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Early studies reported that the size of adipose cells positively correlates with insulin resistance, but recent evidence
suggests that the relationship between adipose cell size and insulin resistance is more complex. We previously reported
that among BMI-matched moderately obese subjects who were either insulin sensitive or resistant insulin resistance
correlated with the proportion of small adipose cells, rather than the size of the large adipose cells, whereas the size of
large adipose cells was found to be a predictor of insulin resistance in the first-degree relatives of type 2 diabetic (T2D)
patients. The relationship between adipose cellularity and insulin resistance thus appears to depend on the metabolic
state of the individual. We did a longitudinal study with T2D patients treated with the insulin-sensitizer rosiglitazone to
test the hypothesis that improved insulin sensitivity is associated with increased adipocyte size. Eleven T2D patients
were recruited and treated with rosiglitazone for 90 days. Blood samples and needle biopsies of abdominal
subcutaneous fat were taken at six time points and analyzed for cell size distributions. Rosiglitazone treatment
ameliorated insulin resistance as evidenced by significantly decreased fasting plasma glucose and increased index of
insulin sensitivity, QUICKI. In association with this, we found significantly increased size of the large adipose cells and,
with a weaker effect, increased proportion of small adipose cells. We conclude rosiglitazone treatment both enlarges
existing large adipose cells and recruits new small adipose cells in T2D patients, improving fat storage capacity in
adipose tissue and thus systemic insulin sensitivity.

Introduction

Obesity leads to insulin resistance, which in turn increases the
risk for Type 2 diabetes (T2D).1 It has been proposed that a fail-
ure of adipocyte differentiation or defect in fat storage capacity
in subcutaneous adipose tissue leads to fat storage in the main
insulin responsive organs such as muscle and liver, causing insu-
lin resistance and possibly T2D.2-4 However, the underlying
mechanism that regulates adipose cell size remains unclear.
Numerous early human studies have suggested that insulin resis-
tance is associated with larger adipose cells.5-12 Indeed, at the cell
level, larger adipose cells are more insulin resistant.5,6 On the
population level, however, recent evidence suggests that the situa-
tion may be different and more complex.13 It was found that
among equally and moderately obese subjects, insulin resistance
was associated with a larger proportion of small adipose cells,
with only a trend toward increased size of the large adipose cells
that was not significant.13 On the contrary, in first-degree rela-
tives of T2D patients with BMI ranging from 18 to 34, we found
an inverse correlation between insulin sensitivity and the size of

the large adipose cells, but no correlation between insulin sensi-
tivity and the proportion of large cells.14

These studies suggest that the relationship between adipose
cell-size distribution and insulin sensitivity depends on the meta-
bolic status of the subjects studied. We have proposed the unify-
ing interpretation that in the various cases studied, insulin
resistance is at least in part a consequence of reduced capacity to
store fat; impairment of this capacity would lead to ectopic depo-
sition of fat in non-adipose organs that are poorly equipped to
handle the load and become insulin resistant. Here we extend
our approach to T2D patients. We reasoned that in such subjects
fat-cell size would be limited by insulin resistance combined with
inadequate increase of insulin to compensate. We therefore
hypothesized that insulin sensitization would result in increased
fat-cell size. Based on our earlier studies, we further hypothesized
that improved insulin sensitivity would also increase recruitment
of new small adipocytes, which would increase the ability of adi-
pose tissue to absorb increased fat loads.

The study design was to treat T2D patients with rosiglitazone,
a member of the class of thiazolidinediones (TZDs) and observe
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changes in cell-size parameters over time. These agonists of the
nuclear receptor peroxisome proliferator-activated receptor
(PPAR) g are insulin-sensitizing agents used clinically to treat
insulin resistance and T2D.15,16 Early studies showed that TZD
treatment ameliorates insulin resistance, which is associated with
increased numbers of small adipose cells in adipose tissue both in
animal models17-20 and in human T2D subjects.21,22 However,
other studies showed that TZD treatment did not change23,24 or
even increased25 adipose cell size despite increased insulin sensi-
tivity in those treated T2D patients. In order to improve our
power to observe changes, we for the first time studied the effects
of a TZD longitudinally, with assessments at multiple time
points over the course of 90 d. We obtained biopsies of subcuta-
neous adipose tissue and assessed them for cell size distributions
and expression of key adipose genes along with blood samples to
track ancillary metabolic parameters.

