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Abstract
Objective—The American Diabetes Association has called for further research on how patient
demographics should determine drug choices for individuals with type 2 diabetes mellitus
(T2DM). Here, using in-depth physiology studies, we investigate whether obese patients with
T2DM are likely to benefit from thiazolidinediones, medications with a known side effect of
weight gain.

Materials and Methods—11 obese and 7 non-obese individuals with T2DM participated in this
randomized, placebo-controlled, double-blind, crossover study. Each subject underwent a pair of
“stepped” pancreatic clamp studies with subcutaneous adipose tissue biopsies following 21 days
of pioglitazone (45 mg) or placebo.

Results—Obese subjects demonstrated significant decreases in insulin resistance and many
adipose inflammatory parameters with pioglitazone relative to placebo. Specifically, significant
improvements in glucose infusion rates, suppression of hepatic glucose production, and whole fat
expression of certain inflammatory markers (IL-6, IL-1b, and iNOS) were observed in obese
subjects but not in non-obese subjects. Additionally, adipose tissue from obese subjects
demonstrated reduced infiltration of macrophages, dendritic cells, and neutrophils as well as
increased expression of factors associated with fat “browning” (PGC-1α and UCP-1).

Conclusions—These findings support the efficacy of pioglitazone to improve insulin resistance
and reduce adipose tissue inflammation in obese patients with T2DM.
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Introduction
The current global epidemic of obesity has important sequelae of insulin resistance, type 2
diabetes mellitus and other non-communicable diseases. Obesity is associated with chronic
low- grade inflammation, insulin resistance, and increased infiltration of macrophages into
adipose tissue (1-3). In fact, adipose macrophage content is inversely correlated to insulin
action in normal subjects (4). Additionally, adipose tissue itself produces several pro-
inflammatory and pro- coagulant factors in proportion to the degree of adiposity (5-8). One
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such cytokine, IL-6, appears to be an important culprit in obesity-induced insulin resistance,
atherosclerosis, and cardiovascular disease (9). Indeed, IL-6 acts on adipocytes, hepatocytes,
myocytes, and pancreatic beta cells to influence the body's regulation of glucose metabolism
(10). Likewise, IL-1b is purported to be involved in the pathogenesis of both T1DM and
T2DM and, interestingly, it is highly expressed in the epicardial adipose tissue of patients
with multiple risk factors for coronary atherosclerosis (10, 11). iNOS, too, has been
implicated in insulin resistance and obesity and conversely its inhibition has been shown to
reduce obesity-induced insulin resistance (12). Further studies have suggested that crosstalk
between adipocytes and inflammatory cells results in greater increases in adipose tissue
inflammation (4, 13, 14).

Of note, the thiazolidinedione class of anti-diabetic medications works by activating the
transcription factor peroxisome proliferator-activated receptor gamma (PPARγ). PPARγ is
expressed in both adipocytes (15) and macrophages (16, 17), and is responsible for
regulating fatty acid storage, glucose metabolism, adipocyte differentiation, adipose tissue
gene expression, and adipose depot formation (15, 18, 19). Its activation with
thiazolidinediones has been shown to have both anti-inflammatory and insulin-sensitizing
effects (18, 19). Increasing evidence implicates infiltration of adipose tissue with
inflammatory cells as an important pathogenetic mechanism in systemic insulin resistance.
In both rodents and humans, obesity is associated with increased adipose tissue macrophage,
dendritic cell, and neutrophil content (3,20,21). Adipose tissue macrophages produce fat-
derived cytokines which generate a pro-inflammatory state that is thought to contribute to
insulin resistance (22). We recently reported that after 21 days of treatment with the
thiazolidinedione, pioglitazone, subjects with T2DM displayed substantial decreases in
macrophage content, improved hepatic and peripheral insulin action, and increased levels of
circulating adiponectin. These effects were preceded by decreases in whole fat macrophage
chemoattractant factors, which are the signaling molecules that recruit macrophages into fat,
and their receptors after only 10 days of treatment (23,24).

Interestingly, thiazolidinedione treatment has been shown to cause significant and seemingly
paradoxical weight gain when used clinically (25). It is known that subcutaneous adipose
tissue, as opposed to visceral adipose tissue, does not increase the risk for many of the
diseases commonly associated with obesity (26). Thus, the benefits of thiazolidedione-
associated weight gain have been partially explained by demonstrations that
thiazolidinediones induce terminal differentiation of subcutaneous but not visceral
preadipocytes and that thiazolidinediones result in the remodeling of fat depots from visceral
to subcutaneous sites (27). Furthermore, it has been shown in rodents and rodent cell
cultures that thiazolidinediones induce a conversion of white fat, which stores energy and
triglycerides, to brown fat, a more metabolically favorable tissue that releases energy as heat
(28-31). On the other hand, weight gain associated with thiazolidinedione treatment may
indicate a potential detriment to using these agents in obesity. Given the role that
thiazolidinediones play in modifying adipose tissue biology, inflammation, and insulin
resistance, it is conceivable that thiazolidinediones would have differing effects in obese
compared to non-obese patients. Therefore, we examined the effects of pioglitazone
separately in obese and non-obese subjects with T2DM.

