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Effect of Insulin Sensitizer Therapy on
Atherothrombotic and Inflammatory Profiles
Associated With Insulin Resistance
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Audrey J. Weymiller, PhD; Rickey E. Carter, PhD; and K. Sreekumaran Nair, MD, PhD

Abstract

Objective: To determine whether targeted pharmacological improvement of insulin sensitivity will normalize the
associated elevations of thrombotic and inflammatory cardiovascular disease (CVD) biomarkers in individuals with
insulin resistance.
Patients and Methods: Study 1 was a cross-sectional study of Asian Indians with and without diabetes mellitus and
Northern European Americans without diabetes (n�14 each) conducted between December 11, 2003, and July 14,
2006. Study 2 was a secondary analysis of a double-blind randomized controlled study conducted between August 19,
2005, and August 24, 2010, that included 25 individuals with untreated diabetes or impaired fasting glucose who were
randomized to receive placebo (n�13) or a combination of metformin, 1000 mg twice daily, and pioglitazone, 45 mg
daily (n�12), for 3 months. In both studies, measurements of insulin sensitivity (euglycemic-hyperinsulinemic clamp)
and plasma inflammatory and thrombotic factor concentrations were obtained on enrollment (studies 1 and 2) and
after intervention (study 2).
Results: Study 1 demonstrated significant correlations between insulin sensitivity and plasma adiponectin, high-
density lipoprotein cholesterol, plasminogen activator inhibitor 1, interleukin 6, tumor necrosis factor �, and triglyc-
erides. Insulin sensitizer therapy significantly improved insulin sensitivity, inflammatory cytokines except interleukin
6, and thrombotic factors except fibrinogen, without concomitant changes in weight, blood pressure, or body
composition.
Conclusion: Insulin sensitizer therapy ameliorates inflammatory and thrombotic factors implicated in developing CVD.
Interventions to improve insulin sensitivity may thus be considered as therapeutic options to reduce CVD burden in
insulin-resistant states, although further research is needed to determine long-term effects on morbidity and mortality.
Trial Registration: clinicaltrials.gov identifier: NCT00443755 (study 2)
© 2012 Mayo Foundation for Medical Education and Research � Mayo Clin Proc. 2012;87(6):561-570
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I ndividuals with diabetes mellitus are dispropor-
tionately affected by atherothrombotic disor-
ders, including cardiovascular, cerebrovascular,

and peripheral vascular diseases. Atherothrombotic
disease risk and mortality are also increased with
metabolic syndrome, a constellation of risk factors
present in more than 34% of US adults,1 even in the
absence of diabetes.2 Which among the 5 clinical
criteria defining metabolic syndrome underlies this
risk is widely researched and debated. These crite-
ria, as defined by the third report of the National
Cholesterol Education Program Adult Treatment
Panel, include abdominal obesity, elevated triglyc-
eride level, low high-density lipoprotein cholesterol
(HDL-C) level, hypertension, and impaired fasting
glucose (glucose level �100 mg/dL [to convert to
mmol/L, multiply by 0.0555]).3,4 Yet, large clinical
trials of diabetes therapies have shown that conven-
tional cardiovascular disease (CVD) risk factors,

specifically hyperglycemia and hypertension, do not
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fully account for increased CVD risk associated with
type 2 diabetes.5-7 Attention therefore shifted to al-
ernative risk factors, including insulin resistance
nd inflammation.8,9

Elevations of circulating atherogenic factors and
nflammatory cytokines have been detected previ-
usly in individuals with insulin resistance, includ-
ng those with prediabetes and diabetes. Among
hrombogenic markers, these factors include the an-
ifibrinolytic plasminogen activator inhibitor 1
PAI-1)10,11 and the prothrombotic fibrinogen.9,12

Similarly, atherogenic dyslipidemia, characterized
by high triglyceride and low HDL-C levels,8 is

ighly prevalent in both prediabetic and diabetic
atients.13,14 Inflammatory cytokines, particularly

interleukin 6 (IL-6), tumor necrosis factor � (TNF-
�), and C-reactive protein (CRP), are increased in
hese states.15 Conversely, concentrations of the

anti-inflammatory cytokine adiponectin are de-

creased with diabetes and insulin resistance.16,17 o
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Many of the same factors have been implicated in
the pathogenesis of CVD,15 suggesting that there
may be an etiologic link among insulin resistance,
inflammation, and thrombotic events.

