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used to exclude any effect of obesity. When the CAD group was
divided into uAP and sCAD subgroups, the preB1-HDL level was
markedly higher in the uAP subgroup than in the sCAD subgroup.
Moreover, the difference remained significant even when dyslipi-
demic patients were excluded from the two subgroups (Table 2).
The age, BMI, blood pressure and concentrations of HbAlc, hep-
atic function markers, renal function markers, HDL-C and apoA-]
did not differ significantly between the two subgroups, although
T-Cho, LDL-C and apoB were somewhat lower in the uAP subgroup
than in the sCAD subgroup (Table 3). ROC analyses were performed
to investigate the potential of pre31-HDL as a predictive marker for
UAP. Pref31-HDL showed better diagnostic accuracy than other lipid
markers, suggesting that pref1-HDL may be useful for identifying
patients with uAP (Fig. 1).

Two earlier studies reported elevation of the pre1-HDL lev-
els in CAD patients [16,17]. However, the mechanism responsible
for that elevation has not been elucidated. Miida et al. reported
that delayed catabolism of pre31-HDL, specifically, delayed LCAT-
dependent conversion of pre31-HDL into a-migrating HDL, causes
elevation of the pref31-HDL level in CAD patients. However, they
also described that some CAD patients had a high pref31-HDL level
despite the high LCAT activity, suggesting that some other mecha-
nism may be responsible for pre1-HDL elevation [16]. Asztalos et
al. reported that CAD patients with low HDL-C levels (<35 mg/dL)
have high pre1-HDL levels and suggested that delayed catabolism
of pre1-HDL s responsible for the elevated prep1-HDL[17]. Inour
study, the normolipidemic CAD patients, excluding those with low
HDL-C levels (<40 mg/dL), also showed elevated pref31-HDL lev-
els (Table 2). We speculate that the many uAP patients included in
the present study may have been the cause of the elevated pref1-
HDL level in CAD patients without dyslipidemia. If, as has been
suggested [17], delayed catabolism of pref31-HDL is responsible for
preB1-HDL elevation, the HDL-C concentration and LCAT activity
should be lower in the uAP subgroup than in the sCAD subgroup
and should correlate negatively with the prep1-HDL concentra-
tion. However, we could not find any difference in either the HDL-C
concentration or the LCAT activity between the uAP and sCAD sub-
groups (Table 3), and there was no negative correlation between
the preB1-HDL concentration and either the HDL-C concentration
or the LCAT activity in the CAD patients. In fact, the pre31-HDL
concentration conversely showed a significant and positive corre-
lation with the HDL-C concentration in the CAD patients (Table 4
and Fig. 2A). In addition, the CAD patients with either a high HDL-
C level or high LCAT activity also showed an elevated pre1-HDL
level (Table 2). These results suggest that some other mechanism
must be responsible for pref31-HDL elevation.

Perhaps that mechanism is enhancement of pre1-HDL forma-
tion. The following three formation pathways are known: synthesis
in the liver {9,10], new formation through interaction of apoA-I
and peripheral cells [6-8] and dissociation through remodeling of
a-HDL {11]. In the case of CAD, the last two of these pref1-HDL
formation pathways seem most likely and are discussed below.

PreB1-HDL formation is increased in atherosclerotic CAD due
to accelerated interaction of apoA-I and peripheral cells. It was
reported that foamn cell formation enhanced expression of ATP-
binding cassette transporter Al and apoA-I-mediated cholesterol
efflux from cells in in vitro experiments {23,24]. Since pref31-HDL
is formed by the cellular cholesterol efflux of lipid-free apoA-I
or lipid-poor apoA-I mediated by ABCA1 [3,4,6-8], the formation
of pref1-HDL in atherosclerotic CAD caused by accumnulation of
excess cholesterol might be accelerated by enhancement of that
efflux in the peripheral cells.

The other most likely pathway of pre1-HDL formation in uAP
is that pre31-HDL generation is enhanced by a-HDL remodeling
caused by an increase in acute-phase proteins during inflamma-

103

tion. Serum amyloid A (SAA), group lla secretory phospholipase A2
(sPLA2-11a) and phospholipid transfer protein (PLTP), whose blood
concentrations or activities are elevated in the acute-phase, are
known to be factors that facilitate a-HDL remodeling [25-28]. For
example, it was reported that the amount of SAA in HDL parti-
cles increases markedly during the acute inflammatory phase [28]
and that it dissociates pref31-HDL from «-HDL when it binds to
«-HDL [29]. The blood concentration of SAA increases in uAP [30],
and SAA is highly expressed in atherosclerotic lesions [31]. van der
Westhuyzen et al. suggested a model for the acute-phase response
in CAD in which SAA and sPLA2-I1a, present at sites of inflamma-
tion and tissue damage, play protective roles by enhancing cellular
cholesterol efflux, thereby promoting the removal of excess choles-
terol from macrophages [25]. Thus, acute-phase proteins, including
SAA, seem to be factors promoting pref1-HDL elevation in uAP,
although the results of the present study are not sufficient to prove
this hypothesis.

In summary, we demonstrated that the pre1-HDL level is
elevated in CAD patients, especially in uAP patients, even when
excluding dyslipidemic subjects. These results suggest that ele-
vation of the plasma preB1-HDL level is associated with the
atherosclerotic phase of CAD. Elevation of plasma pre31-HDL may
be useful for the identification of patients with uAP. Moreover, that
elevation may be caused by a different mechanism from the previ-
ously proposed delayed catabolism of pre31-HDL due to low LCAT
activity.
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Context: Tenomodulin (TNMD), a putative angiogenesis inhibitor, is expressed in hypovascular
connective tissues. Global gene expression scans show that the TNMD gene also is expressed in
human adipose tissue and that its expression is regulated in response to weight reduction; how-
ever, more detailed information is lacking.

Objective: The aim of this study was to investigate TNMD tissue distribution and TNMD gene
expression in human adipose tissue in relation to obesity and metabolic disease.

Design, Patients, and Interventions: TNMD gene expression, tissue distribution, and TNMD gene
expression in adipose tissue from different depots, from lean and obese subjects, and during
diet-induced weight reduction were analyzed by DNA microarray and real-time PCR.

Main Outcome Measure: We primarily measured TNMD gene expression.

Results: The TNMD gene was predominantly expressed in sc adipose tissue. TNMD gene expression
was higher in sc than omental adipose tissue both in lean (P = 0.002) and obese subjects (P = 0.014).
in both women and men, TNMD gene expression was significantly higher in the obese subjects
compared to the lean subjects (P = 1.1 X 107?% and P = 0.010, respectively). In a multiple linear
regression analysis, BMI was a significant independent predictor of TNMD gene expression. TNMD
gene expression was down-regulated during diet-induced weight loss, with a 65% decrease after
18 wk of diet (P < 0.0001).

Conclusions: We conclude that human adipose tissue TNMD gene expression is highly affected by
obesity, adipose tissue location, and weight loss, indicating that TNMD may play a role in adipose
tissue function. (J Clin Endocrinol Metab 94: 3987-3994, 2009)
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enomodulin (TNMD), a protein consisting of 317
T amino acids, is a member of a new family of type I
transmembrane proteins. The human TNMD gene spans
approximately 15 kb and is mapped to Xq22. TNMD is a
putative angiogenesis inhibitor and is highly expressed in
hypovascular connective tissues such as tendons and car-
tilage (1-4). Studies of global gene expression show that
the TNMD gene is also expressed in human adipose tissue.
In two DNA microarray screens (5, 6), the TNMD gene
was among the genes that were down-regulated in re-
sponse to weight reduction, and in one of the studies
TNMD gene expression was correlated with insulin sen-
sitivity (5). The link between TNMD and metabolic dis-
ease is further highlighted by studies showing that TNMD
polymorphisms are associated with obesity, diabetes risk
(7), systemic immune mediators (8), and cholesterol levels
(9). However, the mechanisms behind these associations
are unknown.

Together, these findings suggest that TNMD could
have metabolic effects in addition to its role in angiogen-
esis. However, more detailed information on the regula-
tion of TNMD gene expression in human tissues is lack-
ing. For example, the relative expression level of this gene
in adipose tissue in relation to other human tissues needs
to be established, and it is unknown whether there are
differences in TNMD gene expression between lean and
obese subjects. The aim of this study was therefore to de-
termine the tissue distribution of TNMD gene expression
and to investigate the expression of TNMD gene in adi-
pose tissue in relation to obesity, weight loss, and meta-
bolicrisk factorsin large and well-characterized cohorts to
gain insights into the possible role of TNMD in human
obesity and obesity comorbidities.

