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Abstract

The messenger RNA (mRNA) distribution of 60 proteins was examined in the 3 fractions obtained by collagenase digestion (fat cells and
the nonfat cells comprising the tissue remaining after collagenase digestion [matrix] and the stromovascular cells) of omental adipose tissue
obtained from morbidly obese women undergoing bariatric surgery. Fat cells were enriched by at least 3-fold as compared with nonfat cells in
the mRNAs for retinol binding protein 4, angiotensinogen, adipsin, glutathione peroxidase 3, uncoupling protein 2, peroxisome proliferator—
activated receptor 7y, cell death—inducing DFFA-like effector A, fat-specific protein 27, 11p-hydroxysteroid dehydrogenase 1, glycerol
channel aquaporin 7, NADPH:quinone oxidoreductase 1, cyclic adenosine monophosphate phosphodiesterase 3B, glyceraldehyde-3-
phosphate dehydrogenase, insulin receptor, and amyloid Al. Fat cells were also enriched by at least 26-fold in the mRNAs for proteins
involved in lipolysis such as hormone-sensitive lipase, lipoprotein lipase, adipose tissue triglyceride lipase, and FAT/CD36. The relative
distribution of mRNAs in cultured preadipocytes was also compared with that of in vitro differentiated adipocytes derived from human
omental adipose tissue. Cultured preadipocytes had far lower levels of the mRNAs for inflammatory proteins than the nonfat cells of omental
adipose tissue. The nonfat cells were enriched by at least 5-fold in the mRNAs for proteins involved in the inflammatory response such as
tumor necrosis factor o, interleukin 15, cyclooxygenase 2, interleukin 24, interleukin 6, and monocyte chemoattractant protein 1 plus the
mRNAs for osteopontin, vaspin, endothelin, angiotensin II receptor 1, butyrylcholinesterase, lipocalin 2, and plasminogen activator inhibitor
1. The cells in the adipose tissue matrix were enriched at least 3-fold as compared with the isolated stromovascular cells in the mRNAs for
proteins related to the inflammatory response, as well as osteopontin and endothelial nitric oxide synthase. We conclude that the mRNAs for
inflammatory proteins are primarily present in the nonfat cells of human omental adipose tissue.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Leptin is the only adipokine found to date that is released
exclusively by freshly isolated human adipocytes [1,2]. In
marked contrast, more than 90% of the release of
inflammatory mediators such as resistin [3], tumor necrosis
factor a (TNF-o) [4], monocyte chemoattractant protein 1
(MCP-1) [5], transforming growth factor 1 (TGF-fl) [6],
interleukin (IL) 8 [2], IL-6 [2], plasminogen activator
inhibitor 1 (PAI-1) [2], IL-10 [2], IL-1p [2], IL-1 receptor
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antagonist [7], IL-18 [7], adipsin [8], vascular cell adhesion
molecule 1 [8], angiotensin-1—converting enzyme (ACE)
[8], and sTNFr2 [8] is by the nonfat cells present in human
adipose tissue. The level of many inflammatory proteins in
freshly isolated human adipose tissue is very low and
difficult to measure. However, the sensitivity of the reverse
transcriptase—polymerase chain reaction (RT-PCR) proce-
dure permits measurement of the messenger RNAs
(mRNAs) for many proteins in adipose tissue samples.

The present studies were designed to compare the
distribution of the mRNAs for 60 adipose tissue—expressed
proteins between freshly isolated human omental adipose
tissue fat cells (the cells that contain enough lipid to float)
and nonfat cells. The nonfat cells in adipose tissue are those
cells released during collagenase digestion of the tissue that
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do not float (stromovascular [SV] cells) plus the matrix
fraction that remains after collagenase digestion and does not
pass through a 200-um mesh filter [1,2]. Studies were also
done with cultured preadipocytes and in vitro differentiated
adipocytes derived from the omental adipose tissue of the
morbidly obese women similar to those from whom omental
adipose tissue was obtained.

The 60 proteins with identified functions whose mRNAs
were chosen fit into one of 3 categories: The first category
was proteins known or suspected of having functions unique
to adipocytes. The second was proteins known to be
involved in signal transduction in many cell types. The
third was proteins thought to be involved in the inflamma-
tory response and/or proteins whose expression has been
reported to be altered by obesity.

2. Methods
2.1. Subjects

Omental adipose tissue was obtained from morbidly
obese, but otherwise healthy, women undergoing either
laparoscopic adjustable gastric banding surgery or laparo-
scopic gastric bypass with Roux-en-Y gastroenterostomy
surgery for the treatment of morbid obesity. The mean body
mass index (BMI) of the morbidly obese women was 46, and
their average total body fat mass was 58 kg. The average age
of the women was 40 years, and approximately 12% had
fasting blood glucose values more than 7 mmol/L.
Approximately half of the women were being treated for
hypertension. Exclusion criteria included any history of HIV
and/or viral hepatitis positive, chronic coexistent inflamma-
tory disease such as lupus or rheumatoid arthritis, smokers,
and obvious cardiovascular disease. The study had the
approval of the local institutional review board, and all
patients involved gave their informed consent.

2.2. Isolation of fat cells and nonfat cells

The omental adipose tissue was transported to the
laboratory within 5 to 15 minutes of its removal from the
donor. Fat cells were prepared by incubating 0.5 g of cut
adipose tissue per milliliter of incubation medium containing
0.6 mg/mL of bacterial collagenase in a rotary water bath
shaker (100 rpm) for 2 hours. The composition of the serum-
free buffer was as previously described [8,9]. The collage-
nase digest was then separated from undigested tissue by
filtration through 200-um mesh fabric. Five milliliters of
medium was then added back to the digestion tubes and used
to wash the undigested matrix on the filter mesh. This wash
solution was combined with the collagenase digest, and the
SV cells were separated from fat cells and medium by
centrifugation in 15-mL tubes for 1 minute at 400g. The SV
cells are defined as those cells isolated by collagenase
digestion that do not float. The SV cells and fat cells were
each suspended in 5 mL of fresh buffer and centrifuged for
10 seconds at 400g.

