
The periodontal host response
with diabetes
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In the past decade, periodontal disease has been

recognized as not merely a local infectious disease,

but as chronic, subclinical, inflammatory disease for

the host. Diabetic subjects appear to respond to

bacterial challenge in an exaggerated manner as

compared with non-diabetic subjects through sev-

eral possible mechanisms, and develop more severe

forms of inflammatory periodontal disease. Severe

periodontal disease in such subjects, in turn, acts to

reduce insulin sensitivity known as insulin resist-

ance, thereby contributing to the induction of

hyperglycemia as well as hyperinsulinemia, import-

ant risk factors for diabetic vascular complications.

Additionally, recent studies suggested that such

subclinical inflammatory states promote renal dys-

function and diabetic dyslipidemia, both of which

are important risk factors for atherosclerosis. Finally,

all such conditions act to increase the risk for cor-

onary heart diseases, the leading cause of mortality

and morbidity in diabetic subjects. Thus, it appears

that exaggerated host responses in diabetic subjects

ultimately accelerate diabetic vascular disorders, at

least partially via periodontal inflammation in sub-

jects with severe periodontitis. The purpose of this

review article is to summarize current knowledge on

the bidirectional relationship between diabetes

and periodontal disease as well as its complications,

and to provide future strategies for prevention and

treatment of periodontal disease in diabetic sub-

jects.

Pathogenesis of periodontal
disease in diabetic subjects

Type 2 diabetes has been postulated as a disease of

the innate immune system (59). Evidence for in-

creased inflammation in diabetes includes increased

levels of inflammatory marker C-reactive protein (67)

as well as the proinflammatory cytokines tumor

necrosis factor-a (93) and interleukin-6 (60). Mild

elevation of such acute-phase inflammatory markers

predicts the future development of type 2 diabetes in

non-diabetic subjects (61). As for type 1 diabetes, it

is well known that the pathogenesis of this disease is

distinct from that of type 2 diabetes. Autoimmunity

against pancreatic b-cells is the major cause of the

disease. Thus, during b-cell destruction, the host

immune system may be exaggerated, a state very

similar to that of chronic inflammation. In fact, it is

known that the level of interleukin-6 is also elevated

in subjects with type 1 diabetes (77). Besides type 1

diabetes, the innate immune system is similarly

activated in obese subjects, an important pre-dia-

betic state dramatically increasing in both Western

and Eastern societies. The observed chronic inflam-

matory state in obese subjects is largely the result

of the increased secretion of adipocytokines as a

consequence of the accumulation of mature adipo-

cytes. Several well-characterized adipocytokines are

essentially the same as pro-inflammatory cytokines

such as tumor necrosis factor-a and interleukin-6.

Interleukin-6 is a major inducer of the acute-phase

proteins such as C-reactive protein (18). In fact,

tumor necrosis factor-a, interleukin-6, and C-react-

ive protein levels are all elevated in obese subjects

regardless of the presence or absence of diabetes,

and decrease with successful weight loss (37, 49).

Thus, the innate immune system is activated in both

type 1 and type 2 diabetics as well as in obese

subjects.

What, then, is the major cause of the activated in-

nate immune system in subjects with established

diabetes? After developing diabetes, hyperglycemia

appears to be a primary cause of an increased innate

immune system in both type 1 and type 2 diabetes.

Recently, hyperglycemia has been reported to be

associated with increased activities of protein kinase
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C-a and protein kinase C-b as well as in in vitro

activities of p38 mitogen-activated protein kinase and

the transcription factor nuclear factor-jB, thereby

contributing to the increased transcription and

secretion of interleukin-6 (12). Hyperglycemia has

also been shown to induce tumor necrosis factor-a
via oxidant stress and p38 mitogen-activated protein

kinase activity in monocytes (24). Enhanced super-

oxide release from monocytes under high glucose via

protein kinase C-a is also reported (82). Additionally,

increased membrane protein kinase C activities were

acutely induced in normal subjects when hyper-

glycemia was induced in such subjects (5). Therefore,

the hyperglycemia–protein kinase C axis appears to

be a major cause of increased monocyte activity in

diabetic subjects.

As described earlier, fat tissues accumulated in

obese subjects secrete series of biologically active

molecules named adipocytokines, most of which

share their natures with pro-inflammatory cytokines

(88). In fact, a large repertoire of inflammatory genes

was identified in adipose tissue by gene expression

analyses (87, 90). Recent studies suggested that

macrophage infiltration into adipose tissue in obesity

could be integral to these inflammatory changes (88).

Adipocytes secrete low levels of tumor necrosis fac-

tor-a. This tumor necrosis factor-a then stimulates

pre-adipocytes and endothelial cells to express

and secrete monocyte chemoattractant protein-1,

recruiting monocyte/macrophage cells into adipose

tissues (88). Recruited macrophages, in co-operation

with adipocytes, secrete large quantities of pro-

inflammatory cytokines, such as interleukin-6 and

tumor necrosis factor-a, leading to the formation of a

vicious inflammatory cycle.

Because of the reasons above, in early stage type 1

diabetes, in the obese non-diabetic stage, which often

corresponds to a pre-diabetic stage, and in the

established diabetic stage with hyperglycemia, the

innate immune system appears to be activated

throughout the clinical course of diabetes. Interest-

ingly, all these stages, type 1 diabetes in juveniles

(45), the non-diabetic obese state (70), and type 2

diabetes in adults (53), are associated with increased

prevalence of periodontal disease. Thus, activated

monocyte responses in these conditions are import-

ant mechanisms that are closely associated with in-

creased severity of inflammatory periodontal disease

(Fig. 1).

