MS was pre-
vented by insulin treatment. Ten days after alloxan or saline adminis-
tration, nondiabetic or diabetic mice were subjected to SH, MS, or SS,
and 6 h after surgery, seric levels of MIP-2 (A), IL-6 (B), and KC (C) or
leukocyte infiltration (D) in lung was determined. *P < 0.01 compared
with SH nondiabetic group; **P < 0.05 compared with MS nondiabetic
group; oP < 0.05 compared with MS diabetic group. Diabetic mice were
treated with insulin (INS) for 5 days. (See RESEARCH DESIGN AND METHODS. )
Values are means = SEM (n = 5) and are representative of three in-
dependent experiments.

High serum levels of AGP are correlated with in-
hibition of neutrophil migration in diabetic mice after
sepsis. High levels of AGP have been reported in human
diabetes (16,17), and this acute-phase protein is involved in
neutrophil migration failure during sepsis (15). Figure 4A
shows that serum levels of AGP were significantly increased
6 h after surgery in SH and MS diabetic mice compared with
those in SH and MS control mice. Moreover, serum levels
of AGP were comparable in MS diabetic mice and SS non-
diabetic mice. Similarly, expression of AGP mRNA mea-
sured by real-time quantitative PCR in liver tissues was
significantly higher in SH or MS diabetic mice than in SH
or MS nondiabetic mice, respectively. Treatment of di-
abetic mice with insulin resulted in significant inhibition
of AGP mRNA expression in the liver (Fig. 4B). AGP serum
levels were negatively correlated with neutrophil migration
(Fig. 4C) and positively correlated with serum levels of al-
anine aminotransferase and aspartate aminotransferase
(Supplementary Fig. 5C and D, respectively). Confirming
the inhibitory role of AGP in neutrophil migration, we ob-
served intravenous administration of AGP (50 ng/mice)
30 min before induction of MS inhibits neutrophil migration
to the focus of infection (Fig. 4D).

Adhesion molecules such as CD11b and CD62L are im-
portant for rolling and adhesion as well as useful markers
of neutrophil activation (29). Thus, expression of L-selectin
(CD62L) and CD11b in neutrophils was evaluated. Neu-
trophils obtained from SS nondiabetic mice or from diabetic
mice subjected to MS presented a significant reduction in
CDG62L expression (Fig. 4F)) and upregulation of CD11b (Fig.
4@G) compared with MS nondiabetic mice. Insulin-treated
diabetic mice impaired exacerbation of neutrophil L-selectin
shedding and upregulation of CD11b after sepsis.
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Remarkably, when AGP was administrated to insulin-
treated MS diabetic mice, the effect of insulin in preventing
the reduction of neutrophil migration as well as L-selectin
shedding and rise of CD11b in blood neutrophils was
abolished (Fig. 4D, F, and G, respectively). Figure 4F
shows representative histograms of CD62L and CD11b
expression in blood neutrophils (cells with high expres-
sion of GR-1).

Diabetic mice display reduced neutrophil chemotaxis
to MIP-2, CXCR2 internalization, and GRK2 upregulation
after MS induction. Since CXCR2 expression in leuko-
cytes is necessary for neutrophil migration to infection site
(30) and chemotaxis induced by MIP-2 (14), expression of
CXCR2 in neutrophils was evaluated. Neutrophil CXCR2
expression in MS diabetic mice or SS nondiabetic mice was
significantly decreased compared with neutrophils from MS
nondiabetic mice. Treatment of diabetic mice with insulin
prevented CXCR2 internalization in neutrophils after MS in-
duction (Fig. 5A). Administration of AGP to MS nondiabetic
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or to insulin-treated MS diabetic mice reduced CXCR2
expression in blood neutrophils. Figure 54 shows the re-
presentative histograms of CXCRZ2 expression in blood
neutrophils (cells with high expression of GR-1).

High expression of GRK2 has been described as a key
modulator of CXCR2 receptor desensitization (14,31).
Therefore, we examined by immunofluorescence mi-
croscopy whether diabetes development modulates the
expression of GRK2 in neutrophils after sepsis. Signifi-
cant upregulation of intracellular GRK2 protein expression
was found in SS nondiabetic mice and MS diabetic mice
compared with neutrophils from MS nondiabetic or SH
diabetic mice. Insulin treatment prevented the GRK2 in-
crease observed in the MS diabetic mice (Fig. 5B and C).
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Administration of AGP to MS diabetic mice treated with
insulin increased GRK2 expression in blood neutrophils.

