
Periodontal disease is an inflammatory
disease caused in part by colonization of
the gingival and periodontal pockets by
gram-negative bacteria. Gingivitis can lead
to periodontitis and subsequently to the
loss of both periodontal ligaments and

alveolar bone (36, 57). Diabetes is a major
risk factor for the development of peri-
odontal disease. Individuals with either
type 1 or type 2 diabetes experience
exacerbated periodontitis compared with
non-diabetic subjects (11, 36, 47, 52). In

general, people with diabetes exhibit
increased periodontal disease symptoms
in correlation with the severity of their
diabetes.
Diabetes mellitus is an endocrine dis-

ease affecting glucose tolerance and the
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Introduction: Type 1 diabetes is a major risk factor for the development of severe
periodontal disease. As diabetes increases in severity, so does the susceptibility to and
severity of periodontitis. People with diabetes who have periodontal disease have a harder
time maintaining healthy blood glucose levels. Macrophages play an important role in
both diabetes and periodontitis. Previous research comparing bone-marrow-derived
macrophages (BM-Mu) from diabetic non-obese diabetic (NOD) mice and control mice
illustrates that a dysregulation in cytokine, Toll-like receptor (TLR) expression, and cell
signaling occurs in the diabetic state.
Methods: This study examines the effect of chronic hyperglycemia on BM-Mu TLR
expression and activation, cell signaling, cytokine production, and phagocytic function in
the diabetic state, when challenged with the periodontal stimulus Porphyromonas
gingivalis lipopolysaccharide (LPS) to further understand how diabetes and associated
hyperglycemia may contribute to the increased susceptibility of people with diabetes to
periodontitis.
Results: When BM-Mu, obtained from diabetic NOD mice, are stimulated with
P. gingivalis LPS under hyperglycemic conditions the following changes occur: reduced
messenger RNA expression and cell surface expression of TLR2, reduced messenger
RNA expression and protein production of tumor necrosis factor-a, reduced signal
transduction, and a reduction in phagocytic function. All the activity of BM-Mu from
diabetic NOD mice was restored when differentiation and stimulation occurred under
normoglycemic conditions.
Discussion: Diabetic patients in a hyperglycemic state may be generating macrophages
that are inherently immunocompromised, contributing to an environment allowing
periodontal infections to flourish. As a consequence, people with diabetes who maintain
proper control of blood sugar levels may experience an increased immunological benefit
when challenged with a periodontal infection.

M. P. Morran*†, L. A. Alexander*,
B. D. Slotterbeck, M. F. McInerney

Department of Medicinal and Biological
Chemistry, Center for Diabetes and Endocrine
Research, College of Pharmacy, University of
Toledo, Toledo, OH, USA

Key words: hyperglycemia; macrophage;
Toll-like receptor; type 1 diabetes

Marcia F. McInerney, Department of
Medicinal and Biological Chemistry, Center
for Diabetes and Endocrine Research,
College of Pharmacy, University of Toledo,
2801 W. Bancroft Street, MS 606, Toledo,
OH 43606, USA
Tel.: +1 419 530 1981;
fax: +1 419 530 7946;
e-mail: marcia.mcinerney@utoledo.edu
*These authors contributed equally to this
work.
�Present address: Laboratory of
Immunogenetics, Division of Metabolism,
Endocrinology & Diabetes, Department of
Internal Medicine, The Brehm Center for
Type 1 Diabetes Research and Analysis,
University of Michigan Medical School, Ann
Arbor, MI, USA.

Accepted for publication February 26, 2009



metabolism of carbohydrates and lipids
(45). Although type 1 and type 2 diabetes
have completely different etiologies, pa-
tients with either type of diabetes suffer
from many of the same complications as a
result of hyperglycemia and inflammation
(7, 52) including: vascular disease with a
higher risk of heart attack and stroke,
microvascular changes leading to retinop-
athy, renal disease, poor wound healing,
greater risk of infection, and an increased
susceptibility to periodontitis (31, 32, 45,
56). However, the prevalence and severity
of these complications decreases when
patients maintain proper glycemic control
(8), illustrating the overall negative impact
of hyperglycemia on the body. Poor gly-
cemic control leads to increased oxidative
stress, advanced glycation end products,
and a hyperresponsive innate immune
system, all of which are contributing
factors to the tissue damage observed in
diabetic periodontitis (14, 19, 23, 24, 36,
52–55, 58, 67). In addition, normal
immune cell functions, such as chemo-
taxis, cell adherence, phagocytosis, and
cytokine production and secretion, are all
affected by hyperglycemia (12, 34, 36).
Not only does diabetes affect periodontal
disease, but some research suggests that
periodontal health can affect the metabolic
state. Notably, treatment of periodontitis
with antibiotics and dental intervention
leading to improved periodontal status
were accompanied by significant improve-
ments of glycemic control (36).
The innate immune system uses senti-