Periodontal disease and insulin
resistance

Inflammation has been suggested to cause increased

insulin resistance (16). To date, several molecules

have been demonstrated to be responsible for

inducing insulin resistance, e.g. tumor necrosis fac-

tor-a (26, 27), resistin (73), and free fatty acid (3).

Among these, tumor necrosis factor-a was found to

  Type 2 diabetes

Type 1 diabetes

Obesity

Autoimmune response

Hyperadipocytokinemia
(tumor necrosis factor-a, interleukin-6,
monocyte chemoattractant protein-1, and
others)

Hyperadipocytokinemia
(tumor necrosis factor-α, interleukin-6,
monocyte chemoattractant protein-1, and others)

Exaggerated host
immune responses Severe

periodontitis

 Protein kinase C
hyperactivation

Hyperglycemia

Hyperglycemia

Fig. 1. Hypothetical mechanism indicating exaggerated innate immune system is a key element in inducing more severe

forms of periodontal disease in type 1 and type 2 diabetic patients, and in obese subjects.
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be abundantly expressed in the adipose tissues of

obese diabetic subjects. Mice lacking the tumor

necrosis factor-a gene as well as its receptor do not

develop insulin resistance even when they are fed a

high-fat diet (81). Although tumor necrosis factor-a
is one of the best-characterized inflammatory

cytokines causing insulin resistance, several studies

have reported that interleukin-6 also causes insulin

resistance (41, 69). Interestingly, interleukin-6

appears to selectively suppress insulin action in

hepatocytes (36, 72).

Monocytes from diabetic subjects are pre-activated

by hyperglycemia (5, 12, 24, 82). These subjects tend

to develop severe periodontitis as documented.

Therefore, it is possible that periodontal infection

further stimulates circulating monocyte/macrophage

as well as tissue-resident macrophages such as

Kupffer cells. Activated circulating macrophages may

be recruited to the adipose tissues as documented,

and may express further increased amounts of tumor

necrosis factor-a, resulting in increased insulin

resistance in such subjects. Tissue-resident macro-

phages as Kupffer cells may also be activated by

periodontal infection. Activated Kupffer cells express

increased amounts of interleukin-6, leading to the

stimulation of hepatocytes, which results in increa-

sed synthesis and secretion of acute-phase proteins

such as C-reactive protein (18). Activated Kupffer

cells also express higher amounts of tumor necrosis

factor-a, resulting in increased insulin resistance in

the liver. Recently, mimicking chronic, subacute

inflammation by low-level activation of nuclear fac-

tor-jB in the liver of transgenic mice has been

reported to cause insulin resistance both locally and

systemically (4).

Patients with severe periodontitis exhibit in-

creased interleukin-6 and C-reactive protein levels,

as compared with systemically and orally healthy

controls (46). Additionally, these inflammatory

markers as well as tumor necrosis factor-a levels

decline with successful periodontal treatment (9, 29,

30). All these data support the fact that severe per-

iodontal disease causes insulin resistance (54). The

most probable target organ influenced by perio-

dontal infection is hepatocytes, as it is well known

that C-reactive protein is produced by hepatocytes

(18). Circulating tumor necrosis factor-a may also

cause insulin resistance in muscle cells (8) and

adipocytes (75) as well. The role of circulating tumor

necrosis factor-a on insulin resistance has also been

reported in cases of gestational diabetes (89). Taken

together, it is obvious that the reported beneficial

effects of periodontal treatment on the metabolic

control of diabetes are mediated by improved

insulin sensitivity (22).

Periodontal disease and renal
dysfunction

The involvement of inflammation in renal dysfunc-

tion, especially in diabetic nephropathy (11, 19, 52), is

also suggested (40). Macrophage infiltration in dia-

betic nephropathy has been reported (17). Monocyte

chemoattractant protein-1 expression is observed in

the lesions of human diabetic nephropathy (84) and

intercellular adhesion molecule-1 (ICAM-1) expres-

sion was observed in the kidney of an animal model

of nephropathy (74), suggesting that these tissues

recruit monocytes/macrophages and that the

recruited cells adhere to the tissues. The degree of

macrophage infiltration is proportional to the pro-

gression of renal injury in diabetic mice (6). In

addition, mice lacking ICAM-1 are resistant to renal

injury after induction of diabetes (7, 55). Acute-phase

inflammatory markers such as C-reactive protein are

known to increase with declining kidney function

even in pre-dialysis renal failure, suggesting that the

innate immune system plays an important role in the

pathogenesis not only of diabetic nephropathy but

also of chronic kidney disease (40). Most importantly,

diabetic subjects with nephropathy have a higher

incidence of cardiovascular disease than those with-

out nephropathy, and such renal failure is considered

to be an independent risk factor for cardiovascular

diseases in both type 1 (48) and type 2 (85) diabetic

subjects.

Recently, the association between inflammatory

periodontal diseases and diabetic nephropathy as

well as kidney dysfunction has been reported. Sub-

jects with renal failure, especially requiring renal

dialysis, appear to develop severer periodontal dis-

eases (51). Additionally, severe periodontal inflam-

mation is proportional to the renal disorder in both

diabetic populations (39) and in community popu-

lations including about 10% diabetic subjects (38). In

diabetic subjects, the degree of periodontal infection

is associated with microalbuminemia, indicating that

periodontal inflammation is associated with the early

phase of nephropathy (39). In the community pop-

ulation, periodontal disease is associated with a

reduced glomerular filtration rate (38). Thus, the

association between periodontal disease and renal

disorders appears to be bidirectional. As described

earlier, it is well known that kidney dysfunction is a

risk factor for atherosclerosis that is independent of
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other classic risk factors such as hyperglycemia and

hyperlipidemia in subjects needing renal dialysis (44)

as well as in diabetic subjects (48, 85), which will be

discussed later in this chapter.

