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Abstract

Rodent and /n vitro studies suggest that thiazolidinediones promote adipogenesis but there

are few studies in humans to corroborate these findings. The purpose of this study was to
determine whether pioglitazone stimulates adipogenesis /in vivo and whether this process relates
to improved insulin sensitivity. To test this hypothesis, 12 overweight/obese nondiabetic, insulin-
resistant individuals underwent biopsy of abdominal subcutaneous adipose tissue at baseline
and after 12 weeks of pioglitazone treatment. Cell size distribution was determined via the
Multisizer technique. Insulin sensitivity was quantified at baseline and postpioglitazone by the
modified insulin suppression test. Regional fat depots were quantified by computed tomography
(CT). Insulin resistance (steady-state plasma insulin and glucose (SSPG)) decreased following
pioglitazone (P < 0.001). There was an increase in the ratio of small-to-large cells (1.16 +

0.44 vs. 1.52 + 0.66, P=0.03), as well as a 25% increase in the absolute number of small

cells (P=0.03). The distribution of large cell diameters widened (£ = 0.009), but diameter

did not increase in the case of small cells. The increase in proportion of small cells was
associated with the degree to which insulin resistance improved (r=-0.72, £=0.012). Visceral
abdominal fat decreased (£ = 0.04), and subcutaneous abdominal (P= 0.03) and femoral fat (#
= 0.004) increased significantly. Changes in fat volume were not associated with SSPG change.
These findings demonstrate a clear effect of pioglitazone on human subcutaneous adipose cells,
suggestive of adipogenesis in abdominal subcutaneous adipose tissue, as well as redistribution
of fat from visceral to subcutaneous depots, highlighting a potential mechanism of action for
thiazolidinediones. These findings support the hypothesis that defects in subcutaneous fat storage
may underlie obesity-associated insulin resistance.

INTRODUCTION

It has been postulated that a defect in adipogenesis and/or the capacity to store fat in
subcutaneous adipose tissue may underlie insulin resistance and type 2 diabetes mellitus
via increased circulating and ectopic fat deposition (1,2). Peroxisome proliferator-activated
receptor y-agonists dramatically enhance insulin sensitivity /n vivo (3). The underlying
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mechanism for this effect is unclear, but decreases in circulating (4) and ectopic (5) fat

have been demonstrated, suggesting that perhaps fat storage in adipose tissue is enhanced.
In vitro, culture of ST 13 mouse preadipocytes or 3T3-L1 preadipocytes with peroxisome
proliferator-activated receptor y-stimulating thiazolidinedione compounds, promotes cell
differentiation and lipid accumulation (6,7). Thus, the ability of these drugs to enhance
insulin sensitivity in humans may be related to their capacity either to recruit newly
differentiated fat cells, or to enlarge existing fat cells, thereby increasing lipid storage
capacity in subcutaneous adipose tissue. Data in humans, however, is scant, and the
mechanism of improved insulin sensitivity resulting from thiazolidinedione treatment
remains unclear. In one published study in type 2 diabetic subjects, pioglitazone was
reported to increase the proportion of small cells (8), but insulin sensitivity was not
measured. In one study, troglitazone but not pioglitazone was reported to increase mean

fat cell size (9), whereas in another, no change in fat cell size was seen (10). The complexity
of these observations led us to readdress this question by quantifying insulin sensitivity and
cell size characteristics of adipocytes before and after pioglitazone treatment in overweight/
obese, nondiabetic individuals, classified as previously (11-13).

METHODS AND PROCEDURES

Healthy overweight or moderately obese subjects were recruited via newspaper
advertisement in the cities surrounding Stanford University. Subjects were required to be
35-65 years of age, have a BMI 27.0-35.0 kg/m? and stable weight for 3 months, be free

of major organ disease, nondiabetic as defined by fasting plasma glucose concentration <7.0
mmol/l, and not taking lipid-lowering, diabetogenic, or weight loss medications. Subjects
with a history of eating disorder, bariatric surgery, or liposuction were excluded, as were
pregnant or lactating subjects. Subjects were required to be insulin resistant (see below). The
study was approved by the Stanford University Human Subjects Committee and all subjects
gave written, informed consent.

Insulin-mediated glucose disposal was quantified by a modification (14) of the insulin
suppression test as originally described and validated (15,16). Briefly, subjects were infused
for 240 min with octreotide (0.27 pg/m2min) to suppress endogenous insulin secretion,
insulin (25 mU/m2-min), and glucose (240 mg/m2-min). Blood was drawn at 10-min
intervals from 210 to 240 min of the infusion to obtain the steady-state plasma insulin

and glucose (SSPG) concentrations for each individual. As steady-state plasma insulin
concentrations are similar in all subjects, the SSPG concentration provides a direct measure
of the ability of insulin to mediate disposal of an infused glucose load: the higher the

SSPG concentration, the more insulin resistant the individual. Insulin resistance was defined
as SSPG concentration in the top 40th percentile of the SSPG distribution in 449 healthy
individuals (11) as this group is at increased risk for diabetes and cardiovascular disease
(12,13). Only insulin-resistant individuals were eligible to proceed with the pioglitazone
intervention.

