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B Abstract

AIM: The aim is to investigate the relationship between low-
grade inflammation and several glycemic indices in a popula-
tion-based sample of men and women. METHODS: The
ATTICA study is a population-based cohort that randomly
enrolled 1514 men and 1528 women (aged >18 years old),
stratified by age and gender, from the Greater Athens area,
during 2001-2002. Among several characteristics, inflamma-
tion markers (high sensitivity C-reactive protein, interleukin-
6, tumor necrosis factor-alpha, homocysteine and amyloid
A) and glycemic control indices (fasting blood glucose, insu-
lin, HOMA) were measured in the patticipants. RESULTS:
The prevalence of diabetes was 7.8% in men and 6.0% in
women. The prevalence of impaired fasting glucose (IFG)

was 21% in men and 12% in women. Diabetic subjects had
57% higher mean levels of C-reactive protein (p < 0.001),
22% higher mean levels of interleukin-6 (p < 0.001) and
60% higher levels of tumor necrosis factor-alpha (p < 0.001)
compared to non-diabetic subjects. Homocysteine and se-
rum amyloid A levels did not show significant differences
among groups. CONCLUSION: Our study supports a posi-
tive association between low-grade inflammation and diabe-
tes in a population-based sample of men and women with-
out any evidence of cardiovascular disease, which is inde-
pendent of demographic, clinical and lifestyle characteristics,
including physical activity and dietary factors.
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Introduction

therosclerosis is considered in part to be a con-
M) sequence of chronic low-grade inflammation.
Inflammation seems to play a central role in all
phases of the atherosclerotic process including plaque
initiation, progression and thrombosis [1]. A number
of epidemiological studies have demonstrated strong
and consistent relationships between sensitive inflam-
matory markers and subsequent risk of cardiovascular
events [2-6]. Insulin resistance and progressive pancre-
atic beta cell failure are key factors in the development
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of type 2 diabetes. Several studies have supported the
hypothesis that chronic subclinical inflammation may
be associated with insulin resistance and precede the
development of clinically overt diabetes (type 2) [7-9].
Risk factors for developing diabetes, such as obesity,
physical inactivity, smoking, dietary habits, psychologi-
cal stress and infections, are considered to be activa-
tors of the innate immune system that induce a state of
chronic low-grade inflammation. Proinflammatory cy-
tokines enhance insulin resistance through molecular
pathways that involve activation of Jun kinase (JNK),
activation of IkB kinase-B/nuclear factor kB and
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downregulation of PPARy expression [8, 24-25]. Prad-
han and Ridker [10] have supported the “unifying hy-
pothesis” that both type 2 diabetes and atherosclerosis
are multifactorial conditions, which appear to share a
common inflammatory basis. Therefore, it seems likely
that measures designed to reduce the inflammatory
process could be of benefit in reducing the risk of both
diabetes and cardiovascular disease. Several studies
have associated the consumption of vatious dietary
components with sensitive inflammatory markers, im-
plying that the type and quality of diet may have a sig-
nificant impact on the inflammatory process [11-13].
In favor of this hypothesis, Chrysohoou e# a/. reported
that people who are closer to the Mediterranean diet
have lower levels of several inflammatory markers [14].
The exact association between physical activity and in-
flammation is not known, however. Some studies have
revealed an inverse relationship between physical activ-
ity and certain inflaimmatory markers [15-17], whilst
others have not confirmed this association [18].

The aim of this work was to investigate the rela-
tionship between low-grade inflammation and the
presence of type 2 diabetes, as well as the association
between inflammatory marker levels and several gly-
cemic control indices (i.e. blood glucose, insulin lev-
els), in relation to dietary habits and physical activity
status, in a population-based sample of men and
women from the ATTICA Study [22].

Materials and methods

Study design

The “ATTICA” epidemiological study was carried
out in the province of Attica, from May 2001 to De-
cember 2002 and finally enrolled 3042 subjects (75%
participation rate), of whom 1514 were men and 1528
were women. The sampling was random, anticipated
enrolling included only one participant per household
and all people living in institutions were excluded. 5%
of men and 3% of women were excluded because they
reported a history of cardiovascular or another athero-
sclerotic disease, as well as chronic viral infections. The
number of enrolled participants was adequate to evalu-
ate two-tailed hypotheses regarding differences in in-
vestigated parameters between the subgroups in the
study greater than 0.5 standard deviations, achieving
statistical power greater than 0.90 at 5% probability
level (p-value).

