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Background. Exercise has an anti-inflammatory effect against, and immune cells play critical roles in the development, of insulin
resistance and atherosclerotic vascular disease (AVD). Thus, the goal of this study was to determine whether exercise improves
insulin sensitivity in insulin-resistant subjects by downregulating proinflammatory signaling in immune cells. Methods. Seventeen
lean, 8 obese nondiabetic, and 11 obese type 2 diabetic individuals underwent an aerobic exercise program for 15 days and an insulin
clamp before and after exercise. Peripheral mononuclear cells (PMNC) were obtained for determination of Toll-like receptor (TLR)
2 and 4 protein content and mitogen-activated protein kinase phosphorylation. Results. Compared with that in lean individuals,
TLR4 protein content was increased by 4.2-fold in diabetic subjects. This increase in TLR4 content was accompanied by a 3.0-fold
increase in extracellular signal-regulated kinase (ERK) phosphorylation. Exercise improved insulin sensitivity in the lean, obese,
and type 2 diabetes groups. However, exercise did not affect TLR content or ERK phosphorylation. Conclusions. TLR4 content and
ERK phosphorylation are increased in PMNC of type 2 diabetic individuals. While exercise improves insulin sensitivity, this effect
is not related to changes in TLR2/TLR4 content or ERK phosphorylation in PMNC of type 2 diabetic individuals.

1. Introduction

Regular exercise is fundamental for the prevention and
management of insulin-resistant disorders such as type 2
diabetes mellitus (T2DM) and AVD. While exercise affects
numerous organ systems, there is increasing evidence that
acute and chronic exercises have important immunomodula-
tory properties which may contribute to the beneficial effects
of exercise on metabolism and cardiovascular health [1]. For
example, aerobic exercise improves insulin sensitivity [2]
and enhances endothelial function [3]. In addition, aerobic
exercise can alter the number and the function of immune
cells in innate and adaptive immunities [4-6] and reduce the
levels of proinflammatory markers [7].

Numerous reports have demonstrated that immune cells
play a critical role in the development of insulin resis-
tance. Hevener et al. showed that deletion of peroxisome
proliferator-activated receptor gamma (PPARy) in mono-
cytes results in glucose intolerance and decreased insulin sig-
naling in the skeletal muscle, liver, and adipose tissue of mice
[8]. Another study demonstrated that regulatory CD4" T
cells expressing the transcription factor Foxp3 (T, cells) are
predominately found in the abdominal fat of normal mice but
are reduced in the abdominal fat in mouse models of insulin
resistance [9]. This study also showed that interleukin-
10 (IL-10), produced by these Foxp3 T, cells, inhibited
tumor necrosis factor-alpha (TNFax)-induced expression of
proinflammatory mediators and insulin resistance in 3T3-L1
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adipocytes. Taken together, these findings suggest that
immune cells have the potential to affect whole body glucose
homeostasis and insulin action.

In addition to their role in insulin resistance, immune
cells are also involved in the development of atherosclerosis
[10]. In T2DM patients, atherosclerosis is systemic, rather
than localized to the heart, and also affects the microvas-
culature of the limbs, kidneys, eyes, and other tissues [11].
Monocytes play crucial roles in the early events that lead
to this systemic atherosclerosis [12]. Yet, the molecular
mechanisms that promote accelerated atherosclerosis in type
2 diabetic subjects are not fully understood. Accumulating
evidence implicates Toll-like receptor (TLR) 2 and 4 in the
pathogenesis of atherosclerosis and insulin resistance [13-
16]. For example, monocytes from type 2 diabetic subjects
have elevated surface protein content of TLR2 and TLR4 [17].
Moreover, deletion of TLR2 or TLR4 in rodents attenuates
atherosclerosis and insulin resistance [14, 15, 18, 19].