2.3. Isolation of preadipocytes and in vitro
differentiated adipocytes

Human preadipocytes were derived from the SV cell
fraction obtained after collagenase digestion of omental
adipose tissue from women with the same average BMI as
used for isolation of nonfat cells and fat cells as previously
described [10]. The SV cell pellet was suspended in
preadipocyte medium (Dulbecco modified Eagle medium/
F12, 4-2-hydroxyethyl-1-piperazineethanesulfonic acid
(HEPES) pH 7.4, fetal bovine serum, biotin, pantothenate,
insulin, dexamethasone, and antibiotics) and plated. The
cells that adhered were then subcultured before reaching
confluence and plated at a density of 6300 cells per square
centimeters for further expansion in preadipocyte media
containing growth factors. Preadipocytes were used after
incubation for 7 days. In vitro differentiated adipocytes were
obtained by plating preadipocytes at a density of 40 000 cells
per square centimeters in differentiation medium containing
insulin, dexamethasone, isobutyl methyl xanthine, and a
thiazolidinedione (AM-1; Zen-Bio, Research Triangle Park,
NC) for an additional 7 days [10]. During this period, the
cells developed lipid droplets indicative of the adipocyte

phenotype.
2.4. Isolation and assay of mRNA

Isolation of total RNA from preadipocytes and differ-
entiated adipocytes was performed using an RNAeasy Mini
Kit according to the manufacturer’s protocol (Qiagen,
Valencia, CA). For studies involving mRNA isolation from
omental adipose tissue, approximately 0.5 g of tissue or the
fractions derived from 1 g of tissue (the matrix, SV cells, or
adipocytes) were homogenized using a Polytron homogeni-
zer (Brinkman Instruments, Westbury, NJ) with 5 mL of a
monophasic solution of phenol and guanidine isothiocyanate
(TRIzol reagent from Invitrogen, Carlsbad, CA). The
extracts were then spun at 12 000g for 10 minutes at 2°C
to 8°C, and the fat layer on top of the extract was discarded
after removal using a Pasteur pipette.

The assay of mRNA involved real-time quantitative
PCR. The complementary DNA (cDNA) was prepared
using the Transcriptor First Strand cDNA Synthesis Kit
from Roche Diagnostics (Indianapolis, IN). The quantifica-
tion of mRNA was accomplished using the Roche Light-
cycler 480 Real-time RT-PCR system and their Universal
Probe Library of short hydrolysis locked nucleic acid
probes in combination with the primers suggested by the
Web-based assay design center (www.universalprobelibrary.
com). Integrated DNA Technologies of Coralville, IA,
synthesized the primers. The primers for peroxisome
proliferator—activated receptor (PPAR) vy did not distinguish
between the different isoforms. Approximately 70 ng per
tube of total RNA was used, and the ratio of the right to left
primers was 1 for each assay. The data are obtained as
crossing point values (Cp) obtained by the second
derivative maximum procedure. Samples with higher copy
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Comparison of 60 mRNAs in fat cells as compared with the nonfat cells
derived from human omental adipose tissue

Ratio AACp + SEM P value Cp

n

mRNAs significantly enriched in fat cells/adipocytes
104

HSL

LPL

RBP-4

ATGL

Amyloid protein Al

Leptin

FAT/CD36

11BHSD-1

PPARy

UCP-2

Fat-specific protein 27/CIDEC

GPX-3

Adipsin/complement D

CIDEA

Cyclic AMP
phosphodiesterase 3B

Angiotensinogen

AQP7

GAPDH

NQO1

Insulin receptor

79
42
37
34
28
26
18
15
14

W W Wk~ W

-6.7+1.0
-6.3+0.9
-54+0.6
52412
-5.1+0.5
—-4.8+0.7
—4.7+0.7
—42+0.7
-3.9+0.6
-3.8+0.3
-3.7+£0.7
-32+0.5
-32+05
-3.0+1.1
-28+04

-25+038
-23+0.5
-1.6+0.3
-1.7+04
-1.6+0.4

mRNAs present in both nonfat cells and fat cells

Gio2 guanine nucleotide
binding protein

OPG

Thrombospondin 1

AMPK o2 catalytic subunit

Akt/PKB

Lipin

Cyclophilin

RIP 140

Haptoglobin

HIF-1a

NFkB p50 subunit

CD68

Apelin

Renin receptor

mRNAs enriched in nonfat cells
eNOS
Map4k4/NIK
Cathepsin S
NFkB p65 subunit
TNF-a receptor 2
NGF

IL-10

TNF-o

1L-8
Complement C3
IL-1p

TRB3

PAI-1

COX-2
RANTES

ACE

1L-24

IL-6

TGF-f1
Lipocalin 2

2.1

1.9
1.8
1.5
1.5
1.5
1.4
1.3
1.0
0.7
0.7
0.7
0.6
0.5

0.4
0.4
0.4
0.4
0.4
0.3
0.3
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.1
0.1

-1.1£0.6

-09+0.8
-09+09
-0.6+0.3
-0.6+0.2
—-0.6+0.3
-05+04
-0.4+0.8
0.0£0.6
05+04
03+03
05+04
0.8+1.6

09+ 1.7

1.2+04
1.2+0.7
1.4+ 04
1.5+0.5
1.5+1.1
1.8+ 0.6
2.0+0.6
2.0+04
23+0.5
24+0.6
24+03
25+04
25+0.5
2.7+0.3
2.7+0.5
2.7+04
2.7+0.6
2.8+04
3.0+ 1.1
3.1+0.8