nel cells (monocytes, neutrophils, macro-
phages, dendritic cells), bearing pattern
recognition receptors, to recognize com-
mon molecular patterns on bacterial, viral,
and fungal invaders (20). Macrophages
play a pivotal role in both diabetes and
periodontitis. Macrophages have been
implicated in the etiology of diabetes as
initiators of the autoimmune destruction
of pancreatic beta cells in the non-obese
diabetic (NOD) mouse, a murine model
of type 1 diabetes (21, 22). Normally, a
subset of macrophages aid in bacterial
clearance, but in periodontal disease,
macrophages have been implicated in
the auto-degradation of both hard and
soft connective tissue in the mouth (36).
Macrophages express both Toll-like
receptors (TLR) and the receptor for
advanced glycation end products
(RAGE), both of which are associated
with diabetes disease progression and
secondary complications of diabetes (27,
29, 45). Activation of specific TLRs and
RAGE leads to the initiation of nuclear
factor-jB (NF-jB) signaling, resulting in

increased gene transcription, ultimately
leading to inflammatory cytokine protein
production (26, 29, 52, 67).
Numerous bacteria are associated with

the onset of periodontal disease among
which Porphyromonas gingivalis is con-
sidered one of the foremost periodontal
pathogens (18, 57). During a periodontal
infection, the equilibrium of bacterial flora
within the oral cavity becomes distinctly
altered, allowing pathogenic bacterial spe-
cies to flourish and survive, even when
faced with an immune response. Periodon-
tal pathogens use multiple adaptations
and products to survive within the host
including toxins, proteinases, and other
cell-associated products (1–3, 6, 61–63).
However, P. gingivalis lipopolysaccharide
(LPS) is a known ligand recognized by
TLR2 (13, 16, 17, 41). Increased TLR2
expression has been detected in the gingi-
val tissues and periodontal pockets of
patients with untreated advanced chronic
periodontitis compared with weak TLR2
expression in healthy gingival tissues (50).
Recognition of P. gingivalis LPS by TLR2
leads to gene activation, ultimately result-
ing in the production of cytokines and
signaling molecules via host cells to
mount an immune response (13, 38, 39,
41).
Previous research from our laboratory

using bone-marrow-derived macrophages
(BM-Mu) generated from NOD mice
demonstrated that changes in the expres-
sion, responsiveness, and signaling of
TLRs occur in the diabetic state (40). An
important observation was that bone mar-
row progenitors isolated from NOD mice
and differentiated into macrophages under
hyperglycemic conditions had a basal level
expression of TLR and cytokine messen-
ger RNA (mRNA) that was significantly
increased from that of the same progeni-
tors differentiated in a normal glucose
environment. Hence, glucose levels have
an effect on BM-Mu gene expression
profiles (40). To further investigate the
effect of hyperglycemia on BM-Mu gene
expression, immune responsiveness, and
how it may relate to the increased suscep-
tibility of diabetics to periodontal disease,
BM-Mu from diabetic NOD mice and
controls were analysed to investigate BM-
Mu activation, signaling, and function
when differentiation into macrophages
and challenge with P. gingivalis LPS
occurred under hyperglycemic as opposed
to normoglycemic conditions. Bone mar-
row stem cells obtained from diabetic
NOD mice and differentiated and stimu-
lated under hyperglycemic conditions dis-
played defective immune responsiveness,

whereas when normoglycemic conditions
were present at this critical period, the
subsequent immune responses were nor-
mal. These results argue for tight glucose
control to allow for the generation of
effective macrophages to combat peri-
odontal infection in diabetes.

Materials and methods

Animals

NOD/M2 mice were bred and maintained
under specific pathogen-free standard bar-
rier conditions in laminar flow caging in
the animal facility at the University of
Toledo. Additional NOD mice were pur-
chased from Taconic (Hudson, NY).
Beginning at 12 weeks of age, mice were
tested every other day for the presence of
glucose in urine using Diastix urinalysis
test strips (Bayer, Elkhart, IN). Animals
with blood glucose levels equal to or
exceeding 250 mg/dl, as measured with a
TheraSense FreeStyle monitor (Abbott
Laboratories, Chicago, IL), were consid-
ered diabetic. Diabetic mice were used
within 48 h of becoming diabetic. NOR/
LtJ mice, a genetically related diabetes-
resistant strain (49), were purchased from
The Jackson Laboratory (Bar Harbor, ME)
and bred and maintained under the specific
pathogen-free conditions described above.
Female 16- to 20-week-old mice were used
for all experiments. As a genetic control
for each experiment, NOR mice were age-
matched to the diabetic NOD mice. All
animals were handled in accordance with
the guidelines of the National Institutes of
Health and the Institutional Animal Care
and Use Committee of the University of
Toledo.