Clinical measurements obtained in the General Clinical Research Center after overnight
fasting included lipid/lipoprotein concentrations; height and weight in light clothing; waist
circumference measured at end-expiration, midway between the iliac crest and lower costal
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margin; race/ethnicity; and blood pressure (average of six). The volume of subcutaneous

and visceral abdominal fat was quantified with computed tomography (CT) scans (California
Advanced Imaging, Atherton, CA) done at L4-5. Using a Siemens Sensation 4 CT Scanner,
with scan variables set to 120 kV, effective mass of 165, and a 40 cm field of view, 10 slices
(1 cm thick area) of the abdomen through L4-5 were obtained. Femoral fat was quantified
midway between the greater trochanter and patella of the right leg.

Subcutaneous abdominal fat biopsy was performed on a separate day, after an overnight
fast. Under local anesthetic and sterile conditions, biopsy was performed via scalpel incision
inferior to the umbilicus. Thirty milligram of adipose tissue was immediately fixed in
osmium tetroxide and incubated in a water bath at 37 °C for 48 h as previously described
(17), after which adipose cell size was determined via a Beckman Coulter (Miami, FL)
Multisizer 111 with a 400-um aperture. The effective cell-size range using this aperture is
20-240 pm. The instrument was set to count 6,000 particles and the fixed-cell suspension
was diluted so that coincident counting was <10%. After collection of pulse sizes, the data
were expressed as particle diameters and displayed as histograms of counts against diameter
using linear bins and a linear scale for the x-axis. Cell size distribution was described via a
mathematical model in which a formula with seven cell-size parameters was fit to the cell
size distribution, as previously described (1). The small cells were represented by a double
exponential, and the large cells by a Gaussian curve:

2
X — X0 X — X0 (x—cp)
y:hle_( w] )+h2e_( wy )+hpe_ w

where x = cell diameter, and xp = the smallest diameter; /4 and w4 = height and width

of the first exponential; /» and ws = height and width of the second exponential; and /1,

Cp, and uy, = height, center, and width-squared of the Gaussian curve. From these fitted
curves the percentage of small cells (percent below the nadir) and the ratio of small-to-large
cells (below and above nadir) were calculated. These as well as the peak diameter (diameter
at which there was the greatest number of large cells in the Gaussian portion of the cell

size curve) of the large cells, referred to as “peak center,” were the primary endpoints for
statistical analyses. Because prior studies have referred to “mean diameter” of adipose cells,
this variable was also evaluated, and was defined as the diameter corresponding to each
linear bin in the Multisizer-generated histogram x relative frequency of that bin.

A secondary endpoint, the number of fat cells, was estimated by the following formula:

cell number (A) = volume of subcutaneous abdominal adipose tissue/weighted volume/cell.
Volume of adipose tissue was obtained from CT scans pre- and postpioglitazone, and
average volume per cell was the weighted volume based on the relative number of cells per
each given volume bin as represented by a cell volume histogram (generated by Multisizer

03
software), as described by the following formula: average volume/cell Z,-%n(%) p; (that is,

the sum of the volumes corresponding to each bin x the relative frequency (p) of that bin
(1)) (18). The number of small cells was then calculated by applying the percentage of small
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cells to the total number of cells, and the number of large cells was the difference between
total and small cell number.

Pioglitazone was administered to eligible subjects at a dose of 30 mg daily for the first 4
weeks, followed by 45 mg daily for the final 8 weeks, after which metabolic testing and fat
biopsy were repeated.

Statistical analysis was conducted with Systat 10.2 (SPSS, Cary, NC). Comparisons of pre-
vs. postpioglitazone values utilized paired Student’s #tests for normally-distributed variables
and the Wilcoxon signed rank test for non-normally distributed data (trigyceride, peak
width, and ratio of small-to-large cells). Simple linear regression was used to determine
association between change in insulin sensitivity and change in cell size indices. Data are
presented as mean + s.d. £< 0.05 was considered statistically significant.

RESULTS

The study population consisted of three women and nine men, primarily of white (n=

5) or Asian (n= 4) ancestry, with a mean + s.d. age of 55 + 8 years, and BMI of

31.0 + 2.9 kg/m?2. The effects of pioglitazone on clinical and metabolic variables are

shown in Table 1. Pioglitazone administration was associated with a significant decrease

in SSPG concentration from 12.50 + 1.78 mg/dl to 8.89 + 1.94 mg/dl (P< 0.001). Fasting
plasma glucose concentration declined (£ = 0.04), but none of the other metabolic variables
measured changed significantly. It is of note that pioglitazone treatment was associated with
a small, but statistically significant increase in weight (92.8 + 11.0-94.7 + 11.6 kg, P=
0.002), but not waist circumference (104 + 8 to 105 + 9 cm, P=0.39).