.001
.001
.001
.005
.001
.001
.001
.001
.001
.001
.05

.001
.001
.05

.01

.01

.025
.001
.005
.025

.025

.025
.025

.025
.025
.005
.025
.005
.001
.001
.005
.001
.025
.01

.005
.01

.05

.025

324
26.5
294
354
273
29.2
25.8
30.8
30.4
28.9
26.0
27.0
27.9
27.1
27.6

34.1
27.4
26.7
27.2
27.5

32.0

31.0
24.5
329
27.4
26.5
29.0
24.6
31.2
27.4
33.0
24.0
33.1
25.8

30.2
30.2
31.4
29.2
36.2
31.5
30.0
30.5
23.6
259
25.7
30.6
273
27.4
30.0
31.0
332
25.0
273
335
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Table 1 (continued)

Ratio AACp +SEM Pvalue Cp n

mRNAs enriched in nonfat cells

Butyrylcholinesterase 0.1 32+07 .005 332 8
AlIR1 0.1 33+1.0 .025 257 4
MCP-1 0.1 38+05 .001 232 7
Endothelin-1 0.1 4.0+£0.1 .001 278 4
Vaspin 0.1 41+02 .001 28.1 4
OPN 0.1 424038 .005 335 7

The ratio is calculated as the log, ACp of the ACp for each mRNA, except
cyclophilin, of the nonfat cells (pooled undigested tissue + SV fractions)
obtained by collagenase digestion of human omental adipose tissue
subtracted from the ACp values of fat cells (adipocytes isolated from the
same tissue). The ratio for cyclophilin is based on log, of the ACp values
for cyclophilin. A ratio greater than 1 means that the specific activity of the
mRNA is greater in the adipocytes than in the nonfat cell fractions. The
values are shown as the means + SEM of the number of paired experiments
indicated under n, and the values in the nonfat cells were compared with
those in the fat cells derived from the same individual. The Cp values are the
number of cycles based on the second derivative maximum procedure for
the nonfat cells. Statistically significant differences (P <.05) are indicated
under P value.

number of cDNA have lower Cp values, whereas those with
lower copy numbers have the reverse.

The data were normalized by the use of cyclophilin
mRNA as the recovery standard, and this results in ACp
values. The distribution of cyclophilin was not significantly
different between the nonfat cells and the fat cells or the
preadipocytes and adipocytes (Tables 1 and 2). However, in
Table 3, the values were not normalized to cyclophilin but
rather shown as the ACp of the SV minus the matrix in
each paired experiment because there was a difference in
the distribution of cyclophilin mRNA between the matrix
and SV cell fractions. Relative quantification of the data
was based on the ratio of mRNA in fat cells to nonfat cells
and of preadipocyte to adipocytes. This was calculated
using the comparative Cp method, which eliminates the
need for standard curves. The arithmetic formula to
calculate ratios from ACp is based on a log, scale
(27ACI’). This method is identical to the Comparative Ct
procedure described in the ABI PRISM 7700 Sequence
Detection System User Bulletin #2 for quantitative RT-PCR
except that Cp is used because Roche uses the crossing
point procedure instead of crossing threshold to calculate
cycles required for detection of mRNA. The calculation of
ratios assumes that the number of target molecules doubles
with every PCR cycle. Caution should be used in
comparison of the Cp values between different genes
because the relative efficiencies of the particular primers
and probes used for each gene may be different. A 2-tailed
Student ¢ test was used to determine whether differences
were significant at a P value of < .05.

2.5. Materials

Bovine serum albumin powder (Bovuminar, containing
<0.05 mol of fatty acid per mole of albumin) was obtained
from Intergen (Purchase, NY). Bacterial collagenase
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Comparison of 60 mRNAs in adipocytes differentiated in vitro as compared
with preadipocytes derived from human omental fat

Ratio AACp + P Cp
SEM value
mRNAs significantly enriched in differentiated adipocytes
Fat-specific protein 27/CIDEC 26 600 —147+0.7 .001  31.8
Leptin 5790 -12.5+14 .001  34.0
LPL 5040 -123+£09 .001 31.6
AQP7 2702 -114+12 .001 352
Haptoglobin 1550 -10.6+1.8 .001  33.6
Amyloid protein Al 390 -8.6+1.6 .01 29.3
Adipsin/complement D 120 -7.0+15 .005 283
HSL 119 -69+12 .01 27.6
Cyclic AMP phosphodiesterase 3B 91 -6.6+12 .025 292
GPX-3 79 -63+09 .001 256
FAT/CD36 56 =58+ 1.1 .025 256
Angiotensinogen 39 -53+0.5 .005 28.0
UCP-2 34 -51+1.0 .01 26.1
RBP-4 30 -49+1.1 .025 259
ATGL 18 -42+0.7 .001 260
ATIR1 15 -39+05 .001 268
Apelin 11 -35+0.7 .025 288
Endothelin-1 11 —34+04 .001 32.0
PPARY 75 -29+0.8 .05 27.4
Lipin 53 —24+08 .025 287
Butyrylcholinesterase 49 -23+04 .025 299
OPG 46 -22+06 .05 26.0
Insulin receptor 32 —-1.7+£04 .025 300
AMPK o2 catalytic subunit 20 -1.0+03 .01 27.8
mRNAs present in both preadipocytes and differentiated adipocytes
Thrombospondin 1 30 -1.6+0.8 20.5
Complement C3 26 -l4+1.1 22.0
Akt/PKB 1.6 —-0.7+0.6 28.4
CD68 1.2 -03+02 20.7
Cathepsin S 1.2 —-03+£0.5 28.2
TNF-a receptor 2 12 —-03+£0.6 29.0
NQO1 1.1 -0.1+05 21.0
Renin receptor 1.0 0.0 +0.1 19.8
TRB3 09 +0.1+0.6 22.8
Vaspin 0.8 +03+04 36.6
CIDEA 08 +04+14 31.7
RIP 140 08 +0.4+0.6 21.8
NFkB p65 subunit 0.8 +04+02 21.6
11BHSD-1 0.7 +0.6+0.8 21.0
Gio2 guanine nucleotide binding 0.6 +0.7+0.5 22.8
protein
eNOS 0.6 +0.7+1.0 34.1
Cyclophilin 0.5 +09+0.5 24.0
HIF-1o 05 +1.0+03 .05 17.9
Map4k4/NIK 05 +1.1+0.7 23.4
IL-10 05 +1.1+1.2 343
TNF-o 0.5 +l1.1+1.1 33.8
GAPDH 05 +1.1+0.6 16.8
mRNAs enriched in preadipocytes
NF«B p50 subunit 03 +1.6+0.2 .005 242
ACE 03 +1.9+0.6 .05 254
IL-6 03 +1.9+05 .025 328
TGF-p1 03 +1.9+0.6 .05 20.9
PAI-1 02 +2.0+04 .005 158
NGF 02 +2.6+0.6 .025 234
Lipocalin 2 0.1 +28+19 33.7
MCP-1 0.1 +29+1.1 .05 20.1
IL-1B 0.1 +32+03 .05 259

