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FIG. 4. ¢cGK-Tg mice are lean and insulin sensitive even on standard diet. Wild-type and ¢cGK-Tg mice were given a high-fat (60 kcal% fat) diet from the
age of 10 weeks. A: Body weight of ¢GK-Tg mice on standard diet (left panel) and high-fat diet (right panel) (n = 8-10). &, wild type; B, ¢cGK-Tg. B:
Macroscopic appearance of a wild-type (Wt) and a ¢cGK-Tg mouse. C: Food intake on standard and high-fat diet (upper panel) (kcal/day, n = 6) and the
body weight (BW)-adjusted value (lower panel) (keal - day™ - g body wt™'). D: Blood glucose levels determined with the glucose and insulin tolerance
tests for each genotype on standard diet and high-fat diet (n = 8). B, wild type; M, cGK-Tg. E: CT images obtained at kidney level of a wild-type (Wt)
and a ¢GK-Tg mouse on standard diet (upper panel) and high-fat diet (lower panel). Subcutaneous fat (yellow), abdominal fat (red), and muscular
region (blue) were distinguished. Total fat weight was estimated from the images (n = 6). I": Microscopic analysis using hematoxylin and eosin staining
of epididymal fats in high-fat-fed mice. Scale bar, 100 um. G: Distribution of adipocyte diameter determined with Coulter counter (n = 8). &, wild type;
M, cGK-Tg. H: Macroscopic appearance of the liver in high-fat-fed mice (upper panel). Microscopic images with Oil red O staining of the liver (lower
panel). Scale bar, 100 pm. I and J: Triglyceride concentration in the liver (I) and the quadriceps (J) (n = 12). *P < 0.05; **P < 0.01 vs. wild type on
the same feeding condition, (A high-quality color digital representation of this figure is available in the online issue.)
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FIG. 4. Continued.

increase in their downstream target genes involved in mito-
chondrial oxidative function and fatty acid catabolism (Fig.
5H). In addition to PGC-la and PPARS, the expression of
ATP synthase (ATPsyn), cythochrome ¢ oxidase (COX), and
carnitine palmitoyl transferase (CPT) 1b was significantly
enhanced in the skeletal muscle of ¢cGK-Tg mice, compared
with wild-type mice, both when on standard diet and high-fat
diet; while UCP3, fatty acid transporter (FATP), and acyl-
CoA oxidase (ACO) were upregulated when on the high-fat
diet only (Fig. 5H). The expression of PPAR« in the skeletal
muscle of ¢cGK-Tg mice was not significantly different from

TABLE 2

Standard chow High-fat diet

wild-type mice, although high-fat diet increased the expres-
sion (data not shown). Giant mitochondria were densely
packed in the skeletal muscle of high-fat-fed cGK-Tg mice
when it was observed by means of an electron microscope
(Fig. 6D).

NPs directly increase the expression of PGC-1a and
PPARS and mitochondrial content in cultured myo-
cytes. The results of the study shown in Fig. 64 and B are
described in supplement 2. Schematic representation of
the suggested roles for NP/cGK cascades, as described in
the present and previous studies, is shown in Fig. 6C.

Physical and metabolic parameters of ¢cGK-Tg mice fed on standard chow or high-fat diet

Standard chow High-fat diet
Wild type cGK-Tg Wild type c¢GK-Tg

Body weight (g)

18 weeks old 32.0+ 0.6 27.6 = 0.4* 439+ 12 35.7 = 1.4%
Glucose (mg/dl)

Ad libitum feeding 160.7 = 6.0 137.7 £ 5.1* 2335+ 17.1 174.0 = 7.7%

24-h fasting 93.5 + 4.7 78.8 + 2.3t 1136 £ 7.6 89.8 + 3.7%
Insulin (ng/dl)

Ad libitum feeding 1.4 +02 0.8 = 0.21 9.1+ 1.0 3.5 £ 0.6*

24-h fasting 0.26 = 0.05 0.23 = 0.03 0.95 = 0.22 0.41 = 0.057
Triglyceride (mg/dl)

Ad libitum feeding 103.3 = 10.1 89.2 7.0 1349 = 115 134.9 = 15.8

24-h fasting 84.3 * 6.8 81.6 £ 6.9 1128 = 9.5 1034 £ 11.6
Fatty acid (mEq/1)

Ad libitum feeding 1.04 = 0.05 0.84 + 0.10 1.32 = 0.18 1.08 = 0.11

24-h fasting 1.69 = 0.09 1.86 = 0.08 1.66 = 0.09 2.22 % 0.08*
Epinephrine (ng/day)