Comparison of the CT-determined regional fat depots, shown in Figure 1, reveals an increase
in the volume of subcutaneous abdominal fat (129 + 41 to 142 + 49 cm3, P< 0.04) and
femoral fat (42 + 17 to 52 + 21 cm3, A= 0.004), with a reciprocal decrease in the volume

of visceral abdominal fat (60 + 29 to 53 + 29 cm?3, £=0.04) following pioglitazone
administration. Changes in fat volume did not correlate with change in SSPG.

Adipose cell size distribution after pioglitazone, as compared with baseline (Table 1),
demonstrated a statistically significantly increased proportion of small cells, quantified as
the percentage of cells below the nadir or the ratio of small-to-large cells. Peak center

did not change significantly, but the width-squared of the Gaussian increased significantly,
and the height of the Gaussian decreased significantly, consistent with more variability

in diameter of the large cell population. These changes in the cell size distribution are
illustrated in Figure 2, which depicts both the raw data (from an individual subject) from
which Multisizer curves are generated, and the Multisizer fitted curves averaged for all 12
subjects before and after pioglitazone. The absolute number of small cells increased by 25%
after pioglitazone treatment (P = 0.03), whereas the number of large cells did not change
significantly.

The results in Figure 3a indicate that there was a statistically significant inverse relationship
between the increase in ratio of small-to-large adipose cells following pioglitazone treatment
and the change in SSPG concentration (r=-0.72, £=0.012), demonstrating that the greater
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the increase in the ratio of small-to-large cells, the greater the reduction in insulin resistance.
There was no correlation between change in peak center and change in SSPG, as shown in
Figure 3b.

DISCUSSION

The main finding of this study is that pioglitazone administration in insulin-resistant,
moderately obese humans is associated with an increase in the population of small adipose
cells. The number of small cells increased but there was no significant change in the number
of large cells, suggesting that this change in cell size distribution was likely due to an
increase in differentiation of preadipocytes to adipocytes rather than decrease in size of
existing large cells. Our data support the results of studies showing that that in Zucker (fa/fa)
rats, pioglitazone administration increased the proportion of small adipose cells; resulted

in visible new clusters of small cells; increased DNA content per mg tissue, consistent

with more cells; and upregulated lipogenic enzymes (e.g., fatty acid synthase) (19). Gene
expression studies in humans have shown peroxisome proliferator-activated receptor y
agonists to increase expression of genes related to fat storage (20,21) and adipose cell
differentiation (22), and incubation of preadipocytes from human subcutaneous and omental
fat with thiazolidinediones increased activity of glycerol 3-phosphate dehydrogenase and
increased lipid accumulation three- to fourfold in subcutaneous, but not omental adipose
tissue (23). Our results also support those of a single previous report in humans of increased
proportion of small adipose cells after pioglitazone treatment (8). In the context of the
well-established ability of peroxisome proliferator-activated receptor -y agonists to stimulate
differentiation of 3T3-L1 preadipocytes (6,7) and the studies mentioned above, the results of
the current study support the notion that pioglitazone stimulates adipogenesis in humans.

A second important finding of this study is the strong correlation between the degree to
which the proportion of small cells increased and the degree to which insulin sensitivity
improved. Although it is well-established that thiazolidinediones enhance insulin-mediated
glucose uptake in skeletal muscle, the mechanism by which this occurs continues to be

less than clear, particularly as these compounds primarily bind nuclear receptors in adipose
cells. One possibility consistent with our results and prior studies is that by increasing
transcription of genes related to adipose cell differentiation and fat storage, circulating

and ectopic fat is decreased. Indeed, it is plausible that insulin resistance associated with
common obesity is due to a relative deficit in fat storage capacity of subcutaneous fat,

and pioglitazone reduces insulin resistance by expanding the fat storage reservoir, so that
triglyceride need not circulate to be deposited in non-adipose tissues. As such, although we
cannot prove causality, our results lend support to the possibility that subcutaneous adipose
cell differentiation is one mechanism by which the thiazolidinedione class of drugs improves
insulin sensitivity.