Periodontal disease and
dyslipidemia

Chronic inflammation and infection may also influ-

ence lipid metabolism (34). Traditionally, sepsis

caused by gram-negative bacteria has been suggested

to cause abnormal lipid profiles including increased

concentrations of both very low-density lipoprotein

(LDL) and LDL-cholesterol (42). These authors sug-

gested that the changes in the plasma lipoprotein

composition might be attributed to altered hepatic

synthesis, peripheral metabolism or hepatic uptake

of lipoproteins and their remnants, indicating that

hepatic function may play a key role in abnormal,

infection-induced lipid profiles (42). Endotoxin itself

also causes hypertriglyceridemia in an animal model

(14, 20).

An association between periodontal disease and

abnormal lipid profiles has also been reported. Ele-

vated levels of triglycerides, LDL-cholesterol, and

total cholesterol in severe periodontitis subjects have

been reported (32, 47). In addition, a recent report

indicated that intensive periodontal treatment resul-

ted in decreased total and LDL-cholesterol levels as

well as a C-reactive protein value, suggesting that

periodontal infection and/or inflammation upregu-

lates the LDL-cholesterol level (10). Furthermore, a

recent report indicated that LDL particle size in-

creased after periodontal treatment only in subjects

with high serum lipopolysaccharide concentrations,

indicating that periodontal treatment has a beneficial

effect on highly infected subjects (62). Lipopolysac-

charide is a potent stimulator for macrophage

activation, leading to the increased oxidation of

LDL-cholesterol as well increased uptake of the

product, which comprises an important step for foam

cell formation (63). Although some previous reports

indicated paradoxical effects of infection and/or

inflammation on serum cholesterol concentration

between primates and rodents (35), it appears, based

on the previous reports, that periodontal disease

upregulates cholesterol levels in humans as demon-

strated. Such differences might be a feature of

periodontal disease as periodontal disease is not a

debilitating, direct life-threatening acute infectious

disease. Rather, it is a persistent, low-grade infectious

disease. Furthermore, it appears that periodontal

infection is associated not only with dyslipidemia,

but also with foam cell formation, an early step in

atherosclerosis, because co-incubation of some per-

iodontal bacteria, such as Porphyromonas gingivalis,

with macrophage in the presence of LDL-cholesterol

has been reported to transform macrophage into

foam cells (64).

Periodontal disease and
atherosclerosis

Diabetic subjects are more prone to myocardial

infarction than non-diabetic subjects (2). It is esti-

mated that diabetic patients without previous myo-

cardial infarction have as high a risk of myocardial

infarction as non-diabetic patients with previous

myocardial infarction (25). Insulin resistance and

hyperinsulinemia, as well as hyperglycemia, renal

dysfunction, and dyslipidemia, are all independent

risk factors for atherosclerosis (2). Thus, if perio-

dontal infection acts as an important risk factor for

atherosclerosis in diabetic subjects as suggested

(76), the disease promotes vascular changes via

several distinct, independent mechanisms (Fig. 2).

This may be partially supported by the fact that

strict blood glucose control alone is not enough to

significantly reduce the risk of developing macro-

vascular disorders such as myocardial infarction and

stroke in diabetic subjects (79). Recent reports

indicated that inflammation plays a crucial role in

developing atherosclerosis (68). An elevated level of

C-reactive protein is a good predictor of the future

development of coronary heart disease (66). Addi-

tionally, C-reactive protein is now considered as not

merely a sensitive marker of inflammation, but as an

important molecule that directly participates in the

establishment of vascular lesions via several mech-

anisms (65). C-reactive protein promotes cell surface

expression of ICAM-1 and vascular adhesion cell

molecule-1 (57) as well as secretion of interleukin-6

(83) and monocyte chemoattractant protein-1 (58)

in endothelial cells. C-reactive protein enhances

endothelial cell sensitivity to the T-cell-mediated

cytotoxicity (50). C-reactive protein also enhances

smooth muscle cell proliferation and migration

(86). Additionally, C-reactive protein binds to LDL-

cholesterol, forming an LDL-cholesterol–C-reactive

protein complex (78). This complex is easily taken

up by macrophages (94), an important early step for

foam cell formation. Lowering inflammation with

aspirin is effective in reducing the risk of myocardial

infarction, even in apparently healthy men (66),
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suggesting that anti-inflammatory therapies may be

future effective therapeutic strategies in athero-

sclerosis-prone subjects such as diabetic subjects

with severe periodontal disease.

Future strategy for the treatment of
periodontal disease with diabetes

As presented, fundamental mechanisms by which

diabetic and pre-diabetic obese subjects are prone to

severe periodontitis appear to be in the exaggerated

host immune responses, especially in high innate

immune responses (Fig. 1). Periodontal infection/

inflammation further exacerbates the host immune

responses, leading to the acceleration of the devel-

opment of diabetic complications such as nephro-

pathy and macrovascular disorders (Fig. 2). In fact, a

recent report demonstrated that severe periodontal

disease is a predictor for cardio-renal death in Pima

Indians with type 2 diabetes (71). Therefore, pre-

vention of periodontal disease in diabetic patients

who are at higher risk for periodontitis becomes an

important issue.

