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Aims/hypothesis: Regional deposition of adipose tissue and adipocyte morphology may contribute to increased risk
for insulin resistance. The aim of this study was to compare adipocyte cell size and size distribution from multiple fat
depots and to determine the association with type 2 diabetes mellitus, anthropomorphic data, and subjects’ metabolic
profile.

Methods: Clinical data and adipose tissue from subcutaneous fat, omentum, and mesentery were collected from 30
subjects with morbid obesity. Adipocytes were isolated by collagenase digestion and sized by microscopic
measurement of cell diameter.

Results: Overall, adipocytes from subcutaneous fat were larger than those from omentum or mesentery. For the
subcutaneous and omental fat depots, there was a significant increase in % small cells (14.9% vs 31.4%, p = 0 .006 and
14.0% vs 30.5%, p = 0 .015, respectively) and corresponding decrease in % large cells for nondiabetic vs diabetic
patients. There was a similar trend for mesentery but it did not reach statistical significance (p = 0 .090). For omentum
and mesentery, there was also a significant decrease in the diameter of the small cells. Fasting glucose was positively
correlated with fraction of small cells in omentum and mesentery, and HbA;c was positively correlated with fraction of
small cells in the omental fat depot. There was no correlation between large cell diameter with clinical parameters in

any of the fat depots.

Conclusions/interpretation: These results indicate size distribution of adipocytes, specifically an increase in the
fraction of small cells, is associated with the presence of type 2 diabetes mellitus.

Introduction

Obesity is an epidemic having tremendous medical and socio-
economic impact." It is associated with an increased risk of type
2 diabetes mellitus, metabolic syndrome, cardiovascular disease,
and cancer.”® The mechanism by which obesity promotes dys-
metabolism is not fully understood, but the literature implicates
adipose tissue itself in the pathophysiology. No longer regarded
simply as a storage depot, fat is now appreciated as a dynamic
organ secreting adipocytokines that act both locally and systemi-
cally to modulate energy homeostasis, insulin resistance, and the
inflammatory state.”® The contribution of adipose tissue to insu-
lin resistance may involve adipocyte dysfunction in morphology,
adipocytokine secretion, or metabolism. Previous studies have
indicated that increased size of subcutaneous adipocytes predicts
the development of insulin resistance and type 2 diabetes
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mellitus, and that their size is negatively correlated with insulin
sensitivity and positively correlated with proinflammatory adipo-
cytokine secretion.”'? Further, enlarged fat cells have increased
glucose metabolism but insulin-stimulated glucose metabolism is
negatively correlated with adipocyte size.'*!> Large adipose cells
have increased lipolysis.'® Recent reports have demonstrated that
insulin resistance and the expression of adipogenesis and inflam-
matory genes are associated with the size distribution of subcuta-
neous adipocytes, specifically an increase in the fraction of small
cells and not with the mean diameter of large cells. '7"®
Although subcutaneous fat is the most well-studied adipose
tissue depot in humans, visceral adiposity is highly associated
with increased insulin resistance and metabolic syndrome.'*%*
Visceral fat is more metabolically active than the subcutaneous
fat depot, and the association of visceral fat to metabolic syn-
drome is thought to be mediated by its proinflammatory
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activity and drainage into the portal vein.”**** Omentum and
mesentery are 2 components of visceral fat. Omentum is the
fatty apron attached to the greater curvature of the stomach and
mesentery is the fat containing the arteries and veins supplying
the small and large intestine. Although there is emerging data
that mesentery has a distinct role in insulin resistance separate
from omentum, there is a relative paucity of published data due
to the difficulty in obtaining this tissue.”*”" Indeed most
studies of visceral adipose tissue are comprised solely of omen-
tum.272831-33

Given the above, we studied adipocytes isolated from 3 differ-
ent fat depots: subcutaneous fat, omentum, and mesentery. We
investigated, 1) adipocyte cell size and distribution, 2) differences
in adipocyte cell size and distribution in the 3 fat depots in non-
diabetic vs diabetic subjects, and 3) the relationship between adi-
pocyte cell size and distribution and subjects” anthropomorphic
data and metabolic profile. To our knowledge, this is the first
study of adipocyte cell size and distribution in these 3 fat depots
as well as the first study of these 3 fat depots in subset analysis
based on diabetes status.