Table 2 (continued)

Ratio AACp + P Cp
SEM value

mRNAs enriched in preadipocytes

IL-24 0.1 +3.1+1.1 34.0
COX-2 <0.1 +4.1+0.6 .001 222
RANTES <0.1 +42+14 22.4
OPN <0.1 +55+£05 .001 274
IL-8 <0.1 +9.7+£0.9 .001  20.6

The ratio is calculated as the log, ACp of the ACp for each mRNA, except
cyclophilin, of the preadipocytes derived from human omental adipose
tissue subtracted from the ACp values for in vitro differentiated adipocytes.
The ratio for cyclophilin is based on log, of the ACp values for cyclophilin.
A ratio greater than 1 means that the specific activity of the mRNA is greater
in the adipocytes than in the preadipocytes. The values are shown as the
means = SEM of 4 experiments, with each experiment being done with
adipocytes and preadipocytes derived from omental adipose tissue of
4 morbidly obese women. The Cp values are the number of cycles based on
the second derivative maximum procedure for preadipocytes. Statistically
significant differences (P <.05) are indicated under P value.

Clostridium histolyticum (type 1) was obtained from
Worthington Biochemical (Lakewood, NJ; lot CLS1-4197-
MOB3773-B, 219 U/mg).

3. Results
3.1. Comparison of mRNA in fat cells vs the nonfat cells

The present studies used the quantitative RT-PCR
procedure to compare the mRNA specific activity of a

Table 3
Distribution of mRNA between the 2 nonfat cell fractions (the matrix and
SV cells) of human omental adipose tissue

Ratio ACp+SEM P value Cp mRNA

1.32 -04+04 26.2 Adipsin/complement D
0.87 02+0.5 27.2 Haptoglobin

0.71 05+0.3 20.7 IL-8

0.66 0.6+0.3 23.1 CD68

0.49 1.1+03 .01 259 ucCP-2

0.44 1.2+0.5 .05 26.8 NF«B p50 subunit
0.44 1204 .05 27.5 Cyclophilin

0.39 1.4+0.3 .005 26.3 HIF-1o

0.33 1.6+0.3 .001 20.1 MCP-1

0.31 1.7+0.5 .025 25.4 RBP-4

0.31 1.7+0.2 .001 23.4 COX-2

0.31 1.7+0.4 .005 27.6 11BHSD-1

0.29 1.8+0.4 .025 26.2 PAI-1

0.29 1.8 +0.2 .001 27.4 ACE

0.23 2.1+03 .01 32.1 OPN

0.20 23+0.3 .001 26.1 eNOS

The ratio is calculated as the log, ACp of the difference between Cp value of
the undigested tissue matrix fraction and of the SV fraction obtained by
collagenase digestion of human omental adipose tissue. A ratio greater than
1 means that the specific activity of the mRNA is greater in the SV fraction
than in the undigested tissue (matrix) fraction. The ACp values are the
means £ SEM of 8 to 12 paired experiments, and statistically significant
differences (P <.05) are indicated. The Cp values are the number of cycles
based on the second derivative maximum procedure for the matrix fraction.
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Fig. 1. Messenger RNAs enriched in fat cells and in vitro differentiated adipocytes as compared with freshly isolated nonfat cells and preadipocytes. The values
are shown as the means + SEM for 4 experiments using human omental cultured preadipocytes or in vitro differentiated adipocytes derived from the same
4 individuals, plus 4 to 8 experiments using the nonfat cells (matrix + SV fractions) and adipocytes freshly isolated from the omental adipose tissue of 4 to
8 morbidly obese women. The mRNA values are the ratios + the SEM of mRNA expression relative to that of cyclophilin that was used as the recovery standard

and are plotted on a log, scale.

variety of adipokines and other proteins of interest because
the appropriate primers and probes for most known
transcripts are readily available. This procedure allows
one to compare the amount of RNA in nonfat cells to that in
isolated fat cells (Table 1) or in preadipocytes as compared
with differentiated adipocytes (Table 2). The ratios are
based on the AACp values for the nonfat cells compared
with that of the fat cells for fractions derived from each
individual. The ACp values are relative to that of
cyclophilin that was used as a recovery standard in each
run. However, we also show the ratio for cyclophilin based
on the ACp between the 2 fractions to demonstrate that the
recovery of cyclophilin was not different between the
nonfat cells and fat cells (Table 1) or preadipocytes vs
adipocytes (Table 2). In Table 3, the values for the
undigested tissue matrix vs isolated nonfat cells of omental
adipose tissue are shown as ACp values because there was
significantly less recovery of cyclophilin in the SV fraction
than in the undigested tissue matrix.