Subjects and Methods

All study subjects received written and oral information before
giving written informed consent. The Regional Ethics Commit-
tee in Gothenburg and the South Birmingham Ethics Committee
approved these studies. Patient characteristics are described as
mean = sp in Table 1.

J Clin Endocrinol Metab, October 2009, 94(10):3987-3994

The depot study

Women undergoing elective surgery (liposuction and elective
gynecological procedures) were recruited, and paired abdominal
sc and abdominal omental (n = 10) adipose tissue biopsies were
collected in accordance with guidelines of the South Birmingham
Ethics Committee. Smokers and subjects with recent weight
change, hormone replacement, and malignant diseases were ex-
cluded. The subjects were divided into two cohorts (Table 1)
according to BMI (lean, n = 5; BM1,23.0 + 1.2 kg/m?; obese,n =
5; BMI, 33.2 + 3.1 kg/m?).

The Swedish Obese Subjects (SOS) Sib Pair study

The SOS Sib Pair study consists of 154 nuclear families with
BMI discordant sibling pairs (BMI difference = 10 kg/m?), re-
sulting in a study population consisting of 732 subjects. In the
current study, the most extreme siblings according to BMI were
chosen in each family, and gender discordant sibling pairs were
excluded, resulting in 78 pairs of sisters and 12 pairs of brothers
with one of the siblings classified as obese and the other sibling
classified as lean (Table 1) (10, 11).

Diet-induced weight loss (VLCD) studies

The very low calorie diet (VLCD) study was performed to
identify gene expression changes in adipose tissue of obese sub-
jects during weight loss by caloric restriction (12-15). Forty
obese (BMI > 30 kg/m?) subjects were included in the study, of
which 24 subjects (18 males and six females) were analyzed by
DNA microarray (Table 1). At the start of the study, the 24
subjects were divided into two groups, one group with the met-
abolic syndrome (n = 12) and one group without the metabolic
syndrome (n = 12) (12, 16). All subjects were treated with a
VLCD (450 kcal/d) for 16 wk, followed by 2 wk when regular
food was gradually reintroduced. Study assessments were per-
formed at the start of VLCD treatment (wk 0), twice during
the VLCD phase (wk 8 and 16), and 2 wk after the end of
VLCD treatment {(wk 18) when regular food gradually had
been reintroduced.

An additional 28 obese subjects (BMI > 30 kg/m?) subjects
{eight males and 20 females) were included for the verification of
TNMD expression during VLCD. The subjects were treated with
VLCD for 12 wk. Study assessments were performed at the start
of VLCD treatment (wk 0) and three times during the VLCD
phase (wk 2, 6, and 12). The mean weight loss after 12 wk of
VLCD was 19%. TNMD expression was analyzed using real-
time PCR as described below.

TABLE 1. Characteristics of the subjects and samples used in this study

VLCD VLCD
Sib Pair study (microarray) (real-time PCR) Depot study

Lean Obese Obese Obese Lean Obese
n 90 90 28 5 5
Sex (M/F) 12/78 12/78 18/6 8/20 0/5 0/5
Age (yr) 36.3+75 393 +6.5 48.3 + 10.2 39.7 = 12.7 40 = 7 50+ 4
BMI (kg/m?) 220+ 17 37.7 =53 37.6 =49 36.3 = 3.7 23.0*+1.2 33.2 = 3.1
AT depot SC SC e sC, om sC, om
Biopsy procedure Needle Needle Needle Needle Surgical Surgical

Values are presented as mean * sp. AT, Adipose tissue; om, omental.
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Tissue distribution of TNMD gene expression

To determine the tissue distribution of TNMD gene expres-
sion, DNA microarray expression profiles of 65 human tissues
were acquired from the Gene Expression Omnibus (GEO) da-
tabase (Dataset GSE3526; http://www.ncbi.nlm.nih.gov/geo/).
Each tissue in this data set is represented by Human Genome
U133 plus 2.0 DNA microarray expression profiles (Affymetrix,
Santa Clara, CA) from three to nine different individuals.
TNMD gene expression was investigated using the 220065_at
probe set.

Adipose tissue biopsies and RNA preparation
Abdominal sc adipose tissue biopsies obtained by needle as-
pirations or surgical adipose tissue biopsies (Table 1) were flash
frozen and stored at —80 C until analysis. For analysis of tissue
distribution, adipocytes were isolated from fresh adipose tissue
biopsies as previously described (17, 18). Total RNA was pre-
pared with the RNeasy lipid tissue kit (QIAGEN, Chatsworth,
CA), or using the phenol-chloroform extraction method of
Chomczynski and Sacchi (19) with further purification with
RNeasy clean-up columns. The RNA concentration was mea-
sured spectrophotometrically, and the A260/A280 ratio was
1.8-2.0. The quality of the RNA was verified by agarose gel
electrophoresis before reverse transcription into cDNA.

DNA microarray analysis

Gene expression in paired abdominal sc and omental adipose
tissue samples from the depot study and samples from the SOS
Sib Pair study were analyzed using the Human Genome U133
plus 2.0 DNA microarrays {Affymetrix). In the VLCD study,
gene expression was analyzed using the Human Genome U133A
DNA microarray (Affymetrix). Preparation of cDNA and hy-
bridization to DNA microarray was performed according to
standard Affymetrix protocols. The hybridization and analysis
were performed according to the Minimum Information about a
Microarray Experiment guideline (20). Gene expression profiles
from the adipose tissue samples were analyzed using the RMA
software (Affymetrix). TNMD gene expression was investigated
using the 220065_at probe set.

Adipocyte and stromal vascular fraction cells
isolation

For verification of tissue distribution, total RNA was pre-
pared with RNeasy Lipid Tissue Mini Kit (QIAGEN) from sc
adipose tissue, and isolated sc adipocytes from healthy vol-
unteers (two females, one male with BMI of 22.4-26.7 kg/m?;
and two females, one male with BMI of 22.4-29.3 kg/m?,
respectively).

Subcutaneous adipose tissue needle biopsies for the prepara-
tion of stromal vascular fraction (SVF) cells were obtained from
three subjects. In brief, the adipose tissue was minced, collage-
nase was digested, and the digested adipose tissue was then fil-
tered through a 250-um mesh net. Nonbuoyant liberated cells
were collected by centrifugation. TNMD expression in SVF cells
was compared with the expression levelsin scadipose tissue from
eight subjects (two males and six females) using real-time PCR.

Real-time PCR analysis
RNA from adipose tissue, adipocytes, SVF cells, and RNA
from the Human Total RNA Master Panel IT {(Clontech Labo-

jcem.endojournals.org 3989

ratories, Inc., Palo Alto, CA), were reversed transcribed using
the High Capacity cDNA RT kit (Applied Biosystems, Foster
City, CA) according to the manufacturer’s protocol. Reagents
for real-time PCR analysis of TNMD (Hs00223332_m1),
low-density lipoprotein (LDL) receptor-related protein 10
(LPR10) (Hs00204094_m1), and peptidyl-prolyl isomerase A
(PPIA) (Hs99999904_m1) (Assays-on-Demand and TaqMan
Universal PCR Master mix) were purchased from Applied Bio-
systems and used according to the manufacturer’s protocol.
cDNA corresponding to 10 ng RNA per reaction was used for
real-time PCR in the ABI PRISM 7900HT Sequence Detection
System (Applied Biosystems). A standard curve was plotted for
each primer-probe set with a serial dilution of cDNA synthesized
from pooled RNA. PPIA or LRP10 gene expression was used to
normalize TNMD gene expression between samples. All samples
and standards were analyzed in triplicate.