Results

Clinical characteristics of subjects
We recruited 12 patients (11 men and 1 woman) with T2D.

The clinical characteristics of the 11 patients who completed the
90-d treatment are presented in Table 1. At baseline these sub-
jects had an average BMI of 27.8 § 2.7, fat mass of 29.8 §
4.6%, HbA1C of 6.2 § 1.4%, fasting plasma glucose of 8.7 §
2.4 mM, and fasting plasma insulin of 13.7 § 8.4 mU/L.

Adipose cell size distribution by curve fitting
We observed typical multimodal adipose cell-size distribu-

tions in abdominal subcutaneous fat biopsies of the subjects
before treatment and during five subsequent visits after rosiglita-
zone treatment (Fig. 1), similar to those seen previously in non-
diabetic, moderately obese subjects,13 T2D patients,21,26 and the
first-degree relatives of T2D patients.14 Figure 1B shows an
example of the adipose cell-size distribution from one individual

fitted to the seven-parameter formula described in Materials and
Methods. Comparison of the fitted curves of adipose cells size
distributions generated from the average parameters of the 11
subjects before (visit 1) and after rosiglitazone treatment (visit 6)
shows a right shift of the peak center of the large adipose cells
after rosiglitazone treatment (Fig. 1C).

Rosiglitazone treatment ameliorates insulin resistance
As shown in Table 1, rosiglitazone treatment improved insu-

lin sensitivity of the subjects, as judged by a significant increase
of QUICKI (pre-treatment, 0.221 § 0.031, vs. post-treatment,
0.234 § 0.033, P D 0.002), an index of insulin sensitivity.27

The linear trend over all six visits from the linear mixed effect
model was also significant (P D 0.014).

The metabolic improvement was primarily manifest as a
decrease in plasma glucose. The final (6th) glucose measurement
was significantly below baseline (pre-treatment, 8.7 § 2.4 mM,
vs. post-treatment, 7.4 § 1.5 mM, P D 0.02) by Student paired
t test. The linear mixed effect model (Fig. S1) showed that the
linear trend over all six visits was highly significant (P < 0.0001).
Plasma insulin also trended down, but final values were not sig-
nificantly below baseline (pre-treatment, 13.7 § 8.4 mU/L;
post-treatment, 11.7 § 5.8 mU/L). The linear mixed effect
model showed a trend to decrease with treatment days (P D
0.08), but with a slope that was close to 0 (Fig. S2).

As further evidence that rosiglitazone treatment was effective
in reducing insulin resistance in our subjects, plasma adiponectin
rose robustly with P D 0.0001 for the last visit vs. the first visit
and P < 1e¡15 for the linear mixed effect model (Table 1; Fig.
S3). Also, Table S1 shows that rosiglitazone treatment increased
mRNA expression of GLUT4 (pre vs. post, 1.45 § 1.07 vs. 3.43
§ 2.08, P D 0.0005), ADIPOQ (1.07 § 0.33 vs. 1.72 § 0.35, P
D 0.001), and UCP2 (0.58 § 0.34 vs. 1.53 § 0.6, P D 0.0002),
but not PGC1 and aP2, indicating that rosiglitazone treatment
had beneficial metabolic effects on adipose tissue.

Table 1. Clinical and laboratory characteristics of the subjects (n D 11) before and after rosiglitzone treatment for 90 d

Variables Before treatment (Visit 1) After treatment (Visit 6) P value

BMI, kg/m2 27.8 § 2.7 28.2 § 2.9 0.016
Fat mass,% 29.8 § 4.6 30.6 § 4.4 0.277
Systolic blood pressure, mmHg 150 § 12 139§ 6 0.0005
Diastolic blood pressure, mmHg 90 § 9 88§ 10 0.445
Total cholesterol, mM 4.4 § 1.1 5.6§ 1.8 0.013
LDL cholesterol, mM 2.3 § 1.1 3.0§ 1.6 0.230
HDL cholesterol, mM 1.3 § 0.3 1.4§ 0.5 0.465
Triglycerides, mM 1.6 § 1.1 2.4§ 1.6 0.028
Free fatty acids, mM 0.64 § 0.19 0.56 § 0.19 0.056
HbA1c,% 6.2 § 1.4 6.0§ 1.0 0.168
Adiponectin, mg/mL 6.3 § 2.8 16.0 § 6.6 0.0001
Fasting plasma glucose, mM 8.7 § 2.4 7.4§ 1.5 0.02
Fasting plasma insulin, mU/L 13.7 § 8.4 11.7 § 5.8 0.145
QUICKI 0.221 § 0.031 0.234§ 0.033 0.002
C-reactive protein, mg/L 6.3 § 8.8 1.6§ 0.6 0.11