Isolation of murine BM-Mu

Bone marrow stem cells were harvested
from the femur and tibia of NOR and
diabetic NOD mice following the proce-
dure of Warren and Vogel (65). Progenitor
cells were differentiated, in a humidified
tissue culture incubator in 5% CO2 at
37�C, into macrophages over a period of
6 days using macrophage colony-stimulat-
ing factor (M-CSF; Calbiochem, San
Diego, CA) at a concentration of 1 ng/ml
in either low-glucose or high-glucose
Dulbecco’s modified Eagle’s minimum
essential medium (100 mg/dl vs. 450 mg/
dl; Mediatech Inc, Manassas, VA), supple-
mented with 10% fetal bovine serum
(Harlan, Indianapolis, IN), 50 U/ml peni-
cillin G, 50 g/ml streptomycin (Media-
tech), 2 mm l-glutamine (Mediatech), and
5 · 10)5

m 2-mercaptoethanol (Bio-Rad,
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Hercules, CA). These glucose conditions
reflect approximate human normoglycemia
and extreme diabetic hyperglycemia. BM-
Mu were counted, replated at the desired
cell concentration, and rested for an addi-
tional day without M-CSF before LPS
stimulation.

Preparation of RNA and real-time reverse

transcription–polymerase chain reaction

One million BM-Mu cells per well were
stimulated in 24-well tissue culture plates
with P. gingivalis LPS (500 ng/ml) in
specific glucose-containing complete
medium (described above) for 4 h. P. gin-
givalis LPS was generously provided by
Dr Richard Darveau (University of Wash-
ington, Seattle, WA). In all experiments,
unstimulated cells were included to mea-
sure the basal level of mRNA gene
expression. Cells were harvested and total
RNA was isolated by using RNeasy mini
kit (Qiagen, Valencia, CA) according to
the manufacturer’s protocol. Moloney
murine leukemia virus reverse transcrip-
tase (Fisher Scientific, Pittsburgh, PA)
was used to reverse transcribe mRNA to
complementary DNA (cDNA). This
cDNA was then used for quantitative
real-time reverse transcription–polymerase
chain reaction (RT-PCR) using ABsolute
QPCR SYBR green fluorescein mix
(Thermo Scientific, Waltham, MA). The
DNA was denatured at 95�C for 15 s, the
primers were annealed at 60�C for 30 s,
and the DNA was extended at 72�C for
30 s. The denaturation to extension cycle
was repeated 40 times followed by a
standard melt curve program. To measure
the relative amount of mRNAs, amplifi-
cation of sample cDNA was monitored
with the fluorescent DNA-binding dye
SYBR Green in combination with the
iCycler iQ system (Bio-Rad, Hercules,
CA). Forward and reverse primers were
designed using the primer express 1.5
software (PE Applied Biosystems, Foster
City, CA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression was
used as an endogenous control. Normal-
ized results are expressed as %GAPDH.
The PCR primer sequences used in this
study are as follows: TLR2: forward:
TTGCTGGGCTGACTTCTCTCA, re-
verse: GAAGAGTCAGGTGATGGATG-
TCG; tumor necrosis factor-a (TNF-a):
forward: TTCTGTCTACTGAACTTCG-
GGGTGATCGGTCC, reverse: GTATGA-
GATAGCAAATCGGCTGACGGTGTGG-
G; GAPDH: forward: CCAGGTTGT-
CTCCTGCGACT; reverse: ATACCAGG-
AAATGAGCTTGACAAAGT.

Flow cytometry

BM-Mu from diabetic NOD and age-
matched NOR mice were differentiated
in both low- and high-glucose complete
media (described above). Cells were
counted and plated to 106 cells per well
in six-well tissue culture plates. Plated
cells were stimulated with P. gingivalis
LPS at 500 ng/ml for 24 h. Cells were
then harvested, blocked with a 1 : 60
dilution of Fc Block (eBioscience, San
Diego, CA), and stained with a 1 : 60
dilution of biotin-conjugated anti-mouse
TLR2 antibody (eBioscience) on ice for
1 h. Cells were then washed three times
with cold phosphate-buffered saline (PBS)
and stained with a 1 : 400 dilution of
streptavidin-phycoerythrin (eBioscience)
on ice for 1 h. Cells were again washed
three times with cold PBS and analysed
using a BD FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA). Geomet-
ric means of data histograms as calculated
by bd CellQuest software (San Jose, CA)
were used for comparison between condi-
tions.

Enzyme-linked immunosorbent assay

(ELISA)

Pools of BM-Lu were cultured and
differentiated in both high- and low-glu-
cose media from diabetic NOD and age-
matched NOR mice. Supernatants from
106 unstimulated or stimulated (P. gingi-
valis LPS at 500 ng/ml for 24 h) cells
were collected and analysed for protein
levels of TNF-a using the Mouse TNF-a
ELISA Ready-SET-Go! kit (eBioscience)
following the manufacturer’s protocol.
Supernatants were tested in triplicate.
Absorbance was read with a Molecular
Devices SpectraMax Plus microplate spec-
trophotometer (MDS Analytical Techno-
logies, Sunnyvale, CA) at the values of
550 nm subtracted from the read values
of 450 nm following the manufacturer
instructions. A standard curve was gener-
ated using included standards to convert
absorbance values to a corresponding
TNF-a concentration.