Materials and Methods
Human subjects

Studies were performed using a randomized, double-blind, placebo- controlled crossover
design. All studies and procedures were approved by the Albert Einstein College of
Medicine Institutional Review Board. All subjects with a history of heart disease,
cerebrovascular disease, seizures, bleeding disorders, muscular disease, smoking, or any
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disease other than T2DM and well-controlled hypertension were excluded. Women of
childbearing age were allowed to participate in the study if a pregnancy test within a week
of the clamp study was negative. Prior to enrollment in the study, the purpose, nature, risks,
and benefits of the study were explained to subjects and their informed, written consent was
obtained. Eighteen volunteers with moderately-to-poorly controlled T2DM were enrolled.
Subjects were instructed to maintain their typical diet and activity level during the study
period. Prior to clamp studies, sulfonylureas and metformin were discontinued for 3 days
and long-acting insulin was discontinued for 24 hours. Subjects took pioglitazone on the
morning of their studies but were otherwise directed to fast from the night before each study
until the completion of each study.

Clamp studies
Of the 18 subjects enrolled, 16 participated in a pair of crossover clamp studies after
receiving either 21 days of treatment with 45 mg/day of pioglitazone or placebo. Study
agents were given in a randomized, double-blind fashion with a washout period of at least
three weeks. Adipose tissue biopsies were performed under local anesthesia during the final
30 minutes of each clamp study. Six-hour “stepped” euglycemic-hyperinsulinemic clamp
studies (Figure 1A) were used to assess the effects of the study agents on hepatic and
peripheral insulin action. Euglycemic-hyperinsulinemic clamps are considered the gold
standard for evaluating insulin sensitivity (32). The purpose of performing “stepped” clamps
is to obtain information on insulin action at both ends of the physiologic insulin
concentration range. Specifically, the low-insulin phase of the clamp is designed to measure
insulin's ability to suppress hepatic glucose production (HGP) by the liver, while the high-
insulin phase is designed to assess insulin's ability to stimulate whole body glucose uptake
(33). Subjects were admitted on the evening prior to the studies and intravenous access was
obtained. Insulin infusions (Novolin Regular) were started at 3:00 a.m. and insulin infusion
rate was adjusted based on hourly serum glucose measurements to reach a euglycemic state.
At 7:30 a.m., we obtained intravenous access in the opposite arm for blood sampling.
“Stepped” euglycemic-hyperinsulinemic clamps were performed as described previously
(24). At t=0, a primed continuous infusion of high-performance liquid chromatography
purified [3- 3H] glucose was started (bolus 21.6 μCi for 5 min followed by continuous
infusion of 0.15 μCi/min) to measure glucose fluxes. From t=0 to t=120, insulin infusion
rate was frequently adjusted to keep plasma glucose levels at 90 mg/dl and to determine the
basal insulin replacement rate required to maintain euglycemia. From t=120 to t=240,
insulin infusion rates were increased to 20 mU/m2/min above basal corresponding to the
“low-insulin step” of the clamp. From t=240 to t=360, infusions were increased to 150 mU/
m2/min above basal corresponding to the “high-insulin step” of the clamp. Somatostatin
(250 mg/h) was infused for the duration of all clamp studies with replacement of
glucoregulatory hormones (glucagon 1 ng/kg/min; growth hormone 3 ng/kg/min) to
maintain constant hormone levels throughout studies. Plasma glucose concentrations were
measured at 5 to 10 minute intervals during the study and maintained at normal fasting
concentrations (∼90 mg/dl) by frequently adjusting a variable infusion of [3-3H] glucose-
enriched 20% dextrose. Blood samples were obtained regularly during studies for
determinations of plasma insulin, C-peptide, free fatty acids, glycerol, and [3-3H] glucose
determinations. At t=360, infusions were stopped and the subject was given a standard meal.
To avoid hypoglycemia, dextrose infusion was continued for 30 minutes following the
completion of each study with measurements of plasma glucose for another 60 minutes.

Plasma hormone and substrate determinations
Plasma glucose was measured at the bedside using a Beckman glucose analyzer (Fullerton,
CA) by use of the glucose oxidase method. Plasma insulin was measured by
radioimmunoassay. Plasma FFA levels were measured by an acyl-CoA oxidase-based
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colorimetric kit (Wako, Osaka, Japan) as previously described (34). Plasma glycerol was
measured by colorimetric enzymatic methods and plasma lactate by a previously described
fluorometric enzyme technique (23).