Results

Thirty patients consented to the study and underwent adipose
tissue biopsies. Of these 30 patients, 15 patients had type 2 dia-
betes mellitus while 15 did not (Table 1). As expected since the
subjects were stratified based on diabetes status, there was a sig-
nificant difference between the 2 groups in fasting glucose and
HbA,c (p = 0.005 and p = 0 .001, respectively). There were no
other statistically significant differences between the 2 groups in
demographics or clinical characteristics.

The distribution of all cells was essentially bimodal, with 2
separate populations of smaller and larger cells (Fig. 1). When
data were stratified based on the diabetic status of the subject,
there was no statistical difference in the mean diameter of the
large cells (p = 0 .681). However, there was a significant decrease
in the mean diameter of the small cells (42.1 pwm vs 35.4 pum,

Table 1. Demographic and clinical characteristics®

p = 0.013) and a significant increase in the fraction of small cells
(14.4% vs 28.5%, p = 0 .001, respectively) with a corresponding
decrease in the fraction of large cells in the nondiabetic vs dia-
betic patients. This was true in the unadjusted analyses as well as
when the data were adjusted for age, sex, race, and BMI
(Table 2).

When data were stratified based on fat depot, adipocytes from
subcutaneous fat tended to be larger than those from omentum
and were significantly larger than from mesentery (98.5 pm vs
88.8 pm, p = 0 .100 and 86.7 wm, p = 0 .036, respectively).
The large cell diameter was significantly greater in subcutaneous
fat than for both omentum and mesentery (115.7 pm vs
103.8 wm, p = 0 .004 and 98.6 pwm, P < 0.001, respectively).
There was no significant difference among the 3 fat depots for
small cell diameter or % small or large cells.

The cell size and distribution of each fat depot was also ana-
lyzed based on diabetic status of the patient (Fig. 1 and Table 2).
For subcutaneous fat, there was a significant difference in mean
cell size in nondiabetic vs diabetic subjects (105.7 mm vs
91.2 mm, p = 0 .015). There was no significant difference in
large or small cell diameter. For omentum and mesentery, there
was a trend toward larger adipocytes in nondiabetic vs diabetic
subjects in both unadjusted (p = 0 .093 and 0.086, respectively)
and adjusted analyses (p = 0 .100 and p = 0 .060, respectively).
For both of these fat depots, there was a significant decrease in
the diameter of the small cells in the diabetic patients (43.1 wm
vs 33.9 pm, p = 0 .024 and 41.6 pm vs 32.9 pm, p = 0 .002,
respectively). For the subcutaneous and omental fat depots, there
was a significant increase in % small cells (14.9% vs 31.4%, p =
0 .006 and 14% vs 30.5%, p = 0 .015, respectively) and corre-
sponding decrease in % large cells for diabetic vs nondiabetic
patients. This remained significant in adjusted analysis for both
subcutaneous fat and omentum (p = 0 .021 and p = 0 .043,
respectively). There was a similar trend for mesentery but it did
not reach statistical significance in unadjusted or adjusted analysis
(p=10.090 and p = 0 .058, respectively).