Physical and serum parameters from patients (n D 11) before and after rosiglitazone treatment for 90 d were measured as described in the Materials and
Methods. Data were analyzed by the two-tailed and paired Student t test. Abbreviation: BMI, body mass index, kg/m2; LDL, low density lipoproteins; HDL,
high density lipoproteins; HbA1c, hemoglobin A1c; QUICKI, quantitative insulin sensitivity check index.
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Rosiglitazone treatment increases the size and reduces the
proportion of large adipose cells

Based on our previous findings,13,22,28 we focused on two
parameters of the adipose cell-size distributions, the size of the
large cells, assessed as the location of the peak of large cells, and
the proportion of small cells, assessed as the fraction of cells

below the fitted nadir (see Fig. 1). These are plotted in Figures 2
and 3, respectively.

There is evidently a great deal of variability, but there was a
significant linear trend for the peak of large adipose cells to
increase, meaning that the typical size of the large cells increased
(P D 0.0008 for the mixed model, P D 0.005 for last vs. first visit
via t test), in spite of decreases for subjects 5 and 12 at the last
visit (Fig. 2). An increase in the size of the large adipose cells is
not unexpected, as the subjects gained weight modestly (mean
increase in BMI over the 90 d was 0.45 kg/m2, P D 0.02 by
paired t test). We note, however, that the relationship between
BMI and peak center was weaker after treatment and suggest that
at least part of the increase in BMI was due to improved insulin
sensitivity rather than weight gain (see Discussion). In addition,
some of the weight gain may have been water, which would fur-
ther strengthen the case.

The fraction of cells below the nadir also showed dynamic
changes, but it is more difficult to discern a trend, as some sub-
jects showed an increase followed by a decrease and others the
reverse. Nonetheless, there is a linear trend for fraction below the
nadir to increase modestly that was statistically significant (P D
0.01). This was the only variable for which the mixed model was
not significant when the 6th visit was dropped (P D 0.5). None-
theless, the fitted slope is hardly different (not shown) when only
the first 5 visits are used, suggesting that the 6th visit did not
exert undue influence on the fit.

Figure 1. Adipose cell size distribution by curve fitting. (A) Raw adipose
cell size distributions of a representative subject (no. 5) from pre-treat-
ment and subsequent five visits with rosiglitazone. Abdominal subcuta-
neous fat biopsies (20–30 mg) from the patient before and after each
treatment with rosiglitazone were obtained with a needle aspiration
technique from the paraumbilical region, fixed with osmium tetroxide,
and analyzed with Coulter Counter Multisizer III as described in Materials
and Methods. Data were plotted with cell diameter (mm) using linear
bins against relative frequency in percentage. The data also show labile
character of fraction of large adipose cells and peak center, which first
increase then decrease. (B) An example of the adipose cell size distribu-
tion from one individual fitted to a formula that generates seven param-
eters as described in the Materials and Methods. Dotted line represents
the raw data points and the solid line the fitted curve. The fitted curve
consists of two exponentials, capturing the tail of small adipose cells,
plus a Gaussian function, capturing the peak of large adipose cells. Nadir,
the lowest point between the fraction of the small adipose cells (the area
under the two exponentials) and that of the large adipose cells (the area
under the Gaussian peak); peak or cp, the peak diameter of the large adi-
pose cells. (C) Fitted curves of adipose cells size distributions generated
from the average parameters of 11 subjects before (visit 1, solid line) and
after rosiglitazone treatment (visit 6, dashed line).