Adipose tissue biopsies
All 18 subjects underwent adipose tissue biopsies after receiving either 21 days of
pioglitazone or placebo as described above. A 0.25 cm cutaneous incision in the
periumbilical region was made under local anesthesia (Lidocaine 1%) and 1-2g of adipose
were obtained by aspiration (35). Biopsy specimens were homogenized in Trizol (Invitrogen
Technologies, Carlsbad, CA) to inhibit any RNAase activity, and subsequently stored at
−80°C.

Adipose tissue separation
Subcutaneous adipose tissue samples were washed and digested with collagenase type 1.
Adipocytes and macrophages were separated from the stromal vascular fraction as
previously described (23). Separated adipocytes and macrophages were washed with PBS,
stored in Trizol, and analyzed by quantitative real time RT-PCR.

Quantitative Real-Time RT-PCR
Total RNA was extracted from the adipose tissue samples using Trizol. cDNA was
synthesized using the Superscript First Strand Synthesis System for RT-PCR (Invitrogen
Technologies, Carlsbad, CA). Gene expression was studied by quantitative, real-time RT-
PCR using the protocol for the LightCycler instrument (Roche Diagnostics, Indianapolis,
IN). SYBRGreen1 dye (Roche Diagnostics) was used for detection of double-stranded DNA
and housekeeping genes as previously described (24). Results are expressed as relative copy
number of a gene following pioglitazone treatment versus following placebo treatment and
corrected for the geometric mean of housekeeping genes run with that pair of samples.

Statistical Analysis
For the purposes of this analysis, subjects were categorized by body mass index (BMI) as
either obese (BMI>30) or non-obese (BMI<30). Statistical analysis was performed using
STATA software, version 12 (StataCorp, College Station, TX). Given our relatively small
sample size, the assumption of normality required to conduct parametric analyses was not
met. Therefore, non-parametric analyses were conducted. Comparison of independent
medians was assessed using the Mann-Whitney test and comparison of paired medians was
assessed using the Wilcoxon matched pairs signed-rank test. All data are presented as
median (interquartile range).

Results
Subject Characteristics

In the current crossover study, obese subjects with T2DM (n=11, BMI>30) and non-obese
subjects with T2DM (n=7, BMI<30) received 21-days of either pioglitazone or placebo in a
randomized, double-blind fashion prior to each clamp study and/or adipose tissue biopsy.
Baseline subject characteristics are outlined in Table 1. Of note, the study groups did not
significantly differ in age, HbA1c%, or plasma lipids, though, as expected, they did differ in
weight and BMI. Though long-term pioglitazone treatment is known to cause significant
weight gain, there were no significant changes in mean BMI or weight over this time course
in either group.
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Responses of the obese and non-obese study groups to pioglitazone versus placebo were
assessed. Complete results are tabulated in Table 2 (obese group) and Table 3 (non-obese
group), with only p-values included in the body of the text.

Fasting Conditions
Overnight plasma glucose levels did not differ in pioglitazone-treated versus placebo-treated
subjects in either the obese group (p=0.50) or the non-obese group (p>0.99). The insulin
infusion rate required to maintain plasma glucose in the euglycemic range overnight was
significantly lower following pioglitazone treatment versus placebo treatment in the obese
group (p=0.04) but not in the non-obese group (p=0.85) (Figure 1B).

Glucose Fluxes
Pioglitazone treatment resulted in significantly greater suppression of hepatic glucose
production (HGP) by insulin during the low-insulin step of the clamp (t=180-240) in the
obese group (p=0.02) while suppression of HGP in the non-obese group following
pioglitazone treatment failed to reach significance (p=0.09) (Figure 1C). The rate of glucose
disappearance (Rd) during the low-insulin step of the clamp did not significantly differ in
either the obese group (p=0.14) or the non-obese group (p=0.61). However, the glucose
infusion rate (GIR) required to maintain euglycemia during the low-insulin step of the clamp
was significantly increased following treatment with pioglitazone relative to following
treatment with placebo in the obese group (p=0.02) but not in the non-obese group (p=0.40)
(Figure 1D).

During the high-insulin phase of the clamp, the HGP in both groups and following both
treatments was highly suppressed. There were no significant differences in HGP following
pioglitazone treatment versus following placebo treatment in either the obese group (p=0.50)
or the non-obese group (p>0.99). As expected, the Rd in both groups and following both
treatments was elevated during the high-insulin step of the clamp. No differences were seen
in Rd in either the obese group (p=0.11) or the non-obese group (p=0.18) during the high-
insulin phase, indicating no differences in insulin-mediated glucose uptake. The GIR
required to maintain euglycemia during the high-insulin step of the clamp was again
significantly increased in the obese group following treatment with pioglitazone relative to
following treatment with placebo (p=0.009) but not in the non-obese group (p=0.13) (Figure
1E).