The data were next analyzed by anthropomorphic measure-
ments. There was no significant correlation in any of the

All (n=30) non-Diabetes (n = 15) Diabetes (n =15) p value®
Age (years) 420 +1.8 40.1 £25 439 +26 0.303
Sex (female/male) 27/3 14/1 13/2 0.559
Race (white/black) 20/10 11/4 9/6 0.456
Body mass index (kg/mz) 46.8 +0.9 47.7 £1.49 460 +1.14 0.355
Waist circumference (cm) 1306 +26 1294 +£3.5 131.8 £4.0 0.666
Waist hip ratio 09 £0.0 0.9 £0.02 1.0 £0.03 0.210
Fasting glucose (mg/dl) 1259 +£03 956 £4.2 1584 +20.7 0.005
HbA . (%) 65 £1.7 56 £0.1 74 £05 0.001
Total cholesterol (mg/dl) 185.1 £7.0 190.8 £9.7 1785 £10.3 0.392
Triglycerides (mg/dl) 153.1 +14.8 156.1 £19.6 149.6 + 23.2 0.831
LDL cholesterol (mg/dl) 115.7 £6.2 122.0 £9.1 108.5 £ 8.1 0.283
HDL cholesterol (mg/dl) 43.7 +23 439 +3.6 435 +27 0.921

?Data are presented as mean = standard error of the mean or n.
Pp value is non-Diabetes vs Diabetes.
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measurements of fat depot cell size and
distribution with BMI, waist circumfer-
ence, or waist-hip ratio. There was no
correlation between any of these with
mean cell diameter of small or large cells
in any of the fat depots. Regarding clini-
cal parameters, there was no significant
correlation between fasting glucose with
any of the measurements of adipocyte
cell size and distribution for subcutane-
ous fat (Fig. 2). There was a significant
negative correlation of HbA. with the
mean size of adipocytes from the subcu-
taneous depot (r = —0.412, p = 0
.033), and there was a trend toward sig-
nificance in the % of small cells (p =0
.080) (Fig. 3). There was no significant
correlation in the mean size of small or
large adipocytes. In contrast, for both
depots of visceral fat, omentum and
mesentery, there was a significant posi-
tive correlation between fasting glucose
and the fraction of small cells (r=0 .409,
p=0.028 and r = 0 .523, p = 0 .004)
(Fig. 2). Although there was a trend in
both subcutaneous fat and mesentery,
HbA ¢ was significantly positively cor-
related with fraction of small cells in the
omental fat depot alone (r = 0.423,
p =0.028) (Fig. 3). There was no signif-
icant correlation between fasting blood
glucose or HbA,¢ with large or small
cell diameter for any of the fat depots.
Of lipid levels, only HDL cholesterol
showed a significant negative correlation
with small cell diameter in the omental
fat depot (r = —0.390, p=0.040).

Discussion

Our results are consistent with recent
reports that it is an increase in the frac-
tion of small cells that is associated with
insulin resistance and type 2 diabetes
mellitus in subcutaneous fat.'”*® In con-
trast to most studies investigating adi-
pose  tissue that include only
subcutaneous fat, our study includes
subcutaneous fat as well as 2 depots of
visceral fat, the omentum and mesen-
tery. Here, we show that the size distri-
bution of adipocytes isolated from all 3
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Figure 1. Adipocyte cell size distribution from the total population of cells (A, B) and analyzed by the 3
different fat depots (C-H) in nondiabetic (dashed line) and diabetic (solid line) patients (B, D, F, H). Sc,
subcutaneous fat (C, D); Om, omentum (E, F); and Mes, mesentery (G, H).

fat depots is essentially bimodal and that it is the small cells that  association of adipocyte cell size and distribution based on diabetic
have a greater association with type 2 diabetes mellitus, fasting glu-  status that includes subcutaneous fat as well as omentum and mes-

cose, and HbA .. To our knowledge, this is the first report of the  entery as visceral fat depots.
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Table 2. Adipocyte size of different fat depots in nondiabetic and diabetic subjects®