DISCUSSION

Using the alloxan model of diabetes followed by poly-
microbial infection, we demonstrated that diabetic mice
with poor metabolic control are highly susceptible to sepsis.
After MS induction, diabetic mice exhibited a reduction in
rolling, adhesion, chemotaxis, and migration of leukocytes.
As a consequence, these mice had bacterial spreading,
systemic inflammatory response, and 100% mortality. Blood
neutrophils from diabetic mice subjected to MS ex-
pressed high levels of GRK2 and downregulation of CXCR2
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FIG. 5. Diabetic mice display reduced CXCR2 expression and GRK2 upregulation after MS. Ten days after alloxan or saline administration,
nondiabetic or diabetic mice were treated with saline or AGP (50 pg/mice) intravenously and mice were subjected to SH, MS, or SS. Six hours after
surgery, CXCR2 expression in blood cells with high expression of GR-1 (neutrophils) was evaluated by flow cytometry. A: Representative histo-
grams of fluorescence intensity (means of fluorescence intensity [MFI]) of CXCR2 and quantification of expression (means = SEM). *P < 0.01
compared with SH nondiabetic group; **P < 0.05 compared with MS nondiabetic group; coP < 0.05 compared with MS diabetic group; P < 0.05
compared with MS diabetic plus insulin (INS) group. B: Overlay of nuclei and GRK2 expression in blood neutrophils from different experimental
groups. Blue staining by DAPI represents neutrophil nuclei, and red staining represents GRK2 expression in neutrophils (x400). C: Semi-
quantitative analyses of GRK2 expression showed the means of fluorescence intensity. The number of animals per group was five. Three slices per
animal were used, and the means of fluorescence intensity of at least 200 neutrophils per slice was determined. The experiment was repeated three
times. Values are means = SEM. (A high-quality digital representation of this figure is available in the online issue.)

expression. Interestingly, the immunosuppression found in MIP-2 in the peritoneal lavage of diabetic mice were higher
diabetic mice appears be mediated by AGP, an acute-phase than in nondiabetic mice subjected to the same septic stim-
protein. ulus, suggesting that reduction of neutrophil recruitment is
Neutrophils are essential for bacterial infection eradica- not due to the absence of inflammatory mediators.
tion (13,28,32). For diabetes, several studies have demon- Next, we investigated the mechanism by which diabetic
strated a defect in neutrophil migration/chemotaxis in human mice display reduction of neutrophil recruitment toward
and experimental models (33,34). Extending these findings, the infection site. We demonstrated that diabetic mice sub-
we observed that diabetic mice subjected to MS exhibited jected to MS had a significant decrease in leukocyte rolling
reduced neutrophil migration to the focus of infection, re- and adhesion in postcapillary venules of mesentery. Further-
sulting in bacteremia, systemic inflammatory response, and more, we observed that diabetic MS mice presented impaired
100% mortality. The levels of tumor necrosis factor-« and intracellular adhesion molecule-1 mesenteric endothelium
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expression compared with nondiabetic MS mice (data not
shown). Changes in adhesion molecule expression also
could contribute to the impairment of rolling and adhesion
of leukocytes to endothelial cells in diabetes (28). Never-
theless, the role of adhesion molecules such as intracellular
adhesion molecule-1 and vascular cell adhesion molecule-1
in the sensitivity to MS remains to be elucidated. Our results
are in accordance with those of Fortes et al. (35), which
showed reduced leukocyte rolling on venular endothelium
of the internal spermatic fascia in diabetic rats.

The inappropriate activation of leuckocytes in circula-
tion induced the shedding of r-selectin and upregulation of
CD11b, which could decrease the interactions of these
cells with the endothelium (36). Our results demonstrated
that neutrophils from diabetic mice had a significant CD62L
shedding and upregulation of CD11b compared with control
mice. In accordance, a significant increase in neutrophil
surface CD11b expression, as well as a decrease in surface
CD62L expression, was observed in patients with diabetic
microangiopathy (37).

Chemotactic factors and their receptors also play a pivotal
role in regulating the activation and movements of leukocytes
through the extracellular matrix (28). In a polymicrobial in-
fection, the CXCR2 blockade inhibits the neutrophil migra-
tion and increases the severity of sepsis (30). Moreover, in
human (38) and experimental sepsis (14), the reduction in
neutrophil chemotaxis is associated with decreased CXCR2
expression in neutrophils. In the current study, we found that
blood neutrophils from diabetic mice submitted to MS had
a significant decrease in CXCR2 expression in these cells
compared with neutrophils from control mice. The levels of
CXCR2 expression in diabetic mice were similar to those
found in nondiabetic mice subjected to SS. Accordingly,
neutrophils from diabetic mice subjected or not subjected to
sepsis displayed decreased MIP-2-induced chemotaxis re-
sponse. In vivo, MIP-2 administration in diabetic mice with-
out sepsis also induced a low neutrophil migration.