If insulin resistance is shown to drive the height-
ened CVD risk in patients with diabetes and meta-
bolic syndrome, targeted pharmacological improve-
ment of insulin sensitivity, rather than intensive
glycemic control, may prove to be the elusive key
to managing these macrovascular complications.
Two insulin-sensitizing agents, metformin and pi-
oglitazone, are currently approved for the treat-
ment of diabetes and, in the case of metformin,
other insulin-resistant states, such as polycystic
ovarian syndrome. Both have been retrospectively
found to lower the CVD event rate and morta-
lity.18-25 However, to date, no randomized controlled
trials have focused specifically on the effects of piogli-
tazone plus metformin on improvements in insulin
sensitivity and atherothrombotic risk factors in insu-
lin-resistant individuals without underlying CVD.

We hypothesized that the increased athero-
thrombotic disease risk in diabetes and metabolic
syndrome, manifested by elevated concentrations of
circulating prothrombotic and proinflammatory
factors, is in part due to insulin resistance. Thus, if
insulin sensitivity influences thrombotic and in-
flammatory burden, then circulating concentrations
of prothrombotic and proinflammatory factors will
be disproportionately higher in individuals with
greater insulin resistance. They will also be higher in
ethnic groups particularly prone to diabetes and
CVD, such as Asian Indians, who have higher prev-
alences of insulin resistance, type 2 diabetes, and
CVD than expected for their age and body mass
index (BMI; calculated as weight in kilograms di-
vided by height in meters squared).26,27 Finally, if
indeed modulated by insulin sensitivity, these fac-
tors should improve with insulin sensitizer therapy
in direct proportion to increase in insulin sensi-
tivity. Establishing a clear relationship between
insulin sensitivity assessed using the criterion
standard hyperinsulinemic-euglycemic clamp and
clinically validated biomarkers of inflammation
and thrombosis may pave the way for targeted
treatment of insulin resistance to mitigate athero-
thrombotic disease burden.

PATIENTS AND METHODS

Study 1
Fourteen Asian Indians with diabetes, 14 Asian In-
dians without diabetes, and 14 Northern European
Americans without diabetes (40-75 years old with
BMIs of 22 to 34) frequency matched for sex, age,
and BMI were included in this cross-sectional study.

The study was conducted between December 11, B
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2003, and July 14, 2006. Asian Indians with diabe-
tes had a clinically established diagnosis of diabetes
(fasting glucose level �126 mg/dL at the time of
diagnosis), whereas Asian Indians without diabetes
and Northern European Americans without diabe-
tes had fasting glucose levels less than 100 mg/dL
and were not receiving any antihyperglycemic treat-
ment. Some patients were included in a previous
study of mitochondrial dysfunction with insulin
resistance.26 Participants with diabetes were treated

ith metformin alone (n�4); sulfonylurea and thia-
olidinedione (n�1); metformin and sulfonylurea
n�5); metformin and thiazolidinedione (n�1);
etformin, sulfonylurea, and thiazolidinedione (n�2);

nd insulin, metformin, and sulfonylurea (n�1).
hiazolidinedione therapy was stopped 3 weeks be-

ore the study. Treatment with all other agents was
topped 5 days before the study. Subcutaneous in-
ection of regular insulin was used in the interim to

aintain fasting blood glucose levels between 80
nd 140 mg/dL.

tudy 2
orthern European Americans (n�28) with im-
aired fasting glucose or diabetes (fasting glucose
evels of 100-180 mg/dL and BMIs of 27 to 36)
ho never received antihyperglycemic treatment
ere recruited for a double-blind, randomized,
lacebo-controlled study (www.clinicaltrials.gov

dentifier NCT00443755) (Figure 1). The study was
onducted between August 19, 2005, and August
4, 2010. Participants were randomized to receive
ither placebo or a combination of pioglitazone (45
g daily) and metformin (1000 mg twice daily) for
months. Twenty-eight individuals with impaired

asting glucose or type 2 diabetes were enrolled in
he study; none had been previously treated with
nsulin or other antihyperglycemic agents. Three
id not complete the study because of personal rea-
ons (1 participant in each group) or inability to
olerate study procedures (1 participant in treat-
ent group) (Figure 1). In total, 12 patients in the

reatment group and 13 in the placebo group com-
leted the study and were included in the analysis.
oth agents were titrated up from starting doses of
ioglitazone (30 mg daily) and metformin (500 mg
wice daily) for 2 weeks; no adverse effects were
eported.