Urinary excretion 482+ 9.3 52.7+ 128 49.6 * 6.3 40.5 = 6.1
Norepinephrine (ng/day)

Urinary excretion 312.3 = 62.2 3123 + 974 547.7 = 62.2 570.3 £ 47.6

*P < 0.01, TP < 0.05 compared with wild type on the same feeding condition.
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FIG. 5. ¢GK-Tg mice exhibit giant mitochondria in the skeletal muscle, associated with higher oxygen consumption and fat oxidation. Mice were
subjected to respiratory gas analysis after fed on high-fat diet. Total DNA and RNA were extracted from the brown adipose tissue and the
quadriceps, and quantitative PCR analysis was performed. A: Oxygen consumption on standard diet (n = 6). B, wild type; B, ¢cGK-Tg. B: Mean
oxygen consumption for 24 h on standard or high-fat diet, C: Rectal temperature on standard or high-fat diet (n = 12), D: Mean respiratory
quotient for 24 h on standard or high-fat diet (n = 6). E: Mean fat oxidation estimated from the respiratory gas analysis for 24 h on standard or
high-fat diet (n = 6). F: Mitochondrial DNA copy number estimated from gquantification of mitochondrial and nuclear genome (n = 8). G:
Expressions of genes encoding PGC-1a and UCP1 in the brown adipose tissue, The values were standardized to those for the control (wild-type
[Wt] mice fed on standard diet) in either group (n = 12). H: Expr of the g involved in mitochondrial regulation or fatty acid catabolism
in the skeletal muscle (n = 12). Standard diet: (], wild type (control); 4, cGK-Tg. High-fat diet: B, wild type; M, cGK-Tg. I: Electron microscopic
analysis of muscle mitochondria of high-fat-fed ¢cGK-Tg mice. *P < 0.05; **P < 0.01 vs. wild-type mice on the same feeding condition.

DISCUSSION
The findings in this study demonstrate that the activation

tance to obesity and glucose intolerance. BNP-Tg mice fed
a high-fat diet were protected from obesity and insulin

of NP/cGK cascades augments mitochondrial biogenesis
and fat oxidation in mice through upregulation of PGC-1la
and PPARS in the skeletal muscle, thus conferring resis-
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resistance, while cGK-Tg mice were lean even on standard
diet and showed increased insulin sensitivity, and, surpris-
ingly, giant mitochondria were densely packed in the
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FIG. 5. Continued.

skeletal muscle. Both types of mice showed a reduction in
fat tissue and excessive lipid accumulation in the liver and
skeletal muscle, in accordance with an increase in fat
oxidation. Functional NP receptors were upregulated dur-
ing fasting, whereas they were downregulated by ad
libitum feeding or high-fat challenge, while whole-body
knockdown of the functional receptor, GCA, led to pro-
motion of obesity in mice. These findings, together with
those that demonstrated NP-induced lipolysis, lead us to
propose the concept that NP/cGK cascades play significant
roles in lipid catabolism during fasting or chronic caloric
restriction, in addition to their well-known roles in the
cardiovascular system, such as in the attenuation of hy-
pertension and congestive heart failure (Fig. 6C) (7,8,17).

Genetic overexpression of NP/cGK in mice attenuated
diet-induced obesity and insulin resistance, associated
with the increase in muscle mitochondrial content and fat
oxidation. We identified the dual upregulation of PGC-la
and PPARS in the skeletal muscle of the Tg mice as a
molecular basis of the increase in mitochondria and
confirmed the direct increase in the expression of PGC-la
and PPARS and mitochondrial content by both ANP and
BNP through the experiments using cultured myocytes.
PGC-1a is a transcriptional cofactor that acts as a master
regulator of mitochondrial biogenesis (18). PPARS is a
transcription factor that binds with PGC-1la and enhances
mitochondrial biogenesis and lipid catabolism (19). Acti-
vation of PPARS in mice by the treatment with the PPARS
agonist GW501516 or overexpression of a constitutively
active form of PPARS were shown to increase muscle
mitochondrial content and fatty acid oxidation and, thus,
prevent diet-induced obesity and glucose intolerance
(20,21). However, mice with muscle-specific overexpres-
sion of wild-type PPARS did not exhibit such a prominent
phenotype (22). Muscle-specific overexpression of PGC-1a
has been reported to not prevent diet-induced obesity and
insulin resistance in mice, although there was an increase
in mitochondrial content (23). These results indicate that
the coordinated increase in the expression of PGC-1la and
PPARS, which was observed in the skeletal muscle of
BNP- and cGK-Tg mice, led to synergistic effects that were
beneficial for ameliorating diet-induced obesity and insulin
resistance. The expression of PGC-la and PPARS in
muscle is augmented by exercise via exercise-sensitive
molecules such as AMP-activated protein kinase (AMPK)
(18,19). The increases in circulating NP and cGMP levels
during exercise have been demonstrated in previous re-
ports (24,25). Therefore, we hypothesize that NP/cGMP/
¢GK cascades can interact with the exercise-sensitive
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molecules in muscle and increase the expression of
PGC-la and PPARS.