Further details regarding the design and methodol-
ogy of the ATTICA study have been previously pre-
sented [22].
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Investigated parameters

The evaluation of nutritional habits was based on
the guidelines from the Department of Nutrition of
the National School of Public Health [19]. Consump-
tion of non-refined cereals and products, vegetables,
legumes, fruits, olive oil, dairy products, fish, pulses,
nuts, potatoes, eggs, sweets, poultry, red meat and
meat products was measured as an average per week
during the past year using a validated food-frequency
questionnaire [20]. Adherence to the Mediterranean
type of diet was assessed using a dietary score, which
has been validated elsewhere [28].

Regarding the rest of the investigated parameters,
current smokers were defined as those who smoked at
least one cigarette per day, former smokers as those
who had stopped smoking for at least one year and the
rest of the participants were defined as non-current
smokers. To evaluate physical activity, we estimated
weekly energy expenditure in sports-related physical
activity in terms of frequency (in times per week), du-
ration (in minutes per time) and intensity (in expended
calories) [29]. Participants who did not report any
physical activities were defined as sedentary.

Height and weight were recorded and body mass
index (BMI) was calculated as weight (in kilograms)
divided by the square of height (in meters). According
to standard guidelines, obesity was defined as body
mass index >29.9 kg/m?2.

Arterial blood pressure was measured in all partici-
pants using standard procedures [22], and people
whose average blood pressure levels were greater or
equal to 140/90 mmHg or who were on anti-
hypertensive medication were classified as hyperten-
sive.

Blood samples were collected from the antecubital
vein between 8 and 10 a.m., in a sitting position after
12 hours of fasting. Biochemical characteristics (blood
glucose levels, serum insulin concentrations, C-reactive
protein, serum amyloid A, interleukin-6, homocysteine,
tumor necrosis factor-alpha and blood lipids) were
measured in our institution’s laboratory following es-
tablished, procedures, as previously described [14, 22,
29]. Diabetes mellitus (type 2) was defined according
to the American Diabetes Association diagnostic crite-
ria. Blood glucose levels greater than 125 mg/dl classi-
fied participants as having diabetes, while glucose lev-
els between 100 to 125 mg/dl identified impaired fast-
ing glucose (IFG) [21]. Insulin resistance was assessed
by the approach involving calculation of a homeostasis
model assessment (HOMA) (glucose in mmol/1 X in-
sulin in wU/ml / 22.5) [23]. As the ability of the beta-
cell to respond to insulin resistance with an increase in
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hormone secretion is disrupted in type 2 diabetes, es-
pecially when insulin-treated, insulin levels were not
measured in the samples taken from the diabetic pa-
tients on insulin treatment. Moreover, HOMA was not
calculated for people with diabetes. A clinically con-
firmed family history of diabetes was also recorded in
all participants. Patients with type 1 were excluded
from the analysis because of the small sample size (i.e.
< 1% of the study’s population). Hypercholesterolemia
was defined as total serum cholesterol levels greater
than 200 mg/dl or the use of lipid lowering agents.

Data analysis

After applying a statistical power calculation we
found that the number of study participants was ade-
quate to evaluate two-tailed standardized differences
greater than 0.5 in the investigated inflammatory
markers between the diabetic groups. In particular, we
achieved statistical power >0.80 at <0.05 probability
level (p-value).

Continuous variables are presented as mean * stan-
dard deviation, while categorical variables are pre-
sented as absolute and relative frequencies. Associa-
tions between diabetic categories and other categorical
variables were tested using contingency tables and chi-
squared test. Associations between study groups and
continuous variables were tested by analysis of vari-
ance, or the Kruskal-Wallis test for skewed variables,
after checking for equality of variances with the
Levene test. Partial correlations between normally dis-
tributed continuous variables were evaluated by Pear-
son’s partial r coefficient, after adjusting for age, sex
and BMI. Correlations between skewed continuous or
discrete variables were
evaluated by Spear-
man’s rho-coefficient.

formed because of their skewed distributions. The as-
sumptions of linearity for the continuous independent
variables and constant variance of the standardized re-
siduals were assessed by plotting the residuals against
the fitted values. As we were making multiple compari-
sons between diabetic groups, we applied the Bon-
ferroni rule to account for the inflation in type I error.
All reported p-values are based on two-sided tests and
compared to a significance level of 5%. SPSS 13 (SPSS
Inc., Chicago, II, USA) software was used for all the
statistical calculations.

