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Abstract

Low-glycemic index diets and exercise independently improve glucose tolerance and reduce diabetes risk. However, the

combined effect of a low-glycemic index diet and exercise on inflammation and glucose metabolism is not known.

Therefore, we randomized 28 insulin-resistant adults (age: 666 1 y; BMI: 34.26 0.7 kg×m22) to a 12-wk, low (LGI = 40) or

high- (HGI = 80) glycemic index diet plus aerobic exercise (5 d×wk21, 60 min×d21, 80–85% heart ratemax) intervention. All

food and fluids were provided during the study. Inflammation was assessed from cytokine (TNFa and IL-6) secretion using

peripheral blood mononuclear cells (MNC) stimulated overnight with LPS. Glycemic response was determined following

ingestion of a 75-g glucose solution. Fasting blood samples were collected for additional cytokine [TNFa, IL-6, and

monocyte chemoattractant protein 1 (MCP-1)] analysis. Both interventions decreased BMI (P , 0.001), fasting plasma

glucose (P = 0.01), and insulin (P = 0.02). The glycemic responsewas reduced only in the LGI group (P = 0.04). Plasma and

MNC-derived TNFa secretionwere reduced in the LGI group (P = 0.02) but increased in the HGI group (P = 0.02). Secretion

of IL-6 fromMNC and plasma IL-6 and MCP-1 concentrations were reduced in the LGI group. The change in MNC-derived

TNFa (r = 0.43; P = 0.04) and plasmaMCP-1 (r = 0.44; P = 0.04) correlatedwith decreases in the glycemic response. These

data highlight the importance of diet composition in the treatment and prevention of inflammation and hyperglycemia. A

low-glycemic index diet has antiinflammatory and antidiabetogenic effects when combined with exercise in older, obese

prediabetics. J. Nutr. 141: 1089–1094, 2011.

Introduction

Obesity increases the risk of type 2 diabetes and is associated
with low-grade inflammation (1–3). There is now a consensus
that macrophages infiltrate adipose tissue; promote the produc-
tion of proinflammatory cytokines, including TNFa, IL-6, and
monocyte chemoattractant protein-1 (MCP-1);9 and contribute
to the development of inflammation-induced insulin resistance
and type 2 diabetes (1,4–6). Previously, we and others showed
that exercise improves insulin sensitivity in obese individuals

and that obese individuals secrete more TNFa from peripheral
bloodmononuclear cells (MNC) compared with lean individuals
(4,5). Further, it has been suggested that postprandial hypergly-
cemia may be a contributing factor in driving hyperinsulinemia
and insulin resistance (4).

Low-glycemic index diets attenuate the prevailing glucose
concentrations throughout the day, which may reduce the risk of
some chronic diseases and help to improve glucose tolerance (7–
9). In line with these observations, Jenkins et al. (9) reported that
participants who were counseled to eat a low-glycemic index
diet for 6 mo had a reduced hemoglobin A1c and greater
glycemic control. Furthermore, we discovered that participants
who exercised and reduced the glycemic load in their diet
experienced a more marked improvement in insulin sensitivity
compared with participants who exercised but maintained a
normal glycemic index diet (10). Additionally, several studies
have shown that modification of dietary carbohydrate intake
can reduce both systemic and adipose tissue production of
inflammatory cytokines (11–15).

Several studies have also suggested that exercise alone can
reduce inflammatory markers and improve insulin sensitivity
(16–18). However, these studies evaluated leisure time activity
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and did not assess changes in cytokines following a longer term,
structured exercise program. Evidence from a small study in
healthy volunteers showed that a 6-mo exercise program
reduced TNFa production by MNC in healthy adults (19). At
present, there are no data on the effects of a well-controlled,
clinically relevant lifestyle intervention on proinflammatory
cytokine secretion in an at-risk population such as the older
obese who are more susceptible to type 2 diabetes and cardio-
vascular disease. We hypothesized that a lifestyle intervention
that included a low-glycemic index diet combined with aerobic
exercise would reduce postprandial glucose excursions and thus
attenuate the prevailing hyperglycemia that induces low-grade
inflammation and cytokine secretion from peripheral MNC.