BNP-Tg mice gained less body weight than controls
when they were fed on high-fat diet. The same tendency
was observed even when on standard diet; however, the
magnitude of the change was not so prominent. We
interpret the results as the Tg mice escaped from diet-
induced obesity by increasing muscle mitochondrial con-
tent and fat oxidation. The elevation of serum adiponectin
levels observed in the high-fat-fed BNP-Tg mice, associ-
ated with reduced adiposity, might be contributing to the
attenuation of insulin resistance (26,27). Apparent changes
in food intake and catecholamine kinetics were not ob-
served.

In ¢GK-Tg mice, the increase in mitochondria was
evident even on standard diet, resulting in the Tg mice
being leaner and more insulin sensitive than BNP-Tg mice.
Our data suggested that one reason for the difference in
the magnitude of the altered phenotypes between the
BNP- and ¢GK-Tg mice was caused by the variations of the
target tissues. In the skeletal muscle, similar changes in
gene expression were evident in the two lines of Tg mice,
including upregulation of PGC-la and PPARS. In the
brown adipose tissue, on the other hand, the increase in
the expression level of PGC-1a and its downstream effec-
tor UCP1 was significant in ¢GK-Tg mice, associated with
higher body temperature; however, these changes were
not so prominent in BNP-Tg mice. We observed that the
functional receptors for NP, GCA, and GCB were abun-
dantly expressed in the brown adipose tissue; however,
the clearance receptor (C-receptor) was also rich in the
tissue. Therefore, the functional receptor—to-C-receptor
ratio, which is suggested to correlate with the biological
action of NPs, was lower in the brown adipose tissue than
skeletal muscle. We speculate that the abundant expres-
sion of C-receptor and the lower ratio of the functional
receptors reduced the effect of NP in the brown adipose
tissue.

High-fat-fed GCA heterozygous knockout mice accumu-
lated more fat mass and were glucose intolerant compared
with wild-type mice. This phenotype is the opposite to that
of BNP-Tg or cGK-Tg mice so that the effects of NPs in
terms of the prevention of diet-induced obesity and insulin
resistance seemed to be mediated at least in part by GCA.
We were unable to determine whether GCB also partici-
pated because GCB knockout mice were not available.
The NP receptors were regulated by dietary conditions;
that is, GCA and GCB were upregulated by fasting and
downregulated during high-fat feeding. On the other hand,
the C-receptor showed opposite kinetics. Therefore, the
ratio of functional receptors to C-receptor was lowered by
feeding or during chronic high-fat diet; conversely, fasting
increased relative amount of the functional receptors.
These results indicate that a high-fat diet can contribute to
the development of diet-induced obesity and insulin resis-
tance at least partly by downregulation of GCA and
upregulation of the C-receptor. The notion that the kinet-
ics of NP receptor expression depend on dietary condi-
tions, such as high-fat diet or fasting, is consistent with
earlier findings of others. The GCA-to-C-receptor ratio
was shown to be lowered in obese people than in nono-
bese (28). Natriuresis is known to be increased after
several hours of fasting, despite the fact that sodium
intake is decreased (29). The upregulation of functional
NP receptors in renal tubular cells by fasting and subse-
quent augmentation of natriuresis might account for the
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FIG. 6. NPs directly increase the expression of PGC-1a and PPARS and
mitochondrial content in cultured myocytes. C2C12 myocytes were
stimulated with the indicated agents for 8 (4) or 48 (B) hours (ANP
10-1~~? mol/l1 or BNP 107''"~% mol/l, with or without the ¢cGMP
antagonist, Rp-8-br-cGMP [Rp] 10~* mol1). Stimulation of ¢GK by
8-Br-cGMP (cG) 10~* mol/l was also challenged (n = 12). A: Gene
expressions of PGC-1a and PPARS in C2C12 cells when treated with
ANPs or BNPs. B: Mitochondrial mass in C2C12 cells quantified by use
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well-known phenomenon of “fasting-induced natriuresis.”
Taken together, the dietary regulation of the receptor
expressions indicates that the signal transduction through
NP/cGK cascades, which is augmented by starvation,
might have a role in fasting-induced fat oxidation under
physiological conditions.