Measurements

In the SOS Sib Pair study, anthropometry and measurements
of fat mass (FM), fat-free mass (FFM), blood pressure (BP), fast-
ing glucose, total cholesterol, triglyceride, high-density lipopro-
tein (HDL) cholesterol, LDL cholesterol, serum insulin, serum
C-peptide, highly sensitive C-reactive protein (hs-CRP), and ho-
meostasis model assessment of insulin resistance (HOMA-IR)
were performed at the Sahlgrenska University Hospital. Body
composition assessed by dual-energy x-ray absorptiometry was
performed with LUNAR DPX-L (Scanexport Medical, Helsing-
borg, Sweden). The dual-energy x-ray absorptiometry examina-
tion generates a three-compartment model consisting of FM,
lean tissue mass (LTM), and bone mineral content (BMC). The
FFM was calculated as LTM + BMC. All measurements and
samplings were performed after an overnight fast.

Statistics

Values are given as mean * siM unless otherwise indicated.
To obtain approximate normal distributions of expression data,
DNA microarray signals in the whole SOS Sib Pair study off-
spring cohort (n = 359) were transformed using Box-Cox power
transformations. Subsequently, expression data were standard-
ized to mean = 0 and variance = 1. Differences in TNMD gene
expression between lean and obese siblings were assessed using
paired ¢ test. In the SOS Sib Pair study, Spearman rank correla-
tion analysis between TNMD gene expression and clinical pa-
rameters was performed. In addition, multiple linear regression
analysis was used to evaluate independent associations. In the mul-
tiple linear regression analysis, the dependent variable was TNMD
gene expression, and the independent variables were BMI, diastolic
BP, triglyceride, C-peptide, hs-CRP, and HOMA-IR. The indepen-
dent variables —waist, waist to hip ratio (WHR), FM, FFM, sys-
tolic BP, fasting glucose, total cholesterol, HDL cholesterol, LDL
cholesterol, and insulin —were excluded from the model due to
multicollinearity. In the VLCD studies, paired ¢ test was used to
test differences in TNMD gene expression between time points,
and Student’s £ test was used to assess differences in TNMD gene
expression between subjects with and without metabolic syn-
drome or sex differences at baseline. Differences in TNMD ex-
pression in paired abdominal sc and omental adipose tissue were
tested using paired ¢ test. Two-sided P values less than 0.05 were
considered statistically significant.
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FIG. 1. Tissue distribution of TNMD gene expression. A, Results from DNA microarray
analysis presenting the 15 tissues with the highest TNMD gene expression out of the 65
tissues that were compared. The data were obtained from the GEO database (GSE3526). B,
Results from the validation of TNMD gene expression with real-time PCR in isolated
adipocytes {(n = 3), adipose tissue (n = 3), and a human tissue panel. The figure shows the
15 tissues with the highest TNMD gene expression out of the 20 tissues that were
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TNMD/PPIA mRNA) was similar to that
in whole sc adipose tissue (0.8 + 0.2
TNMD/PPIA mRNA).

Regional differences in expression
of TNMD gene in human adipose
tissues

The DNA microarray analysis of tis-
sue distribution indicated that sc adipose
tissue displayed higher levels of TNMD
gene expression compared with omen-
tal adipose tissue (Fig. 1A). We there-
fore measured TNMD gene expression
by DNA microarray analysis in paired
abdominal sc and omental adipose tis-
sue samples (Fig. 2A) from the depot

compared. Values are given as mean * SEm.

Results

Expression of the TNMD gene in human adipose
tissue and adipocytes

The tissue distribution of TNMD gene expression was
initially investigated using publicly available DNA mi-
croarray expression profiles obtained from the GEO da-
tabase (Fig. 1A). This analysis included 65 human tissues
and showed that sc adipose tissue had the highest expres-
sion of the TNMD gene, followed by adipose tissue of
undefined origin, mammary gland, and omental adipose
tissue.

To investigate TNMD gene expression in adipocytes
and to verify the tissue distribution of TNMD gene ex-
pression, real-time PCR analysis was performed on iso-
lated sc adipocytes and sc adipose tissue and a panel of 18
other human tissues (Human Total RNA Master Panel 11,
Clontech Laboratories) (Fig. 1B). High TNMD gene ex-
pression levels were observed in adipocytes and adipose
tissue. The expression of the TNMD gene was at least
3-fold higher in isolated adipocytes and adipose tissue
compared with the other human tissues. TNMD expres-
sion in isolated SVF cells from sc adipose tissue (1.2 + 0.4

study (five lean and five obese subjects).

TNMD gene expression was signifi-
cantly higher in sc adipose tissue compared with omen-
tal adipose tissue both in lean (P = 0.002) and obese
subjects (P = 0.014). Using real-time PCR, this depot
difference was verified (P = 0.014) in the obese subjects
{Fig. 2B), whereas there was nosignificant difference in the
lean subjects.

Expression of TNMD gene in lean and obese
subjects

TNMD gene expression in sc adipose tissue from BMI-
discordant sibling pairs from the SOS Sib Pair study was
measured by DNA microarray analysis. In both women
and men, TNMD gene expression was significantly higher
in the obese subjects compared with the lean subjects (P =
1.1 X 107?¢ and P = 0.010, respectively) (Fig. 3). There
was also an increased expression of TNMD in the obese
women compared with the obese men (P = 0.0044),
whereas there was no gender difference in the lean
subjects.

We next investigated the relationship between adi-
pose tissue TNMD gene expression and clinical param-
eters in the SOS Sib Pair study (Table 2). When all sub-
jects were analyzed together, TNMD gene expression
correlated with measures of obesity,
adipose tissue distribution, BP, serum
lipid levels, and markers of carbohy-
drate metabolism. When the lean and
obese siblings were analyzed separately,
TNMD gene expression correlated posi-
tively with BMI both in lean subjects (P <
0.001) and in obese subjects (P = 0.001)
(Table 2). Positive correlations between
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FIG. 2. Regional differences in adipose tissue expression of the TNMD gene. TNMD gene
expression in paired abdominal sc and omental adipose tissue biopsies from the depot study
was analyzed by DNA microarray (A) and real-time PCR (B). Values are given as mean = Sem.

ference, FM, serum triglyceride concentra-
tions, serum C-peptide concentrations,
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FIG. 3. TNMD gene expression in adipose tissue from BMi-discordant
sibling pairs in the SOS Sib Pair study. RNA was isolated from sc
adipose tissue biopsies from 90 sibling pairs (78 pairs of sisters and 12
pairs of brothers), and TNMD gene expression was analyzed by DNA
microarray. Values are given as mean * SEm.

and negative correlations with serum HDL cholesterol levels
also persisted in both groups. Multiple linear regression anal-
ysis showed that BMI was a significant independent pre-
dictor for TNMD gene expression when all subjects were
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analyzed together. BMI was also a significant independent
predictor for TNMD gene expression in the lean subjects
group (Table 2).

Expression of TNMD gene during diet-induced
weight loss

The high expression of TNMD gene in obese subjects
and the correlations with metabolic risk factors led us to
examine whether VLCD treatment, resulting in large
weight losses and improved metabolic status (12), affected
adipose tissue TNMD gene expression. Adipose tissue
TNMD gene expression was markedly reduced after 8 wk
of diet (29% decrease from wk 0) and after 16 wk of diet
(48% decrease from wk 0) (Fig. 4A). Between wk 16 and
18, when regular food was gradually reintroduced, the
average body weight was unchanged, and TNMD gene
expression remained low (65% decrease from wk 0). No
difference in TNMD gene expression was seen at baseline
between the obese subjects with the metabolic syndrome
and the obese subjects without metabolic syndrome. To

TABLE 2. Correlation coefficients between TNMD gene expression in adipose tissue and clinical parameters in Sib