Recently, new medication was developed to re-

cover insulin sensitivity for diabetic subjects with

insulin resistance, especially for obese diabetic

subjects. This medication, thiazolidinedione, is

known as glitazone. Glitazone essentially activates

nuclear receptor, peroxisome proliferator-activated

receptor-c (43). Glitazone acts to change the size of

mature adipocytes from large to small, and to in-

crease the number of small pre-mature adipocytes,

thereby shutting down the expression of several

genes characteristic for mature adipocytes such as

tumor necrosis factor-a (56). Glitazone also sup-

presses P. gingivalis- and Fusobacterium nucleatum-

lipopolysaccharide-induced interleukin-6 production

in adipocytes (91). Interestingly, glitazone has been

demonstrated to act as an anti-inflammatory rea-

gent for the immune cells such as monocytes (31),

and has been suggested for the possible beneficial

effects in autoimmune disease such as rheumatoid

arthritis (33), autoimmune encephalomyelitis (15),

and autoimmune myocarditis (92). This reagent has

also been suggested to ameliorate diabetic nephro-

pathy (28). Therefore, if it is anti-inflammatory,

this drug may also be beneficial for preventing the

progression of periodontal disease in diabetic sub-

jects.

Another candidate is the lipid-lowering drug, sta-

tin. Statin essentially inhibits the activity of the

enzyme 3-hydroxy-3-methyl glutaryl coenzyme A

reductase, which is the rate-limiting enzyme for

cholesterol synthesis (23). However, the pleiotropic

effect, including the anti-inflammatory effect, of this

reagent is also reported (13). In fact, the possible ef-

fect of statin on the inhibition of diabetic nephro-

pathy is reported (80). Statin lowers C-reactive protein

levels, and its anti-inflammatory effect independent

of cholesterol-lowering effect has been demonstrated

(1). Administration of statin to diabetic mice has

been reported to suppress nuclear factor-jB activity

in the kidneys as well as suppression of ICAM-1

expression and subsequent macrophage infiltration

(80). Additionally, treating monocytes from patients

with Crohn’s disease with statin has recently been

shown to lower monocyte chemoattractant protein-1

and tumor necrosis factor-a secretion, which was

highly enhanced in the monocytes of Crohn’s disease

patients as compared with monocytes from healthy

subjects, suggesting a possible strategy to reduce

Diabetes

Periodontal disease

Insulin resistance

Diabetic nephropathy

Dyslipidemia

Macrovascular complications
Myocardial infarction
Stroke

•
•acceleration

Inflammation

Exacerbation of
atherosclerotic

changes

Classic risk
factors

Fig. 2. Hypothetical scheme indicating periodontal dis-

ease in diabetic subjects exacerbates vascular athero-

sclerosis via low grade, persistent inflammation as well as

via accelerating insulin resistance, diabetic nephropathy,

and dyslipidemia, all of which are known as classic risk

factors. These risk factors ultimately lead to the increased

risk of developing macrovascular complications such as

myocardial infarction and stroke.
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macrophage migration to inflamed tissues in such

subjects (21).

As these drugs are being marketed already, it would

be interesting to see the effects of these drugs on the

prevention of onset and the progression of inflam-

matory periodontal disease in diabetic patients

(Fig. 3). If we assume that periodontal disease asso-

ciated with diabetes is a disease of the innate

immunity, such an approach would ultimately give

the answer to this assumption.

Acknowledgments

This work was supported by a grant-in-aid (nos

15209071, 18791593, 17390562, and 17209066) from

Japan Society for the Promotion of Science.

References

1. Albert MA, Danielson E, Rifai N, Ridker PM; PRINCE

Investigators. Effect of statin therapy on C-reactive protein

levels: the pravastatin inflammation/CRP evaluation

(PRINCE): a randomized trial and cohort study. J Am Med

Assoc 2001: 286: 64–70.

2. Bierman EL. George Lyman Duff Memorial Lecture.

Atherogenesis in diabetes. Arterioscler Thromb 1992: 12:

647–656.

3. Boden G, Chen X, Ruiz J, White JV, Rossetti L. Mechanisms

of fatty acid-induced inhibition of glucose uptake. J Clin

Invest 1994: 93: 2438–2446.

4. Cai D, Yuan M, Frantz DF, Melendez PA, Hansen L, Lee J,

Shoelson SE. Local and systemic insulin resistance result-

ing from hepatic activation of IKK-b and NF-jB. Nat Med

2005: 11: 183–190.

5. Ceolotto G, Gallo A, Miola M, Sartori M, Trevisan R,

Del Prato S, Semplicini A, Avogaro A. Protein kinase C

Insulin resistance

Insulin sensitizing

Anti-inflammatory?

Anti-inflammatory?

Statins

Cholesterol-lowering

Dyslipidemia

Diabetes
Obesity

Exaggerated host
responses Severe periodontitis

PPAR agonist
(glitazone)

Fig. 3. If we assume that exaggerated host responses are

the primary cause of developing more severe forms of

periodontal disease in diabetic subjects, anti-inflamma-

tory strategies may protect them from developing severe

periodontitis. Peroxisome proliferator-activated receptor

(PPAR) agonist, being marketed for treating insulin

resistance, and statins, being marketed for treating

hypercholesterolemia, have been suggested to exhibit

pleiotropic effects including anti-inflammatory effects.

The effects of such medications on the prevention of

periodontal disease would, at least partially, give an an-

swer to the question.

250

Nishimura et al.



activity is acutely regulated by plasma glucose concentra-

tion in human monocytes in vivo. Diabetes 1999: 48: 1316–

1322.

6. Chow F, Ozols E, Nikolic-Paterson DJ, Atkins RC, Tesch

GH. Macrophages in mouse type 2 diabetic nephropathy:

correlation with diabetic state and progressive renal injury.

Kidney Int 2004: 65: 116–128.

7. Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, Rollin

BJ, Tesch GH. Intercellular adhesion molecule-1 deficiency

is protective against nephropathy in type 2 diabetic db/db

mice. J Am Soc Nephrol 2005: 16: 1711–1722.