All (n=30) non-Diabetes (n=15) Diabetes (n=15) p value® p value®
All fat depots
Size (um) 913 +£28 97.6 +38 85.1 +35 0.021 0.026
Small cell (m) 387 £14 421 +16 354 £20 0.013 0.010
Large cell (nm) 1059 +£2.3 1069 +3.7 1050 £ 2.7 0.681 0.774
% Small 214 £22 144 +1.7 285 £33 0.001 0.002
% Large 786 +22 856 +1.7 715 £33 0.001 0.002
Subcutaneous fat
Size (um) 985 +3.0 105.7 £3.2 91.2 £45 0.015 0.041
Small cell (m) 405 +1.6 421 +1.7 390 £26 0.326 0.322
Large cell (um) 115.7 £2.1 1169 £2.7 1144 £33 0.559 0.746
% Small 232 +31 149 +£24 314 +£5.0 0.006 0.021
% Large 76.8 + 3.1 85.1 +£24 68.6 +5.0 0.006 0.021
Omentum
Size (um) 88.8 +3.8 95.1 +54 824 +49 0.093 0.100
Small cell (um) 385 +2.1 431 +£34 339 +1.8 0.024 0.015
Large cell (um) 103.8 £3.0 104.0 +£5.1 1036 =34 0.950 0.934
% Small 223 £35 140 +3.5 305 £53 0.015 0.043
% Large 777 £35 86.0 + 3.5 69.5 +£53 0.015 0.043
Mesentery
Size (um) 86.7 £3.0 91.9 +4.0 815 +4.2 0.086 0.060
Small cell (um) 372 £15 416 +£15 329 +£20 0.002 0.003
Large cell (p.m) 986 + 2.5 100.1 £4.1 97.0 £29 0.538 0.566
% Small 189 +28 142 +£20 236 +49 0.090 0.058
% Large 81.1 £238 858 +20 764 +49 0.090 0.058

?Data are presented as mean =+ standard error of the mean.
PUnadjusted p value for non-Diabetes vs Diabetes.
p value for non-Diabetes vs Diabetes adjusted for age, sex, race and BMI.

It has been hypothesized that adipocyte hypertrophy and
hyperplasia represent a continuum of changes in adipocyte cell
size and distribution in response to excess energy, with hypertro-
phy being associated with relative insulin sensitivity or early insu-
lin resistance and hyperplasia with greater insulin resistance and
type 2 diabetes mellitus.'>'”'®23%3% Our results support that
adipocyte hypertrophy and hyperplasia may also be important in
the omentum and mesentery of diabetic patients. All fat depots,
then, may initially respond to energy excess by storing more lipid,
until a "threshold" in hypertrophy is reached.”* This threshold
would be specific to fat depot, with subcutaneous fat having a
greater capacity for storage than visceral adipose tissue. Once the
threshold is reached or in overlapping manner, hyperplasia or
expansion of the small cell population would occur to increase
storage capacity. The patient may be "protected" from energy
excess if these newly recruited small cells can accumulate lipid to
become large cells or fully mature into functional adipocytes.**
However, patients who have an expanded population of small
cells that cannot hypertrophy or differentiate into mature adipo-
cytes would be at higher risk for developing insulin resistance
and type 2 diabetes mellitus.?>?*>¢

Like previous studies, our data do not establish whether the
association between adipocyte cell size and distribution and type
2 diabetes mellitus is causative.

It has been proposed that impaired maturation of small cells
into fully functional adipocytes results in the accumulation of
lipid in peripheral tissues such as liver and muscle,'>2%>2>2¢:37-3
This ectopic deposition of fat in the liver manifests as impaired
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suppression of gluconeogenesis and in the muscle as defective
insulin signaling to decrease glucose transport and glycogen syn-
thesis.?”3° Together, these promote insulin resistance and the
development of type 2 diabetes mellitus. An alternative possibil-
ity is based on the endocrine function of adipose tissue.*”
Numerous studies have demonstrated increased secretion of
proinflammatory cytokines such as IL-6, IL-8, TNF-a, MCP-
1 vs decreased secretion of the insulin-sensitizing hormone adi-
ponectin from adipocytes based on size or insulin resis-
tance.' 183340 These adipocytokines would then contribute to
an overall proinflammatory state effecting decreased insulin sensi-
tivity in targeted peripheral tissues such as liver and muscle.
These two possibilities are not mutually exclusive and both may
play a role in each fat depot or differentially dependent on loca-
tion of the depot. Subcutaneous fat may be relatively “protective”
then because these cells can accumulate more lipid and these
larger cells contribute to reducing ectopic lipid accumulation
and/or decreased proinflammatory cytokine secretion; conversely,
omental and mesenteric adipocytes would be unable to accumu-
late as much lipid leading to increased ectopic fat deposition
and/or an increase in the inflammatory profile.