The mRNAs for leptin as well as proteins involved in
fatty acid uptake and release such as FAT/CD36, lipoprotein
lipase (LPL), adipose tissue triglyceride lipase (ATGL), and
hormone sensitive lipase (HSL) were preferentially
expressed, as expected, in fat cells as compared with the
nonfat cells (Table 1). Amyloid protein Al, 11p-hydro-
xysteroid dehydrogenase 1 (11BHSD-1), retinol binding
protein 4 (RBP-4), PPARY, uncoupling protein 2 (UCP-2),
glutathione peroxidase 3 (GPX-3), adipsin, cyclic adenosine
monophosphate (AMP) phosphodiesterase 3B, glycerol chan-

nel aquaporin 7 (AQP?7), fat-specific protein 27 (CIDEC), cell
death—inducing DFFA-like effector A (CIDEA), and angio-
tensinogen were also preferentially expressed by a least 4-fold
greater amounts in fat cells than in the nonfat cells (Table 1).
The NADPH:quinone oxidoreductase 1 (NQO1), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), and insulin
receptor mRNAs were significantly enriched by 3-fold in
freshly isolated fat cells.

The mRNAs for proteins without a defined specific
function in fat cells such as Gia2 guanine nucleotide binding
protein, osteoprotegerin (OPG), and thrombospondin 1 were
expressed at 1.8- to 2.1-fold greater amounts in fat cells, but
the differences were not significant (Table 1). Other mRNAs
such as AMPK o2 subunit, Akt/protein kinase B (PKB),
lipin, cyclophilin, receptor interacting protein 140 (RIP 140),
hypoxia inducible factor 1o (HIF-1a), haptoglobin, nuclear
factor (NF) kB p50 subunit, CD68, apelin, and renin
receptor were expressed to the same extent in fat cells as
in nonfat cells (Table 1).

However, the mRNAs for inflammatory cytokines/
adipokines such as TNF-o; IL-1f3; cyclooxygenase 2
(COX-2); PAI-1; IL-6; IL-8; IL-10; IL-24; regulated on
activation, normal T cell expressed and secreted
(RANTES); TGF-p1; nerve growth factor (NGF); and
MCP-1, as well as Tribbles 3 (TRB3), Map4k4/NIK,
lipocalin 2, vaspin, osteopontin (OPN), ACE, cathepsin S,
butyrylcholinesterase, and endothelial nitric oxide synthase
(eNOS), were significantly enriched by at least 2.5-fold in
nonfat cells (Table 1).



1010 J.N. Fain et al. / Metabolism Clinical and Experimental 57 (2008) 1005-1015
IL-8
1 eNOS 64 1 Rt
0.5
< < — 3 <
E 0.254 - é :: 'n'n:: E
E 01254 E 1 E 1
2 ooe2s 2 5 :
oretede X
0.03125 - S Jeteses
0.015625 == 0.015625 g‘ig 0.015625 - e
4 TNFa MCP-1
32+ cOX-2 2 128+
164 -_I— 64
8+ < 1 —
g 4+ e E 0.5+ Yotelted g 324
o© Sesee 9
H T atatet [ _ PO 16+
E 14 X I 025 ":"" ':' E T
i o L 01254 02 a &
Q 059 % IE 5505 Q 5
O ype] % 0.0625 R = 4 05
> ! PSS 2 %
0.125 2 0.03125+ % S
PN h I‘I’
0.0625 0.015625 = 1 = o = =
o o @ & o @ @ NS NS
o"\@ cg‘ cné\ & c;i@ g;‘i'e' cF} 2 o‘\& ocﬁ& ‘-9\ 0\
& 5 & < & R 3 < U L3
O’
S & @& 0¥ S S

Fig. 2. Messenger RNAs for inflammatory adipokines up-regulated in freshly isolated nonfat cells. The values are derived from the same experiments described
in Fig. 1. The mRNA values are the ratios + the SEM of mRNA expression relative to that of cyclophilin that was used as the recovery standard and are plotted on
a log, scale.

3.2. Comparison of mRNA in preadipocytes
vs differentiated adipocytes

The relative expression of mRNAs in adipocytes that
were differentiated from omental adipose tissue preadipo-
cytes was compared with that in preadipocytes (Table 2).

The results were generally comparable to those seen when
comparing freshly isolated adipocytes to nonfat cells
obtained from human omental adipose tissue (Table 1).
However, the amount of the mRNAs was far higher (by
2045-, 1550-, 675-, 205-, and 150-fold, respectively, for
CIDEC, haptoglobin, AQP7, leptin, and angiotensin II
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Fig. 3. Messenger RNAs where the ratio in differentiated adipocytes to preadipocytes differs from that in fat cells as compared with freshly isolated nonfat cells.
The values are derived from the same experiments described in Fig. 1. The mRNA values are the ratios + the SEM of mRNA expression relative to that of
cyclophilin that was used as the recovery standard and are plotted on a log, scale.
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receptor 1 [AIIR1]) in differentiated adipocytes as compared
with the fat cells. The mRNA ratios were also higher by 60-
and 50-fold, respectively, for LPL and butyrylcholinesterase
as well as by 8- to 18-fold for amyloid A1, adipsin, cyclic
AMP phosphodiesterase 3B, angiotensinogen, and GPX-3
in differentiated adipocytes. However, the ratios of HSL,
FAT, UCP-2, RBP-4, PPAR7y, and AMPK a2 were
comparable in fat cells and differentiated adipocytes.
Haptoglobin, AIIR1, apelin, butyrylcholinesterase, OPG,
endothelin-1, lipin, and AMPK o2 catalytic subunit were
significantly enriched by at least 2-fold in differentiated
adipocytes but not in isolated fat cells. In contrast, NQOI,
CIDEA, and 11BHSD-1 mRNAs were not significantly
enriched in differentiated adipocytes but were in isolated fat
cells (Table 2 vs Table 1).