Preparation of cytoplasmic and nuclear

extracts and Western blot analysis

Pools of BM-Mu were differentiated and
matured in both high- and low-glucose
media from diabetic NOD and age-matched
NOR mice. BM-Mu were seeded in six-
well tissue culture plates and stimulated
with P. gingivalis LPS at 500 ng/ml for
30 min. After stimulation, cells were

washed and lysed to harvest protein as
described previously (68). Total protein
concentrations were measured using the
Bradford assay and 40 lg of extracts were
analysed in a 13% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–
PAGE) gel. Protein bands were semi-dry
electro-transferred to a poly-vinylidene di-
fluoride (PVDF) membrane. After blocking
the membrane with 5% non-fat milk for
30 min and washing with Tris-buffered
saline containing 0.2% Tween-20 (TBST),
the membrane was incubated with anti-
phosphoIjB-alpha (Ser32; Cell Signaling
Technology, Beverly, MA), at a dilution of
1 : 1000 overnight at 4�C. After washing
the membrane with TBST, the second-
ary antibody horseradish peroxidase-con-
jugated ImmunoPure goat anti-rabbit
immunoglobulin G (H + L) (Pierce Bio-
technology, Rockford, IL) was added at a
dilution of 1 : 10,000 and incubated for 1 h
at room temperature. The membrane was
again washed with TBST and incubated
with SuperSignal West Pico Substrate
(Pierce Biotechnology) for 5 min while
protected from light. The membrane was
stripped with stripping buffer (2% SDS,
100 mm 2-mercaptoethanol, 62.5 mm

Tris–HCl pH 6.7) and reprobed with anti-
b-actin antibody (Sigma-Aldrich, St Louis,
MO) at a dilution of 1 : 10,000 as described
above. For detection, CL-X Film (Pierce
Biotechnology) was exposed to the mem-
brane and developed using a Konica SRX-
101 processor.
In a separate experiment, nuclear ex-

tracts were obtained from pools of BM-Mu
cultured and differentiated in both high-
and low-glucose media from diabetic NOD
mice. BM-Mu were seeded at 106 cells per
well in six-well plates and stimulated with
P. gingivalis LPS at 500 ng/ml for 30 min.
Nuclear extracts were recovered using an
Active Motif Nuclear Extraction Kit
according to the manufacturer’s protocol
(Active Motif, Carlsbad, CA). Total protein
concentrations were measured using the
Bradford assay and 5 lg of nuclear extract
proteins was analysed by 13% SDS–
PAGE. Protein bands were semi-dry elec-
tro-transferred to a PVDF membrane. The
same procedure for Western blotting was
used as described above. The primary
antibody used was anti-p65 antibody
(a gift of Dr Brian Ashburner, University
of Toledo, Toledo, OH) at a dilution of
1 : 5000. The membrane was directly
visualized using a Kodak Image Station
4000R Pro. The membrane was stripped
and reprobed with anti-histone H1 (Santa
Cruz Biotechnologies, Santa Cruz, CA) at
a dilution of 1 : 1000 as described above.
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Phagocytosis assay

Macrophage phagocytic activity was as-
sayed using 2 lm polystyrene fluorescent
carboxylate-modified microspheres (Invi-
trogen, Carlsbad, CA). Pools of BM-Mu
were differentiated and matured in both
high- and low-glucose media. Macrophag-
es were derived from diabetic NOD and
age-matched NOR mice and were seeded
at 1 · 105 cells per well in 96-well plates.
BM-Mu were either left unstimulated or
stimulated for 4 h with either P. gingivalis
LPS at 500 ng/ml or Escherichia coli LPS
at 100 ng/ml (E. coli LPS 0111:B4; Sig-
ma, St. Louis, MO). Following stimula-
tion, BM-Mu were gently washed with
PBS and incubated in the appropriate
glucose media containing a concentration
of 50 : 1 (fluorescent microspheres to
BM-Mu). After 4 h macrophages were
gently washed twice and samples were
analysed using a Packard Fusion Alpha
microplate reader (PerkinElmer Life and
Analytical Sciences, Inc., Waltham, MA)
to determine the relative fluorescent units
present within each given sample well. All
samplings were carried out in triplicate.
Serial dilutions were generated from a

fluorescent particle stock with a known
concentration of microspheres. These dilu-
tions allowed for the generation of a
standard curve of particles ingested per
relative fluorescent unit. Initial optimiza-
tion experiments were carried out to
determine proper incubation time with
beads and also included incubations at
4�C to ensure that non-specific binding of
beads did not occur, data not shown. All
optimization experimental samples were
carried out in triplicate. A Bradford assay
was carried out to ensure that total protein
present in each sample well was consistent
(data not shown).

Statistical analysis

Comparisons between means were per-
formed using a two-tailed Student’s t-test.
AP-value <0.05was considered significant.
An analysis of variance (anova) test was
performed whenever more than one com-
parison was made in a single experiment.