8. Ciaraldi TP, Carter L, Mudaliar S, Kern PA, Henry RR. Ef-

fects of tumor necrosis factor-alpha on glucose metabolism

in cultured human muscle cells from nondiabetic and type

2 diabetic subjects. Endocrinology 1998: 139: 4793–4800.

9. D’Aiuto F, Parkar M, Andreou G, Suvan J, Brett PM, Ready D,

Tonetti MS. Periodontitis and systemic inflammation: con-

trol of the local infection is associated with a reduction in

serum inflammatory markers. J Dent Res 2004: 83: 156–160.

10. D’Aiuto F, Nibali L, Parkar M, Suvan J, Tonetti MS. Short-

term effects of intensive periodontal therapy on serum

inflammatory markers and cholesterol. J Dent Res 2005: 84:

269–273.

11. Dalla Vestra M, Mussap M, Gallina P, Bruseghin M,

Cernigoi AM, Saller A, Plebani M, Fioretto P. Acute-phase

markers of inflammation and glomerular structure in pa-

tients with type 2 diabetes. J Am Soc Nephrol 2005:

16(Suppl. 1): S78–S82.

12. Devaraj S, Venugopal SK, Singh U, Jialal I. Hyperglycemia

induces monocytic release of interleukin-6 via induction of

protein kinase a-a and -b. Diabetes 2005: 54: 85–91.

13. Diomede L, Albani D, Sottocorno M, Donati MB, Bianchi

M, Fruscella P, Salmona MD. In vivo anti-inflammatory

effect of statins is mediated by nonsterol mevalonate

products. Arterioscler Thromb Vasc Biol 2001: 21: 1327–

1332.

14. Feingold KR, Staprans I, Memon RA, Moser AH, Shigenaga

JK, Doerrler W, Dinarello CA, Grunfeld C. Endotoxin rapidly

induces changes in lipid metabolism that produce hyper-

triglyceridemia: low doses stimulate hepatic triglyceride

production while high doses inhibit clearance. J Lipid Res

1992: 33: 1765–1776.

15. Feinstein DL, Galea E, Gavrilyuk V, Brosnan CF, Whitacre

CC, Dumitrescu-Ozimek L, Landreth GE, Pershadsingh HA,

Weinberg G, Heneka MT. Peroxisome proliferator-activated

receptor-gamma agonists prevent experimental autoim-

mune encephalomyelitis. Ann Neurol 2002: 51: 694–702.

16. Fernandez-Real JM, Ricaet RW. Insulin resistance and

inflammation in an evolutionary perspective: the contri-

bution of cytokine genotype/phenotype to thriftiness.

Diabetologia 1999: 42: 1367–1374.

17. Furuta T, Saito T, Ootaka T, Soma J, Obara K, Abe K,

Yoshinaga K. The role of macrophages in diabetic glome-

rulosclerosis. Am J Kidney Dis 1993: 21: 480–485.

18. Gabay C, Kushner I. Acute-phase proteins and other sys-

temic responses to inflammation. N Engl J Med 1999: 340:

448–454.

19. Gomes MB, Nogueira VG. Acute-phase proteins and

microalbuminuria among patients with type 2 diabetes.

Diabetes Res Clin Pract 2004: 66: 31–39.

20. Gouni I, Oka K, Etienne J, Chan L. Endotoxin-induced

hypertriglyceridemia is mediated by suppression of lipo-

protein lipase at a post-transcriptional level. J Lipid Res

1993: 34: 139–146.

21. Grip O, Janciauskiene S, Lindgren S. Circulating monocytes

and plasma inflammatory biomarkers in active Crohn’s

disease: elevated oxidized low-density lipoprotein and the

anti-inflammatory effect of atorvastatin. Inflamm Bowel

Dis 2004: 10: 193–200.

22. Grossi SG, Skrepcinski FB, DeCaro T, Robertson DC, Ho

AW, Dunford RG, Genco RJ. Treatment of periodontal

disease in diabetics reduces glycated hemoglobin. J Perio-

dontol 1997: 68: 713–719.

23. Grundy SM. HMG-CoA reductase inhibitors for treatment

of hypercholesterolemia. N Engl J Med 1988: 319: 24–33.

24. Guha M, Bai W, Nadler JL, Natarajan R. Molecular mech-

anisms of TNF alpha gene expression in monocytic cells via

hyperglycemia-induced oxidant stress-dependent and

independent pathways. J Biol Chem 2000: 273: 17728–

17739.

25. Haffner SM, Lehto S, Ronnemaa T, Pyorala K, Laakso M.

Mortality from coronary heart disease in subjects with type

2 diabetes and in nondiabetic subjects with and without

prior myocardial infarction. N Engl J Med 1998: 339: 229–

234.

26. Hotamisligil GS, Budavari A, Murray D, Spiegelman BM.

Reduced tyrosine kinase activity of the insulin receptor in

obesity-diabetes. Central role of tumor necrosis factor-al-

pha. J Clin Invest 1994: 94: 1543–1549.

27. Hotamisligil GS, Murray DL, Choy LN. Tumor necrosis

factor alpha inhibits signaling from the insulin receptor.

Proc Natl Acad Sci U S A 1994: 91: 4854–4858.

28. Imano E, Kanda T, Nakatani Y, Nishida T, Arai K,

Motomura M, Kajimoto Y, Yamasaki Y, Hori M. Effect of

troglitazone on microalbuminuria in patients with incipi-

ent diabetic nephropathy. Diabetes Care 1998: 21: 2135–

2139.