For both studies, exclusion criteria included
nown CVD, liver or kidney disease, and other
hronic diseases. Written informed consent was ob-
ained from all study participants before enrollment.
he study protocols and consent forms were ap-
roved by the Mayo Clinic Institutional Review

oard.
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Measurements
All demographic and laboratory measurements were
obtained during an inpatient study day: once in
study 1 (association study) and twice (baseline and
3 months) in study 2 (insulin sensitizer study). All
measurements in study 2 were obtained after ran-
domization. For each of the study days, participants
were admitted to the Mayo Clinic Clinical Research
Unit on the preceding evening and a standardized
meal was provided. Insulin sensitivity was measured
the following morning after an overnight fast using a
hyperinsulinemic (1.5 �U/kg of fat-free mass [FFM]
per minute)-euglycemic (85-95 mg/dL) clamp; in
study 1, insulin alone was infused, whereas in study
2, insulin was infused with 5% essential amino acid
solution (3 mL/kg of FFM/hour) (NephrAmine; B.
Braun Medical Inc, Irvine, CA) to prevent the insu-
lin-dependent decrease of amino acids during insu-
lin infusion. The mean glucose infusion rate (GIR)
was calculated as the rate per kilograms of FFM dur-
ing 4 hours of steady state (hours 4 through 8 of the
8-hour clamp). The FFM was measured by dual-
energy x-ray absorptiometry. All marker measure-
ments were performed on stored plasma. Adiponec-
tin, lipids, high-sensitivity CRP, IL-6, and TNF-�

Analyzed (N=12)
• Excluded from analysis (n=0)

Lost to follow-up (N=0)
Discontinued intervention (N=0)

Allocated to treatment (N=14)
• Received allocated intervention (n=12)
• Did not receive allocated intervention

Did not tolerate study procedure (n=1)
Personal reasons (n=1)

Assessed for

Random

Allo

A

Fol

Enrollment

FIGURE 1. Study flow diagram.
were measured as previously described.26 Glycosy-
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ated hemoglobin (HbA1c) was measured by ion-
exchange chromatography, insulin by immunoenzy-
matic assay, PAI-1 by enzyme-linked immunosorbent
assay (Diagnostica Stago Inc, Parsippany, NJ), fi-
brinogen by thrombin clotting rate assay (Beckman
Coulter Inc, Brea, CA), and antithrombin III by
chromogenic assay (Beckman Coulter Inc).

Statistical Analyses
For the initial correlative analysis (study 1), unad-
justed and adjusted analyses were conducted to test
whether factor concentrations varied across the 3
patient populations with different concentrations of
insulin sensitivity. Unadjusted differences were
tested with the Kruskal-Wallis test with post hoc
comparisons with the Wilcoxon rank sum test. Ad-
justed analyses were tested with multiple linear re-
gression with age, sex, and BMI used as covariates.
For the analysis of the randomized trial (study 2),
the change from baseline to 3 months for each factor
was used as the outcome measure. Differences in the
change scores among the groups were tested using
the Wilcoxon rank sum test. For the biomarkers of
interest, the P values for these change score differ-

Lost to follow-up (N=0) 
Discontinued intervention for personal reasons
(N=1)  

Allocated to placebo (N=14)
• Received allocated intervention (n=14)
• Did not receive allocated intervention (n=0)

Analyzed (N=13)
• Excluded from analysis (n=0)

ility (N=48)

Excluded (N=20)
• Not meeting inclusion criteria (n=20)
• Declined to participate (n=0)
• Other reasons (n=0)

(N=28)

n

is

p

 eligib

ized 

catio

nalys

low-u
ences were also adjusted for multiple comparisons
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using the method of Hochberg.28 Correction for
multiple testing was not applied to study 1 results
given their exploratory (hypothesis-generating) na-
ture or to descriptive comparisons in study 2. All
analyses were conducted using SAS statistical soft-
ware, version 9.2 (SAS Institute Inc, Cary, NC).

RESULTS

Study 1: Relationship Between Insulin
Resistance and Thrombotic and Inflammatory
Factors
Clinical and demographic characteristics of partici-
pants in study 1 are summarized in Table 1. Insulin
sensitivity was determined as the mean GIR neces-
sary to maintain euglycemia (target glucose level of
90 mg/dL) during a constant infusion of insulin;
higher GIR is indicative of higher insulin sensitivity
(eg, lower insulin resistance). Among all study par-
ticipants, GIR ranged from 2.5 to 97.9 �mol/kg of

articipant Demographic and Metabolic Characteristicsa

b,c NEA (n�14) AI (n�14) AI-D (n

teristics

46.6 (8.0) 46.7 (8.9) 54.6 (1
d 6 (43) 6 (43) 5 (3

24.6 (2.7) 23.9 (1.9) 26.6 (3

per minute) 66.52 (12.22) 41.59 (14.26) 21.85 (1

/dL) 90 (29) 142 (79) 114 (5

49 (9) 38 (12) 34 (7

g/dL) 120 (30) 135 (30) 125 (3

L)e 150.7 (51.3) 181.7 (59.5) 213.1 (7

8.1 (5.6) 14.6 (7.9) 19.4 (1

) 108.9 (8.2) 110.1 (10.3) 102.8 (7

rs

0.14 (0.15) 0.09 (0.08) 0.52 (0

1.1 (0.6) 2.0 (1.2) 6.1 (3

1.4 (0.4) 1.7 (0.3) 3.1 (3

/mL)e 11.7 (3.7) 8.4 (3.1) 6.2 (2

out diabetes; AI-D � Asian Indians with diabetes; AT-III � antithrom
rate; HDL-C � high-density lipoprotein cholesterol; IL-6 � inter