Clamp Conditions
Plasma levels of free fatty acids, glycerol, insulin, and C-peptide are included in tables 2 and
3. Glucose specific activity remained stable throughout the studies as previously described
(23).

Macrophage chemoattractant factors
To assess the degree to which pioglitazone reduces the inflammatory environment of whole
fat with respect to macrophage chemoattraction, we assessed the expression of two
macrophage chemoattractant factors, Macrophage Chemoattractant Protein-1 (MCP-1) and
CD44. Additionally, we examined the expression of the receptor for MCP-1, chemokine (C-
C motif) receptor 2 (CCR2), in macrophages. Pioglitazone treatment significantly reduced
the expression of MCP-1 in whole fat in obese patients relative to administration of placebo
(p=0.02). This reduction in MCP-1 expression in whole fat was of borderline significance in
the non-obese group (p=0.07). Neither the obese group nor the non- obese group had
significantly differing expression of CCR2 in macrophages (p=0.08 in the obese group;
p=0.27 in the non-obese group) with pioglitazone relative to placebo. However, the
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expression of the macrophage chemoattractant factor, CD44, in whole fat was significantly
decreased following pioglitazone relative to placebo in the obese group (p=0.03) but not in
the non- obese group (p=0.14).

Adipose macrophage content
To measure the adipose macrophage content of fat, we measured expression of three
macrophage-specific markers. Decreased expression of colony- stimulating factor 1 receptor
(CSF-1R) following pioglitazone treatment trended toward significance in both groups
relative to placebo (p=0.06 in the obese group; p=0.07 in the non-obese group). The
expression of CD14 was significantly reduced following administration of pioglitazone
relative to placebo in the obese group (p=0.02) with borderline significant reduction of
CD14 expression in the non-obese group (p=0.07). Similarly, the expression of CD68 was
significantly reduced with pioglitazone relative to placebo in the obese group (p=0.02) and
borderline significantly reduced in the non-obese group (p=0.07).

Inflammatory markers and macrophage activation
To assess the degree to which pioglitazone treatment affects the inflammatory milieu of
adipose tissue, we measured changes in the expression of the proinflammatory cytokines
IL-6, IL-1B, and TNF-α, the protective cytokines arginase-1 and IL-10, the serine protease
inhibitor PAI-1 which is associated with obesity and insulin resistance, and iNOS which is a
marker of adipose tissue macrophage activation. Following pioglitazone treatment, obese
subjects had significantly reduced whole fat expression of the inflammatory cytokines IL-6
(p=0.04), IL-1b (p=0.03), and TNF-α (p = 0.005) relative to placebo. In contrast, in non-
obese subjects the whole fat expression of IL-6 (p=0.59) and IL-1B (p=0.11) was not
significantly different between the two treatment arms with only TNF-α expression
undergoing a significant reduction in expression level with pioglitazone treatment (p=0.03).
Macrophage expression of the protective cytokine, arginase-1, after treatment with
pioglitazone relative to placebo demonstrated an upward trend in obese subjects (p=0.07)
but a downward trend in non- obese subjects (p=0.11). The expression of another protective
cytokine, IL-10, by macrophages was increased in both groups but not significantly in either
group (p=0.07 in the obese group and p=0.11 in non-obese group). Whole fat expression of
PAI-1 was significantly reduced following pioglitazone relative to placebo in obese subjects
(p=0.02) and borderline significantly reduced in non-obese subjects (p=0.07). iNOS
expression, another measure of adipose tissue macrophage activation, was significantly
reduced with pioglitazone in obese subjects (p=0.04) but not in non- obese subjects
(p=0.11).

Dendritic cell and neutrophil content
Following pioglitazone treatment, obese subjects demonstrated significantly reduced whole
fat expression of the dendritic cell markers DEC-205 (p=0.04) and DC-SIGN (p=0.04) while
non-obese subjects displayed borderline significant reductions in DEC-205 (p=0.07) and
DC-SIGN (p=0.07). Similarly, the expression of the neutrophil marker myeloperoxidase-3
(MPO-3) was significantly reduced in obese subjects with pioglitazone relative to placebo
(p=0.04) with borderline significant reduction in the expression of MPO-3 in non- obese
subjects (p=0.07).