29. Iwamoto Y, Nishimura F, Nakagawa M, Sugimoto H,

Shikata K, Makino H, Fukuda T, Tsuji T, Iwamoto M,

Murayama Y.. The effect of antimicrobial periodontal

treatment on circulating tumor necrosis factor-alpha and

glycated hemoglobin level in patients with type 2 diabetes.

J Periodontol 2001: 72: 774–778.

30. Iwamoto Y, Nishimura F, Soga Y, Takeuchi K, Kurihara M,

Takashiba S, Murayama Y. Antimicrobial periodontal

treatment decreases serum C-reactive protein, tumor

necrosis factor-alpha, but not adiponectin levels in patients

with chronic periodontitis. J Periodontol 2003: 74: 1231–

1236.

31. Jiang C, Ting AT, Seed B. PPAR-gamma agonists inhibit

production of monocyte inflammatory cytokines. Nature

1998: 391: 82–86.

32. Katz J, Flugelman MY, Goldberg A, Heft M. Association

between periodontal pockets and elevated cholesterol and

low density lipoprotein cholesterol levels. J Periodontol

2002: 73: 494–500.

33. Kawahito Y, Kondo M, Tsubouchi Y, Hashiramoto A,

Bishop-Bailey D, Inoue K, Kohno M, Yamada R, Hla T,

Sano H. 15-deoxy-delta(12,14)-PGJ(2) induces synoviocyte

apoptosis and suppresses adjuvant-induced arthritis in

rats. J Clin Invest 2000: 106: 189–197.

34. Khovidhunkit W, Memon RA, Feingold KR, Grunfeld C.

Infection and inflammation-induced proatherogenic

changes of lipoproteins. J Infect Dis 2000: 181: S462–S472.

251

Diabetes and periodontal disease



35. Khovidhunkit W, Kim MS, Memon RA, Shigenaga JK, Moser

AH, Feingold KR, Grunfeld C. Effects of infection and

inflammation on lipid and lipoprotein metabolism:

mechanisms and consequences to the host. J Lipid Res

2004: 45: 1169–1196.

36. Klover PJ, Zimmers TA, Koniaris LG, Mooney RA. Chronic

exposure to interleukin-6 causes hepatic insulin resistance

in mice. Diabetes 2003: 52: 2784–2789.

37. Kopp HP, Kopp CW, Festa A, Krzyzanowska K, Kriwanek S,

Minar E, Roka R, Schernthaner G. Impact of weight loss on

inflammatory proteins and their association with the

insulin resistance syndrome in morbidly obese patients.

Arterioscler Thromb Vasc Biol 2003: 23: 1042–1047.

38. Kshirsager AV, Moss KL, Elter JR, Beck JD, Offenbacher S,

Falk RJ. Periodontal disease is associated with renal

insufficiency in the Atherosclerosis Risk In Communities

(ARIC) study. Am J Kidney Dis 2005: 45: 650–657.

39. Kuroe A, Taniguchi A, Sekiguchi A, Ogura M, Murayama Y,

Nishimura F, Iwamoto Y, Seino Y, Nagasaka S, Fukushima

M, Soga Y, Nakai Y. Prevalence of periodontal bacterial

infection in non-obese Japanese type 2 diabetic patients:

relationship with C-reactive protein and albuminuria.

Horm Metab Res 2004: 36: 116–118.

40. Lacson E Jr, Levin NW. C-reactive protein and end-stage

renal disease. Semin Dial 2004: 17: 438–448.

41. Lagathu C, Bastard JP, Auclair M, Maachi M, Capeau J,

Caron M. Chronic interleukin-6 (IL-6) treatment increased

IL-6 secretion and induced insulin resistance in adipocyte:

prevention by rosiglitazone. Biochem Biophys Res Commun

2003: 311: 372–379.

42. Lanza-Jacoby S, Wong SH, Tabares A, Baer D, Schneider D.

Disturbance in the composition of plasma lipoproteins

during gram-negative sepsis in the rat. Biochim Biophys

Acta 1992: 1124: 233–240.

43. Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO,

Willson TM, Kliewer SA. An antidiabetic thiazolidinedione

is a high affinity ligand for peroxisome proliferator-acti-

vated receptor gamma (PPAR gamma). J Biol Chem 1995:

270: 12953–12956.

44. Liu Y, Coresh J, Eustace JA, Longenecker JC, Jaar B, Fink

NE, Tracy RP, Powe NR, Klag MJ. Association between

cholesterol level and mortality in dialysis patients: role of

inflammation and malnutrition. J Am Med Assoc 2004: 291:

451–459.

45. Loe H. Periodontal disease. The sixth complication of

diabetes mellitus. Diabetes Care 1993: 16: 329–334.

46. Loos BG, Craandijk J, Hoek FJ, Wertheim-van Dillen PM,

van der Velden U. Elevation of systemic markers related to

cardiovascular diseases in the peripheral blood of perio-

dontitis patients. J Periodontol 2000: 71: 1528–1534.

47. Losche W, Karapetow F, Pohl A, Pohl C, Kocher T. Plasma

lipid and blood glucose levels in patients with destructive

periodontal disease. J Clin Periodontol 2000: 27: 537–541.

48. Manske CL. Coronary artery disease in diabetic patients

with nephropathy. Am J Hypertens 1993: 6: 367S–374S.

49. Monzillo LU, Hamdy O, Horton ES, Ledbury S, Mullooly C,

Jarema C, Porter S, Ovalle K, Moussa A, Mantzoros CS.

Effect of lifestyle modification on adipokine levels in obese

subjects with insulin resistance. Obes Res 2003: 11: 1048–

1054.

50. Nakajima T, Schulte S, Warrington KJ, Kopecky SL, Frye RL,

Goronzy JJ, Weyand CM. T-cell-mediated lysis of endo-

thelial cells in acute coronary syndrome. Circulation 2002:

105: 570–575.