Pair study
Spearman rank Multiple linear regression
correlation test (r) (B-coefficient)
Variables All Lean Obese All Lean Obese
n 180 90 90 180 90 90
BMI (kg/m?) 299 + 88 0.758° 0.398° 0.355° 0.081¢ 0.125° 0.038
Waist (cm) 954 + 209 0.730¢ 0.354° 0.237°
WHR 0.87 = 0.10 0.666° 0.331% 0.099
FM (kg) 31.1 £ 16.0 0.708° 0.209° 0.295°
FFM (kg) 522 +95 0.465° 0.021 0.102
Systolic BP 114.2 = 15.7 0.403¢ 0.182 0.047
(mm Hg)
Diastolic BP 69.6 = 11.1 0.434° 0.164 0.2807 0.003 0.006 0.002
(mm Hg)
Total cholesterol 441 = 0.83 0.125 -0.094 0.025
(mmol/liter)
Triglyceride 1.04 = 0.76 0.546°¢ 0.233° 0.343% 0.197 0.130 0.131
(mmol/liter)
HDL cholesterol 1.30 + 0.35 -0.516° —0.389¢ -0.277°
(mmoV/liter)
LDL cholesterol 266 + 0.64 0.231° 0.052 —0.030
(mmol/liter)
Fasting glucose 494 = 1.09 0.330° 0.037 0.127
(mmol/liter)
insulin (mU/liter) 9.67 + 8.19 0.647¢ 0.173 0.430°
HOMA-IR 2.23+2.40 0.654° 0.176 0.414° -0.023 0.131 0.005
C-peptide 0.71 = 0.45 0.676° 0.231° 0.465° 0.037 0.024 0.078
(mmol/liter)
hs-CRP 4.48 + 6.88 0.578° 0.208 0.251° 0.001 0.012 -0.001
(mglliter)

Values are expressed as mean * sp. Correlation between TNMD gene expression and clinical parameters were performed using both the
Spearman rank correlation test and the multiple linear regression analysis. In the multiple linear regression analysis, the dependent variable was
TNMD gene expression, and the independent variables (waist, WHR, FM, FFM, systolic BP, fasting glucose, total cholesterol, HDL cholesterol, LDL
cholesterol, and insulin) were excluded from the model due to multicollinearity.

2 P<0.05
bp < 0.005.
€ P < 0.001.
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FIG. 4. Effect of diet-induced weight loss on adipose tissue TNMD gene expression.
Twelve obese subjects with the metabolic syndrome (solid lines and circles) and 12
obese subjects without the metabolic syndrome (dashed lines and triangles) were
treated with VLCD for 16 wk, followed by a 2-wk gradual reintroduction of regular
food. Subcutaneous adipose tissue biopsies obtained at wk 0, 8, 16, and 18 and TNMD
expression were analyzed by DNA microarray (A). Real-time PCR verification of the
down-regulation of TNMD expression during diet-induced weight-loss was performed in
eight males (B) and in 20 females (C). Subcutaneous adipose tissue biopsies obtained at
wk 0, 2, 6, and 12 were used for the analysis. Values are given as mean =+ sem.

verify this finding, TNMD expression was analyzed in
additional obese subjects receiving VLCD treatment for
12 wk. Significantly reduced TNMD expression was ob-
served after 6 and 12 wk of VLCD treatment both in males
(Fig. 4B) and in females (Fig. 4C). There was no gender
difference in TNMD expression before the start of the
VLCD treatment.

Discussion

Previously, TNMD has mainly been regarded as an inhib-
itor of angiogenesis in connective tissues, but this study
shows that human adipose tissue is a major site of expres-
sion of the TNMD gene. TNMD expression in sc adipose
tissue was markedly increased in obese compared with
lean subjects, and BMI was an independent predictor of
TNMD gene expression. We also show that TNMD gene
expression was higher in sc compared with omental adi-
pose tissue and that the expression in adipose tissue was
down-regulated during weight loss.

Interestingly, TNMD polymorphisms have been asso-
ciated with obesity, alterations in carbohydrate metabo-
lism, and dyslipidemia (7, 9), but the mechanisms behind
these associations are completely unknown. TNMD gene
has previously been shown to be mainly expressed in ten-
dons and cartilage (1-4); however, it is unlikely that
TNMD production in these tissues explains the genetic
associations to obesity and metabolic disorders. Although
none of the tissue panels included human tendons or car-
tilage, our results clearly show that adipose tissue is a
major site of TNMD gene expression and open the pos-
sibility that the genetic associations between TNMD and
obesity and metabolism are related to TNMD effects in
adipose tissue. We also found high expression of the
TNMD gene in the mammary gland. However, in the tis-
sue distribution dataset, high gene expression of adipocyte

J Clin Endocrinol Metab, October 2009, 94(10):3987-3994

markers such as leptin and adiponectin was
also observed in the mammary gland sam-
ples, strongly suggesting that the high
TNMD gene expression was due to the pres-
ence of adipose tissue in the mammary gland
biopsies. Our analysis also shows that both
adipocytes and stromal vascular fraction
cells contribute to TNMD expression in ad-
ipose tissue.

It has previously been shown that
TINMD expression correlates with body FM
in obese subjects (5), and in our study, ad-
ipose tissue TNMD gene expression was in-
creased in obese compared with lean sub-
jects. Together with the unexpectedly high
expression in adipose tissue compared with
other human tissues, this suggests that TNMD plays a role
in adipocyte function. Qur initial analysis of the relation-
ship between adipose tissue TNMD expression and clin-
ical traits showed that TNMD expression was closely
linked to all the measured parameters, with the exception
of total cholesterol levels. When this relationship was an-
alyzed separately for the lean and obese subjects in the SOS
Sib Pair study, the relationship between insulin levels
and HOMA-IR and TNMD expression only existed in
the obese subjects. However, many of these traits are
intercorrelated, and multiple linear regression analysis
in the SOS Sib Pair study showed that BMI was the only
independent predictor of adipose tissue TNMD gene
expression.

It is well established that weight loss results in amelio-
ration of metabolic disturbances in the obese (12). Previ-
ous studies have shown that TNMD expression is reduced
both immediately after diet-induced weight loss (5, 6) and
during the weight-stable maintenance phase after diet-in-
duced weight loss (5). Our VLCD study verifies and ex-
tends these findings by demonstrating that TNMD gene
expression was reduced during the hypocaloric diet (wk 8
and 16) and remained low during the weight-stable period
when ordinary food had been reintroduced. Thus, avail-
able information indicates that it is the reduction in body
weight, rather than the caloric restriction, that reduces
TNMD expression. In addition, our observation that BMI
was an independent predictor of TNMD gene expression
in the SOS Sib Pair study strengthens this view.

The TNMD gene is located on the X chromosome, and
gender differences in adipose tissue TNMD expression
have been reported in obese subjects both before and after
weight-loss intervention (5). In the SOS Sib Pair study, this
gender difference was only observed in the obese subjects,
and not in the lean subjects. Characterization of the
TNMD promoter and transcription factors controlling
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TNMD expression might give insights into the mecha-
nisms driving this BMI-dependent gender difference.

Our human data suggest that there is a tight association
between adipose tissue TNMD gene expression and obe-
sity; however, the situation may be different in rodents.
TNMD-deficient mice have reduced tenocyte prolifera-
tion and tenocyte density but no change in size or weight
compared with wild-type control mice (1), potentially ar-
guing against a role for TNMD in obesity and metabolic
disease. However, database searches indicate that mice, in
marked contrast to humans, do not express the TNMD
gene in adipose tissue (http://symatlas.gnf.org/SymAtlas/;
gnflm04203_a_at), suggesting that the function of TNMD
in mice and man may differ.

TNMD has mainly been investigated as an inhibitor of
angiogenesis. It is not known whether TNMD inhibits
angiogenesis in adipose tissue. The idea that it may influ-
ence blood vessel development is intriguing because an-
giogenesis has recently been suggested to play a role in
adipose tissue growth (21-23); however, functional stud-
ies are needed to address this question.

In conclusion, the TNMD gene is highly expressed in
human adipose tissue. The increased expression of the
TNMD gene in adipose tissue of obese subjects together
with the down-regulation in response to weight loss lends
support to the idea that TNMD plays a role in human
adipose tissue function.
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Hepatocyte growth factor secreted by cultured
adipocytes promotes tube formation of vascular
endothelial cells in vitro

A Saiki', F Watanabe?, T Murano?, Y Miyashita’ and K Shirai*

Center of Diabetes, Endocrine and Metabolism, Sakura Hospital, School of Medicine, Toho University, Chibaé Japan;
2Department of Clinical Laboratory, Sakura Hospital, School of Medicine, Toho University, Chiba, Japan and “Department
of Internal Medicine, Sakura Hospital, School of Medicine, Toho University, Chiba, Japan

Objective: Adipose tissue is closely associated with angiogenesis, but the mechanisms are not fully understood. Some of the
adipocyte-derived cytokines are hypothesized to play an important role in angiogenesis. We evaluated tube formation of human
umbilical vascular endothelial cells (HUVECs) cultured in type | collagen gel when overlaid with the supernatant of 3T3-L1 cell
culture, and expression of tube-forming factor(s) in 3T3-L1 cells with or without pioglitazone. We also studied plasma growth
factor levels in patients with type 2 diabetes mellitus treated with pioglitazone.