Results

High glucose effects on BM-Mu in

response to P. gingivalis LPS stimulation

Previous research revealed that basal level
gene expression profiles of diabetic NOD
BM-Mu differ in response to their glucose
environment (40). To further investigate
this phenomenon and the effect of hyper-

glycemia on the ability of BM-Mu to
respond to a periodontal bacterial chal-
lenge, bone marrow stem cells harvested
from diabetic NOD and NOR mice were
differentiated into BM-Mu using M-CSF
in high-glucose or low-glucose conditions
and stimulated with the TLR2 ligand
P. gingivalis LPS. TLR2 mRNA expres-
sion detected by quantitative RT-PCR was
significantly upregulated in NOR BM-Mu
differentiated and stimulated in both the
high- and low-glucose conditions, while
only the low-glucose condition BM-Mu
from diabetic NOD mice showed upregu-
lated TLR2 expression upon stimulation
(Fig. 1). BM-Mu generated from diabetic
NOD mice in the high-glucose conditions
showed no significant change in TLR2
expression upon stimulation with P. gingi-
valis LPS (Fig. 1, NOD-diab. High).
These hyperglycemic BM-Mu (differenti-
ated and stimulated) derived from diabetic
NOD mice appear to be unable to respond
via upregulation of the TLR2 receptor, as
is seen in the low-glucose condition.
An examination of cell surface expres-

sion of TLR2 parallels the observation
made for TLR2 mRNA expression. Hyper-
glycemic diabetic NOD BM-Mu stimu-
lated with P. gingivalis LPS had over 20
percent less fluorescence representing cell
surface TLR2 than normoglycemic NOD
BM-Macrophages (Fig. 2A) compared
with normoglycemic NOD BM-Mu. Con-
trol NOR mice exhibited the same level of
cell surface expression of TLR2 following
stimulation with P. gingivalis LPS in both
the high- and low-glucose conditions
(Fig. 2B). TLR2 cell surface expression

was equivalent for all treatment conditions
except for hyperglycemic diabetic NOD
BM-Mu, which expressed distinctly less
TLR2 (>20% less than the average geo-
metric means of the other conditions) on
the cell surface (Fig. 2C, shown as histo-
gram overlay of all four conditions).
TLR2 signals through the MyD88-

dependent pathway, eventually activating
the inhibitor of NF-jB (IjB) kinase (IKK)
complex to phosphorylate the IjB, releas-
ing NF-jB dimers to translocate into the
nucleus where they activate gene transcrip-
tion. The low level of TLR2 expression in
diabetic NOD BM-Mu generated in high-
glucose conditions should correspond with
a lack of TLR2 signal transduction. There-
fore, BM-Mu were differentiated in both
glucose conditions and cell lysates were
analysed via Western blot to determine
their ability to phosphorylate IjB-a in
response to P. gingivalis LPS stimulation.
Normoglycemic diabetic NOD BM-Mu
and both normoglycemic and hyperglyce-
mic NOR BM-Mu can effectively phos-
phorylate IjB (Fig. 3A). However,
hyperglycemic diabetic NOD BM-Mu
display diminished phosphorylated IjB-a
at 30 min post-stimulation with P. gingi-
valis LPS [Fig. 3A, High glucose NOD-
Diab (+) compared to NOD-Diab Low
glucose (+), NOR High glucose (+), or
NOR Low glucose (+) conditions]. These
results suggest that diabetic NOD BM-Mu
effectively phosphorylate IjB-a when dif-
ferentiated and stimulated under normo-
glycemic conditions, but are defective
when differentiated and stimulated under
hyperglycemic conditions.

Fig. 1. High glucose effects on bone-marrow-derived macrophages (BM-Mu) in response to
Porphyromonas gingivalis lipopolysaccharide (LPS) stimulation. BM-Mu from pools of four
diabetic female NOD mice and four age-matched female NOR mice were differentiated in either low-
glucose (100 mg/dl) or high-glucose (450 mg/dl) Dulbecco’s modified Eagle’s medium to mimic a
hyperglycemic environment. Both differentiation and stimulation occurred in low- or high-glucose
media. BM-Mu were either left unstimulated (h) or were stimulated with P. gingivalis LPS at
500 ng/ml for 4 h (n). RNAwas isolated, converted to complementary DNA, and quantified by real-
time polymerase chain reaction analysis using Toll-like receptor 2 (TLR2) -specific primers. Results
expressed as % glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are the mean and SD of
triplicate samples for each glucose condition. These results are representative of three separate
experiments. The asterisk (*) indicates significant differences (P < 0.05) between high-glucose
stimulated NOD diabetic BM-Mu and the three remaining conditions when stimulated.