Subsequently, we investigated whether the downregu-
lation of CXCR2 expression in neutrophils during sepsis
development in diabetic mice was mediated by GRK2 ac-
tivation. GRK2 has been implicated in the downregulation
of chemokine receptors (e.g., chemokine [C-C motif] recep-
tors [CCRs] and CXCRs) and innate chemoattractant recep-
tors (e.g., N-formylpeptide chemoattractant receptor [fMLP]
and Cba receptor) (39,40). Moreover, increased levels of
GRK2 in neutrophils from SS patients or mice are associated
with decreased chemotactic responses (14,41). Notably, blood
neutrophils from diabetic mice subjected to MS have sig-
nificant increase in GRK2 expression compared with control
mice.

However, despite the data presented here, a fundamen-
tal question remains unanswered. Which is the main factor
that triggers the susceptibility of diabetic mice to sepsis?
AGP is one of the major acute-phase proteins in humans
and mice and has been described as an inhibitor of leu-
kocyte functions, such as inhibition of rolling/adhesion
and migration in vivo and the chemotaxis response in vitro
(15). AGP serum concentration increases in response to
systemic inflammation, infection, or diseases like diabetes
(16,17,42). Interestingly, we found that AGP expression in
serum of alloxan-treated diabetic mice started to increase
at 2 h postsepsis and persisted at least until 12 h postsepsis
(Fig. 4A and data not shown). Likewise, after MS induction
in diabetic mice, serum levels of AGP were similar to those
of nondiabetic mice subjected to SS. In addition, the
hepatic AGP mRNA expression was significantly higher
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in diabetic mice after CLP-induced sepsis. Moreover,
when AGP was administrated to nondiabetic or diabetic
mice treated with insulin, this protein inhibited the neutro-
phil migration to the focus of infection. These results suggest
that AGP might play an important role as an immunosup-
pressing molecule associated with neutrophil migration
failure and therefore in inducing the predisposition of diabetic
mice to sepsis as well.

Other studies with diabetic rats and mice have also
shown a decreased neutrophil migration (6,34,35), phago-
cytosis capacity (8), and hydrogen peroxide production
(9). It should be emphasized that abnormalities in gran-
ulocyte chemotaxis, phagocytosis, and microbicidal ac-
tivity have been described in poorly controlled, but not
controlled, diabetic patients (31,43). Furthermore, the re-
duction of blood glucose levels by insulin treatment of
diabetic patients (44) or rats (9) has been reported to be
significantly correlated with improvement of neutrophil
phagocytosis capacity. Here, we demonstrated that insulin
treatment prevented the failure of neutrophil migration to
the focus of infection, improved the infection control, and
increased the survival rate of diabetic mice subject to
sepsis by ~70% at 7 days after CLP. Moreover, insulin
treatment inhibited AGP expression found in diabetic mice
subjected to sepsis. As a consequence, the downregulation
of CXCR2 and CD62L and the high expression of CD11b
and GRK2 in neutrophils of diabetic mice subjected to
sepsis were prevented. However, when AGP was adminis-
trated to diabetic mice treated with insulin, the protective
effect of insulin was abolished.

The beneficial effect of insulin underpins that at least
a moderate control of glucose levels by insulin adminis-
tration enables diabetic mice to have a better profile of
immune response. In contrast, treatment of control non-
diabetic septic mice with insulin decreased survival rate.
Insulin infusion has been used to normalize hyperglyce-
mia; however, the beneficial effects of insulin and tight
glucose control may be overcome by hypoglycemia and an
increased death rate in critically ill patients (45). There-
fore, further works are necessary to evaluate the adverse/
beneficial effect of strict glucose control by insulin during
sepsis.

In summary, our study provides evidence for a novel
diabetes-insulin-sepsis-AGP axis in the regulation of neu-
trophil migration as well as control of susceptibility to
infection. Moreover, these observations suggest that the
regulation of AGP pathway, in conjunction with insulin
therapy, merits further investigation as a potential immu-
nopharmacologic intervention (monoclonal antibody) for
enhancing the control of sensitivity to sepsis in diabetes.
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