Results

The overall prevalence of diabetes was 118 out of
1514 men (7.8%) and 92 out of 1528 women (6.0%),
(p for gender differences = 0.05). Prevalence of IFG
was 310 out of 1514 men (21%) and 184 out of 1528
women (12%), (p for gender differences = 0.05). Table
1 shows several characteristics of subjects without dia-
betes, with IFG and with diabetes. It is evident that
subjects in the diabetic group were older, included a
higher percentage of males, had a greater BMI and
were less physically active than non-diabetic subjects.
In addition, diabetic subjects were more likely to be
hypertensive and hypercholesterolemic. Smoking hab-
its did not differ between diabetic groups. Moreover,
mean HOMA levels in normal people were 2.5 + 0.48
and in IFG were 3.8 £ 0.43 (p < 0.05; Table 1).

Table 2 presents the partial correlation coefficients
between blood glucose, insulin, HOMA and inflamma-
tory marker levels. When we stratified the analysis by
gender, no between-gender differences were observed
in the magnitude of the correlations of glycemic con-

Table 1. Demographic, lifestyle, and clinical characteristics of the participants by diabetes status

The relationships be- Parameter Normal IFG Type 2 diabetes p
tween  inflaimmatory
marker levels (depend- Individuals (n) 2338 494 210
Ent variable) aﬂdldla- Age (1) 439 £ 137 462 £ 118" 587 + 124% <0001
ctes status or glyece- Gender (males, %) 46 63" 58" <0.001
mic control indices , R e ot .
were examined using BMI (kg/m2) 259 £ 4.4 273 * 45 289 £ 45  <0.001
multiple linear regres- Obesity (%) 16 25 37 < 0.001
sion analysis, after Physical activity (%) 40 45 31+ 0.003
controlling for poten- Smoking (%) 43.8 443 36.2" 0.091
tial confounders. Diet score (0-55) 263+ 68 257 + 64 222 % 58" <0001
Normality tests were - o 2% . - < 0.001
applied using  the ypertension (%0) 38 '
Hypercholesterolemia (%o) 33.6 51.27 49.5" < 0.001

Shapiro-Wilk criterion.

C-reactive protein lev-

els were log-trans-
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Legend: Data are mean + SD. p from one-way ANOVA. IFG: impaired fasting glucose. “p < 0.05 and "p <
0.01 for the comparisons between groups in the study (Bonferroni corrected).
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trol indices and inflammatory markers. Thus, the
analysis was performed after taking into account par-
ticipants’ age, sex and BMI. Blood glucose was posi-
tively correlated with almost all inflammatory markers,
with the exception of homocysteine. Insulin and
HOMA were positively correlated with C-reactive pro-
tein, interleukin-6 and tumor necrosis factor-alpha, but
not with serum amyloid A. Furthermore, when we
stratified the female sub-sample into post-menopausal
and others, no differences were observed in the magni-
tude of the correlations of glycemic control indices and
inflammatory markers (Table 2). These data are not
given in the text.

Table 3 presents the comparisons of inflammation
markers between the diabetic status groups. As we can

Table 2. Partial correlation coefficients between glycemic control

indices and inflammatory levels, after adjusting for age, sex and BMI

Inflammation marker Blood Insulin HOMA
glucose
C-reactive protein 0.132* 0.104* 0.128*
Intetleukin-6 0.154* 0.167 0.147*
TNF-alpha 0.091* 0.130™ 0.107*
Homocysteine 0.007 0.073 0.016
0.052* 0.007 0.042

Serum amyloid A

Legend: Data are mean + SD. TNF: tumor necrosis factor. HOMA: homeo-

stasis model assessment. "p < 0.05; " p <0.01.

see, diabetic subjects had 57% higher mean levels of C-
reactive protein (p < 0.001), 22% higher mean levels of
interleukin-6 (p < 0.001) and 60% higher levels of tu-
mor nectrosis factor-alpha (p < 0.001) compared to
non-diabetic subjects. Homocysteine and serum amy-
loid A levels did not show significant differences be-
tween groups (Table 3).