The results of this study are not incompatible with prior reports of increased (9) or
unchanged (10) mean cell size, as the latter measure does not distinguish between effects
on small vs. large cells in a bimodal distribution. The broadening and flattening of our peak
of large cells suggests that thiazolidinediones lead to remodeling of mature cells as well

as stimulating adipogenesis. Rat studies have shown that pioglitazone led to remodeling
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of the large and intermediate-sized subpopulations of adipose cells (19), with apparent
merging of a new peak of small cells with the large cells in sequential time points from

the ovarian depot. Smith et al. showed a decrease in percentage of large cells, but increased
percentage of very large cells (8) in diabetic humans. What exactly our widened Gaussian
curve represents is unclear but it is possible that it includes small cells that are merging
with the large cell population and some large cells that enlarged further as compared with
baseline. Alternatively, there could be both enlargement and shrinkage of mature cells, but
this is not discernable from the current study.

In the current study, pioglitazone administration was associated with an increase in
subcutaneous abdominal and femoral fat, and a concurrent decrease in visceral fat. Other
reports have yielded mixed results (24-31), with some showing decreases visceral and
increased subcutaneous fat volume (24,25), and one showing increased femoral fat (31). It is
possible that the lipogenic effects of thiazolidinediones differ according to fat depot. Indeed,
the fat storage response to pioglitazone was previously shown to be significantly greater in
subcutaneous abdominal than in omental adipose tissue (23). Whether or not the increase in
small cells in subcutaneous adipose tissue in our study was responsible for the decrease in
visceral compartment is unclear, as is the effect of pioglitazone administration on the cell
size distribution of omental adipose cells.

Our study is limited by having sampled tissue from only the abdominal subcutaneous
adipose depot, and thus the results presented may not pertain to other fat depots.
Additionally, we did not randomize control subjects to placebo or nontreatment. It is
unlikely, however, that the changes seen in our subjects occurred simply as a result of having
performed a second biopsy, as they were directional, and we have previously observed no
change in the ratio of small-to-large cells following dietary weight loss (T. McLaughlin,
G.M. Reaven, S.W. Cushman, and A. Sherman, unpublished data). Furthermore, the
correlation between change in small cells and insulin sensitivity suggests that both of these
effects were related to the pioglitazone intervention.

The results presented raise important new questions about the significance of changes

in small vs. large cells following thiazolidinedione treatment. Indeed, our previous cross-
sectional study (1) found a higher proportion of small cells in insulin-resistant, not insulin-
sensitive, subjects. Are the small cells in untreated, insulin-resistant subjects deficient in
lipid storage potential, whereas small cells recruited by drug treatment are able to grow

up to become large cells, as suggested by rat studies (19)? Increased size of large adipose
cells would be more effective in increasing fat storage capacity, but an increased population
of subcutaneous small cells may be adequate to receive fat redistributed from the smaller
visceral compartment, and/or may be in the process of enlarging to mature lipid-storing
cells. Further studies to examine the quality, as well as the quantity, of both small and large
cells after treatment are needed.

In conclusion, we have demonstrated that pioglitazone treatment in nondiabetic obese
humans is associated with an increase in the relative and total number of small adipose
cells, as well as increased variability in the size of the large adipose cells. Furthermore,
the increase in proportion of small cells is highly and significantly associated with

Obesity (Silver Spring). Author manuscript; available in PMC 2022 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McLaughlin et al.

Page 7

improvement in insulin sensitivity, suggesting a link between changes in adipose cells

and insulin-mediated glucose uptake in skeletal muscle. Finally, pioglitazone significantly
increased two depots of subcutaneous fat but decreased visceral abdominal fat, which is

not inconsistent with the cell size changes, although we did not sample visceral fat for
comparison. Overall, these findings are consistent with the paradigm proposed by us (1) and
others (2,32) that insulin-resistant obese individuals have a decrease in fat storage capacity
in their subcutaneous adipose tissue, likely due to impaired differentiation of adipose cells
in the setting of increased storage demands. Given this formulation, it is plausible that the
improvement in insulin sensitivity following pioglitazone treatment is related to its ability to
promote adipogenesis and fat storage capacity in subcutaneous adipose tissue.
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Figure 2.
Adipose cell size distribution. (a) Individual datapoints for one individual showing cell

size distribution as depicted by Multisizer I11: A represents nadir and B represents peak
diameter of large cells. Cells in shaded area represent the small cell fraction and those in
unshaded represent large cell fraction. (b) Fitted curves generated by Multisizer software
using average parameters for the 12 subjects pre- and postpioglitazone. Thick line represents
average cell size distribution pre-pioglitazone, and thin line represents average cell size
distribution postpioglitazone.
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Figure 3.
Correlation between change in cell size distribution parameters and change in SSPG during

12 weeks of pioglitazone. (a) Correlation between change in ratio of small-to-large adipose
cells (delta = post—pre-pioglitazone: thus positive number indicates increase in ratio) and
change in SSPG (delta = post—pre-pioglitazone: thus negative number indicates decrease in
SSPG and improved insulin sensitivity). (b) Correlation between change in peak diameter
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(delta = post—pre-pioglitazone) of the large cells and change in SSPG (delta = post—pre-
pioglitazone).
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