Figure 2. Time courses of the centers of the large adipose cell peak from
all subjects (n D 11) treated with rosiglitazone for 90 d. The center (cp)
of the large adipose cell was defined in Figure 1 and Materials and
Methods. The values of cp were obtained from the fitted curves of adi-
pose cell size distributions of each patient before and following each
treatment at indicated time points. Time courses were fit to a linear
(dashed line). Data were analyzed with a linear mixed effects model
using the function 1mer in R as described in the Materials and Methods.
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Discussion

Summary of findings
Eleven T2D subjects were treated with the insulin-sensitizer

rosiglitazone for 90 d, and were examined for a range of meta-
bolic parameters and adipose cell size distributions. To our
knowledge, this is the first study in which multiple sequential
biopsies from abdominal subcutaneous fat tissue have been per-
formed with human subjects in order to ascertain adipose cell-
size parameters. The subjects became less insulin-resistant as
assessed by the index QUICKI, showing reduced fasting plasma
glucose, but no demonstrable decrease in fasting plasma
insulin. The size of the large adipose cells increased and at the
same time, the proportion of small adipose cells increased. The
increase in the fraction of cells below the nadir was less clear cut
because in some subjects it first increased, then decreased, and
vice versa in other subjects. We interpret these results together as
showing that the drug treatment had two effects: pre-existing adi-
pose cells became larger and new small adipose cells were
recruited. The order of increase and decrease in the proportion of
small adipose cells could depend on whether recruitment or
expansion occurred first in a given subject. The two effects would
work together to increase fat storage capacity; the increase in adi-
pose cell size would increase current capacity and the recruitment
of small adipose cells would increase the ability to store future
increases in fat.

We believe that the increase in the size of the large adipose
cells was not due solely to the weight gained by the subjects,
which was modest. The correlation between BMI and peak center
weakened after treatment (P D 0.003, R2 D 0.61 on visit 1 vs.
PD 0.08, R2D 0.22 on visit 6). Thus, we suggest that the increase
in insulin sensitivity and consequent reduction in lipolysis con-
tributed as well to the increase in the size of the large adipose cells.

Comparison with previous studies
We first consider cross-sectional studies correlating insulin

resistance with adipose cell-size parameters. McLaughlin et al.13

found that insulin resistance correlated with an increased fraction
of small adipose cells. The increase in size of the large adipose
cells in that study did not reach significance, but an expanded
study found an increase in insulin-resistant subjects.29

Yang et al.14 looked at non-diabetic subjects who were first-
degree relatives of T2D patients with a wider range of BMI and
found that the size of the large adipose cells correlated with BMI,
but also modestly with insulin resistance measured by hyperinsu-
linemic–euglycemic clamp after correction for BMI.

Together, these two studies suggest that both a reduced frac-
tion of large cells and increased size of large cells are correlated
with insulin resistance.

The results in the current study are by and large compatible
with longitudinal studies of the effects of TZD treatment on adi-
pose cell-size parameters, but with some differences of detail.
Koenen et al.25 reported that the pioglitazone treatment signifi-
cantly improved insulin sensitivity in T2D patients, and that this
was accompanied by a significant enlargement of the subcutane-
ous adipose cell size and increases of mRNA expression levels of
adiponectin and GLUT4 in adipose tissue.

McLaughlin et al.22 gave pioglitazone to insulin-resistant but
non-diabetic subjects and found an increase in the fraction of
small adipose cells, but no increase in the size of the large adipose
cells. However, the peak of the large adipose cells broadened, so
it is possible that both medium-sized adipose cells and large adi-
pose cells increased in size, obscuring the change in the peak in
that study. The degree of improvement in insulin sensitivity, as
assessed by the insulin suppression test, was correlated with the
increase in the proportion of small adipose cells. Of note, in that
study CT scans showed that the size of the visceral adipose tissue
(VAT) depot decreased while the size of the subcutaneous adi-
pose tissue (SAT) depot increased. This is consistent with a
model in which VAT functions as an ectopic fat store because of
limited storage capacity in SAT. TZD treatment would in this
view enable a transfer of fat from VAT to SAT by increasing the
storage capacity of SAT. Although we did not measure the sizes
of the VAT and SAT compartments in the current study, the
increased fat storage capacity of the SAT compartment would be
permissive of a transfer similar to that seen in the non-diabetic
subjects studied by McLaughlin et al.22

In the study of Smith et al.21 T2D subjects were treated for a
longer period, six months, with pioglitazone, and adipose cell
size distributions before and after were compared. The histo-
grams were fitted differently than in our study, with four Gauss-
ian curves rather than one Gaussian curve and two exponentials.