Methods

Participants. Twenty-eight older, obese, previously sedentary adults

(age 66 6 1 y; BMI 34.2 6 0.7 kg/m2) were recruited from the local
community to undergo a 12-wk diet and exercise training intervention.

All volunteers underwent a medical history, physical exam, oral glucose

tolerance test, and complete blood profile (lipid profile and hepatic/renal/
hematological function tests). Female participants were postmenopausal

and were not using hormone replacement therapy. Prior physical activity

levels were recorded using the Minnesota Leisure Time Physical Activity

questionnaire (20); volunteers were deemed sedentary if their leisure
time activity was ,300 kcal/d (1255 kJ/d). Participants were required

to be weight stable for at least the previous 6 mo. Individual energy re-

quirements were determined by indirect calorimetry (21). The Cleveland

Clinic Institutional Review Board approved the study and all partici-
pants provided signed, informed, written consent in accordance with

guidelines for the protection of human participants.

Intervention. Participants were randomized to 1 of 2 groups: either a
low-glycemic index diet plus exercise (LGI: n = 13; 5 male, 8 female) or

high-glycemic index diet plus exercise (HGI: n = 15; 8 male, 7 female).

All volunteers undertook 60 min of aerobic exercise 5 d/wk for 12 wk at
;85% of the maximum heart rate obtained during an incremental

maximal aerobic exercise test (VO2max test). Every session was fully

supervised by an exercise physiologist. All meals for the 12-wk

intervention were provided to participants. Diets were designed by a
registered dietitian as previously described (22). The dietary macronu-

trient composition (including fiber) wasmatched between groups (Table 1);

however, the LGI participants received a diet with a mean glycemic index

of 40 units, whereas participants in the HGI group consumed foods with
a mean glycemic index of 80 units. Adherence to the diet was determined

via daily food container weigh backs plus a weekly counseling session

with the study dietitian. Dietary analysis was performed using Nutri-
tionist Pro software (Axxya Systems).

Inpatient control period. Pre- and postintervention assessments of

body composition, aerobic fitness, glucose tolerance, and MNC were

performed during a 3-d in-patient stay in the Clinical Research Unit.
During this period, participants received a weight maintenance eucaloric

diet (total kcal/d = resting metabolic rate3 1.2; 55% carbohydrate, 28%

fat, 17% protein). Postintervention metabolic measures were performed

within 16 h after the last exercise bout and the participant’s meal the
night before testing was matched to the study diet.

Body composition. Height and body weight were measured by

standard techniques (23). Whole body adiposity [fat mass (FM) and
fat-free mass (FFM)] was measured by DXA (model iDXA; Lunar).

Glycemic response. The glucose response to ingestion of a 75-g
glucose solution (Azer Scientific) was assessed after an overnight fast pre-

and postintervention. Following baseline draws, the solution was in-

gested and blood samples were subsequently drawn at 30, 60, 90, 120,

and 180min. Plasma glucose was determined immediately on a YSI 2300
STAT Plus analyzer (YSI Life Sciences). The samples were stored

at 2808C for cytokine and substrate analysis.

MNC isolation and culturing. MNC isolation and culture was
performed as previously described (4,5,24). Briefly, MNC were isolated

via Histopaque-1077 density gradient centrifugation, washed, and

resuspended in RPMI (Sigma) and seeded in coated cell culture plates
(5 3 106cells/well). The cells were stimulated with 1 pg/L LPS and

incubated (humidified, 5% CO2, 378C) for 24 h. Cell supernatants were

collected (10,000 3 g for 2 min) and stored at 2808C for subsequent

cytokine analysis.

Biochemical analyses. All samples were measured in duplicate and

each participant’s pre- and postintervention samples were batch

analyzed. Plasma insulin was determined via RIA (Millipore) and both
plasma and MNC-derived TNFa were determined by ELISA (Invitro-

gen). Plasma IL-6 and MCP-1 were measured via ELISA (Bio-Rad).