Adipose tissue characteristics
Following pioglitazone treatment, whole fat expression of adiponectin, a marker of fatty
acid oxidation and an insulin-sensitizing effector, were significantly increased in obese
subjects relative to administration of placebo (p=0.04) with a borderline significant increase
in the non-obese group (p=0.07). Whole fat expression of peroxisome proliferator activated
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receptor gamma coactivator-1 alpha (PGC-1α), a master regulator of mitochondrial
biogenesis and fat browning, was not significantly increased in either group following
pioglitazone. However, it did approach significance in the obese group (p=0.07) whereas it
did not do so in the non-obese group (p=0.47). Expression of uncoupling protein-1 (UCP-1),
also known as thermogenin, a downstream component of the fat browning process, was
significantly increased in the whole fat of obese subjects following pioglitazone (p=0.03)
and borderline significantly increased in non-obese subjects (p=0.07).

Discussion
The need for “personalized medicine” is increasingly recognized in light of the growing
complexities of managing T2DM and other chronic diseases (36). Indeed, despite the
availability of multiple pharmacologic options, management of T2DM frequently remains
sub-optimal. While metformin is universally recommended as a first-line agent for the
treatment of T2DM, several additional drug classes are recommended as second-line
options, to be selected on a case-by- case basis (37). One of these medication classes,
thiazolidinediones, activate PPARγ which is a nuclear receptor that mediates a range of
processes including adipocyte differentiation, adipose tissue gene expression, adipose depot
formation, and glucose metabolism (15,18,19). Additionally, thiazolidinediones have been
shown to have both anti-inflammatory and insulin-sensitizing effects (18,19).

Given these findings, it is interesting that pioglitazone, a drug approved for the treatment of
T2DM, has been shown to cause significant weight gain (25). This may cause clinicians to
be hesitant to use pioglitazone to treat their obese patients with diabetes. However,
additional data is necessary for clinicians to determine which patient sub-populations are
likely to benefit from thiazolidinedione treatment. In fact, since none of the second-line anti-
diabetic medication classes has proven to be superior, the American Diabetes Association
position statement on the management of T2DM calls for further research “on how
phenotype and other patient/disease characteristics should drive drug choices (37).”

The current study demonstrated that treatment of obese subjects with pioglitazone resulted
in substantial improvements in insulin sensitivity and adipose tissue inflammatory and
secretory profiles. Furthermore, major differences between the responses of the obese and
non-obese groups were observed with regard to improvement in glucose fluxes (specifically
insulin sensitivity, glucose infusion rate, and hepatic glucose production) and expression of
certain inflammatory markers (IL-6, IL-1b, and iNOS) with pioglitazone treatment relative
to placebo. These three inflammatory markers were noted earlier to be associated with
diabetes, obesity, insulin resistance, and cardiovascular disease (9-12). The pioglitazone-
associated reduction in the expression of these markers in obese subjects is likely to be
beneficial. These findings are supported by prior studies suggesting that thiazolidinedione-
associated weight gain results in the remodeling of adipose tissue to a more metabolically
active form (27).

It is also striking that in this cohort of obese subjects, pioglitazone resulted in a near-
significant increase in expression of an upstream regulator of fat browning and a significant
increase in expression of a downstream factor associated with fat browning (PGC-1α and
UCP-1). Such white-to-brown adipose differentiation, which was previously demonstrated
in rodents and rodent cell cultures following PPARγ agonist treatment (28-31,38), may
prove to be a benefit of thiazolidinedione-treatment resulting in protective metabolic effects.
Of course, in terms of assessing pioglitazone's effects on adipose tissue browning, our
findings are early ones that will need to be supported by further studies designed to assess
adipose tissue structure, mitochondrial content, and energy expenditure, with an extensive
look at adipose-browning-associated gene expression.
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Since the effort of conducting such in-depth physiology studies in human subjects with
diabetes limited the current sample size, non-parametric statistical methods were used to
reduce the influence that outliers would typically have on smaller studies. Of note, although
the majority of measured parameters did not reach significance in the non-obese group, we
cannot rule out the possibility that this was due to its slightly smaller sample size. However,
this ought not to detract from the important findings demonstrated in obese subjects.
Interestingly, though pioglitazone is known to cause weight gain when used long-term, the
weights of these subjects were not affected by this short-term exposure to pioglitazone.

In addition to weight gain, pioglitazone has been linked to bone loss, fluid retention, and,
perhaps, bladder cancer (39). On the other hand, pioglitazone has been shown to have
particular benefits in certain populations, such as improving liver function in individuals
with nonalcoholic fatty liver disease and reducing proteinuria in patients with both T2DM
and reduced glomerular filtration rate (40). The sample size and duration of the current study
were not designed to address the safety of pioglitazone, though it was reassuring that none
of the subjects in this study experienced any adverse effects.