Results and methods: The supernatant of 3T3-L1 cells increased tube formation of HUVECs by 9.03-fold of control. Reverse
transcription-polymerase chain reaction showed that hepatocyte growth factor (HGF) and vascular endothelial growth factor
(VEGF) mRNA were expressed in 3T3-L1 cells. Western blot analysis also demonstrated HGF and VEGF protein expression. When
3T73-L1 cells were treated with 100 nm small interfering RNAs (siRNAs) for HGF, the HGF mRNA and protein were suppressed.
The VEGF mRNA and protein in the cells were also suppressed by siRNA for VEGF. The supernatant of 3T3-L1 cells treated with
HGF siRNA suppressed tube formation of HUVECs by 61% compared with the supernatant of cells treated with control siRNA.
Addition of VEGF siRNA resulted in no significant changes. The supernatant conditioned with pioglitazone further promoted the
tube formation. Pioglitazone enhanced HGF mRNA expression in 3T3-L1 cells. After 12 weeks of pioglitazone treatment, the
changes of plasma HGF levels in patients treated with pioglitazone were significantly higher than those in control.
Conclusion: These results suggest that HGF secreted from 3T3-L1 cells may be the major factor regulating the tube formation,
and agents that enhance the differentiation of adipocytes may promote tube formation of HUVECs mediated by HGF secreted
by adipocytes.

International Journal of Obesity (2006) 30, 1676-1684. doi:10.1038/sj.ij0.0803316; published online 21 March 2006

Keywords: angiogenesis; adipocyte; hepatocyte growth factor; pioglitazone; RNA interference

Introduction tube formation using vascular endothelial cells cultured in
type 1 collagen gel.
Adipose tissue is closely associated with angiogenesis.

Hausmann ef al. have reported differentiation of capillaries

Angiogenesis is the formation of new blood vessels by
capillary sprouting from pre-existing vessels. Angiogenesis

is a complex phenomenon, which includes proteolytic
degradation of matrix, migration, proliferation and tube
formation by vascular endothelial cells.! Especially, tube
formation is recognized as a specific phenomenon for
vascular endothelial cells, and it is possible to study the
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concurrent with adipogenesis in perivascular preadipocytes.
Excessive growth of adipose tissue may require the formation
of new capillaries for proper functioning.® However, the
mechanisms by which adipose tissue induces angiogenesis
are not fully understood. Adipose tissue is now recognized as
an endocrine organ that secretes many cytokines and growth
factors.®> For example, several reports have demonstrated
that adipocytes secrete tumor necrosis factor alpha,® resis-
tin,” plasminogen activator inhibitor-1 (PAI-1),® leptin® and
angiotensinogen.'®1! Vascular endothelial growth factor
(VEGF) is an angiogenetic growth factor, which is secreted
by rat adipose tissue ex vivo.'? Vascular endothelial growth



factor is considered to be the most potent and specific of the
growth factors that regulate angiogenesis. Hepatocyte
growth factor (HGF) is another endothelial growth factor
with potent angiogenetic and mitogenic effects.’*!? Re-
cently, HGF as well as VEGF are being used in ‘therapeutic
angiogenesis’.!>'¢ Serum HGF levels are elevated not only in
patients with hepatic desease.'” Rehman et al.’® reported
that levels of circulating HGF correlated with body mass
index (BMI), and that HGF mRNA expression as measured by
reverse transcription-polymerase chain reaction (RT-PCR)
was increased in cultured adipocytes. However, the role of
those cytokines secreted by adipocytes in tube formation of
cultured vascular endothelial cells is not fully understood.

Some of the adipocyte-derived growth factors are hypo-
thesized to promote tube formation of vascular endothelial
cells. Therefore, we studied whether the factors secreted by
3T3-L1 cells induce tube formation of human umbilical
venous endothelial cells (HUVECs) cultured in type 1
collagen gel. Next, we attempted to identify the tube-
forming factor secreted by adipocytes by conducting RNA
interference assays using small interfering RNAs (siRNAs)"”
targeting VEGF and HGF. Furthermore, we hypothesized that
the increased presence of secretory adipose tissue would
result in systemic elevations of VEGF and HGF. We also
studied the plasma VEGF and HGF levels in patients with
type 2 diabetes mellitus treated with pioglitazone, which was
used to enhance differentiation of adipocytes.

Materials and methods

Human umbilical venous endothelial cell culture

Human umbilical venous endothelial cells were supplied by
Cambrex Bio Science (Walkersville, Inc, Maryland, USA). The
cells in endothelial cell basal medium (EBM; Cambrex, Co.,
East Rutherford) supplemented with 2.0% fetal calf serum
(FCS) were seeded at a density of 2.0 x 10* cells in a 12-well
plate. The medium was replaced once after 48h. All
experiments were performed on quiescent cells from the
first passage.

In vitro tube formation assay

Eight volumes of type 1 collagen solution (Vitrogen 100;
Collagen Corp., Santa Clara, CA, USA), 1 volume of 0.1N
NaOH and 1 volume of 10 x Dulbecco’s modified Eagle's
minimal essential medium (DMEM) were mixed on ice. A
volume of 0.75ml of the collagen mixture was dispensed
into a well of a 12-well plate and allowed to gel at 37°C.
1 x 10° HUVECs in DMEM supplemented with 10% FCS were
plated onto the collagen gel and cultured for 24h at 37°C
under 5% CO,. Then, the medium was aspirated, and the
cells were overlaid with 0.5 ml of the collagen mixture. After
setting, 1.0ml of DMEM containing the test factor was
added. After 24 h incubation, the formation of capillary-like
structure by HUVECs was observed.

HGF secreted by adipocytes promote angiogenesis
A Saiki et of

Quantitative analysis of network structures

Phase-contrast photomicrographs (x 100 magnification)
were recorded on a digital camera. The total length of the
network structures was measured using the Scion Image
software (Scion, Co., Washington, DC, USA). In all, 10
random fields were measured and the total length per field
was calculated and expressed as a ratio to the control. In the
control well, 1.0ml of DMEM supplemented with 10% FCS

. was overlaid on the HUVEC culture in type 1 collagen

mixture.

3T3-L1 cell culture

Mouse 3T3-L1 cells in DMEM supplemented with 10% FCS
were cultured at 37°C under 5% CO. The cells (2.5 x 10* per
well) were dispensed in a 12-well plate and incubated for
48 h. Then, the cells were incubated in the above-mentioned
medium supplemented with dexamethasone (0.25uM), 3-
isobutyl-1-methyxanthine (0.5mM) and insulin (10 ug/ml)
for another 2 days. After incubation, the medium was
replaced with DMEM containing 10% FCS with or without
pioglitazone (endowed by Takeda Pharmaceutical Co., Ltd,
Osaka) dissolved in dimethyl sulphoxide at a final concen-
tration of 10uM and incubated for 72h. Pioglitazone was
used to enhance differentiation of the 3T3-L1 cells. Then, the
medium was replaced with DMEM supplemented with 10%
FCS. After 24h incubation, 1.0ml of the supernatant was
overlaid on type 1 collagen mixture containing HUVECs.