Statistics. Between-group (LGI vs. HGI) comparisons were analyzed
using 2-way (group3 time) repeated-measures ANOVA and Bonferroni

post hoc tests were applied to significant group 3 time interactions.

Baseline values for each variable were compared between groups using
Student’s t tests. In the event of a significant t statistic, baseline values

were used as a covariate in the 2-way repeated-measures ANOVA.

Bivariate correlation analyses were used to identify relationships between

variables. Significancewas accepted atP, 0.05. Analyses were carried out
using StatView for Windows 5.0.1 (SAS Institute) and all data are

expressed as mean 6 SEM.

Results

Diet and exercise. Dietary analysis shows that diets for both
groups were matched with respect to macronutrient composi-
tion, including fiber, but the glycemic index was markedly
different (Table 1). The glycemic responses to the study diets
were confirmed and previously reported (25). Diet and exercise
compliance was high (;97%). Exercise was performed at 83.26
0.5% of maximal heart rate, and following the study there was an
increase in VO2 max in both groups [LGI, pre: 38.4 6 1.3, post:
42.9 6 2.9; HGI, pre: 39.6 6 1.4, post: 45.7 6 1.8 mL/(kg21

FFM×min21);P, 0.001]. Baseline and postintervention VO2max
values did not differ between the groups.

Body composition. Groups were well matched for BMI prior
to the onset of the intervention (P = 0.41). Poststudy, both
groups significantly reduced body weight and they did not differ
in the amount of weight loss achieved (Table 2). There was a
small but significant decrease in FFM in both groups (Table 2).
In contrast, whole body FM was markedly reduced in both
groups (Table 2). Truncal fat was also reduced following both

TABLE 1 Composition of the study diets1

Study diet LGI HGI

GI,2 a.u. 40.3 6 0.4 80.2 6 1.0*

GL, a.u. 102 6 9 218 6 24*

EI, kJ/d 7400 6 678 7890 6 803

Carbohydrate, g/d 248 6 23 272 6 29

Carbohydrate, % energy 55.8 6 0.1 57.7 6 0.6

Fat, g/d 56 6 5 60 6 6

Fat, % kJ 31.9 6 0.3 31.8 6 0.3

Protein, g/d 77 6 7 81 6 8

Protein, % energy 17.4 6 0.4 17.0 6 0.1

Fiber, g/d 28 6 3 28 6 3

1 Data are mean 6 SEM, n = 13 (LGI) or 15 (HGI). *Different from LGI, P , 0.05.
2 GI, glycemic index; GL, glycemic load; a.u., arbitrary units; EI, energy intake.
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interventions (Table 2). FFM, FM, and truncal fat did not differ
between the groups at the end of the interventions.

Cytokine and glycemic responses. Both lifestyle interven-
tions reduced fasting plasma glucose and insulin (P , 0.05)
(Table 2). However, oral glucose tolerance (AUC) was improved
only in the LGI group. The plasma insulin concentration
decreased in response to oral glucose (P , 0.001) (Table 2).
Both MNC (P = 0.002) and plasma-derived TNFa (P = 0.001)
were lower in the LGI group, whereas plasma TNFa concen-
trations (P = 0.08) and secretion fromMNC (P = 0.06) tended to
be higher in the HGI group. There was also a difference in the
change in TNFa responses for the LGI and HGI groups with
respect to both MNC (P = 0.004) and plasma (P = 0.004) (Fig.
1A,B). In addition, we observed a significant decrease in IL-6
secretion from MNC (P = 0.02) following the LGI intervention
but no change in the HGI group; the groups did not differ (Fig.
1C). However, the plasma IL-6 concentration was lower (P =
0.04) in both groups after the interventions, a change that was
more pronounced in the LGI group (P = 0.01) (Fig. 1D). Further,
MCP-1 concentrations were reduced by 33% in the LGI group
(21.8 6 6.3 vs. 15.2 6 3.1) following the 12-wk intervention
(P = 0.02); the HGI group did not change (20.66 4.6 vs. 21.86
4.9 ng/L) and the changes tended to differ between the groups
(P = 0.07).