nhibitor 1; TNF-� � tumor necrosis factor �.
o convert triglyceride levels to mmol/L, multiply by 0.0113; to conv
0.0259; to convert fibrinogen levels to �mol/L, multiply by 0.0294
cipants recruited for study 1 (preliminary association study), grouped
lycemia during hours 4 through 8 of an 8-hour insulin infusion. Da

ng Pearson �2 test.

and coagulation factors were log transformed before analysis to minimi
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FFM/min (interquartile range, 23.7-63.1 �mol/kg
f FFM/min).

The potential effect of ethnicity on prothrom-
otic and proinflammatory factors was assessed in
sian Indians without diabetes and Northern Euro-
ean Americans without diabetes, thereby eliminat-

ng the potential confounding effect of diabetes. As
ndicated in Table 1, Asian Indians without diabetes
ad significantly lower insulin sensitivity and higher
oncentrations of circulating IL-6, TNF-�, and

PAI-1 than Northern European Americans without
diabetes. In contrast, their concentrations of adi-
ponectin and HDL-C were significantly lower. Sim-
ilarly, comparisons between Asian Indians with and
without diabetes revealed that Asian Indians with
diabetes had significantly lower insulin sensitivity
and higher concentrations of IL-6, TNF-�, and CRP
than Asian Indians without diabetes (Table 1). The
PAI-1 level was higher in Asian Indians with diabe-
tes than in Asian Indians without diabetes; however,
this difference failed to reach statistical significance.

Kruskal-Wallis
P value

Wilcoxon rank sum P values

) NEA vs AI AI vs AI-D NEA vs A

.07 .91 .05 .04

.91

.07 .27 .04 .17

) �.001 .001 .004 �.001

.15 .07 .48 .24

.002 .03 .40 .001

.47 .27 .38 .84

.05 .11 .32 .04

.002 .02 .22 .003

.05 .65 .03 .06

.001 .19 .002 .01

�.001 .006 .001 �.001

�.001 .05 .01 .002

�.001 .02 .10 .001

; BMI � body mass index; CRP � C-reactive protein; FFM � fat-free
6; NEA � Northern European Americans without diabetes; PA

DL-C levels to mmol/L, multiply by 0.0259; to convert non–HDL-C
to convert CRP levels to mg/L, multiply by 10.
hnicity and diabetic status. The GIR was calculated as mean rate of glu

mean � SD.
TABLE 1. Study 1 P

Variable �14 I-D

Demographic charac

Age (y) 1.6)

Female, No. (%) 6)

BMI .5)

GIR (�mol/kg of FFM 3.15

Lipid profile

Triglycerides (mg 2)

HDL-C (mg/dL) )

Non–HDL-C (m 4)

Thrombotic markers

Fibrinogen (mg/d 4.6)

PAI-1 (ng/dL)e 2.1)

AT-III (% activity .2)

Inflammatory marke

CRP (mg/dL)e .68)

IL-6 (pg/mL)e .9)

TNF-� (pg/mL)e .3)

Adiponectin (mg .9)

a AI � Asian Indians with bin III mass;
GIR � glucose infusion leukin I-1 �

plasminogen activator i
b SI conversion factors: T ert H levels
to mmol/L, multiply by ; and
c Characteristics of parti by et cose
infusion maintaining eug ta are
d Differences tested usi
e
 ze effect of outlying values.
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INSULIN SENSITIZERS IMPROVE CARDIOVASCULAR RISK FACTORS
Although Asian Indians with diabetes had a higher
BMI than Asian Indians without diabetes (26.6�3.5
vs 23.9�1.9), the observed differences in throm-
botic and inflammatory factor concentrations re-
mained significant after adjustment for BMI.