Of note, the prevalence of obesity in patients with diabetes is greater than 50% (41). This
underscores the importance of identifying therapeutic agents whose mechanisms of action
would make them likely to benefit obese patients. In particular, adipose tissue inflammatory
cells appear to be an important unifying mechanism linking nutrient excess, inflammation,
and insulin resistance. In the absence of targeted therapeutic approaches to decrease adipose
inflammation, demonstrating beneficial effects of thiazolidinediones on adipose
inflammatory cells and their activation, especially in an obese population, has important
clinical implications. Though subsequent larger studies will be helpful to confirm the
findings of this mechanistic study, from the standpoint of efficacy our work suggests that
pioglitazone treatment favorably impacts insulin resistance and adipose biology in obese
patients with T2DM.
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Figure 1.
(A) “Stepped” euglycemic-hyperinsulinemic pancreatic clamp study time course. (B)
Overnight insulin infusion rate required to maintain euglycemia was significantly lower
following pioglitazone in the obese group (p=0.04) but not in the non-obese group (p=0.85).
(C) Hepatic glucose production (HGP) during the low-step of the clamp was significantly
suppressed in the obese group (p=0.02) while suppression of HGP in the non-obese group
following pioglitazone failed to reach significance (p=0.09). (D) Glucose infusion rate (GIR)
required to maintain euglycemia during the low-insulin step of the clamp was significantly
increased with pioglitazone in the obese group (p=0.02) while the GIR in the non-obese
group did not significantly differ (p=0.40). (E) GIR required to maintain euglycemia during
the high-insulin step of the clamp was significantly increased in the obese group with
pioglitazone (p=0.009) while GIR did not significantly differ in the non-obese group
(p=0.13).

Esterson et al. Page 11

J Investig Med. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Esterson et al. Page 12

Table 1

Subject Characteristics (N=18).

OBESE (N=11) NON-OBESE (N=7) P-value

Continuous Variables Median (IQR) Median (IQR)

Age (years) 47 (40 – 51) 53 (42 – 54) 0.36

BMI (kg/m2) 35.76 (32.49 – 39.82) 28.89 (28.09 – 29.35) <0.001*

Weight (kg) 100 (89.5 – 112.5) 88 (77.5 – 94.0) 0.03*

HbA1c (%) 9.1 (8.7 – 11) 10.2 (9.1 – 12.7) 0.22

HbA1c (mmol/mol) 76 (72 – 97) 88 (76 – 115) 0.22

Total cholesterol (mg/dl) 189 (176 – 200) 187 (169 – 199) 0.71

LDL (mg/dl) 116 (95 – 122) 118.5 (107 – 134) 0.52

HDL (mg/dl) 40 (36 – 46) 40 (37 – 53) 0.67

Triglycerides (mg/dl) 156 (93 – 168) 129 (78 – 270) 0.79

Categorical Variables N(%) N(%)

Sex

 Male 7 (36.36) 5 (71.43) –

 Female 4 (63.64) 2 (28.57) –

*
p<0.05 in obese patients relative to non-obese patients
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Table 2

Fasting Conditions, Glucose Fluxes, and Adipose Inflammatory Profile in Obese Subjects.

Post-Placebo Post-Pioglitazone P-value

Median (IQR) Median (IQR)