51. Naugle K, Darby ML, Bauman DB, Lineberger LT, Powers

R. The oral health status of individuals on renal dialysis.

Ann Periodontol 1998: 3: 197–205.

52. Navarro JF, Mora C, Maca M, Garca J. Inflammatory

parameters are independently associated with urinary

albumin in type 2 diabetes mellitus. Am J Kidney Dis 2003:

42: 53–61.

53. Nelson RG, Shlossman M, Budding LM, Pettitt DJ, Saad

MF, Genco RJ, Knowler WC. Periodontal disease and

NIDDM in Pima Indians. Diabetes Care 1990: 13: 836–840.

54. Nishimura F, Murayama Y. Periodontal inflammation and

insulin resistance – lessons from obesity. J Dent Res 2001:

80: 1690–1694.

55. Okada S, Shikata K, Matsuda M, Ogawa D, Usui H, Kido Y,

Nagase R, Wada J, Shikata Y, Makino H. Intercellular

adhesion molecule-1-deficient mice are resistant against

renal injury after induction of diabetes. Diabetes 2003: 52:

2586–2593.

56. Okuno A, Tamemoto H, Tobe K, Ueki K, Mori Y, Iwamoto

K, Umesono K, Akanuma Y, Fujiwara T, Horikoshi H,

Yazaki Y, Kadowaki T. Troglitazone increases the number

of small adipocytes without the change of white adipose

tissue mass in obese Zucker rats. J Clin Invest 1998: 101:

1354–1361.

57. Pasceri V, Willerson JT, Yeh ETH. Direct proinflammatory

effect of c-reactive protein on human endothelial cells.

Circulation 2000: 102: 2165–2168.

58. Pasceri V, Cheng JS, Willerson JT, Yeh, ET. Modulation of c-

reactive protein-mediated monocyte chemoattractant

protein-1 induction in human endothelial cells by anti-

atherosclerosis drugs. Circulation 2001: 103: 2531–2534.

59. Pickup JC. Inflammation and activated innate immunity in

the pathogenesis of type 2 diabetes. Diabetes Care 2004: 27:

813–823.

60. Pickup JC, Mattock MB, Chusney GD, Burt D. NIDDM as a

disease of the innate immune system: association of acute-

phase reactants and interleukin-6 with metabolic syn-

drome X. Diabetologia 1997: 40: 1286–1292.

61. Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM. C-

reactive protein, interleukin 6, and risk of developing type 2

diabetes mellitus. J Am Med Assoc 2001: 286: 327–334.

62. Pussinen PJ, Mattila K. Periodontal infections and athero-

sclerosis: mere associations? Curr Opin Lipidol 2004: 15:

583–588.

63. Pussinen PJ, Vilkuna-Rautiainen T, Alfthan G, Palosuo T,

Jauhiainen M, Sundvall J, Vesanen M, Mattila K, Asikainen

S. Severe periodontitis enhances macrophage activation via

increased serum lipopolysaccharide. Arterioscler Thromb

Vasc Biol 2004: 24: 2174–2180.

64. Qi M, Miyakawa H, Kuramitsu H. Porphyromonas gingi-

valis induces murine macrophage foam cell formation.

Microb Pathog 2003: 35: 259–267.

65. Rattazzi M, Puato M, Faggin E, Bertipaglia B, Zambon A,

Pauletto P. C-reactive protein and interleukin-6 in vascular

disease: culprits or passive bystanders? J Hypertens 2003:

21: 1787–1803.

66. Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Henne-

kens CH. Inflammation, aspirin, and the risk of cardio-

vascular disease in apparently healthy men. N Engl J Med

1997: 336: 973–979.

252

Nishimura et al.



67. Rodriguez-Moran M, Guerrero-RomeroF. Increased levels

of C-reactive protein in noncontrolled type II diabetic

subjects. J Diabetes Complications 1999: 13: 211–215.

68. Ross R. Atherosclerosis – an inflammatory disease. N Engl J

Med 1999: 340: 115–126.

69. Rotter V, Nagaev I, Smith U. Interleukin-6 (IL-6) induces

insulin resistance in 3T3-L1 adipocytes and is, like IL-8 and

tumor necrosis factor-alpha, overexpressed in human fat

cells from insulin-resistant subjects. J Biol Chem 2003: 278:

45777–45784.

70. Saito T, Shimazaki Y, Sakamoto M. Obesity and periodon-

titis. N Engl J Med 1998: 339: 482–483.

71. Saremi A, Nelson RG, Tulloch-Reid M, Hanson RL, Sievers

ML, Taylor GW, Shlossman M, Bennett PH, Genco R,

Knowler WC. Periodontal disease and mortality in type 2

diabetes. Diabetes Care 2005: 28: 27–32.

72. Senn JJ, Klover PJ, Nowak IA, Mooney RA. Interleukin-6

induces cellular insulin resistance in hepatocytes. Diabetes

2002: 51: 3391–3399.

73. Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee RR,

Wright CM, Patel HR, Ahima RS, Lazar MA. The hormone

resistin links obesity to diabetes. Nature 2001: 409: 307–

312.

74. Sugimoto H, Shikata K, Hirata K, Akiyama K, Matsuda M,

Kushiro M, Shikata Y, Miyatake N, Miyasaka M, Makino H.

Increased expression of intercellular adhesion molecule-1

(ICAM-1) in diabetic rat glomeruli: glomerular hyperfiltra-

tion is a potential mechanisms of ICAM-1 upregulation.

Diabetes 1997: 46: 2075–2081.