In view that immune cells have a critical role in the
pathophysiology of insulin resistance and AVD, in this study,
we examined the molecular mechanism underlying the anti-
inflammatory effect of aerobic exercise on immune cells
of type 2 diabetic individuals. Although some studies have
shown that either aerobic or resistance exercise induces a
decrease in TLR4 expression in monocytes from healthy
normal subjects [4, 20, 21], it is unclear whether aerobic
exercise can modulate proinflammatory signaling pathways
in immune cells of insulin-resistant subjects. It is well docu-
mented that aerobic exercise can improve insulin sensitivity
in type 2 diabetic patients [2]. However, no study has
described whether the improvement of insulin sensitivity is
due to a decrease in proinflammatory signaling pathways
in immune cells of type 2 diabetic subjects. We focused
our analysis on PMNC because of the considerable evidence
indicating that these inflammatory cells infiltrate insulin-
sensitive tissues (skeletal muscle, adipocytes, and liver) where
they promote insulin resistance [22-24] and are also involved
in the pathophysiology of AVD [10]. Therefore, we hypoth-
esized that aerobic exercise downregulates proinflammatory
signaling pathways in PMNC of insulin-resistant individuals.

2. Materials and Methods

2.1. Study Participants. We studied 17 lean, 8 obese non-
diabetic, and 11 obese type 2 diabetic participants. Five
T2DM subjects were diet-treated. Three T2DM subjects were
newly diagnosed, and one T2DM subject was diagnosed with
diabetes 2 months prior to the study. Two T2DM subjects
took a sulfonylurea, which was stopped 2 days before any
study procedure. All participants were sedentary (zero or
one exercise bout per week) and had stable body weight
(+1kg) for three months before the study. Each participant
underwent a medical history, physical examination, and a
75g oral glucose tolerance test (OGTT). Lean and obese
participants did not have a family history of type 2 diabetes
and were normal glucose tolerant. No participant was taking
any medication known to affect glucose metabolism (other
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than sulfonylureas). The study was approved by the Institu-
tional Review Board of the University of Texas Health Science
Center at San Antonio, and all participants gave written
consent.

2.2. Oral Glucose Tolerance Test (OGTT). Plasma glucose,
insulin, and nonesterified fatty acids (NEFA) were measured
30, 15, and 0 minutes before and every 15 min for 2 h after the
ingestion of 75 g of glucose.

2.3. VO,peqr Testing. Within 3-7 days after the OGTT,
VO,pea Was determined using a cycle ergometer and a
Metabolic Measurement System (Sensormedics, Savi Park,
CA, USA) as previously described [25].

2.4. Insulin Clamp. Within 1-2 weeks after the baseline
VO,peq measurement, participants returned to the Clin-
ical Research Center at 07:00 AM to undergo a 180 min
euglycemic-hyperinsulinemic (160 mU - m* - min™") clamp
study as previously described [26].

2.5. Exercise Training Protocol. Within one week of the
insulin clamp, participants undertook a supervised exercise
program of cycle ergometer exercise for 40 min per day, for
15 consecutive days. The 40 min of exercise consisted of 4
identical 10 min periods comprised of 8 min of exercise at
70% VO,peqi followed by 2min at 90% of VO,,c,i- Each of
these 10 min sets was followed by 2 min of complete rest. We
employed this program because, during pilot experiments,
we observed increases in VO, 0f ~20%. VO, testing
was done on the last day of the training protocol. The insulin
clamp was repeated 36 h after the last exercise session.

2.6. Mononuclear Cell Isolation. Blood samples were col-
lected immediately before and at the end of the pre- and
postexercise insulin clamps for isolation of PMNC. PMNC
were isolated using a Histopaque-1077 (Sigma, St. Louis,
MO, USA) density gradient, followed by centrifugation at
800 xg for 30 min at room temperature. The PMNC from the
interface were collected and washed three times with PBS.