Figure 3. Time courses of the fraction of adipose cells below nadir from
all subjects (n D 11) treated with rosiglitazone for 90 d. The fraction
below nadir (FBN) represents the fraction of small adipose cells as
defined in Figure 1 and Methods. The values of FBN were obtained from
the fitted curves of adipose cell size distributions of each patient before
and following each treatment at indicated time points. Data were ana-
lyzed as in Figure 2. Note that the disconnection in the data points in
subject No. 9 was due to an accidental loss of the data point of the third
visit.
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The population of cells was divided into four groups: small,
medium, large, and very large, rather than our division into small
and large, which makes direct comparisons difficult. Nonetheless,
those authors found that the fraction of small adipose cells
increased, in agreement with our study. They also found that the
proportion of very large adipose cells increased, but the fraction
of large adipose cells went down. Thus, adipose cells shifted from
the large subgroup to the very large subgroup, which is compati-
ble with our study. The center of the peak of very large adipose
cells moved left, but it is unclear what the net change would have
been had the large and very large subpopulations been merged as
in our study. Broadly speaking, however, the two studies are in
agreement that TZD treatment induced similar changes in both
large and small adipose cells.

The TZD studies together support the hypothesis that TZD
treatment increases both the proportion of small adipose cells
and the size of the large adipose cells. It may appear paradoxical
that increased insulin sensitivity is associated with an increase in
the size of the large adipose cells following TZD treatment when
the cross-sectional studies show, if anything, the opposite. Note,
however, that increased insulin sensitivity would be associated
with decreased lipolysis and increased lipid uptake, which would
tend to increase adipose cell size. On the other hand, if improved
sensitivity results in lower ambient insulin concentrations, adi-
pose cell size would tend to decrease. The net effect of improving
insulin sensitivity thus would depend on quantitative differences
in different study populations. In our study, the insulin concen-
trations did not decline much, if at all, so the hypertrophic effect
of improved insulin action may have outweighed the reduction
in insulin concentration.

A further paradox is that, whereas in our cross-sectional stud-
ies,13,29 an increased proportion of small cells was associated with
insulin resistance, in both a prior interventional study22 and the
current study, an increased proportion of small cells was associ-
ated with improved insulin sensitivity. We suggest that not all
small cells are the same: what matters is their ability to expand
and take up fat, as small cells per se cannot contribute much to
fat storage. In insulin resistant subjects, the excess of small cells
may reflect an inability to expand whereas subjects with TZDs
may have increased recruitment of expansion competent cells.
Similarly, in the insulin resistant subjects studied cross-section-
ally, the hypertrophy of the large the cells may reflect failure to
recruit new small cells when needed, whereas in the interventions,
hypertrophy may be a consequence of improved insulin sensitiv-
ity and hence reduced lipolysis.

We further suggest that the two processes, expansion of the
large cells and the recruitment of small cells, may be linked. Lon-
gitudinal observation of fat-cell size in Zucker fa/fa rats revealed
periodic waves of expansion and recruitment, and a mathematical
model showed that this could be accounted for by the assump-
tion that when the large cells become too large, they generate a
signal to recruit new small cells.30 A recent study implicated
secretion by mature adipocytes of BMP4 to induce commitment
of adipocyte precursor cells as a possible element in such a pro-
cess.31 Cellular level studies are needed to test these hypotheses.
Such studies are challenging and are left for future work.

Contrast between TZD treatment and weight loss
TZD treatment increases the size of the large adipose cells, at

least according to this study and that of Koenen et al.25 Weight
loss, which also improves insulin sensitivity, in contrast decreases
the size of the large adipose cells.32 Here, the fall in glucose was
nearly a mirror image of the rise in the size of the large adipose
cells (compare Fig. 2 and Fig. S1), and we have suggested above
that it was the enhanced insulin sensitivity that permitted the
large adipose cells to expand. In weight loss, the direction of cau-
sation would be reversed – the decrease in weight would decrease
the whole-body fat load, which both relieves the insulin resistance
and allows the adipose cells to shrink. The mechanisms by which
weight loss and insulin sensitizers improve insulin resistance may
be different, but note that both would reduce ectopic fat, weight
loss by reducing the amount of fat to be stored, TZD by increas-
ing the ability of adipose cells to store fat.