Subject Characteristics

Weight (kg) 100.0 (89.5 – 112.5) 98.1 (89.5 – 110.5) 0.66

Fasting Conditions

O/N glucose (mg/dl) 148 (114 – 166) 127 (123 – 141) 0.50

O/N IIR (units/hour) 1.72 (0.95 – 2.48) 0.92 (0.84 – 1.88) 0.04*

Glucose Fluxes – Low Insulin Step

HGP (mg/kg/min) 1.74 (1.28 – 1.98) 0.98 (0.64 – 1.18) 0.02*

Rd (mg/kg/min) 2.84 (2.41 – 3.59) 3.54 (2.78 – 4.64) 0.14

GIR (ml/min) 1.87 (1.09 – 2.34) 3.52 (1.36 – 3.96) 0.02*

Glucose Fluxes – High Insulin Step

HGP (mg/kg/min) 0.46 (-0.23 – 0.87) 0.05 (-0.34 – 0.40) 0.50

Rd (mg/kg/min) 7.58 (6.18 – 7.97) 7.83 (6.82 – 10.79) 0.11

GIR (ml/min) 6.55 (5.29 – 8.24) 8.38 (7.38 – 9.55) 0.009*

Clamp Conditions – Low Insulin Step

Free fatty acids 65 (48 – 103) 54 (17 – 69) 0.26

Glycerol 82 (37 – 111) 62 (35 – 82) 0.24

Insulin 70.85 (54.33 – 107) 83.29 (55.67 – 105.1) 0.59

C-peptide 0.13 (0.10 – 0.17) 0.12 (0.12 – 0.14) 0.90

Clamp Conditions – High Insulin Step

Free fatty acids 28 (18 – 69) 15.5 (6 – 25) 0.29

Glycerol 60 (40 – 77) 47 (34 – 56) 0.15

Insulin 429.22 (367.00 – 519.32) 379.75 (340.18 – 479.16) 0.58

C-peptide 0.06 (0.06 – 0.08) 0.08 (0.06 – 0.10) 0.21

Macrophage chemoattractant factors†

MCP-1 1.24E-1 (6.43E-2 – 1.94E-1) 8.57E-2 (6.34E-2 – 8.77E-2) 0.02*

CCR-2# 4.63E-3 (2.08E-3 – 5.36E-3) 1.42E-3 (1.38E-3 – 1.51E-3) 0.08

CD44 9.04E-2 (6.83E-2 – 1.33E-1) 4.80E-2 (4.22E-2 – 6.50E-2) 0.03*

Adipose macrophage content†

CSF-1R 1.67E-2 (7.23E-3 – 3.22E-2) 1.00E-2 (6.32E-3 – 1.91E-2) 0.06

CD14 9.93E-2 (6.19E-2 – 1.76E-1) 6.58E-2 (4.10E-2 – 1.12E-1) 0.02*

CD68 3.12E-1 (2.29E-1 – 3.51E-1) 1.81E-1 (1.47E-1 – 2.58E-1) 0.02*

Inflammatory markers and macrophage activation†

IL-6 6.28E-3 (3.76E-3 – 1.58E-2) 3.06E-3 (2.49E-3 – 4.68E-3) 0.04*
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Post-Placebo Post-Pioglitazone P-value

Median (IQR) Median (IQR)

IL-1b 1.84E-2 (7.33E-3 – 3.34E-2) 6.52E-3 (1.20E-3 – 9.16E-3) 0.03*

TNF-α 1.14E-2 (6.34E-3 – 2.50E-2) 5.99E-3 (4.67E-3 – 6.28E-3) 0.005*

PAI-1 9.97E-2 (8.77E-3 – 1.56E-2) 7.89E-3 (4.03E-3 – 1.45E-2) 0.02*

Arginase-1#° 1.80E-3 (8.42E-4 – 2.23E-3) 2.46E-3 (1.01E-3 – 3.65E-3) 0.07

IL-10#° 2.06E-3 (9.81E-4 – 2.37E-3) 2.93E-3 (1.28E-3 – 4.09E-3) 0.07

iNOS 1.91E-3 (6.37E-4 – 1.98E-3) 6.25E-4 (5.01E-4 – 1.41E-3) 0.04*

Dendritic cell and neutrophil content†

MPO-3 1.20E-2 (1.04E-2 – 2.09E-2) 5.06E-3 (4.54E-3 – 7.89E-3) 0.04*

DC-SIGN 4.00E-3 (3.90E-3 – 4.53E-3) 2.06E-3 (1.61E-3 – 2.51E-3) 0.04*

DEC-205 2.72E-3 (4.69E-4 – 9.82E-3) 1.54E-3 (4.33E-4 – 6.56E-3) 0.04*

Adipose tissue characteristics†

Adiponectin 1.63E0 (1.07E-1 – 1.82E0) 2.29E0 (1.94E0 – 1.79E0) <0.05*

PGC-1α 3.94E-4 (1.07E-4 – 8.97E-4) 1.05E-3 (1.79E-4 – 3.29E-3) 0.07

UCP-1 1.43E-2 (2.90E-3 – 1.03E-1) 7.74E-2 (3.51E-3 – 1.65E-1) 0.04*

*
p<0.05

†
All genes are expressed as relative copy number

#
Gene Expression by macrophages rather than whole fat

°
Arginase-1 and IL-10 are said to be protective cytokines

O/N=overnight, IIR=insulin infusion rate, HGP=hepatic glucose production, Rd=rate of glucose disappearance, GIR=glucose infusion rate.
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Table 3

Fasting Conditions, Glucose Fluxes, and Adipose Inflammatory Profile in Non-Obese Subjects.

Post-Placebo Post-Pioglitazone P-value

Median (IQR) Median (IQR)