RNA interference of 3T3-L1 cells

To identify the angiogenetic factor secreted from 3T3-L1
cells, we performed RNA interference assays on 3T3-L1 cells
using siRNAs (Ambion, Inc., Austin, TX, USA). Murine HGF
siRNAs targeting the sense sequence 5-GGU GGA GAA GAG
AGC Utt-3' and the antisense sequence 5-AGC UCU CUU
CUU CUC CAC Ctg-3’ were selected. Murine VEGF siRNAs
targeting the sense sequence 5'-GGA GAG CAG AAG UCC
CAU Gtt-3’ and the antisense sequence 5'-CAU GGG ACU
UCU GCU CUC Ctt-3' were also selected. Silencer™ (Ambion,
Inc.) siRNA was used as the negative control. Mouse 3T3-L1
cells were cultured in DMEM with 10% FCS for 48 h, then the
cells were incubated in the above-mentioned medium with
dexamethasone, 3-isobutyl-1-methyxanthine and insulin for
another 2 days. The siPORT™ amine (Ambion, Inc.) was
diluted in serum-free minimum essential medium and kept
at room temperature for 30min. Then, S or 104l of 20 uM
siRNA (final concentration 50 or 100 nM for murine HGF or
VEGF (Ambion, Inc.) was added to the diluted siPORT™
amine transfection agent and left at room temperature for
15min. After adjustment the volume of normal DMEM in
each well containing cells to 400 and 100ul of the
transfection agent/siRNA mixture was added and incubated
at 37°C for 24 h. Then, 2ml of fresh medium was added to
each well and the cells were incubated for 24h. After
incubation, the supernatant and cells were used for studies.
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Reverse transcription-polymerase chain reaction of hepatocyte
growth factor or vascular endothelial growth factor mRNA in
3T3-L1 cells

Total RNA was isolated from 3T3-L1 cells grown in a six-well
plate using RNeasy® Mini Kit (QIAGEN GmbH, Hilden,
Germany). The amount of RNA was measured as the
absorbance at 260nm. Synthesis of complementary DNA
(cDNA) and PCR were performed using the RNA PCR Kit
(AMV) Ver.3.0 (Takara, Ohtsu, Japan). A pair of gene-specific
PCR primers each was designed for HGF and VEGF. The
following primer sets were used: HGF forward primer,
5'-CCATgAATTTEgACCTCTATgA-3; HGF reverse primer, 5'-
CTgAggAATCTCACAGACTTC-3'. VEGF forward primer,
5'-TgAACTTTCTgCTCTCTTgg-3/; VEGF reverse primer, 5'-
AACAAATgCTTTCTCCgCTC-3';  First-strand cDNA  was
synthesized from 1ug of total RNA. Total RNA was mixed
with 0.25U of reverse transcriptase, 1 mM of deoxynucleo-
side triphosphate mixture, 2.5uM of first-strand cDNA
primer (random 9 mers; Takara, Ohtsu, Japan), 0.25U of
RNase inhibitor and 6 ul of MgCl, reaction buffer in a final
volume of 10 4] and incubated at 30°C for 10 min, followed
by 30min at 42°C, 5min at 99°C and Smin at 5°C. The PCR
mixture contained 0.4 uM of each primer, 0.25 pl of Takara Ex
Taq HS™ as DNA polymerase and 5.0mM of MgCl, reaction
buffer in a final volume of 40 yl for synthesizing the second-
strand cDNA. Amplification was performed for 30 cycles
under the following conditions: denaturation at 95°C for
5min for the first cycle and 30s for subsequent cycles,
annealing at 55°C for 30s and extension at 72°C for 90s. The
PCR products were separated by electrophoresis on a 3.0%
agarose gel, and then visualized by staining with 1mg/ml
ethidium bromide. The quantities of reaction products were
determined using digital scanning and Scion Image software.

Western blot analysis of hepatocyte growth factor or vascular
endothelial growth factor protein in 3T3-L1 cells

Hepatocyte growth factor and/or VEGF protein expression in
3T3-L1 cells was detected by Western blot analysis. Cells were
suspended in a lysis buffer containing 10mM Tris-HCI (pH
7.5), 150mM NaCl, 0.5% Triton X-100, 0.5mM phenyl-
methylsulfonyl fluoride and 1mM ethylenediamine tetra-
acetate (EDTA) for 4 h at 4°C. After centrifugation at 12000,
the protein concentration in the supernatant was measured
using the Bio-Rad protein assay. Samples were diluted 1:1
with electrophoresis sample buffer containing 100 mM Tris
(pH 6.8), 10% sodium dodecyl sulfate (SDS), 10% glycerol,
0.1% bromophenol blue and 5% f-mercaptoethanol. They
were boiled for Smin and electrophoresed on 10% SDS-
polyacrylamide gel. The proteins were transferred onto
Hybond-ECL nitrocellulose membrane (Amersham, Piscat-
away, NJ, USA). After blotting, the membrane was washed
with Tris buffer saline (TBS; 100 mM Tris, pH 7.5, 0.9% NacCl)
and blocked with 5% bovine serum albumin in TBS, followed
by a brief wash in TBS containing 0.1% Tween-20 (TTBS) and
incubation with antiserum against murine HGF (Santa Cruz
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Biotechnology, Inc., CA, USA) and murine VEGF (TECNE
corporation, Minneapolis, MN, USA) at a dilution of 1:500
for 2h at room temperature. After washing with TTBS, the
blot was incubated with peroxidase-labeled affinity-purified
antibody to chicken immunoglobulin-G (H+1) (KPL, UK) at
a dilution of 1:1500 for 1h at room temperature, washed
with TTBS and incubated with 1:3000 diluted biotinylated
HP streptavidin complex for 1h at a room temperature. The
antigen-antibody complex was visualized by photo detec-
tion. The reaction products were quantified using digital
scanning and Scion Image software.

Subjects

The randomized, open study was performed at the Center of
Diabetes, Endocrinology and Metabolism, Sakura Hospital,
School of Medicine, Toho University. A total of 50 Japanese
subjects (29 males and 21 females) with type 2 diabetes
mellitus, who had not been treated with pioglitazone, were
eligible for enrollment. Patients with cancer, myocardial
infarction, cerebral infarction and arteriosclerosis obliterans
were excluded from this study. Before administration of
pioglitazone, 34 patients had been treated with sulfonylureas
and 16 had been treated with diet alone. The same dose of
sulfonylureas had been continued during pioglitazone
administration. The patients were randomly divided into
two groups. One group was administered pioglitazone
30mg/day (pioglitazone group, n=25) and the other group
was not administered (control group, n=25) for 12 weeks.
Clinical characteristics of this study subject are shown in
Table 1. Dietary counseling was undertaken by a dietary
assistant and patients were asked to avoid any changes in
diet or lifestyle for the duration of the study. The study was
approved by the institutional review board and all patients
provided written informed consent before participation in
the study.

Measurement of plasma hepatocyte growth factor and vascular
endothelial growth factor

Blood samples were withdrawn in the morning after 12h of
fasting. The samples were collected in tubes containing
di-sodium EDTA, centrifuged at 3000g for 10min at 4°C
and frozen at —80°C. Plasma HGF levels were determined by
using enzyme-linked immunosorbent assay (ELISA) Kits
(HGF Otsuka ELISA kit, Otsuka, Tokyo) and plasma VEGF
levels were determined by using ELISA kits (human VEGEF
Quantikine, R&D Systems, Minneapolis, MN, USA).

Statistical analysis

Stat View-J 5.0 software was used for all statistical analysis.
Paired f-test was carried out to determine if the differences
between groups were statistically significant. P<0.05 was
considered to be significant.
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Table 1 Baseline characteristics of 50 patients with type 2 diabetes mellitus
Pioglitazone (n=25) Control (n=25) P-value

Age (years) 63.8+12.6 61.4+12.3 NS
Male/female 15/10 14/11 -
Height (m) 159.9+6.6 161.2+7.9 NS
Weight (kq) 61.4+7.7 61.6+12.8 NS
BMI (kg/m?) 24.0+2.5 23.6+3.6 NS
Systolic blood pressure (mm Hg) 131.9+12.7 13344122 NS
Diastolic blood pressure (mm Hg) 75.0+9.2 78.147.2 NS
Asparate aminotransferase (1U/l) 31.2+£19.9 26.9+13.0 NS
Alanine aminotransferase (1U/I) 29.0-+23.2 27.8+16.6 NS
y-Glutamy! transpeptidase (1U/1) 48.9+39.0 43.24+32.9 NS
Serum creatinine (umol/l) 7214318 67.14+£20.2 NS
Fasting blood glucose (mmol/l) 9.73+4.63 9.76+3.69 NS
HbA; . (%) 8.17+0.87 7.9540.87 NS
Total cholesterol (mmol/l) 5.12+1.02 5.30+0.98 NS
Triglyceride (mmol/l) 1.4240.84 1.45+0.92 NS
High-density lipoprotein cholesterol (mmol/f) 1.411+0.45 1.42+0.38 NS
Low-density lipoprotein cholesterol (mmol/l) 3.014+0.80 3.10+0.85 NS
HGF (ng/mi) 0.25640.044 0.259+0.079 NS
VEGF (pg/ml) 262.0+188.6 261.7+254.5 NS

Values are expressed as mean+s.d. Abbreviations: HGF, hepatocyte growth factor; NS, not significant; VEGF, vascular endothelial growth factor.