We hypothesized that the observed differences
in inflammatory and thrombotic factors as a func-
tion of ethnicity and presence of diabetes may be in
part due to underlying differences in insulin sensi-
tivity among the groups. Because insulin sensitivity
varied widely among the participants, cross-sec-
tional assessment of potential associations between
insulin sensitivity and key prothrombotic and pro-
inflammatory factors could be performed (Table 2).
After adjustment for age, sex, and BMI, concentra-
tions of the antifibrinolytic PAI-1 were inversely cor-
related to insulin sensitivity (r��0.492). No asso-
ciation was found between insulin sensitivity and
either fibrinogen or antithrombin III. Among in-
flammatory cytokines, both TNF-� (r��0.420)
and IL-6 (r��0.541) were inversely correlated
with insulin sensitivity, whereas the anti-inflamma-
tory cytokine adiponectin was positively correlated
with insulin sensitivity (r�0.619). The relationship
between insulin sensitivity and CRP level, and insu-
lin sensitivity and non–HDL-C level, showed trends
toward inverse correlation but failed to reach statis-
tical significance (Table 2). Finally, HDL-C concen-
trations were positively correlated with insulin sen-
sitivity (r�0.461), and triglyceride concentrations
were negatively correlated with insulin sensitivity
(r��0.322). These associations remained unaf-
fected by subgroup analysis that included either
only Asian Indians (with or without diabetes) or
only participants without diabetes (Northern Euro-
pean Americans and Asian Indians).

Study 2: Insulin Sensitizer Therapy Effect on
Atherothrombotic and Inflammatory Profiles
Twenty-five individuals with impaired fasting glu-
cose or type 2 diabetes completed the study (Figure
1); none had been previously treated with insulin or
other antihyperglycemic agents (Table 3). At base-
line, fasting glucose concentrations ranged from
100.5 to 192.5 mg/dL (interquartile range, 109.5-
142 mg/dL); each value is the mean of 2 indepen-
dent measurements. Similar to the results in study 1,
insulin sensitivity was determined to be the mean
GIR necessary to maintain euglycemia during a
hyperinsulinemic-euglycemic clamp. However, in
study 2, insulin was coinfused with essential amino
acids to prevent the decrease in plasma essential
amino acids that can occur during infusion of insu-
lin. Absolute GIR values therefore cannot be com-
pared across studies but are comparable within
studies. No difference was found in age, sex, fasting

glucose level, HbA1c level, or GIR in individuals ran-
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omly assigned to treatment or placebo arms (Table
). The GIR on enrollment ranged from 0.15 to
5.80 �mol/kg of FFM/min (interquartile range,

14.44-38.95 �mol/kg of FFM/min).
After 3 months of metformin and pioglitazone

herapy, participants in the treatment arm experienced
ignificant improvements in insulin sensitivity and
asting glucose and insulin concentrations (all
�.001) (Table 3). The HbA1c levels also decreased
ith treatment, but the observed difference was small

5.97%�0.69% vs 5.62%�0.59%). Blood pressure and
eart rate were not affected by treatment (data not
hown). The BMI tended to increase in the treatment arm
32.43�5.53 to 32.89�5.49), primarily as a result of a

nonsignificant trend toward increased fatmasswith treat-
ment, and there was no change in FFM (Table 3).

Three months of insulin sensitizer therapy yielded
significantly greater improvements in all lipid param-
eters compared with placebo, including a 10% in-
crease in HDL-C level (adjusted P�.03; Figure 2A),

TABLE 2. The Relationship Between Insulin Sensitivit
Thrombosis and Inflammationa

Variableb,c

Pearson
correlation P

r P value

Lipid profile

Triglycerides (mg/dL) �0.319 .04 �

HDL-C (mg/dL) 0.527 �.001

Non–HDL-C (mg/dL) �0.191 .23 �

Thrombotic markers

Fibrinogen (mg/dL)d �0.191 .23 �

PAI-1 (ng/dL)d �0.588 �.001 �

AT-III (% activity) 0.092 .56 �

Inflammatory markers

CRP (mg/dL)d �0.214 .17 �

IL-6 (pg/mL)d �0.594 �.001 �

TNF-� (pg/mL)d �0.419 .006 �

Adiponectin (mg/mL)d 0.634 �.001

a AT-III � antithrombin III; BMI � body mass index; CRP �

high-density lipoprotein cholesterol; IL-6 � interleukin 6; NEA �

without diabetes; PAI-1 � plasminogen activator inhibitor 1; TN
b SI conversion factors: To convert triglyceride levels to mmol/L,
HDL-C levels to mmol/L, multiply by 0.0259; to convert non–HD
by 0.0259; to convert fibrinogen levels to �mol/L, multiply by 0.0
to mg/L, multiply by 10.
c Insulin sensitivity was calculated as mean rate of glucose infusio
hours 4 through 8 of an 8-hour insulin infusion, when steady-state
Partial correlation reflects adjustment for age, sex, and BMI. The
of determination, adjusted for age, sex, and BMI.
d Inflammatory markers and coagulation factors were log tran
outlying values.
y and Markers of

artial (adjusted) correlation

r r2 P value

0.322 0.104 .05

0.461 0.213 .003

0.222 0.049 .18

0.198 0.039 .24

0.492 0.242 .001

0.073 0.005 .66

0.207 0.043 .21

0.541 0.293 �.001

0.420 0.177 .007

0.619 0.383 �.001

C-reactive protein; HDL-C �

Northern European Americans
F-� � tumor necrosis factor �.
multiply by 0.0113; to convert
L-C levels to mmol/L, multiply