75. Szalkowski D, White-Carrington S, Berger J, Zhang B.

Antidiabetic thiazolidinediones block the inhibitory effect

of tumor necrosis factor-alpha on differentiation, insulin-

stimulated glucose uptake, and gene expression in 3T3-L1

cells. Endocrinology 1995: 136: 1474–1481.

76. Taniguchi A, Nishimura F, Murayama Y, Nagasaka S,

Fukushima M, Sakai M, Yoshii S, Kuroe A, Suzuki H, Iwa-

moto Y, Soga Y, Okumura T, Ogura M, Yamada Y, Seino Y,

Nakai Y. Porphyromonas gingivalis infection is associated

with carotid atherosclerosis in non-obese Japanese type 2

diabetic patients. Metabolism 2003: 52: 142–145.

77. Targher G, Zenari L, Bertolini L, Muggeo M, Zoppini G.

Elevated levels of interleukin-6 in young adults with type 1

diabetes without clinical evidence of microvascular and

macrovascular complications. Diabetes Care 2001: 24: 956–

957.

78. Taskinen S, Kovanen PT, Jarva H, Meri S, Pentikainen MO.

Binding of c-reactive protein to modified low-density-

lipoprotein particles: identification of cholesterol as a novel

ligand for c-reactive protein. Biochem J 2002: 367: 403–412.

79. UK Prospective Diabetes Study (UKPDS) Group. Intensive

blood-glucose control with sulphonylureas or insulin

compared with conventional treatment and risk of com-

plications in patients with type 2 diabetes (UKPDS 33).

Lancet 1998: 352: 837–853.

80. Usui H, Shikata K, Matsuda M, Okada S, Ogawa D, Ya-

mashita T, Hida K, Satoh M, Wada J, Makino H. HMG-CoA

reductase inhibitor ameliorates diabetic nephropathy by its

pleiotropic effects in rats. Nephrol Dial Transplant 2003:

18: 265–272.

81. Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS.

Protection from obesity-induced insulin resistance in mice

lacking TNF-alpha function. Nature 1997: 389: 610–614.

82. Venugopal SK, Devaraj S, Yang T, Jialal I. Alpha-tocophenol

decreases superoxide anion release in human monocytes

under hyperglycemic conditions via inhibition of protein

kinase C-alpha. Diabetes 2002: 51: 3049–3054.

83. Verma S, Li SH, Badiwala MV, Weisel RD, Fedak PW, Li RK,

Dhillon B, Mickle DA. Endothelin antagonism and inter-

leukin-6 inhibition attenuate the proatherogenic effects of

c-reactive protein. Circulation 2002: 105: 1890–1896.

84. Wada T, Furuichi K, Sakai N, Iwata Y, Yoshimoto K, Shi-

mizu M, Takeda SI, Takasawa K, Yoshimura M, Kida H,

Kobayashi KI, Mukaida N, Naito T, Matsushima K, Yokoy-

ama H. Up-regulation of monocyte chemoattractant pro-

tein-1 in tubulointerstitial lesions of human diabetic

nephropathy. Kidney Int 2000: 58: 1492–1499.

85. Wang SL, Head J, Stevens L, Fuller JH. Excess mortality and

its relation to hypertension and proteinuria in diabetic

patients. The World Health Organization Multinational

Study of Vascular Disease in Diabetes. Diabetes Care 1996:

19: 305–312.

86. Wang CH, Li SH, Weisel RD, Fedak PW, Dumont AS,

Szmitko P, Li RK, Mickle DA, Verma S. C-reactive protein

upregulates angiotensin type 1 receptor in vascular smooth

muscle cells. Circulation 2003: 107: 1783–1790.

87. Weisberg SP, McCann D, Desai M, Rosenbaum M, Liebel

RL, Ferrante AW Jr. Obesity is associated with macrophage

accumulation in adipose tissue. J Clin Invest 2003: 112:

1796–1808.

88. Wellen KE, Hotamisligil GS. Obesity-induced inflammatory

changes in adipose tissue. J Clin Invest 2003: 112: 1785–

1788.

89. Winkler G, Cseh K, Baranyi E, Melczer Z, Speer G, Hajos P,

Salamon F, Turi Z, Kovacs M, Vargha P, Karadi I. Tumor

necrosis factor system in insulin resistance in gestational

diabetes. Diabetes Res Clin Pract 2002: 56: 93–99.

90. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J,

Nichols A, Ross JS, Tartaglia LA, Chen H. Chronic inflam-

mation in fat plays a crucial role in the development of

obesity-related insulin resistance. J Clin Invest 2003: 112:

1821–1830.

91. Yamaguchi M, Nishimura F, Naruishi H, Soga Y, Kokeguchi

S, Takashiba S. Thiazolidinedione (pioglitazone) blocks P.

gingivalis and F. nucleatum, but not E. coli, lipopolysac-

charide (LPS)-induced interleukin-6 (IL-6) production in

adipocytes. J Dent Res 2005: 84: 240–244.

92. Yuan Z, Liu Y, Liu Y, Zhang J, Kishimoto C, Wang Y, Ma A,

Liu Z. Peroxisome proliferation-activated receptor-gamma

ligands ameliorate experimental autoimmune myocarditis.

Cardiovasc Res 2003: 59: 685–694.

93. Zinman B, Hanley AJ, Harris SB, Kwan J, Fantus IG. Cir-

culating tumor necrosis factor-alpha concentrations in a

native Canadian population with high rates of type 2 dia-

betes mellitus. J Clin Endocrinol Metab 1999: 84: 272–278.

94. Zuwaka TP, Hombach V, Torzewski J. C-reactive protein-

mediated low density uptake by macrophages: implica-

tions for atherosclerosis. Circulation 2001: 103: 1194–1197.

253

Diabetes and periodontal disease