Strengths and limitations of the study
A strength of our study is the use of multiple biopsies over

time to limit the variability of the data, which were nonetheless
quite variable. A limitation was the lack of untreated control
subjects.

Conclusions

We conclude that enhancement of insulin sensitivity by rosi-
glitazone treatment allows for the enlargement of existing large
adipose cells (hypertrophy) and recruitment of new small adipose
cells in T2D patients (hyperplasia). In contrast, insulin sensitivity
studied cross-sectionally in human subjects, weight matched or
with statistical correction for variation in BMI, is associated nega-
tively with hyperplasia and hypertrophy. We suggest that the
apparent paradox can be resolved by the principle that impaired
fat storage capacity leads to insulin resistance, whereas enhanced
storage capacity results in improved insulin sensitivity. This prin-
ciple can be extended to cover the case of weight loss, which
would improve insulin sensitivity by reducing the fat load. This
study draws attention to the possibility that adipocytes can
enlarge for either harmful or beneficial reasons. In insulin-
resistant subjects, large cell size may result from inadequate abil-
ity to recruit new small cells or expand existing small cells. TZD
treatment, in contrast, may increase the size of the large cells by
reducing lipolysis. We further propose that in metabolically
healthy individuals, hypertrophy and hyperplasia are linked, with
mature adipocytes generating a signal to recruit new small cells
when they become too large. This link may be disrupted in indi-
viduals with hypertrophic obesity, contributing to insulin resis-
tance, and repaired by TZD treatment.

Materials and Methods

Subjects and treatment
We recruited 12 T2D patients (including 11 men and one

woman) in Gothenburg, Sweden via a newspaper advertisement.
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Patients on treatment with diet or oral hypoglycemic agents par-
ticipated, and rosiglitazone 8 mg QD was added to the treatment
regimen in accordance with the approved label. Before the study,
three patients were on diet treatment, three on sulfonylurea, two
on repaglinide, two on metformin, and one on sulfonylurea and
metformin combined. The regional ethical review board in Goth-
enburg approved this exploratory open trial, which was per-
formed in accordance with the principles of the Declaration of
Helsinki. Informed consent was obtained from all patients.

Clinically significant diseases or symptoms, such as ischemic
heart disease and thyroid disease as well as HbA1c > 10% were
exclusion criteria. Seven patients were treated with antihyperten-
sive agents and four with statins against hyperlipidemia. All
patients were non-smokers but one subject used moist snuff. The
patients were encouraged not to change their lifestyle habits dur-
ing the study. One lean untreated patient (BMI 20) had previ-
ously been diagnosed with T2D on clinical grounds but was
excluded due to low serum insulin and C-peptide levels as well as
rapidly deteriorating glycemic control. Thus, the results are based
on the 11 patients who concluded the 90-d treatment period.
The clinical characteristics are presented in Table 1.

Clinical procedures
Blood samples and abdominal fat biopsies were collected pre-

treatment and 90 d after initiation of rosiglitazone treatment
from the subjects. Biopsies and selected blood samples were also
collected at four intervening time points for a total of six longitu-
dinal samples. All blood sampling and examinations were done
in the morning after an overnight fast and before the participants
had taken any of their daily medication. The biopsies (approxi-
mately 300 mg) were taken from the subcutaneous adipose tissue
in the paraumbilical region after local infiltrative anesthesia with
lidocaine (10 mL, 0.5%). Plasma glucose was analyzed using an
automatic glucose analyzer (YSI 2700 SELECT, Yellow Spring
Instruments). Insulin was analyzed with a standard radioimmu-
noassay (Pharmacia). HbA1c was determined using high-perfor-
mance liquid chromatography (Mono-S method). In this study,
all HbA1c values were converted to NGSP standard levels using
the formula: HbA1c (NGSP) D (0.923 £ HbA1c (Mono-S) C
1.345 (R2 D 0.998). High-sensitive C-reactive protein (HS-
CRP) was analyzed with an immunoturbidimetric method. Total
adiponectin was measured using the Human Adiponectin ELISA
Kit (B-Bridge International, BioCat, GmbH). The proportion of
body fat was determined using bioelectrical impedance (single
frequency, 50 kHz; Animeter, HTS). Blood pressure was mea-
sured in the supine position as a mean (mmHg) of two readings
(Korotkoff 1–5), using a cuff of appropriate size. QUICKI, an
index of insulin sensitivity, was calculated by the equation 1 /
[log(I0) C log(G0)]), where I0 is the fasting plasma insulin con-
centration and G0 is the fasting plasma glucose concentration as
previously described.27

Preparation and quantification of mRNA
Tissue RNA was extracted with RNEasy Minikit (Qiagen).