294; and to convert CRP levels

n maintaining euglycemia during
dynamics have been achieved.

r2 value is the partial coefficient

sformed to minimize effect of
5.5% decrease in non–HDL-C level (adjusted

16/j.mayocp.2012.02.014 565
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P�.03), and 11.9% decrease in triglyceride level
(adjusted P�.02) (Table 3; Figure 2B). The PAI-1
level decreased by 41.8% with treatment (adjusted
P�.001; Figure 2C). Consistent with the findings in
study 1, which demonstrated that fibrinogen con-
centration did not correlate with insulin sensitivity,
insulin sensitizer therapy had no effect on fibrino-
gen concentration (Table 3; Figure 2D).

Similar favorable changes in inflammatory cyto-
kines were induced by insulin sensitizer therapy, as

r Effect on Atherothrombotic and Inflammatory Profiles

Insulin sensitizer (n�12)

Baseline 3 mo Change Baselin

52.5 (15.6) 52.2 (1

7 (58) 8 (6

32.43 (5.53) 32.89 (5.49) 0.49 (0.61) 29.60 (3

48.81 (14.98) 47.68 (12.91) �1.13 (2.75) 46.67 (1

46.49 (5.79) 48.22 (4.73) 1.73 (3.01) 43.26 (8

26.25 (21.39) 106.29 (12.98) �19.96 (13.71) 129.00 (2

5.97 (0.69) 5.62 (0.59) �0.35 (0.39) 6.25 (0

22.28 (14.35) 40.23 (13.07) 17.95 (8.41) 23.40 (1

15.68 (9.54) 8.26 (3.87) �8.13 (7.29) 10.18 (5

31.42 (53.55) 115.83 (54.10) �15.58 (31.95) 135.00 (5

43.33 (12.50) 47.67 (14.13) 4.33 (6.60) 39.23 (8

35.58 (25.59) 128.08 (32.73) �7.50 (14.95) 132.46 (2

93.67 (76.90) 407.67 (103.83) 14.00 (69.67) 418.92 (9

8.18 (2.15) 4.77 (2.53) �3.42 (2.48) 5.59 (3

0.42 (0.42) 0.23 (0.23) �0.19 (0.22) 0.43 (0

2.46 (1.64) 1.47 (0.57) �0.99 (1.41) 3.28 (4

1.40 (0.55) 1.26 (0.51) �0.13 (0.20) 2.98 (5

6.08 (2.13) 15.24 (6.63) 9.1 (5.10) 5.22 (2

� C-reactive protein; FFM � fat-free mass; GIR � glucose infus
terleukin 6; NEA � Northern European Americans without diabete

ert glucose levels to mmol/L, multiply by 0.0555; to convert insulin
onvert HDL-C levels to mmol/L, multiply by 0.0259; to convert no
294; and to convert CRP levels to mg/L, multiply by 10.

an rate of glucose infusion maintaining euglycemia during hours 4 t
Wilcoxon rank sum comparisons of the change scores between gr
summarized in Table 3. Significantly greater reduc-
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ions in CRP (45.2% reduction; adjusted P�.03;
igure 2E) and TNF-� (9.3% reduction; adjusted

P�.008; Figure 2F) were observed in the treated
group during the treatment period. Although IL-6
concentrations decreased by 40.2% with treatment,
the decrease in IL-6 was no longer statistically sig-
nificant after adjustment for multiple comparisons
(Figure 2G). The treatment group also had a greater
increase in the anti-inflammatory adiponectin than
the placebo group (149.7% increase; adjusted

r 3 Months of Treatment With Insulin Sensitizer

Placebo (n�13)
Between groups

3 mo Change
Unadjusted

P value
Adjusted
P value

�.99 –

.87 –

29.42 (3.11) �0.18 (0.46) �.001 –

46.33 (13.52) �0.34 (1.26) .65 –

43.25 (8.68) �0.01 (1.41) .06 –

137.39 (43.96) 8.39 (22.06) �.001 –

6.43 (1.12) 0.19 (0.56) .001 –

25.08 (17.81) 1.68 (7.41) �.001 –

11.55 (6.96) 1.38 (3.22) �.001 –

152.77 (62.95) 17.77 (28.29) .003 .02

38.92 (9.84) �0.31 (3.82) .01 .03

137.08 (27.41) 4.62 (17.40) .01 .03

400.31 (62.19) �18.62 (61.64) .09 .09

6.40 (2.69) 0.82 (3.01) �.001 .001

0.28 (0.23) �0.15 (0.52) .006 .03

1.85 (0.72) �1.42 (4.74) .04 .07

3.15 (5.22) 0.18 (0.36) .001 .008

5.68 (2.80) 4.61 (0.91) �.001 .001

te; HbA1c � glycosylated hemoglobin; HDL-C � high-density
-1 � plasminogen activator inhibitor 1; TNF-� � tumor necrosis