Results

In vitro tube forination induced by supernatant of 3T3-L1 cells
To evaluate whether the adipocyte-derived growth factors
promote tube formation of vascular endothelial cells in vitro,
the supernatant of the 3T3-L1 cells was overlaid on type 1
collagen mixture containing HUVECs (Figure 1). The super-
natant of the 3T3-L1 cells treated with dexamethasone, 3-
isobutyl-1-methyxanthine and insulin dramatically induced
tube formation compared with control (9.03-fold increase).
The supernatant conditioned with pioglitazone after induc-
tion of adipocyte differentiation further promoted the tube
formation compared with control (12.36-fold increase).
Growth medium with 10uM pioglitazone did not induce
tube formation. These results suggested that 3T3-L1 cells
secreted some tube-forming factors, and these factors might
be increased with differentiation of the adipocytes.

Hepatocyte growth factor and/or vascular endothelial growth
factor mRNA expression in 3T3-L1 cells

To identify the tube-forming factor(s) secreted by 3T3-L1
cells, HGF and VEGF mRNA in the cells were studied as
candidates (Figure 2). Expression of HGF and VEGF mRNA in
3T3-L1 cells was demonstrated by RT-PCR. Strong HGF
mRNA expression and VEGF mRNA expression in 3T3-L1
cells were detected by RT-PCR. Both HGF and VEGF mRNA
expression in 3T3-L1 cells were suppressed by treatment with
siRNAs for HGF and VEGE respectively. These results
indicated that 3T3-L1 cells expressed growth factors, notably
HGF and VEGF. Furthermore, the data confirmed that siRNA
for HGF and VEGF effectively interfered with the mRNA
expression.

Hepatocyte growth factor and/or vascular endothelial growth
factor protein expression in 3T3-L1 cells

Expression of HGF and VEGF protein in 3T3-L1 cells was
demonstrated by Western blot analysis (Figure 3). Both HGF
and VEGF protein expressions in 3T3-L1 cells were detected
by RT-PCR and they were suppressed by treatment with
siRNAs for HGF and VEGEF, respectively, as well as those
mRNA expressions detected by RT-PCR.

Tube formation by supernatant of 3T3-L1 cells treated with
small interfering RNA

While the data confirmed that 3T3-L1 cells express HGF and
VEGF, it remains unclear whether HGF and VEGF are actually
potent tube-forming factor secreted from adipocytes. To
identify the tube formation-inducing factor, we studied
whether the supernatant of 3T3-L1 cells treated with siRNAs
for HGF or VEGF suppresses the tube formation in vitro
(Figure 4). Addition of control siRNA (100nM) did not
suppress the increase in tube formation induced by the
supernatant of 3T3-L1 cells. The supernatant of adipocytes
treated with siRNA for VEGF also did not suppress the tube
formation compared with the addition of control siRNA. The
supernatant of adipocytes treated with 50 or 100 nM of siRNA
for HGF suppressed the tube formation compared with the
addition of control siRNA. The siRNA for HGF (100 nM)
suppressed the in vifro tube formation by 61% compared
with the control siRNA.

Hepatocyte growth factor and/or vascular growth factor mRNA
expression in 3T3-L1 cells conditioned with pioglitazone

Figure 1 shows that the supernatant of differentiated 3T3-L1
cells conditioned with pioglitazone further promoted the
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Figure 1 In vitro tube formation stimulated by supernatant of 3T3-L1 cells. After 1.0ml of the supernatant of 3T3-L1 cells was treated by dexamethasone, 3-
isobutyl-1-methyxanthine and insulin or medium was added into the type 1 collagen mixture containing human umbilical vascular endothelial cells (HUVECs), and
phase-contrast photomicrographs { x 100 magnification) were recorded on a digital camera. (a) Control: growth medium. (b) Supernatant of 3T3-L1 cells. (c)
Supernatant of 3T3-L1 cells treated with 10 uM of pioglitazone. (d) Quantitative analysis of network structures. Total length of the network structures was measured
and total length per field was calculated and expressed as a ratio to control. Values are expressed in mean+s.d. *P<0.001 compared with control.
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Figure 2 Hepatocytic growth factor (HGF) and vascular endothelial growth factor (VEGF) mRNA expression in 373-L1 cells. Hepatocytic growth factor and VEGF
mRNA in 3T3-L1 cells treated with dexamethasone, 3-isobutyl-1-methyxanthine and insulin was detected by reverse transcription-polymerase chain reaction (RT-
PCR). (a) Hepatocytic growth factor mRNA expression in 3T3-L1 cells detected by RT-PCR using a pair of gene-specific PCR primers designed for HGF. Far left lane:
HGF mRNA expression in the cells treated with 100 nM of control small interfering RNA (siRNA); lanes 2 and 3 from the left: HGF mRNA expression in the cells treated
with 50 and 100 nm of HGF siRNA, respectively. (b) Quantitative analysis of HGF mRNA expression in the cells treated with control siRNA or HGF siRNA. (c) Vascular
endothelial growth factor mRNA expression in the cells detected by RT-PCR using a pair of gene-specific PCR primers designed for VEGF. Far left lane: VEGF mRNA
expression in the cells treated with 100 nMm of control siRNA; lanes 2 and 3 from the left: VEGF mRNA expression in the cells treated with 50 and 100 nMm of VEGF
SIRNA, respectively. (d) Quantitative analysis of VEGF mRNA expression in the cells treated with control siRNA or VEGF siRNA. The products were quantified by digital
scanning and Scion Image software. Values are expressed in mean+s.d. *P<0.05, and **P<0.005 compared with control.
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Figure 3 Hepatocytic growth factor (HGF) and vascular endothelial growth factor (VEGF) protein expression in 3T3-L1 cells. Hepatocytic growth factor or VEGF
protein in 3T3-11 cells treated by dexamethasone, 3-isobutyl-1-methyxanthine and insulin was detected by Western blot analysis. (a) Hepatocytic growth factor
protein expression in the cells was detected by anti-murine HGF antibody. Far left lane: HGF protein expression in the cells treated with 100 nm of control small
interfering RNA (siRNA); lanes 2 and 3 from the left: HGF protein expression in the cells treated with 50 and 100 nM of HGF siRNA, respectively. (b) Quantitative
analysis of HGF protein expression in the cells treated with control siRNA or HGF siRNA. (c) Vascular endothelial growth factor protein expression in the cells was
detected by Western blot analysis using anti-murine VEGF antibody. Far left lane: VEGF protein expression in the cells treated with 100 nMm of control siRNA; lanes 2
and 3 from the left: VEGF protein expression in the cells treated with 50 and 100 nm of VEGF siRNA, respectively. (d) Quantitative analysis of VEGF protein expression
in the cells treated with control siRNA or VEGF siRNA. The products were quantified by digital scanning and Scion Image software. Values are expressed in
mean +s.d. *P<0.05 and **P<0.005 compared with control.
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Figure 4 Effect of the supernatants of differentiated 3T3-L1 cells treated with small interfering RNAs (siRNAs) for hepatocytic growth factor (HGF) and vascular
endothelial growth factor (VEGF) on tube formation in vitro. Phase-contrast photomicrographs ( x 100 magnification) were recorded on a digital camera. (a)
Supernatant of 3T3-L1 cells treated with 100 nM of contro! siRNA was added onto type 1 collagen mixture containing human umbilical vascular endothelial cells
(HUVEGs). (b) Supernatant of the cells treated with 100 nm of HGF siRNA was added. (c) Supernatant of the cells treated with 100 nM of VEGF siRNA was added. (d)
Quantitative analysis of tube formation of HUVECs overiaid with supernatant of 3T3-L1 cells treated with control siRNA, HGF siRNA or VEGF siRNA. Values are
expressed as mean-+s.d. *P<0.05 and **P<0.005 compared with control.