Gene expression was analyzed by real-time PCR with the ABI
PRISM 7900 HT sequence detection system (TaqMan, Applied

Biosystems) and normalized by 18S rRNA. In the presentation
of the results (Table S1), the reference is the baseline mRNA level
of the subject PETP arbitrarily set at 1. The levels of aP2,
GLUT4, APM1, PGC1, and UCP2 are presented as relative
quantities (RQ). Gene-specific primers and probes were designed
using Primer Express software or purchased on-demand (Applied
Biosystems). The sequences of real-time PCR primers and probes
are listed in Table S2.

Measurement of adipose cell size distribution
Adipose cell size distribution was measured as previously

described.33 Briefly, abdominal subcutaneous fat biopsies (20–
30 mg) were fixed with osmium tetroxide in a water bath at
37�C for 48 h, and assayed for adipose cell size with a Beckman
Coulter Multisizer III with a 400-mm aperture, which effectively
counts particles with sizes of 20–400 mm. Adipose cell size was
analyzed by fitting a formula with seven parameters to the cell
size distribution:

yD h1 £ .exp.¡ .x¡ x0/=w1//

C h2 £ .exp.¡ .x¡ x0/=w2//

C hp £ .exp.¡ ..x¡ cp/
2/=wp//;

where x D cell diameter, and x0 D the smallest diameter; h1 and
w1 D height and width of the first exponential; h2 and w2 D
height and width of the second exponential; and hp, cp, and wp D
height, center, and width squared of the Gaussian curve.13 The
nadir and center of the peak of large cells were determined from
the points of zero slope of the fitted curve. The proportion of
small cells, a measure of hyperplasia, was assessed as the propor-
tion below the nadir, and the size of the large cells, a measure of
hypertrophy, as the location of the maximum of the right peak.

The shape of the cell-size distributions is in line with expecta-
tions from mathematical modeling of the dynamics of adipose
cell growth in rodents, where the size distributions change rapidly
in response to normal growth as well as changes in the energy and
fat content of the diet. Those models invoke a growth law in
which growth accelerates as cell size increases and eventually
declines at very large size.34,35 This will generally produce a pro-
nounced left tail and a nadir to the left of the right peak. Note
that, while not unimodal, the distribution is not a standard
bimodal distribution (sum of two Gaussian curves). The tail
of small cells declines monotonically from the minimum size to
the nadir. In particular, the distribution has negative slope at the
minimum size, as expected from Fick’s Law, which says that the
slope is the negative of the rate of influx of cells. Previous model-
ing and statistical studies have shown that the tail of small cells
changes in a systematic and reproducible way with animal growth
and changes in diet. We previously demonstrated that the adi-
pose cell size distributions of fat biopsies as measured by the Mul-
tisizer 3 were similar to those of isolated adipose cells from the
same biopsies;13 the advantages of this method over the tradi-
tional microscopic techniques for measurement of adipose cell
size36,37 were also discussed previously.13 Combining the experi-
mental finding by other groups of cell-size distributions with the
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same character as reported here13,21,22,26,28 and the results of the
dynamic mathematical model gives us confidence that the small
cells are real and not artifactual.

Statistics
Data are presented as mean § SD. Parameters measured only

at the first and last biopsy were compared by the paired Student t
test. Statistical analysis was performed the R software package
(http://www.R-project.org). P < 0.05 was considered statistically
significant. Those parameters measured over all six visits were
also subjected to testing with a linear mixed effects model using
the function lmer in R (lme4 package). The fixed effect is dura-
tion of drug therapy and the random effect is unobserved subject
variability. Time courses were fit to a straight line with a random
intercept and a linear coefficient that was common to all subjects.
The linear model for each variable was compared by analysis of
variance vs. a null model with intercept and random variation
among subjects only. For all significant fits we also checked
whether the fits remained significant when the 6th visit was
dropped to ensure that the results were not due to excessive lever-
age from the last time point.
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