Regression analyses. Decreases in TNFa secretion from
MNC were correlated with the reduced glycemic response
(Fig. 2A) and tended to be associated with the fasting glucose
concentration (r = 0.32; P = 0.09). There was also a positive
correlation between the change in TNFa secretion from MNC
and plasma TNFa (r = 0.49; P = 0.04). There was a significant
correlation between changes in MNC-derived IL-6 and total FM
(r = 0.51; P = 0.02) as well as truncal fat (r = 0.60; P = 0.003).
Further, changes in MCP-1 and IL-6 were positively associated
(r = 0.48; P = 0.03) as were the changes in MCP-1 and the
glycemic response following glucose ingestion (Fig. 2B).

Discussion

Our data show for the first time, to our knowledge, that a
lifestyle intervention that includes a low-glycemic index diet
combined with aerobic exercise attenuates cytokine production

in older, insulin-resistant adults, suggesting a reversal of the
effects of obesity on inflammation. In line with these findings, we
noted that the decrease in TNFa secretion was associated with
the improvement in glucose tolerance. Further, the low-glycemic
diet and exercise intervention decreased circulating TNFa, IL-6,
and MCP-1. Collectively, these findings suggest that attenuation
of glycemia via a low-glycemic index diet and exercise regulates
proinflammatory cytokine release and control of hyperglycemia.
In contrast, a high-glycemic index diet attenuates improvements
in postprandial glycemia and inflammation that usually occur
after exercise interventions.

The glycemic index provides a measure of the blood glucose
response to individual foods in a meal. High-glycemic diets have
been linked to disease (26,27), whereas low-glycemic diets are
thought to be protective (13,14), due primarily to reduced post-
prandial glucose excursions (28). Previously, we showed that
12 wk of exercise improves insulin sensitivity in older, obese
individuals (10,29) and that the magnitude of improvement was
enhanced by a low-glycemic index diet (10). One mechanism
that may contribute to this effect is related to the ability of the
MNC to use glucose not only for glycolysis, but also for
production of NADPH. NADPH is oxidized and results in the
generation of reactive oxygen species, activating the NF-kB
pathway and resulting in increased TNFa (30–32). Circulating
TNFa released from both adipose tissue and MNC bind to
TNFa receptors, inducing activation of serine kinases that can
stimulate transcription of inflammatory genes, leading to an
increase in inflammatory protein production within target
tissues, including muscle, adipose, and the liver (33,34). This
establishes a positive feed-forward loop that further amplifies
inflammation and insulin resistance. In line with these observa-
tions, we found a correlation between plasma glucose and TNFa,
suggesting that when glycemia is normalized, the stimulus to
produce TNFa is reduced. These findings are supported by both
in vivo (35) and in vitro (36) studies that induce hyperglycemia.
This is also in agreement with our data from the HGI group,
where there was an increase in TNFa production with no
improvement in glucose tolerance. Further, these results are
consistent with recent work by Kallio et al. (11) that showed
differential modulation of proinflammatory cytokine produc-
tion is dependent on the type of carbohydrate consumed. Despite
the fact that both groups in the current study exercised and that
physical activity can reduce plasma TNFa (16–18), our data

TABLE 2 Participant characteristics, body composition, glucose, and insulin responses to glucose in
older, obese adults who consumed a LGI or HGI diet for 12 wk1