334 Morran et al.



Translocation and binding to DNA of
certain NF-jB dimers to the nucleus
induces gene transcription and expression
of proinflammatory molecules such as
TNF-a. Isolated nuclear extracts of BM-
Mu derived in low- and high-glucose
conditions both show the presence of the
p65 (RelA) subunit of NF-jB in the
nucleus following stimulation (Fig. 3B).
However, the increase in p65 from unstim-
ulated to post-stimulation is far more

robust in the low-glucose condition. His-
tone H1 levels confirmed approximately
equal amounts of protein in each lane. An
ELISA was performed to determine the
amount of TNF-a protein produced in
response to P. gingivalis LPS stimulation.
BM-Mu generated from both NOR and
diabetic NOD mice in both high- and low-
glucose conditions produce significant
amounts of TNF-a in response to P. gin-
givalis LPS compared with untreated con-

trol cells (Fig. 3C). However, it is evident
that the smallest increase in TNF-a pro-
duction following stimulation is seen in
the hyperglycemic diabetic NOD superna-
tants. In the hyperglycemic condition, BM-
Mu generated from diabetic NOD experi-
ence a significant seven-fold reduction in
the production of TNF-a compared with
the same cells when generated in a
normoglycemic condition. BM-Mu from
both strains of mice in the low-glucose
condition produce elevated amounts of
TNF-a compared with those BM-Mu
stimulated in the high glucose environment
(Fig. 3C, intrastrain low glucose compared
with high glucose, closed boxes). TNF-a
production from NOR BM-Mu was less
affected by the high-glucose condition.
The results indicate that BM-Mu gener-
ated from diabetic NOD mice are signif-
icantly affected by the hyperglycemic
condition as evidenced by a reduction in
response to P. gingivalis LPS-stimulated
TLR2 signal transduction events and TNF-
a protein production.

High-glucose effect on BM-Mu function in

response to bacterial LPS stimulation

One of the most important functions of
macrophages is to phagocytose the cellular
debris of dead and dying cells and path-
ogenic material. Phagocytosis of fluores-
cent microspheres by BM-Mu cultured,
differentiated, and stimulated in low- and
high-glucose conditions was examined to
test the effect of hyperglycemia on mac-
rophage function. As expected, phagocy-
tosis of microspheres was significantly
increased following stimulation with
P. gingivalis LPS in normoglycemic dia-
betic NOD BM-Mu. However, the BM-
Mu generated from hyperglycemic dia-
betic NOD BM-Mu showed no significant
increase in phagocytosis of microspheres
(Fig. 4A). To confirm this effect of hyper-
glycemia on phagocytosis, the classical
endotoxin E. coli LPS was used for stim-
ulation of BM-Mu. Even upon treatment
with 100 ng/ml of E. coli LPS, BM-Mu
generated from diabetic NOD mice dis-
played reduced phagocytic function in the
high-glucose condition compared with the
low-glucose condition (Fig. 4B). In con-
trast, the phagocytic function in BM-Mu
derived from NOR mice was unaffected by
glucose state (Fig. 4B). The results suggest
that the hyperglycemic effect on diabetic
NOD BM-Mu is not specific to the species
of the bacterial stimulus.
Further experiments using both P. gin-

givalis LPS and E. coli LPS as stimuli
provide evidence at the mRNA level, for

A 

B 

C 

Fig. 2. Flow cytometry analysis of cell surface Toll-like receptor 2 (TLR2). Bone-marrow-derived
macrophages (BM-Mu) from pools of four diabetic female NOD mice and five age-matched female
NOR mice were cultured and differentiated in either low-glucose or high-glucose media and
stimulated with Porphyromonas gingivalis LPS at 500 ng/ml for 24 hours. Cells were analysed for
surface TLR2 by flow cytometry using a biotinylated TLR2 antibody followed by secondary staining
with streptavidin–phycoerythrin. (A) diabetic NOD mice and (B) NOR mice, (C) a combined overlay
of all four conditions. The high-glucose NOD diabetic BM-Mu TLR2 geometric mean is >20% less
than that of the average of the three other conditions.
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the dysfunctionality of the hyperglycemic
diabetic NOD BM-Mu. As analysed by
quantitative RT-PCR, significantly de-
pressed levels of TNF-a mRNA were
generated by hyperglycemic diabetic
NOD BM-Mu in response to both LPS
stimulations (Fig. 5). These results further
indicate a stunting of the ability of hyper-
glycemic diabetic NOD BM-Mu to re-
spond to a bacterial stimulus.

Discussion

Recent insights into the progression of
periodontal disease suggest that insuffi-
cient glycemic control is the most consis-
tent risk factor associated with the severity
and the extent of a periodontal infection
(28). The current study examines the

effects of chronic hyperglycemia on BM-
Mu derived from diabetic mice when
challenged with P. gingivalis LPS, a com-
mon pathogenic by-product implicated in
the pathogenesis of periodontal disease. It
is known that hyperglycemia can alter the
homoeostasis of multiple body systems,
including gene expression (15, 36, 44–46,
52), but it is not yet fully understood how
diabetic hyperglycemia contributes to dys-
regulated innate immune responses that
contribute to the development of a peri-
odontal infection. Macrophages have been
implicated in the autodegradation of both
hard and soft connective tissue in the
mouth during periodontitis (36). To inves-
tigate the effects of chronic hyperglycemia
on macrophages, BM-Mu were derived
from diabetic NOD mice and the NOR

genetic control strain under normoglyce-
mic and hyperglycemic conditions and
stimulated with P. gingivalis LPS.
We have found that hyperglycemic