2.7 Western Blotting. Mononuclear cell (1 x 10’ cells) samples
were lysed in ice-cold lysis buffer (pH 7.4), and Western blot
analyses were performed as previously described [13]. After
blocking with bovine serum albumin, the membranes were
incubated overnight with primary antibody against TLR4
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and TLR2
(eBioscience, San Diego, CA, USA), which are cell surface
receptors that signal through ERK and c-Jun amino-terminal
kinase (JNK). We also performed Western blotting for
phosphorylated ERK (Invitrogen, Carlsbad, CA, USA), ERK
(Cell Signaling, Danvers, MA, USA), phosphorylated JNK
(Cell Signaling, Beverly, MA, USA), and JNK (Cell Signaling,
Beverly, MA, USA). Bound primary antibodies were detected
with a secondary antibody (anti-rabbit immunoglobulin-
horseradish peroxidase-linked antibody) using enhanced



Journal of Diabetes Research 3
TABLE 1: Subject characteristics, metabolic parameters, and inflammatory markers pre and post exercise training.
Lean Obese T2DM
n=17 n=3_8 n=11
Pre Post Pre Post Pre Post
Subject characteristics
Age (years) 39420 — 40 £3.0 — 50 +3.0°" —
BMI (kg/m?) 25+0.6 25+0.7 31+ 11" 31+ 1.2°F 34+ 0.7 34 +0.5°
Weight (kg) 66 + 2.0 66 +2.3 81+ 2.8 82 +1.2F 88 +3.1" 90 + 2.7
Metabolic parameters
NEFA AUC during OGTT (umol/L-2h) 31422 — 40 £5.0 — 60 +5.6" —
Fasting NEFA during OGTT (y#mol/L) 0.51£0.1 — 0.63 £ 0.1 — 0.70 + 0.0" —
HbA,, (%) 51+0.1 — 5.0+0.1 — 76 +0.8*" —
Fasting insulin (uIU/mL) 27+05 22+05 16 + 6.3" 15 +3.6% 95+1.4" 9.9 +12}
Fasting glucose (mg/dL) 93+2 92+2 95+1 97+1 132 +13*7 139 + 14%
Inflammatory markers
hs-CRP (ug/mL) 256 +£1.0 235+0.7 6.63 £ 3.14 536 £ 1.8 429+0.8" 416 £ 1.0
Endothelin-1 (pg/mL) 243 +0.2 2.83+0.3 342+0.3 2.65+0.2 453 +0.3" 438+0.1
sICAM-1 (ng/mL) 210 £17 197 £11 172 £ 18 179 £17 271 +13" 263 + 12

. . . # .
Data are mean + SE; P < 0.05; “versus lean (preexercise); Tversus obese (preexercise); *versus lean (postexercise); “versus obese (postexercise).

chemiluminescence reagents. Bands were quantitated with
ImageQuant (GE Healthcare, Piscataway, NJ, USA).

2.8. NFkB Activity. NFxB p65 binding was measured using
an ELISA kit (Active Motif, Carlsbad, CA, USA), as previ-
ously described [13].

2.9. Laboratory Analysis. Plasma insulin (Diagnostic Prod-
ucts, Los Angeles, CA, USA) was measured by radioim-
munoassay. Glucose was measured by the glucose oxidase
method using a Beckman Glucose Oxidase Analyzer, and
hemoglobin A1C (HbA,.) was measured using a DCA2000
analyzer (Bayer, Tarrytown, NY, USA). Plasma NEFA con-
centrations were determined using a colorimetric method
(Wako, Richmond, VA, USA). High-sensitivity-C-reactive
protein (hs-CRP) was measured by ELISA (ALPCO Diagnos-
tics, Salem, NH, USA). Endothelin-1 and soluble intercellular
adhesion molecule-1 (SICAM-1) plasma levels were measured
by ELISA (R&D Systems, Minneapolis, MN, USA).

2.10. Statistical Analysis. Data are expressed as mean + SE.
Baseline comparisons between groups were done using one-
way ANOVA, and the effect of exercise training and insulin
was analyzed using ANOVA with repeated measures followed
by the Tukey test. SigmaStat version 3.5 (Systat software, San
Jose, CA, USA) was used for statistical analysis.