3.3. Comparison of mRNA in the isolated SV cells as
compared with the cells present in undigested adipose tissue

The nonfat cells of omental adipose tissue are operation-
ally divided into the cells released by collagenase digestion
that are sedimented after centrifugation (SV cells) and the
cells in the undigested tissue remaining after digestion [1].
The expression in SV cells of eNOS, OPN, ACE, PAI-1,
11BHSD-1, COX-2, RBP-4, MCP-1, HIF-10, cyclophilin,
NFxB p50 subunit, and UCP-2 was significantly less by 20%
to 50% than in the undigested tissue matrix fraction (Table 3).
In contrast, the amount of CD68, 1L-8, adipsin/complement
D, and haptoglobin mRNA was not significantly different
between the 2 fractions (Table 3).
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3.4. Comparison of relative accumulation of mRNAs
in nonfat cells, fat cells, preadipocytes, and
differentiated adipocytes

Because the differences in ratios of mRNA between fat
cells and nonfat cells as compared with in vitro differentiated
adipocytes vs cultured preadipocytes could be due to either
decreases or increases in one fraction, the data for 24 mRNAs
of interests were compared in the cultured preadipocytes,
adipocytes, nonfat cells, and fat cells derived from the
omental adipose tissue of morbidly obese women (Figs. 1-4).
The data are shown as the ratios + the SEM of mRNA
expression relative to that of cyclophilin that was used as the
recovery standard and are plotted on a log, scale. It should be
emphasized that, although it is possible to compare the data
for each mRNA in the 4 fractions, it is not possible to compare
the amount of one mRNA to another because the efficiency of
each set of primers and probes may be different.

The data in Fig. 1 are for 6 mRNAs preferentially
expressed in fat cells and adipocytes. Adipsin, PPARY,
UCP-2, GPX-3, amyloid Al, and AQP7 mRNAs were
essentially not found in preadipocytes, but except for
PPAR7y and amyloid Al were found in freshly isolated
nonfat cells at levels comparable to those of in vitro
differentiated adipocytes. However, for all 6 proteins, the
amount of mRNA in isolated fat cells was greater than that
in nonfat cells.

The data for 6 mRNAs preferentially expressed in nonfat
cells are shown in Fig. 2. Endothelial nitric oxide synthase,
IL-1B, and TNF-o mRNAs were essentially not present in
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plotted on a log, scale.
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either preadipocytes or differentiated adipocytes but were
up-regulated in both isolated fat cells and nonfat cells.
However, the amount of each mRNA was substantially
higher in nonfat than in fat cells. Although IL-8, COX-2, and
MCP-1 were also up-regulated in both fat cells and nonfat
cells, the mRNA levels for these proteins were substantially
higher in preadipocytes than was the case for eNOS, IL-1p,
and TNF-a mRNAs.

A different pattern was shown for the distribution of the
mRNAs for 11SHSD-1 and NQOI1 because their mRNA
expression was higher in preadipocytes than in isolated
nonfat cells and comparable in fat cells to adipocytes
(Fig. 3). In contrast, the mRNAs for AIIR1 and haptoglobin
were expressed at very low levels in preadipocytes but were
up-regulated to about the same extent in both nonfat cells and
fat cells (Fig. 3). Butyrylcholinesterase, haptoglobin, AIIR1,
and apelin mRNAs were all preferentially expressed in
differentiated adipocytes but not in isolated fat cells (Fig. 3).
Apelin and butyrylcholinesterase were essentially down-
regulated in isolated fat cells, whereas with haptoglobin and
AIIR1 their expression was up-regulated in the nonfat cells
as compared with preadipocytes.

At least one mRNA, the p65 subunit of NFxB, was
expressed to the same extent in all 4 cell types (Fig. 4). In
contrast, the p5S0 subunit of NFkB was expressed at a much
higher level in freshly isolated fat cells than in differentiated
adipocytes; but the level of expression in nonfat cells was
comparable to that in fat cells (Fig. 4). The AMPK o2
catalytic subunit was up-regulated in nonfat cells and fat
cells but expressed at a higher level in differentiated
adipocytes than in preadipocytes. Yet another pattern was
seen with regard to the mRNAs for PAI-1, HIF-10, and TGF-
Ppl, which were expressed to the greatest extent in
preadipocytes and lowest extent in fat cells (Fig. 4).

4. Discussion

The present data indicate that for inflammatory adipo-
kines, such as IL-6, IL-8, IL-1, MCP-1, and PAI-1, most of
their mRNAs are found in the nonfat cells of human omental
adipose tissue. This is in agreement with studies on their
release by omental adipose tissue over a 48-hour incubation
[1-8]. The distribution of the mRNAs in fat cells agrees with
in vitro release data with regard to leptin and amyloid Al
release [1]. The one exception was adipsin mRNA, whose
level was 9-fold higher in fat cells than in nonfat cells; but its
release by fat cells over 48 hours was less than 15% of that
by the nonfat cells [8].

Glutathione peroxidase 3 and PPARy mRNAs were
enriched in isolated human fat cells as compared with
preadipocytes, but no comparison was made to freshly
isolated nonfat cells [11]. Maeda et al [12] originally
reported that adipsin, GPX-3, LPL, and serum amyloid A1l
mRNAs were expressed in adipose tissue; and our results
demonstrate that they are present primarily in fat cells.