conditions, comparable to those found
systemically in uncontrolled diabetes, are
able to stunt BM-Mu TLR2 receptor
expression, NF-jB signal transduction,
TNF-a cytokine production, and phagocy-
tosis in response to P. gingivalis LPS. The
presence of hyperglycemia does not inter-
fere with LPS binding to TLR2 as indi-
cated by the ability of diabetes-resistant
NOR-derived BM-Mu to effectively
respond to stimulation. This suggests that
the diabetic NOD mouse has an inherent
defect that does not allow BM-Mu com-
pensation to hyperglycemia.
Use of primary bone marrow stem cells,

differentiated into macrophages in a hyper-
glycemic environment, may provide insight
into the in vivo characteristics of macro-
phages in individuals with long-term dia-
betes, as macrophages are replenished from
common myeloid progenitor cells which
are constantly exposed to a hyperglycemic
bloodstream. Furthermore, differentiated
macrophages retain the plasticity to re-
spond to stimuli encountered in different
microenvironments (reviewed in refs 35
and 42). For example, macrophages be-
come classically activated and are capable
of microbiocidal activity in response to
interferon-c and TNF-a whereas, the
presence of interleukin-4 leads to wound-
healing macrophages, and exposure to
interleukin-10 leads to a regulatory macro-
phage phenotype (reviewed in ref. 42).
Therefore, it is reasonable to assume that a
hyperglycemic microenvironment could
have an effect on macrophage differentia-
tion and the ability to respond to infection.
Our results on defective macrophage
responsiveness in hyperglycemia are sup-
ported by a recent paper by Ma et al. (33)
examining long-term (16 weeks) effects of
streptozotocin-induced diabetes in C57BL/
6 mice. This study showed that total F4/80+

macrophage numbers were decreased and
revealed immune function defects in phag-
ocytic capability. Therefore, prolonged
exposure to a diabetic milieu leading to
immune defectiveness could be associated
with a risk of infection. Similarly, chronic
hyperglycemia (6 months) in streptozoto-
cin-induced diabetes in BALB/c mice led to
decreased B- and T-lymphocyte prolifera-
tion in primary immune responses to both
T-cell-dependent and T-cell-independent
antigens indicating that pathological levels
of high glucose could result in the immu-
nosuppressive state observed in diabetic
mice (51).

A

B

C

Fig. 3. High glucose effect on phosphorylation of inhibitor of nuclear factor-jB-a (IjB-a), nuclear
factor-jB (NF-jB) p65, and tumor necrosis factor-a (TNF-a) protein production. (A) Bone-marrow-
derived macrophages (BM-Mu) from pools of four diabetic female NOD mice and five age-matched
female NOR mice were cultured and differentiated in either low-glucose or high-glucose media. (A)
Cells were left unstimulated ()) or were stimulated with Porphyromonas gingivalis lipopolysac-
charide (LPS) at 500 ng/ml for 30 min (+). Phosphorylated IjB-a (P-IjB-a), and b-actin were
detected by standard Western blot procedure using specific antibodies. Results are representative of
two separate experiments. (B) BM-Mu either left unstimulated ()) or were stimulated with
P. gingivalis LPS at 500 ng/ml for 30 min (+). Nuclear extract p65 and histone H1 were detected by
Western blot using specific antibodies. (C) BM-Mu supernatants were analysed for TNF-a protein by
enzyme-linked immunosorbent assay. BM-Mu were left either unstimulated (h) or were stimulated
with P. gingivalis LPS at 500 ng/ml for 24 h (n). TNF-a standards were used to convert absorbance
to protein concentration [pg/ml]. Results are the mean and SD of triplicate samples. The asterisk (*)
indicates significant differences (P < 0.05) between high-glucose-stimulated NOD diabetic BM-Mu
and the three remaining conditions when stimulated.
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We have seen previously (40) that bone
marrow stem cells obtained from diabetic
NOD mice and differentiated in high-

glucose media had increased basal levels
of TLR2, TLR4, and TNF-a. Similarly,
Dasu et al. (5) incubated THP-1 mono-