Although a signifi-
cant association was
previously reported be-
tween inflammatory

socio-demographic, lifestyle, biochemical and clinical
characteristics (i.e. age, sex, BMI, physical activity
status, smoking habits, HDL-cholesterol, presence of
hypercholesterolemia and hypertension, as well as die-
tary habits through the diet score), we found positive
associations between blood glucose levels and C-
reactive protein (p < 0.001) and intetleukin-6 (p =
0.002), as well as between insulin levels and C-reactive
protein (p = 0.029) and interleukin-6 (p = 0.016). No
other significant associations between blood glucose,
insulin and inflammatory markers were observed (Ta-

ble 4).

Discussion

In this study, we found an association be-
tween low-grade inflaimmation markers and gly-
cemic control indices irrespective of demo-
graphic, clinical and lifestyle characteristics, in-
cluding dietary factors. Specifically, we compared
the levels of several inflammatory markers, such
as C-reactive protein, interleukin-6, tumor ne-
crosis factor-alpha, homocysteine, and serum
amyloid A, between subjects with and without
type 2 diabetes mellitus. We found that diabetic
subjects had higher C-reactive protein, inter-
leukin-6, and tumor necrosis factor-alpha levels
than non-diabetic subjects, whilst homocysteine
and serum amyloid A levels did not differ sig-
nificantly between diabetes groups. In addition,
multi-adjusted analysis revealed positive associa-

tions of blood glucose and insulin levels with C-
reactive protein and interleukin-6 levels, after adjusting
for several lifestyle and clinical characteristics.

Our results are consistent with the hypothesis that
low-grade inflammation is closely involved in the
pathogenesis of type 2 diabetes. We have previously

Table 3. Inflammatory markers and diabetes status in the ATTICA study participants

matker levels and gly-
cemic control indices,

these relationships may
be confounded by sev-
eral characteristics, es-
pecially dietary habits
and physical activity
level. Thus, we applied
multiple regression

Inflammation marker Normal IFG Type 2 p
diabetes

Individuals (n) 2338 494 210

C-reactive protein (mg/1) 196 £ 283 233 £ 299 3.08 £ 336 <0.001
Intetleukin-6 (pg/ml) 141 £ 0.52 1.55 £ 0.66* 172 £ 047" <0.001
'TNF-alpha (pg/ml) 595+ 4.78 6.40 £ 415" 9.50 £ 7.41% <0.001
Homocysteine (umol/l) 12.00 £ 6.30 12.20 £ 5.00 12.50 = 5.20 0.636
Serum amyloid A (mg/dl) 461 £ 5.03 461 £ 455 5.55 £ 5.18 0.088

analysis and, after con-
trolling  for  several
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Legend: Data are mean + SD. p from one-way ANOVA. IFG: impaired fasting glucose. TNF: tumor necrosis
factor. “p < 0.05 and *"p < 0.01 for the comparisons between groups in the study (Bonferroni corrected).
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shown that insulin resistance, which predisposes to
type 2 diabetes is inversely associated with physical ac-
tivity status independently of the presence or absence
of obesity and that subjects with sedentary lifestyles
have higher blood glucose and insulin levels than ac-
tive subjects from the same BMI group [29]. As physi-
cal activity has been negatively associated with the in-
flammatory process [15-17], we tested its potential
confounding role in the relationship between inflam-
mation and glycemic control indices. Our analysis re-
vealed that the positive associations of blood glucose
and insulin levels wjth C-reactive protein and inter-
leukin-6 levels were independent of the physical activ-
ity status of the participants.