Subject Characteristics

Weight (kg) 88.0 (77.5 – 94.0) 88.0 (81.5 – 94.0) 0.05

Fasting Conditions

O/N glucose (mg/dl) 147.5 (131 – 165) 131.5 (118 – 146) 0.99

O/N IIR (units/hour) 1.74 (1.26 – 2.66) 1.44 (1.20 – 1.76) 0.85

Glucose Fluxes – Low Insulin Step

HGP (mg/kg/min) 1.18 (0.56 – 1.59) 0.79 (0.46 – 1.33) 0.09

Rd (mg/kg/min) 3.82 (2.66 – 5.70) 3.93 (3.06 – 4.64) 0.61

GIR (ml/min) 2.02 (1.56 – 4.54) 3.09 (2.12 – 3.56) 0.40

Glucose Fluxes – High Insulin Step

HGP (mg/kg/min) 0.14 (-0.19 – 0.55) 0.15 (0.09 – 0.33) 0.99

Rd (mg/kg/min) 8.86 (5.37 – 10.46) 9.11 (8.44 – 11.22) 0.18

GIR (ml/min) 8.23 (7.80 – 9.08) 8.36 (8.21 – 9.73) 0.13

Clamp Conditions – Low Insulin Step

Free fatty acids 80 (49 – 125) 55 (19 – 96) 0.40

Glycerol 24 (21 – 72) 18 (17 – 66) 0.02*

Insulin 81.23 (50.13 – 107.24) 44.33 (38.03 – 84.41) 0.03*

C-peptide 0.18 (0.11 – 0.20) 0.16 (0.11 – 0.17) 0.61

Clamp Conditions – High Insulin Step

Free fatty acids 26 (24 – 43) 28.5 (16.5 – 40.5) 0.74

Glycerol 31 (17 – 59) 21 (12 – 51) 0.09

Insulin 405.63 (327 – 460.18) 350.25 (326.47 – 440.06) 0.60

C-peptide 0.09 (0.06 – 0.14) 0.08 (0.06 – 0.12) 0.80

Macrophage chemoattractant factors†

MCP-1 5.39E-2 (2.90E-2 – 1.08E-1) 4.20E-2 (1.88E-2 – 1.02E-1) 0.07

CCR2# 3.62E-3 (2.29E-3 – 3.66E-3) 2.06E-3 (9.33E-4 – 3.06E-3) 0.27

CD44 1.24E-1 (7.31E-2 – 1.40E-1) 3.74E-2 (2.19E-2 – 5.33E-2) 0.14

Adipose macrophage content†

CSF-1R 3.30E-2 (1.64E-2 – 5.70E-2) 1.39E-2 (8.42E-3 – 2.75E-2) 0.07

CD14 8.26E-2 (5.91E-2 – 2.20E-1) 6.33E-2 (4.66E-2 – 1.33E-1) 0.07

CD68 5.07E-1 (2.28E-1 – 1.12E0) 2.42E-1 (1.81E-1 – 5.95E-1) 0.07

Inflammatory markers and macrophage activation†

IL-6 3.77E-3 (5.37E-4 – 2.87E-2) 1.68E-3 (3.89E-4 – 2.95E-2) 0.59

IL-1b 1.84E-2 (1.32E-2 – 8.51E-2) 1.69E-2 (4.85E-3 – 2.02E-2) 0.11

TNF-α 1.75E-2 (6.89E-3 – 6.43E-2) 4.95E-3 (2.12E-3 – 1.66E-2) 0.03*
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Post-Placebo Post-Pioglitazone P-value

Median (IQR) Median (IQR)

PAI-1 9.92E-3 (5.91E-3 – 3.01E-2 4.68E-3 (4.22E-3 – 3.12E-2) 0.07

Arginase-1#° 2.38E-4 (2.61E-5 – 3.01E-3) 764E-4 (5.69E-5 – 4.53E-3) 0.11

IL-10#° 2.70E-3 (5.05E-5 – 4.31E-3) 4.89E-3 (1.35E-4 – 5.04E-3) 0.11

iNOS 9.30E-4 (4.63E-4 – 1.26E-3) 3.64E-4 (9.10E-6 – 7.35E-4) 0.11

Dendritic cell and neutrophil content†

MPO-3 2.34E-2 (2.14E-2 – 3.37E-2) 8.19E-3 (5.79E-3 – 1.40E-2) 0.07

DC-SIGN 4.43E-3 (1.68E-3 – 7.13E-3) 1.95E-3 (9.22E-4 – 4.13E-3) 0.07

DEC-205 2.85E-3 (4.59E-4 – 6.57E-3) 1.50E-3 (3.63E-4 – 5.03E-3) 0.07

Adipose tissue characteristics†

Adiponectin 4.62E-1 (9.57E-2 – 1.10E0) 1.87E0 (9.71E-1 – 2.46E0) 0.07

PGC-1α 1.67E-3 (8.78E-4 – 1.27E-1) 2.00E-2 (5.14E-4 – 4.06E-2) 0.47

UCP-1 8.52E-4 (3.04E-4 – 3.81E-3) 7.05E-2 (6.03E-4 – 3.97E-1) 0.07

*
p<0.05

†
All genes are expressed as relative copy number

#
Expression by macrophages rather than whole fat

°
Arginase-1 and IL-10 are said to be protective cytokines

O/N=overnight, IIR=insulin infusion rate, HGP=hepatic glucose production, Rd=rate of glucose disappearance, GIR=glucose infusion rate.
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