Characteristics

LGI HGI ANOVA2

Pre Post Pre Post Time

Males, females, n 7/6 — 8/7 — —

Age, y 67 6 1 — 66 6 1 — —

Weight, kg 94.6 6 4.0 88.1 6 3.4 97.9 6 4.1 88.3 6 4.1 ,0.0001

BMI kg�m22 34.2 6 1.0 31.9 6 1.1 34.8 6 1.0 31.5 6 1.0 ,0.0001

FM, kg 44.8 6 2.0 38.5 6 1.9 43.5 6 2.1 35.1 6 2.6 0.001

FFM, kg 49.8 6 2.8 49.4 6 2.5 56.9 6 3.5 55.3 6 3.3 0.004

Plasma glucose, mmol�L21 6.2 6 0.2 5.3 6 0.2 5.6 6 0.1 5.2 6 0.1 ,0.001

Plasma insulin, pmol�L21 140 6 19.2 87.0 6 10.8 106 6 25.2 57.6 6 6.0 0.004

Glucose AUC, mol�L21�3 h 1.63 6 0.12 1.42 6 0.08 1.36 6 0.06 1.31 6 0.07 0.02

Insulin AUC, nmol�L21�3 h 149 6 0.4 81.1 6 0.2 102 6 0.2 51.1 6 0.1 0.0005

HbA1c, % 5.8 6 0.1 5.6 6 0.1 5.4 6 0.1 5.5 6 0.1 0.45

1 Data are mean 6 SEM, n = 13 (LGI) or 15 (HGI).
2 Effects of group and time 3 group were not significant, P $ 0.05.
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suggest that plasma glucose concentrations are the primary
factor driving the changes in TNFa and highlight the importance
of using a low-glycemic index diet to modulate glucose
excursions throughout the day.

Increased IL-6 has been noted in adipose tissue and plasma of
type 2 diabetics and in the circulation of obese persons. The
increase in IL-6 may be related to both adipose tissue mass and

hyperglycemia (35,37–39). Following the 12-wk intervention,
we detected a decrease in both plasma andMNC-derived IL-6 in
the LGI group as well as a reduction in plasma IL-6 in the HGI
group. Further, both groups reduced truncal fat and total FM
following the 12 wk, which coincided with reduced IL-6 from
MNC. In obesity, hypertrophied adipocytes are largely respon-
sible for the secretion of IL-6 (40); thus, the change in body fat is
likely to have been partially responsible for the reduced plasma
IL-6 concentration. This is a favorable metabolic outcome in
that IL-6 has been shown to reduce both mRNA and protein
expression of glucose transporter 4 protein, leading to reduced
glucose uptake (41,42). Thus, attenuation of IL-6 should im-
prove glucose uptake, normalizing plasma glucose concentra-
tions. Indeed, for both groups, fasting plasma glucose and IL-6
were reduced; however, there was no correlation between
changes in these 2 variables. This is not completely unexpected,
because IL-6 is regulated not only by hyperglycemia, but largely
by physical activity and weight loss. Recently, Christiansen et al.
(43) and Dekker et al. (44) reported decreases in plasma IL-6
following 12-wk lifestyle interventions that produced similar
weight loss to that achieved in the current report. Further, results
from the Health, Aging and Body Composition Study (16) found
that participants who engaged in physical activity$ 180min/wk
also reduced plasma IL-6. For our exercise protocol, participants
exercised for 300 min/wk at a moderate/high intensity; thus, the
change in IL-6 measured in this study may be reflective of a
combination of factors: reduced plasma glucose, decreases in
body weight and body fat, and increased physical activity. It is
important to highlight that the change in plasma IL-6 was
greater in the LGI group and that IL-6 secretion fromMNCwas
reduced only in the LGI group. Although not correlative, this
may be reflective of the changes in plasma glucose and therefore

FIGURE 1 Changes in MNC (A,C) and plasma (B,D) TNFa (A,B) and

IL-6 (C,D) in older, obese adults who consumed a LGI or HGI diet for

12 wk. Data are means 6 SEM for the change in pre- to

postintervention values, LGI (n = 13), HGI (n = 15). #Change pre- to

postintervention, P , 0.05; *LGI and HGI differ, P , 0.05.