International Journal of Obesity

118



HGF secreted by adipocytes promote angiogenesis
A Saiki et of

1682

tube formation compared with the supernatant of the cells
conditioned without pioglitazone. To clarify the tube-
forming factor(s) in 3T3-L1 cells enhanced by addition of
pioglitazone, expressions of HGF and VEGF mRNA in the
cells that were conditioned with pioglitazone were demon-
strated by RT-PCR (Figure 5). Reverse transcription-polymer-
ase chain reaction showed that HGF mRNA expression in
3T3-L1 cells conditioned with pioglitazone was enhanced by
33% compared with that in the cells conditioned without
pioglitazone. On the other hand, VEGF mRNA expression in
the cells was not enhanced when the cells were conditioned
with pioglitazone.

Effects of pioglitazone on plasma hepatocyte growth factor and
vascular endothelial growth factor levels in patients with type 2
diabetes mellitus

As shown in Figure 6, the changes of BMI and HbA,¢ in the
pioglitazone group were significantly higher than those in
the control group. The change of plasma HGF levels in the
pioglitazone group was also significantly higher than those
in the control group (P=0.0479), whereas no significant
differences in the change of plasma VEGF levels were
observed between the pioglitazone group and the control
group. In the pioglitazone group, the change of plasma HGF
levels showed a positive correlation with the change of BMI
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Pioglitazone 0 10 (uM) Pioglitazone 0 10 (uM)

Figure 5 Hepatocytic growth factor (HGF) and vascular endothelial growth
factor (VEGF) mRNA expression in 3T3-L1 cells treated with pioglitazone. The
cells treated with 10 M of pioglitazone after induction of differentiation.
Hepatocytic growth factor and VEGF mRNA in the cells was detected by
reverse transcription-polymerase chain reaction (RT-PCR). (a) HGF mRNA
expression in the cells detected by RT-PCR using a pair of gene-specific PCR
primers designed for HGF. Far left lane: HGF mRNA expression in the cells
(control); lane 2 from the left: HGF mRNA expression of cells treated with
10 um of pioglitazone, (b) Quantitative analysis of HGF mRNA expression in
the cells treated with 10 uM of pioglitazone. (¢) Vascular endothelial growth
factor mRNA expression in the cells detected by RT-PCR using a pair of gene-
specific PCR primers designed for VEGF. Far left lane: VEGF mRNA expression
in the cells (control); lane 2 from the left: VEGF mRNA expression of cells
treated with 10 um of pioglitazone. (d) Quantitative analysis of VEGF mRNA
expression in the cells treated with 10 uMm of pioglitazone. The products were
quantified by digital scanning and Scion Image software. Values are expressed
in meants.d. *P<0.05 compared with control.
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Figure 6 The changes of body mass index (BM) (a), HbA;c (b), plasma HGF
() and plasma VEGF (d) in 50 subjects randomized to receive either 30 mg
pioglitazone orally once daily (n=25, white bars) or control (n=25, black
bars) for 12 weeks. The data are shown as meants.d.
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Figure 7 Correlation between change of body mass index (BMI) and
change of plasma hepatocytic growth factor (plasma HGF). Increase in BMI
and increase in plasma HGF show a significant correlation (r=0.435,
P=0.0329).

(r=0.435, P=0.0329) (Figure 7). However, the change of
plasma HGF levels did not show correlation with asparate
aminotransferase, alanine aminotransferase, y-glutamyl
transpeptidase, fasting blood glucose, HbA,c and plasma
lipid levels in the group (data not shown).

Discussion

In this study, the supernatant of 3T3-L1 cells, which were
induced of differentiation by dexamethasone, 3-isobutyl-1-



methyxanthine and insulin, strongly promoted tube forma-
tion of HUVECs cultured in type 1 collagen gel. Reverse
transcription-polymerase chain reaction showed that 3T3-L1
cells expressed both HGF and VEGF mRNA. Western blot
analysis also demonstrated both HGF and VEGF protein. The
supernatant of 3T3-L1 cells treated with siRNA for HGF
suppressed the tube formation of HUVECs compared with
control siRNA, whereas the supernatant of the cells treated
with siRNA for VEGF did not suppress. These results indicate
that VEGF may also contribute in part to promote tube
formation by adipocytes. However, our results suggest that
HGF is the major angiogenetic factor secreted by adipocytes,
because the supernatant of differentiated 3T3-L1 cells treated
with siRNA for HGF failed to promote tube formation.
Although HGF has been reported to be secreted by mature
adipocytes,'® no report has shown that the HGF secteted by
mature adipocytes is associated with angiogenesis. Our
report provides the first evidence that HGF secreted by
adipocytes promotes tube formation of HUVECs.

Several studies have reported that adipocytes secrete
angiogenetic factors. Claffey et al.?® reported that VEGF
expression was regulated by differentiation of 3T3-L1 cells. In
vivo, Silha et al®*' reported that serum concentrations of
VEGF were significantly elevated in human overweight and
obese subjects. Matrix metalloproteases are produced by
human adipose tissue,>* and are expressed in adipose tissue
during obesity and modulate adipocyte differentiation.*"
Dobson et al.2* reported that 1-butyryl-glycerol was secreted
by adipocytes, and that synthetic 1-butyryl-glycerol stimu-
lated angiogenesis in vivo and in vitro. Leptin has also been
reported to enhance tube formation in vitro.”® A limitation of
this study is that the findings are limited to demonstrating
only about the HGF and the VEGE In future studies, we
should confirm whether those angiogenetic factor expres-
sions in 3T3-L1 cells are shown and whether the supernatant
of the cells treated with siRNAs for those factors suppress the
tube formation of HUVECs. Also, the abnormalities of the
VEGF receptor signaling pathway of the HUVECs might
present under the conditions of this study. At least, the
supernatant of 3T3-L1 cells did not suppress expressions of
VEGF receptor 1 and 2 protein in HUVECs by Western blot
analysis using phospho-specific antibodies to the VEGF
receptor 1 and 2 compared with DMEM supplemented with
10% FCS (data not shown).

Pioglitazone is one of the thiazolidinediones that activate
the peroxisome proliferator-activated receptor y (PPARy),
which is expressed primarily in adipose tissue. Forced
expression of PPARy in the fibroblasts makes them differ-
entiate into adipocytes.?® The supernatant of the cells,
differentiation in which was enhanced by addition of
pioglitazone, potently promoted the tube formation of
HUVECs. The enhancement of HGF mRNA expression in
3T3-L1 cells conditioned with pioglitazone was demon-
strated by RT-PCR. Furthermore, plasma HGF levels increased
in patients with type 2 diabetes mellitus after treatment with
pioglitazone, and the change of plasma HGF levels showed a
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positive correlation with the change of BMI in the pioglita-
zone group. These results supported that the differentiation
of adipocytes might enhance the HGF expression in vifro and
in vivo. However, currently, the mechanism by which
pioglitazone activates the HGF expression in adipocytes is
not fully understood.

Hepatocyte growth factor was purified from rat platelets
and characterized as a growth factor for mature parenchymal
hepatocytes.?” Several recent studies have reported that HGF
exhibits angiogenetic actions. Morishita et al.?® reported that
treatment with human recombinant HGF improved hind-
limb ischemia in rabbits. Human recombinant HGF has been
applied in therapeutic angiogenesis, as a cytokine supple-
ment for patients with arteriosclerosis obliterans.”® Hepato-
cyte growth factor is also seen as a significant
cardioprotective factor because of its potent angiogenetic
properties’*3° and because HGF can reduce restenosis after
balloon injury by enhancing re-endothelialization.?! On the
other hand, plasma HGF levels are elevated in malignan-
cies,? patients with atherosclerosis and proliferative diabetic
retinopathy.**** The findings indicate that obesity might
affect processes such as tumor angiogenesis or proliferative
diabetic retinopathy mediated by HGF. Future studies should
investigate whether specific inhibitors or modulators of HGF
production and signaling pathways might indeed serve as
targets for vascular therapies.

In summary, the supernatant of differentiated 3T3-L1 cells
strongly promotes tube formation of HUVECs cultured in
type 1 collagen gel, and HGF secreted from 3T3-L1 cells may
be the major factor regulating the tube formation. The
supernatant supplemented with pioglitazone further en-
hances the tube formation. Pioglitazone enhanced HGF
mRNA expression in 3T3-L1 cells and increased plasma HGF
levels in patients with type 2 diabetes mellitus. These results
suggest that agents that enhance the differentiation of
adipocytes may promote tube formation of HUVECs
mediated by HGF secreted by adipocytes.
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