Our study is limited by our patient population, patients who
are undergoing bariatric surgery. We selected this patient popula-
tion because bariatric patients are unique among surgical patients
in that all 3 fat depots (subcutaneous fat, omentum, and mesen-
tery) can be obtained at an elective operation, for reasons other
than cancer or acute inflammatory surgical process, with minimal
added risk to the patient than the intended procedure itself. At
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13,17,18
depot.'>!”

In conclusion, our data supports that adipocyte cell size and
distribution are associated with the development of type 2 dia-
betes mellitus. Specifically, we demonstrate that it is the expan-
sion of a population of small cells in all 3 fat depots examined,
subcutaneous fat, omentum, and mesentery. Further studies are
needed to elucidate the signaling mechanisms involved in adipo-
genesis, adipocyte maturation, and adipocyte function. Under-
standing how derangements in adipocyte morphology
contribute to the development of diabetes could lead to novel
therapeutic targets.

Patients/Methods/Materials
Patients. The study was approved by the Institutional Review

Board at the University of Alabama at Birmingham. Written
informed consent was obtained from all participants. Thirty
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patients with morbid obesity undergoing evaluation for bariatric
surgery were recruited into the study from April 20, 2011 to
October 2, 2013. There were 15 nondiabetic and 15 diabetic
patients. All patients underwent routine medical screening for
preoperative evaluation and had been approved for bariatric sur-
gery. Data collected included patient demographics (age, sex,
race), obesity-associated medical problems, anthropomorphic
measurements (weight, BMI, waist circumference, waist-hip
ratio, basal metabolic rate and % fat), and fasting laboratory eval-
uation (fasting glucose, HbA,, and lipid levels). HOMA-IR was
calculated in the non-diabetic patients using the formula
HOMA-IR = [fasting insulin (microunits/mmol/l) x fasting
plasma glucose (mmol/1)]/22.5. Adipose tissue was collected at
the time of bariatric surgery, specifically Roux-en-Y gastric
bypass, from 3 sites: abdominal subcutaneous fat, omentum, and
mesentery. Samples were immediately placed in DMEM (Gibco,
Carlsbad, CA) and transported to the laboratory.
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groups. We performed additional anal-
ysis by further adjusting the models for
age, sex, race, and BMI. Relationships
between clinical and metabolic parame-

Adipocyte isolation. Adipocytes were isolated by collagenase
digestion using previously published protocols [34]. Briefly,
approximately 5 g of minced adipose tissue from each depot
were digested with digestive medium [DMEM, 25 mmol/l
HEPES, 4.2 mmol/l NaHCO3, 4% BSA, 5 mmol/l glucose,
10 mg/l phenol red, and 1 mg/ml type II collagenase (Worthing-
ton Biochemical Corporation, Lakewood, NJ ), pH 7.5] at 37°C
for 30 minutes with gentle orbital shaking. Cells were filtered
through nylon mesh (400 pm), washed 3 times with GTB
(117 mmol/l NaCl, 0.8 mmol/l MgSOy, 5.3 mmol/l KCI,
1 mmol/l NaH,PO,, 1.8 mmol/l CaCl,, 25 mmol/l HEPES,
2 mmol/l sodium pyruvate, and 2% BSA, pH 7.5) and resus-
pended to a final 5% (volume/volume) cell concentration. Adi-
pocyte viability was determined by trypan blue exclusion as
described and cell size was determined by microscopic
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ters and adipocyte size information in
all 3 different fat depots were visualized by scatter plots and
assessed by Pearson correlation analysis.
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