FIGURE 2 Correlations between the change in glycemic response

and the changes in TNFa secretion from MNC (A) and plasma MCP-

1 concentrations (B) in older, obese adults who consumed a LGI or HGI

diet for 12 wk. Data are pre- minus postintervention values, n = 28.
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the inflammatory stimuli on MNC to secrete IL-6. The disparity
between the change in MNC and plasma-derived IL-6 for the
2 groups (LGI and HGI) is most likely due to the complex
interaction between MNC and adipose tissue, as well as the
combined effects of weight loss, physical activity, and altered
blood glucose, and the subsequent influences on cytokine
production.

In support of these observations, we found that MCP-1 was
reduced following the LGI intervention and observed an
association between the change in MCP-1 and the change in
plasma glucose. MCP-1 is a chemokine, which, analogous to
IL-6, is secreted from hypertrophied adipocytes and plays a
crucial role in the recruitment of MNC into tissues (45). MNC
are the primary secretors of cytokines and infiltration/differen-
tiation of MNC into macrophages in adipose tissue is presumed
to have unique inflammatory properties compared with resident
macrophages (46). Thus, the decrease in MCP-1 in the LGI
group that corresponded to changes in plasma glucose is likely
the result of a reduced stimulus to recruit MNC into adipose
tissue (i.e. improved glucose tolerance) and in turn a halting of
the cycle of cytokine production and activation of MCP-1. This
is a favorable adaptation in that in vitro studies show that
MCP-1 treatment reduces glucose uptake in both adipocytes and
myocytes (47,48) and thus, along with IL-6 and TNFa, may also
contribute to insulin resistance. Classically, MCP-1 exerts par-
acrine or autocrine effects in adipose tissue rather than having a
direct systemic pathogenic role (40). Thus, the decrease inMCP-1 in
the LGI group is suggestive of improvement in adipose tissue
function.

A major strength of this study was the control of diet and
exercise throughout the 12-wk intervention. Participants were
fed all meals, snacks, and beverages and each exercise session
was supervised by an exercise physiologist to ensure compliance
and attention to workload. However, there are some limitations,
such as the lack of dietary control groups, i.e. participants
consuming either a low-or high-glycemic index diet without
exercise. However, other studies that have examined diet alone
have produced equivocal results (12,49). Further, our previous
work with an uncontrolled diet suggested that there were
synergist effects on reductions in diabetes risk when exercise and
a low-glycemic index diet were combined (10). In addition,
individuals randomized to the LGI group tended to have higher
baseline concentrations of insulin and glucose; however, they
were not significantly different compared with participants in
the HGI group. Nonetheless, this could contribute to the greater
changes observed after the LGI intervention.

From the data provided herein, regulation of cytokine release
is multi-factorial but largely dependent on plasma glucose
concentrations. This study provides strong evidence that con-
sumption of a low-glycemic index diet and normalization of
plasma glucose can halt the vicious cycle of hyperglycemia-
insulinemia, which contributes to insulin resistance, adipose
tissue dysfunction, and, ultimately, proinflammatory cytokine
production. The present study was a highly controlled dietary
intervention and confirmed our previous observation that a low-
glycemic index diet improved glucose tolerance and provides
novel evidence that a low-glycemic index diet can reduce the
inflammation that is now classically associated with obesity. The
lack of change in both glucose tolerance and cytokine secretion
following the HGI confirms the importance of diet and, more
specifically, the contribution of a low-glycemic index diet to
controlling glucose excursions throughout the day. Although the
HGI group did show improvements in plasma insulin, these
changes are likely related to the exercise and weight loss and not

to diet, because we have previously shown the same effect with a
similar exercise intervention without a dietary component (22).

In conclusion, adherence to a low-glycemic index diet in
combination with aerobic exercise can reverse the effects of
obesity on proinflammatory cytokine production in older, obese
adults. Our data suggest that the hyperglycemia that typically
accompanies obesity and insulin resistance is a driving force
behind elevated cytokine production, which can further accel-
erate the positive feed-forward loop of inflammatory cytokine
production leading to chronic diseases such as type 2 diabetes.
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