Table 4. Multiple regression analysis on the association between inflammatory marker levels and glyce-

resistance is a major constituent of the metabolic syn-
drome [37]. Recently, we have also revealed an inverse
association between adherence to the Mediterranean
dietary pattern and indices of glucose homeostasis (i.e.
glucose, insulin and HOMA levels) in normoglycemic
people [32]. Many dietary factors have been reported
to activate or inhibit the innate immune system [11-13,
24]. Furthermore, greater adherence to the Mediterra-
nean diet has been independently associated with a re-
duction in various inflammatory and coagulation
markers [14], so it could be argued that diet may also
have a confounding role in the association between in-
dices of inflammation and glycemic control. Therefore,
we repeated the data analysis by also controlling for
participants’  dietary
habits using the Medi-
terranean Diet Score.

mic control indices The multivariable
Inflammatory marker Estimates for blood glucose Estimates for insulin anal.yASIS Conﬁrmed .the
B+ SE P B+SE p pOSlUVC assoclation
. . — — between  C-reactive

Model 1 : C-reactive protein (mg/1I) 0.009 £ 0.002  0.001 0.036 £ 0.016 0.03 . . .
' protein, interleukin-6
Model 2 : Intetleukin-6 (pg/ml) 0.001 £ 0.001 0.002 0.036 £ 0.016 0.03 and the above-
Model 3 : TNF-alpha (pg/ml) 0002 £ 0004 058 0009 £ 0004 0016 mentioned  glycemic

Model 4 : Homocysteine (umol/I) 018 * 013 0.8 006 * 0058 027 indices.

Model 5 : Serum amyloid A (mg/dl) 0.007 £ 0.005 0.25 0.014 £ 0.038 0.72 High-density lipo-

Legend: Data are B-coefficient + SE. Inflammatory markers are dependent, glycemic control indices are inde-
pendent variables. Values are corrected for various confounders such as age, gender, body mass index, physical
activity status, smoking habits, HDL cholesterol, presence of hypercholesterolemia and hypertension, as well as

dietary habits through the diet score. TNF: tumor necrosis factor.

Smoking has been positively associated with several
inflammatory markers [26, 27] and could also be con-
sidered to be an effect modifier in the association be-
tween low-grade inflaimmation and blood glucose and
insulin levels. After controlling for smoking habits, the
above-mentioned association did not change.

Dietary habits have long been associated with the
management and/or prevention of insulin resistance
and diabetes [34]. Previous reports from the ATTICA
study have shown that a higher consumption of red
meat may aggravate insulin resistance in non-diabetic
subjects [30]. To overcome the limitations of the single
nutrient approach (i.e. interactions and inter-
correlation among nutrients), some investigators have
proposed the study of overall dietary patterns [35, 30].
A dietary pattern rich in cereals, fish, legumes, vegeta-
bles and fruits has been strongly associated with re-
duced levels of clinical and biological markers linked to
the metabolic syndrome, whereas meat, potato and al-
cohol intake has shown opposite results [31]. Insulin

Rev Diabet Stud (2007) 4:98-104

proteins (HDLs) are a
class of lipoproteins
that promote the ef-
flux of excess choles-
terol from cells and
return it to the liver
for secretion into the bile. Recent studies consider
HDLs to be part of the innate immune system, func-
tioning to inhibit inflammation in the absence of an
acute phase response [38]. In a previous work from the
ATTICA Study, we found an inverse association of C-
reactive protein and homocysteine levels with HDL-
cholesterol levels, suggesting that increased levels of
HDL-cholesterol may lead to decreased low-grade in-
flammation in healthy individuals [33]. In the present
study, diabetic subjects had significantly lower HDL-
cholesterol levels than non-diabetic participants. We
applied multiple regression analysis by also controlling
for HDL-cholesterol and revealed that the positive as-
sociations of blood glucose and insulin levels with C-
reactive protein and interleukin-6 levels remained unal-
tered. The independent association found between
glucose and insulin levels and the inflammatory mark-
ers may well underline the clinical importance of di-
rectly targeting inflammation for the treatment and/or
prevention of type 2 diabetes.
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Limitations

The major limitation of our study is that because of
its cross-sectional character, causal relations cannot be
established. It can only generate the hypothesis that
there is an association between inflammatory markers
levels and different glycemic control parameters in our
sample. Another limitation is that the biological and
nutritional evaluation was performed once, so the ac-
curacy of the data may be prone to measurement error.

Conclusion

In conclusion, our study supports a positive asso-
ciation between low-grade inflaimmation and diabetes
in a population-based sample of men and women
without any evidence of cardiovascular disease, which
is independent of demographic, clinical and lifestyle
characteristics, including physical activity and dietary

factors. Further studies are needed to establish a causal
pathobiological relationship between glycemic control
indices and the inflammation process.
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