cytic cells in high glucose and found
induced expression of TLR2, TLR4, and
activation of NF-jB with involvement of
protein kinase C. Furthermore, diabetic
patients in a hyperglycemic crisis have
elevated plasma levels of proinflammatory
cytokines in the absence of an infection
(59). Even studies investigating the effects
of acute hyperglycemia have found
increased plasma levels of multiple proin-
flammatory cytokines which have meta-
bolic effects contributing to maintaining
elevated glucose levels (reviewed in ref.
64). These results suggest that a hypergly-
cemic environment has a stimulatory effect
on the innate immune system. An impor-
tant question is how these hyperglycemia-
stimulated immune cells respond to further
bacterial stimulation. In a study by Was-
muth et al. (66) hyperglycemia in patients
admitted to the intensive care unit was
associated with increased serum levels of
inflammatory cytokines including TNF-a.
However, ex vivo stimulation of whole
blood from the same hyperglycemic
patients with LPS led to significantly
decreased levels of TNF-a compared with
normoglycemic patients. These results
appear to be paradoxical; the innate
immune system is activated by high levels
of glucose, however, secondary stimula-
tion with a bacterial ligand leads to
hyporesponsiveness. Medvedev et al. (37)
have shown that pretreatment of cells with
LPS causes tolerance to endotoxin (loss of
responsiveness) upon restimulation with
LPS. A study of patients with chronic
periodontitis showed that although num-
bers of TLR2-positive cells increase
during chronic periodontitis, there is a
significant 30-fold downregulation of
TLR2 mRNA in the gingival tissue com-
pared with healthy controls (43). The same
study confirmed that monocytes from
healthy donors are subject to tolerance
induction. Lastly, clinical studies of glyce-
mic control in diabetic patients provide
evidence that patients with adequate met-
abolic control, determined by fasting glu-
cose and glycated hemoglobin, produce
more TNF-a from stimulated mononuclear
cells compared with patients with inade-
quate metabolic control (10). The results
reported in the current study indicate that
culturing BM-Mu in high-glucose media
may function as a primary TLR stimulus
and that subsequent restimulation with a
bacterial ligand can induce tolerance and
loss of responsiveness.
Previous research demonstrates that

pathogen clearance by phagocytes is
defective and reduced in diabetic patients
(9, 12, 15, 30). Furthermore, research

Fig. 5. Effect of high glucose on tumor necrosis factor-a (TNF-a) messenger RNA in diabetic NOD
bone-marrow-derived macrophages (BM-Mu) in response to bacterial lipopolysaccharide (LPS)
stimulation. BM-Mu from pools of four diabetic NOD mice were differentiated in low-glucose or
high-glucose media. BM-Mu were either left unstimulated (h) or were stimulated with
Porphyromonas gingivalis LPS at 500 ng/ml or Escherichia coli LPS at 100 ng/ml as indicated
on the graph for 4 h (n). RNA was isolated, converted to complementary DNA, and quantified by
real-time polymerase chain reaction analysis using TNF-a-specific primers. Results expressed as %
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are the mean and SD of triplicate samples for
each glucose condition. The asterisk (*) indicates significant differences (P < 0.05) between low-
glucose and high-glucose conditions within the same bacterial stimulation.

Fig. 4. Effect of high glucose on macrophage phagocytosis functionality in response to bacterial
lipopolysacchairde (LPS) stimulation. (A) Bone-marrow-derived macrophages (BM-Mu) from pools
of four diabetic NOD mice were differentiated in low-glucose or high-glucose media. Macrophages
were either left unstimulated (h) or were stimulated with Porphyromonas gingivalis LPS at
500 ng/ml (n) for 4 h. (B) BM-Mu from pools of four diabetic NOD mice and two NOR mice (aged
8–10 weeks) were differentiated in low- or high-glucose media. Macrophages were either left
unstimulated (h) or were stimulated with Escherichia coli LPS at 100 ng/ml (n) for 4 h. Following
the bacterial stimulations macrophages were co-incubated in the presence of 2 lm polystyrene
fluorescent carboxylate-modified microspheres, at a ratio of 50 particles per macrophage for an
additional 4 h. Plates were analysed on a fluorescent plate reader. Serial dilutions of fluorescent
microspheres were utilized to generate the relative number of microspheres ingested by the BM-Mu.
Results are the mean and SD of triplicates. The asterisk (*) indicates significant differences
(P < 0.05) between high-glucose-stimulated NOD diabetic BM-Mu and the other condition(s) when
stimulated. Wells were plated and analysed in triplicate and results are representative of two separate
experiments.
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utilizing polymorphonuclear cells isolated
from diabetic patients with poor metabolic
control demonstrated decreased phago-
cytic capacity compared with healthy
non-diabetic patients (34). Importantly,
phagocytosis improved after 36 h culture
in normoglycemia, but did not return to
normal levels (34). Clinically, the cause of
diabetes may be less important than the
detrimental disease complications of
chronic exposure to hyperglycemia (25).
The well-described adverse effects of
hyperglycemia on insulin target tissues,
and particularly pancreatic islet beta cells,
have been termed ‘glucotoxicity’. Chronic
hyperglycemia induces multiple shortcom-
ings in beta cells including the loss of
glucose-stimulated insulin gene transcrip-
tion and secretion, and is linked to beta cell
apoptosis and necrosis (4, and reviewed in
ref. 60). The observations in this paper
may be a type of glucotoxicity of the
macrophage resulting in impaired immune
and phagocytic function.
Diabetes and periodontal disease is a

degenerative cycle; a decline in gingival
health adversely affects metabolic glucose
control, which is of extreme importance
for maintaining good health in a diabetic
patient (48). The possibility of improving
macrophage and cellular responsiveness to
bacterial infections based on metabolic
maintenance argues strongly for tight con-
trol of glucose levels. The current findings
indicate that hyperglycemic patients with
diabetes run the risk of generating macro-
phages that not only have compromised
phagocytic function, but also possess an
inability to elicit proper inflammatory
mediators and cellular activation when
faced with a periodontal infection.
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