3. Results

3.1. Study Participants. Table 1 shows the characteristics of
study participants before and after the 15-day aerobic exercise
training program. Compared with the lean group, the obese
and type 2 diabetic subjects had higher body mass index
(BMI) and body weight. There was a small but significant

difference in age between groups. Plasma HbA,. and NEFA
concentrations were elevated in the diabetic patients. The
obese group tended to have elevated plasma NEFA concen-
trations compared with the lean group (P = 0.056). Type 2
diabetic individuals had higher fasting glucose levels. Both
diabetic and obese subjects had higher fasting insulin levels
when compared with the lean group. The type 2 diabetic
patients had higher levels of the inflammatory and endothe-
lial markers hs-CRP, endothelin-1, and sICAM-1. Diabetic
and obese individuals were insulin resistant compared to the
lean controls, based on the lower total glucose disposal during
the insulin clamp.

After the exercise training, the insulin-resistant individ-
uals (obese and T2DM groups) did not show a significant
decrease in BMI or weight. Similarly, there was no change in
HbA,_, NEFA, glucose, and insulin plasma levels in the obese
and diabetic groups. Exercise also did not decrease the plasma
levels of hs-CRP, endothelin-1, and sSICAM-1.

3.2. Effect of Exercise Training on VO, ., and Insulin Sensi-
tivity. After exercise, VO, increased by 26% (P < 0.05),
14% (P = 0.08), and 8% (P < 0.05) in lean, obese, and
diabetic individuals, respectively. The baseline M levels were
10.9 £ 0.7, 7.8 £ 0.8, and 4.2 + 0.6 mg/kg-min in lean, obese,
and type 2 diabetic individuals, respectively. After exercise,
insulin sensitivity (M values) increased by 11% (P < 0.05) in
lean, 15% (P < 0.05) in obese, and 32% (P < 0.05) in type 2
diabetes groups.

3.3. TLR Protein Content. Compared with lean participants,
baseline TLR4 protein content was significantly increased
in the PMNC of diabetic subjects by 4.2-fold (P < 0.05)
(Figure1). In obese individuals, TLR4 also tended to be
elevated by 2.7-fold (P = 0.07) compared to that of
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FIGURE I: TLR4 protein content. TLR4 was measured in PMNC from
17 lean, 8 obese, and 11 T2DM individuals at the basal state (b) and at
the end of the insulin clamp (i) before (pre) and after (post) exercise
training. Data are means + SE. Blots are shown for one lean, one
obese, and one T2DM individual. *P < 0.05 versus lean at basal
preexercise training. a.u.: arbitrary units.

the individuals in the lean group (Figure 1). Exercise training
and insulin infusion did not affect TLR4 levels. In contrast
to TLR4, the protein content of TLR2 was not different in
lean, obese, and diabetic subjects (Figure 2). Neither exercise
training nor insulin infusion changed the levels of TLR2 in
PMNC.

3.4. ERK Phosphorylation. As shown in Figure 3, baseline
ERK phosphorylation was significantly elevated in the dia-
betic subjects. The increase in ERK phosphorylation was
mainly observed with ERK2 (3.0-fold versus the lean group;
P < 0.05). ERK2 phosphorylation tended to be decreased in
type 2 diabetic subjects after exercise (P = NS).

ERK phosphorylation was not significantly affected by
hyperinsulinemia during the clamp. We performed these
measurements just before the end of the 180 min clamp, based
on previous studies that showed that insulin activation of
ERK occurs as late as 100-240 min during a clamp [27, 28].
It is possible, however, that insulin could have activated ERK
if measurements had been done at earlier time points.

3.5. JNK Phosphorylation. There were no significant differ-
ences in JNK phosphorylation (Figure 4) between groups.
JNK phosphorylation was not affected by insulin infusion or
exercise (Figure 4).

3.6. NFxB p65 Binding. NFxB p65 DNA binding was not dif-
ferent between lean, obese, and type 2 diabetic participants,
and neither exercise nor insulin affected NFxB DNA binding
(Figure 5).
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FIGURE 2: TLR2 protein content. TLR2 was measured in PMNC
from 17 lean, 8 obese, and 11 T2DM individuals at the basal state (b)
and at the end of the insulin clamp (i) before (pre) and after (post)
exercise training. Data are means + SE. Blots are shown for one lean,
one obese, and one T2DM individual. a.u.: arbitrary units.