ls to pmol/L, multiply by 6.945; to convert triglyceride levels to
L-C levels to mmol/L, multiply by 0.0259; to convert fibrinogen

h 8 of an 8-hour insulin and essential amino acid infusion. Data
Both unadjusted and adjusted (Hochberg) P values are reported.
TABLE 3. Insulin Sensitize Afte
or Placeboa

Variableb,c e

Demographic
characteristics

Age (y) 8.2)

Female, No. (%) 2)

BMI .23)

FFM (kg) 3.27)

Body fat (%) .99)

Glycemic control

Glucose (mg/dL) 1 5.79)

HbA1c (%) .64)

Insulin sensitivity

GIR (�m/kg of
FFM/min) 4.96)

Insulin (�U/mL) .58)

Lipid profile

Triglycerides (mg/dL) 1 0.33)

HDL-C (mg/dL) .53)

Non–HDL-C (mg/dL) 1 1.21)

Thrombotic markers

Fibrinogen (mg/dL) 3 8.20)

PAI-1 (ng/dL) .30)

Inflammatory markers

CRP (mg/dL) .48)

IL-6 (pg/mL) .69)

TNF-� (pg/mL) .23)

Adiponectin (mg/mL) .09)

a BMI � body mass index; CRP ion ra
lipoprotein cholesterol; IL-6 � in s; PAI
factor �.
b SI conversion factors: To conv leve
mmol/L, multiply by 0.0113; to c n–HD
levels to �mol/L, multiply by 0.0
c The GIR was calculated as me hroug
P�.001; Figure 2H). For all variables, treatment ef-
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FIGURE 2. Effects of insulin sensitizer therapy. Mean percent change in clinical measures of insulin sensitivity,
inflammation, and thrombosis during 3 months of treatment (metformin plus pioglitazone) vs placebo. Error
bars indicate SD. CRP � C-reactive protein; HDL-C � high-density lipoprotein cholesterol; IL-6 �
interleukin 6; PAI-1 � plasminogen activator inhibitor 1; TNF-� � tumor necrosis factor �.
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fect remained significant after adjustment for in-
terim changes in BMI, HbA1c level, and fasting glu-
cose concentration.

DISCUSSION
Results from the 2 studies reveal a close association
between insulin sensitivity and nearly all of the key
thrombotic and inflammatory factors thought to
modulate CVD risk. This relationship was apparent
in different ethnic groups and was independent of
the presence of diabetes. More important, tar-
geted pharmacological improvement of insulin
sensitivity significantly improved nearly all of the
thrombotic and inflammatory biomarkers with-
out lowering blood pressure or weight or altering
body composition. Although fasting glucose levels
improved with treatment, all treatment-related im-
provements in PAI-1, CRP, TNF-�, adiponectin,
triglycerides, HDL-C, and non–HDL-C remained
significant after adjustment for interim changes in
HbA1c and fasting glucose concentrations. This
finding reinforces the hypothesis that hyperglyce-
mia, hypertension, and adiposity do not account for
the entirety of thrombotic and inflammatory dys-
regulation present in individuals with impaired fast-
ing glucose and type 2 diabetes.

Study 2 clearly demonstrated that therapeutic
doses of metformin and pioglitazone have a favor-
able effect on many important CVD risk factors. Al-
though on the basis of these data one cannot con-
clude definitively that improvement in insulin
sensitivity alone caused all of the favorable changes
in thrombotic and inflammatory factors, these
changes occurred with improved insulin sensitivity
and independent of glycemia, blood pressure, and
body composition. The parallel, double-blind, ran-
domized controlled study design minimized poten-
tial confounders of dietary and physical activity
modifications.

Insulin resistance is a key feature of metabolic
syndrome and has been proposed to be the unifying
abnormality underlying atherothrombotic risk among
individuals with both diabetes and metabolic syn-
drome.2,29 The ability of insulin sensitizer therapy
to improve CVD biomarkers while improving in-
sulin sensitivity but without altering blood pres-
sure, weight, adiposity, or glycemic control fur-
ther supports the importance of insulin resistance
in driving CVD risk. It may similarly explain how
in addition to improving insulin sensitivity, exer-
cise30,31 and caloric restriction32 also signifi-
cantly lower inflammatory cytokine levels.