Amyloid A1 mRNA is preferentially expressed in human
omental fat cells [13] and RBP-4 in subcutaneous fat cells
[14]. Retinol binding protein 4 has recently been reported to
be a molecule secreted by adipose tissue that contributes to
insulin resistance in obesity and type 2 diabetes mellitus
[15]. Cell death—inducing DFFA-like effector A is localized
to adipocytes; and like adiponectin, its gene expression in fat
is reduced by obesity in humans [16,17]. CIDEC, also
known as fat-specific protein 27, colocalizes with perilipin
in adipocytes and negatively regulates lipolysis [18].

Our results add 11BHSD-1, UCP-2, cyclic AMP phos-
phodiesterase 3B, AQP7, and NQOI to the list of proteins
whose mRNAs are preferentially expressed in fat cells. 115-
Hydroxysteroid dehydrogenase 1 was examined because
obesity has been reported to increase its gene expression in
both subcutaneous [19,20] and omental [21] adipose tissue
of obese humans. Glutathione peroxidase 3 is the only one of
the 5 known glutathione peroxidases that is secreted by cells
and is abundantly expressed in adipose tissue, kidney, and
lung [22]. It is interesting that UCP-2 mRNA, like GPX-3,
was preferentially localized in fat cells (16- to 18-fold)
because UCP-2 reduces mitochondrial reactive oxygen
species production [23], whereas GPXs enhance reactive
oxygen species degradation [24]. Cyclic AMP phosphodies-
terase 3B was examined because it is an important
component of insulin and catecholamine action on rat fat
cells [25]. Aquaporin-7 was examined because its mRNA
expression in subcutaneous adipose tissue has been reported
to be down-regulated in obesity [26]. In contrast, the
expression of NQO1 mRNA has been reported to be
elevated in fat cells from obese human subjects [27]; and
both NQOI1 [27] and 11BHSD-1 [28] mRNA expressions
positively correlate with fat cell size.

Interestingly, we found that AIIR1, apelin, butyrylcho-
linesterase, and OPG mRNAs were significantly enhanced
in differentiated omental adipocytes but not in isolated fat
cells. Apelin is an adipokine said to be up-regulated in
obesity, and its mRNA is expressed to the same extent in fat
cells as in SV cells derived from subcutaneous adipose
tissue [29]. Osteoprotegerin was examined because a
positive correlation has been reported between serum
OPG and visceral obesity in humans [30]. The level of
OPG has also been reported to be elevated in subcutaneous
adipose tissue from obese humans [31]. Butyrylcholinester-
ase was examined because elevated levels of butyrylcho-
linesterase have been postulated to result in low-grade
inflammation [32]. The mRNA for this enzyme was found
to approximately the same extent in preadipocytes as in
nonfat cells but uniquely was elevated in differentiated
adipocytes, whereas it was markedly reduced in fat cells.
No other mRNA exhibited this kind of response except for
apelin. Apelin is up-regulated in human adipocytes by
insulin, as is PPAR7y [29]. Because insulin and a
thiazolidinedione were in the medium used to differentiate
preadipocytes to adipocytes, this could explain the
enhanced accumulation of both apelin and PPARYy in
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differentiated adipocytes. However, this does not explain
why apelin mRNA was lower whereas PPARyY mRNA was
higher in fat cells than in nonfat cells. These results suggest
that further studies should be done to see if butyrylcholi-
nesterase expression is reduced in starvation, a catabolic
state, as has been reported for apelin [29].

The p50 and p65 subunits of NF«xB play a prominent role
in both the immune and inflammatory responses [33]. The
present data indicate that the mRNA for the p65 subunit is
found in all 4 cell fractions to about the same extent, and
similar results were seen for the p50 subunit except that its
mRNA expression in differentiated adipocytes was reduced
as compared with preadipocytes. The oxygen-dependent
transcriptional activator HIF-lo is involved in the up-
regulation by hypoxia of visfatin in cultured murine 3T3L1
adipocytes [34]. We found that HIF-oo mRNA was expressed
in both adipocytes and nonfat cells but that its level in
preadipocytes was far higher. However, further experiments
will be required to illuminate the physiological importance of
this finding.

Vaspin and RANTES mRNAs were measured because it
has been reported that the expression of these compounds is
enhanced by obesity in visceral adipose tissue; but like most
inflammatory adipokines, their mRNAs are predominantly
located in the nonfat cells [35,36]. Plasminogen activator
inhibitor 1 is another protein synthesized by adipose tissue
whose circulating levels are elevated in obesity [37]. Our
results indicate that its mRNA is primarily in nonfat cells.
Uniquely, expression of PAI-mRNA was far higher in
preadipocytes and in vitro differentiated adipocytes than in
freshly isolated nonfat cells and fat cells.

One of the aims of our investigations was to compare
the distribution of mRNAs between the nonfat cells
remaining after the fat cells are released from human
omental adipose tissue by collagenase digestion and the
cells released during digestion that do not have enough
lipid to float. After collagenase digestion of rodent adipose
tissue, almost all the tissue passes through a 200-um filter;
and brief centrifugation separates the digest into those cells
that float (adipocytes) and the cells without enough lipid to
float [38]. These are the so-called nonfat cells commonly
described as SV cells and composed of preadipocytes,
stem cells, mononuclear blood cells, macrophages,
endothelial cells, and some small pieces of blood vessels.
In human adipose tissue, this is not the case because after
a 2-hour digestion of adipose tissue, approximately 60% of
total RNA is recovered in the undigested tissue that does
not pass through a 200-um mesh, whereas the rest is
almost equally divided between the SV and adipocytes/fat
cells [7]. The present results indicate that the mRNAs for
adipsin/complement D and haptoglobin were equally
distributed between the matrix and SV cells. For mRNAs
such as OPN, eNOS, ACE, PAI-1, 11pHSD-1, COX-2,
RBP-4, MCP-1, HIF-1a, cyclophilin, NFxB p50 subunit,
UCP-2, IL-8, and GAPDH, the specific activity of their
mRNAs was 20% to 50% in the SV cells to that in the

cells present in the undigested tissue. These differences
were all statistically significant. This demonstrates that SV
cells liberated during collagenase digestion are not
enriched in the mRNAs for proteins involved in the
inflammatory response. The mRNA for CD68, which has
been considered as a macrophage marker, did not have a
statistically significant difference between the undigested
tissue matrix fraction and the free SV cells. However,
CD68 is also found in human fibroblasts [39]. Khazen et al
[40] have reported that there was no difference in its
expression in adipocytes as compared with SV cells
derived from human subcutaneous adipose tissue. In
mouse adipose tissue, CD68 mRNA was much more
highly expressed in the SV cell fraction than in adipocytes
[40].