4. Discussion

There is evidence suggesting that exercise has an anti-
inflammatory effect [7]. Exercise training studies and cross-
sectional comparisons between physically active and inactive
individuals have shown a reduction in the inflammatory
response to LPS and lower TLR4 cell surface expression in
monocytes from physically active subjects [20, 21]. Because
immune cells play a role in the regulation of glucose
metabolism [8, 29], we examined whether exercise improves
insulin sensitivity by inducing modifications in the pro-
inflammatory signaling pathways of the PMNC of insulin-
resistant subjects. We anticipated that short-term training
would improve insulin sensitivity in insulin-resistant individ-
uals and that this would then be associated with a decrease
in TLR4 protein content and ERK signaling in PMNC. Yet,
acute aerobic exercise, which improved insulin sensitivity,
did not affect TLR4 protein content, although it tended to
attenuate ERK2 phosphorylation. It is possible, however, that
the 15-day intervention was not sufficient to significantly
alter TLR4 protein content and ERK phosphorylation. On
the other hand, others have reported that a single session of
cycle exercise (1.5-2h long) is sufficient to decrease TLR4
cell surface expression in monocytes from healthy individuals
[30], although TLR-downstream signaling (ERK) was not
examined in that study. The apparently discrepant results
between the present and previous studies may be related to
differences in the duration of training, the type of training
being performed (aerobic, resistance, or combination), the
intensity of the training (moderate versus high), and/or the
population examined. Timmerman et al. tested the effect of
combined aerobic and resistance training on monocyte sub-
populations and found that TLR4 expression was reduced in
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FIGURE 3: ERK phosphorylation and protein content. Phosphorylation of ERK 1 and 2 and ERK 1 and 2 protein was measured in PMNC from
17 lean, 8 obese, and 11 T2DM individuals at the basal state (b) and at the end of the insulin clamp (i) before (pre) and after (post) exercise
training. Data are means + SE. Blots are shown for one lean, one obese, and one T2DM individual. “P < 0.05 versus lean at basal preexercise

training. a.u.: arbitrary units.

“proinflammatory” (CD14716") but not in “classical” (CD14")
monocytes [31]. Proinflammatory monocytes adhere more
avidly to activated endothelial cells and are precursors to
the CD16" macrophages which are distributed throughout
atherosclerotic lesions [32]. We cannot rule out that the
exercise intervention employed in the present study could
have led to changes in TLR4 protein content and ERK
signaling in specific monocyte subpopulations.

In this study, we found that insulin-resistant individuals
have elevated TLR4 protein content in PMNC. Our findings
are in agreement with previous studies where TLR levels
were found to be increased in inflammatory cells from type
1 and type 2 diabetic subjects, although, in contrast to the
present study, subjects had increased levels of both TLR2
and TLR4 [17, 33]. The physiologic relevance of the increased
TLR4 protein content is underscored by studies in which
TLR4 was ablated specifically in hematopoietic cells from
mice, an intervention which reduced inflammatory markers
in liver and adipose tissue and ameliorated high-fat diet-
induced insulin resistance [34]. Moreover, our results also
demonstrate that the upregulation in TLR4 protein levels
is accompanied by an increase in ERK phosphorylation,

especially ERK2. Studies conducted in ob/ob-Erkl ~/~ double
knockout mice showed that ERK deletion improves insulin
sensitivity in skeletal muscle and reduced liver fat content
[35]. Defining the role of ERK2 on insulin resistance has been
challenging because its genetic ablation (globally) leads to
embryonic death [36]. Future studies of tissue-specific ERK2
ablation will help to clarify its role in the pathogenesis of
insulin resistance and type 2 diabetes.