Longer-term studies are needed to determine
whether insulin sensitizer therapy in insulin-resistant
individuals without diabetes will lower atherothrom-
botic event rates and/or mortality rates. Nonetheless,

the observed improvements in inflammatory and t

Mayo Clin Proc. � June 2012;8
thrombotic factors strongly support the theory that
insulin-sensitizing agents can translate directly into
improved clinical outcomes. Indeed, metformin-
pioglitazone therapy increased HDL-C levels by
10% and adiponectin by 149.7% while lowering
concentrations of triglycerides by 11.9% and CRP
by 45.2%, all of which have been linked to de-
creased rates of fatal and nonfatal CVD events.33,34

Insulin sensitizer therapy was previously found
o improve these molecular risk factors in individu-
ls with known CVD,35 but no prior prospective

studies specifically assessed the association between
insulin sensitization and molecular CVD risk fac-
tors. Indeed, pioglitazone has been shown to reduce
the risk of fatal and nonfatal stroke, as well as fatal
and nonfatal myocardial infarction, in patients with
type 2 diabetes with and without a history of
stroke.22 Likewise, intensive medical therapy, which
included insulin sensitization or insulin provision
therapy, resulted in similar CVD outcomes during a
5-year period as did a more invasive revasculariza-
tion strategy among patients with type 2 diabetes
and angiographically confirmed CVD.25 Yet the
study presented here represents the first prospective
trial of insulin sensitizer therapy in individuals with-
out known CVD.

These results also offer a potential mechanistic
explanation for earlier observations that metformin
and pioglitazone therapies lower CVD event rates in
patients with type 2 diabetes.18,20,21,36 It remains to
be determined whether insulin sensitizer therapy
can similarly improve thrombotic and/or inflamma-
tory profiles in individuals with other diseases char-
acterized by insulin resistance, such as chronic kid-
ney disease, polycystic ovarian syndrome, autoimmune
disorders, and hypertension.

The significantly lower insulin sensitivity, along
with the concomitantly higher concentrations of in-
flammatory and thrombotic factors, in Asian Indians
without diabetes compared with Northern Euro-
pean Americans without diabetes observed in the
current study may explain the disproportionately
higher incidence of CVD among Asian groups.37,38

Consistent with previously published studies, Asian
Indians without diabetes have greater insulin resis-
tance and higher circulating levels of inflammatory
markers than Northern European Americans with-
out diabetes.26,39,40 We have also shown that pro-
hrombotic factors are increased in Asian Indians
ithout diabetes compared with Northern Euro-
ean Americans without diabetes, potentially con-
ributing to CVD risk.

A potential limitation of the study 1 design is
hat a cohort of Northern European Americans with
iabetes was not included in the study. Because
orthern European Americans with type 2 diabetes
end to have significantly higher BMI than age-

7(6):561-570 � http://dx.doi.org/10.1016/j.mayocp.2012.02.014
www.mayoclinicproceedings.org

http://dx.doi.org/10.1016/j.mayocp.2012.02.014


1

1

1

1

1

1

1

1

1

INSULIN SENSITIZERS IMPROVE CARDIOVASCULAR RISK FACTORS
matched Asian Indians with diabetes, the marked
discrepancies in BMI between the 2 groups would
confound any conclusions drawn from the effect of
insulin sensitivity itself. Indeed, the 9 participants of
study 2 who met the criteria for diagnosis of diabetes
on enrollment (fasting glucose level �126 mg/dL)
had a mean BMI of 33�6.08 compared with
26.6�3.5 in Asian Indians with diabetes. Body mass
index is known to be associated with the inflamma-
tory and thrombotic factors under investigation, and
the goal of our studies was to determine the po-
tential contribution of insulin sensitivity to this
relationship. The increase in CVD risk factors and
insulin resistance despite significantly lower BMI are
consistent with clinical data showing that Asian In-
dians develop diabetes and CVD at much lower BMI
than Northern Europeans.

CONCLUSION
There is a close and direct association between in-
sulin resistance and prothrombotic and proinflam-
matory factors linked to atherothrombotic dis-
ease. Metformin and pioglitazone combination
therapy, in addition to enhancing insulin sensitiv-
ity, significantly improved these factors. As the
number of individuals affected by obesity, diabe-
tes, and related disorders increases, CVD will con-
tinue to incur great personal and economic losses.
Targeted therapy of insulin resistance may ulti-
mately help decrease some of this morbidity and
mortality.
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