Osteopontin was examined because its circulating levels
as well as mRNA expression have been reported to be
elevated in human obesity [41]. Furthermore, OPN is said
to be involved in obesity-induce macrophage infiltration in
mice [42]. Our data extend to humans the report that OPN
is preferentially localized in nonfat cells isolated from
mouse adipose tissue [42]. Osteopontin mRNA was found
only in the macrophages but not in endothelial cells or
other cells isolated from the SV fraction of collagenase-
digested mouse adipose tissue [42]. If OPN is a specific
marker for macrophages in human fat, then our finding that
the level of OPN mRNA was 4-fold higher in the
undigested tissue matrix than in the isolated human SV
cells suggests that most of the macrophages in adipose
tissue from morbidly obese humans are not released by
collagenase digestion.

It is hardly surprising that the mRNAs for proteins such
as Gio2, NHEI1, cyclophilin, AMPKo, HIF-1a, and NFkB
p50 subunit were present to the same extent in fat cells as
in nonfat cells because they have no specific function
related to adipocyte metabolism. Furthermore, the presence
of elevated amounts of the mRNAs in the nonfat cells for
inflammatory cytokines is as expected if most of the
inflammatory response in adipose tissue is due to the cells
other than fat cells.

However, interesting differences were found between the
freshly isolated nonfat cells of human omental adipose tissue
and preadipocytes derived from them by prolonged culture.
The lower level of expression of the mRNAs for proteins
such as adipsin/complement D, GPX-3, haptoglobin, and
TNF-a suggests that during in vitro culture these mRNAs are
down-regulated in nonfat cells. In contrast, the mRNAs for
PAI-1, HIF-1a, and 11BHSD-1 were elevated in preadipo-
cytes. The role of the 11HSD-1 enzymes in visceral obesity
is as yet unclear, but the expression of 11fHSD-1 mRNA in
omental adipose tissue positively correlates with BMI
[43,44]. This enzyme converts cortisone to cortisol within
adipose tissue, and its activity is enhanced by incubation of
omental adipose tissue in primary culture by cytokines [43].
The present results indicate that this enzyme is up-regulated
in fat cells of omental adipose tissue. The higher levels of
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11BHSD-1 mRNA in fat cells may be secondary to an
enhanced inflammatory response in adipose tissue from
morbidly obese women. If 11SHSD-1 is a protein involved in
the inflammatory response, it probably acts as feedback
regulator to reduce inflammation because it enhances the
formation of cortisol, a known anti-inflammatory agent. A
unique feature of 11HSD-1 mRNA is that it is preferentially
up-regulated in adipocytes unlike the mRNAs for cytokines
such as TNF-o, IL-1p, IL-8, and IL-6 that were preferentially
up-regulated in nonfat cells.

Lipin was examined because its expression in transgenic
mice causes obesity [45] but its expression in adipose tissue
is reduced in obesity [46]. Endothelin-1 is a potent
vasoconstrictor peptide [47], and human adipose tissue was
found to have a marked release of endothelin-1 in vivo that
was increased in obesity [48]. Lipin mRNA expression was
slightly, but not significantly, enhanced in human fat cells as
compared with the nonfat cells but was enhanced in
differentiated adipocytes as compared with preadipocytes.
Endothelin-1 mRNA was also preferentially expressed, by
11-fold, in differentiated adipocytes as compared with
preadipocytes but in isolated fat cells was expressed at
levels less than 6% of that in nonfat cells. Clearly, neither
lipin nor endothelin-1 mRNA is preferentially expressed in
freshly isolated fat cells from morbidly obese individuals.

There are several caveats with regard to these studies. The
first is that what was measured was mRNA expression,
which does not necessarily correspond with the level of
protein. However, in studies using omental adipose tissue
from humans, it is difficult to obtain sufficient tissue and
specific antibodies to measure the amount of protein. The
second caution is that to obtain fat cells from human adipose
tissue it is necessary to incubate the tissue with collagenase,
and we have shown that the time required for this results in
up-regulation of the mRNAs for proteins involved in the
inflammatory process [9]. However, this does not affect the
comparison of mRNA distribution in nonfat cells vs fat cells
because both are up-regulated during this process [9].
Another caveat is that differentiated adipocytes were
obtained by incubation of preadipocytes in medium contain-
ing insulin, dexamethasone, a methyl xanthine, and a
thiazolidinedione, which is in effect exposing them to an
anabolic condition.

We conclude that the mRNAs for inflammatory proteins
are preferentially expressed in the nonfat cells, especially
those not released during collagenase digestion of human
omental adipose tissue. Novel adipokines that may be
secreted by omental adipose tissue include endothelin-1,
OPN, butyrylcholinesterase, lipocalin 2, vaspin, RANTES,
apelin, and NGF; but they are all preferentially expressed in
nonfat cells. Fat cells preferentially express those mRNAs
for fatty acid storage and release proteins as well as RBP-4,
amyloid A1, UCP-2, adipsin, PPARy, AQP7, NQO1, GPX-
3, angiotensinogen, CIDEC, CIDEA, and 11BHSD-1 whose
roles in adipocyte metabolism and the inflammatory
response are incompletely understood.
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