AVD is the major cause of mortality in subjects with type
2 diabetes and insulin resistance [37]. Atherosclerosis occurs
earlier in the natural course of diabetes and is more severe and
generalized than in nondiabetic patients [37]. To test whether
TLR4 has a direct role in the pathogenesis of atherosclerosis,
Michelsen et al. crossed apolipoprotein E (ApoE) deficient
mice, which are prone to develop atherosclerotic lesions, with
mice that are null for TLR4 [19]. This group demonstrated
that mice deficient in both TLR4 and ApoE have a significant
reduction in the size of the atherosclerotic lesions, as well
as a lower number of macrophages infiltrating these lesions,
compared with mice deficient with ApoE only [19]. More
recently, it was reported that hematopoietic cell ablation
of TLR4 reduces arterial wall macrophage infiltration and
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FIGURE 5: NF«B activity. NFkB DNA binding was measured in
PMNC from 17 lean, 8 obese, and 11 T2DM individuals at the basal
state (b) and at the end of the insulin clamp (i) before (pre) and after
(post) exercise training. Data are means + SE.

atherosclerotic lesion areas [38]. ERK also has a crucial role in
the early steps in the pathogenesis of atherosclerosis because
activation of ERK leads to increased monocyte proliferation,
migration, and differentiation into macrophages [39] and
mediates monocyte chemotactic protein-l-induced mono-
cyte adhesion [40]. Indeed, (monocyte-derived) dendritic
cells from patients with acute coronary syndrome have
increased ERK phosphorylation [41]. In addition, a recent
study demonstrated that hypertensive patients have increased
ERK phosphorylation in isolated white blood cells com-
pared to healthy normotensive individuals, suggesting that
ERK activation in leukocytes may serve as a biomarker for
hypertension [42]. Collectively, the results from these studies
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and our present findings strongly suggest that enhanced
signaling through TLR4 and ERK, in inflammatory cells
(monocytes/macrophages), plays an important role in the
pathogenesis of atherosclerosis.

TLR4 protein content and ERK signaling were elevated
in the type 2 diabetes group, which were slightly but sig-
nificantly older than the lean and obese groups. Based on
previous reports from human and animal studies [21, 43,
44], we believe that the increase in TLR4 protein content
and ERK signaling is not due to the small difference in
age. In fact, Stewart et al. compared TLR2 and TLR4 cell
surface expression on monocytes from older adults (age 60—
85) with that from young adults (age 18-35) and found no
independent effect of age on TLR2 and TLR4 levels and
LPS-induced cytokine production [21]. Furthermore, animal
studies evaluating TLR levels and signaling in macrophages
of old mice have yielded inconsistent findings. A study
performed in young and old mice found that aged mouse
macrophages have lower TLR4 protein [44]. In contrast,
others have not observed differences in TLR4 cell surface
expression in macrophages from aged versus young mice
[43].

In this study, we did not observe differences in JNK
phosphorylation between groups. In contrast, studies in mice
suggest that JNK plays an important role in the pathogenesis
of obesity and insulin resistance [45]. To the best of our
knowledge, most of the human studies supporting the role
of JNK in insulin resistance have examined adipose tissue
[46-48]. Moreover, our finding is in line with that of a
previous study showing that JNK activity in PMNC was
not associated with impaired insulin action [46], whereas
increased JNK activity in adipose tissue directly correlated
with measurements of insulin resistance [46].

Studies of NF«xB activity in inflammatory cells from
insulin-resistant subjects have yielded contrasting results. In
line with a study by Patel et al., we did not observe differences
in NFxB activity in PMNC in insulin-resistant subjects
[49]. In contrast, Ghanim et al. and Dasu et al. reported
increased NF«xB activity in PMNC from obese individuals
and monocytes (a subpopulation of PMNC) from type 2
diabetic subjects, respectively [17, 50]. Studies carried out in
larger cohorts of subjects might help to clarify whether NFxB
signaling is up regulated in PMNC from obese and type 2
diabetic individuals and whether this alteration is specific to
monocytes.

5. Conclusions

In summary, acute aerobic exercise improved insulin sensi-
tivity and cardiovascular fitness in insulin-resistant subjects.
However, exercise was not associated with changes in TLR4
protein content and ERK signaling in immune cells. It
remains to be determined whether longer training protocols
or different modes of exercise (i.e., resistance training or
combination of aerobic and resistance training, as well as
moderate- versus high-intensity exercise program) affect
TLR4 expression and ERK signaling in immune cells of
insulin-resistant individuals.
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