Augmented production of NPs caused by congestive
heart failure plays important roles in compensating for the
volume expansion and subsequent decrease in oxygen sup-
ply by exerting vasodilating, natriuretic, and neurohumoral-
modulating actions (30). This compensatory effect in the
cardiovascular system has been thought to be the primary
role for NP/cGK cascades (31). In the present study, we
reveal the new roles for the cascades on mitochondrial
biogenesis and fat oxidation through upregulation of
PGC-1a and PPARS. The results of the present study are in
line with earlier publications from Lafontan and col-
leagues (6,7,32,33), which have demonstrated the impor-
tance of the NP/cGK system in the regulation of adipose
tissue lipolysis. Their results and ours together support the
view that NP/cGK cascades have significant roles in lipid
catabolism. Moreover, the increase in circulating NP and
cGMP levels during exercise has been demonstrated in
previous reports (24,25). Therefore, NP/cGMP/cGK cas-
cades might have significant roles in metabolic adapta-
tions in response to exercise, including mitochondrial
biogenesis and fat oxidation.

Several other vascular hormones that regulate vascular
tone, including catecholamines, angiotensin II, and NO,
are also implicated in the regulation of cellular metabolism
and subsequent change in body weight and glucose toler-
ance (34-38). In this context, vascular hormones seem to
lie at the crossroad of cardiovascular and metabolic
diseases. In a recent report (9), the number of risk factors
acting as diagnostic markers of metabolic syndrome is
shown to inversely correlate with plasma concentrations
of NPs. The clinical data and the findings of the present
study collectively indicate that insufficient activation of
NP/cGK cascades can be a causative factor of both obesity
and hypertension. We speculate that the state of overnu-
trition would downregulate functional NP receptors as to
promote both obesity and hypertension. Furthermore, we
believe that physiological responses of vascular hor-
mones, in accordance with blood pressure, circulating
fluid volume, and oxygen demand, would result in coordi-
nated regulation of oxygen supply and consumption, and
the coordination is especially important for the adaptive
responses to exercise.

To summarize, the results of the present study indicate
that NP/cGK cascades can promote muscle mitochondrial
biogenesis and fat oxidation through upregulation of
PGC-la and PPARS, as to prevent obesity and glucose
intolerance. The results were compatible with our recent
report (10), which showed that cGMP can increase mito-
chondrial content and function in cultured myocytes. The
pharmaceutical interventions that activate NP/cGMP/cGK

of MitoTracker Green, a fluorescent probe for mitochondria. *P < 0.053
#**P < 0.01 vs. control; #P < 0.05; ##P < 0.01 vs. the NP (10~
mol/)-treated group. Rp, Rp-8-br-cGMP (cGMP antagonist), c¢G, 8-Br-
¢GMP (membrane-permeable ¢cGMP analog). C: Schematic representa-
tion of the suggested roles for NP/cGK cascades. Previous studies have
shown the significant roles for NP/cGK cascades in the cardiovascular
system that lead to resistance to ischemia, heart failure, and hyperten-
sion. In the present study, NP/cGK cascades are suggested to promote
muscle mitochondrial biogenesis and fat oxidation, as to prevent
obesity, fatty liver, and glucose intolerance.
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cascades seem to be potentially beneficial for the treat-
ment of obesity, fatty liver, and glucose intolerance.
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Induction and Isolation of Vascular Cells From Human
Induced Pluripotent Stem Cells—Brief Report

Daisuke Taura, Masakatsu Sone, Koichiro Homma, Naofumi Oyamada, Kazutoshi Takahashi,
Naohisa Tamura, Shinya Yamanaka, Kazuwa Nakao

Objective—Induced pluripotent stem (iPS) cells are a novel stem cell population derived from human adult somatic cells
through reprogramming using a defined set of transcription factors. Our aim was to determine the features of the directed
differentiation of human iPS cells into vascular endothelial cells (ECs) and mural cells (MCs), and to compare that

process with human embryonic stem (hES) cells.

Methods and Results—We previously established a system for differentiating hES cells into vascular cells. We applied this
system to human iPS cells and examined their directed differentiation. After differentiation, TRA1-60" Flk1™ cells
emerged and divided into VE-cadherin—positive and —negative populations. The former were also positive for CD34,
CD31, and eNOS and were consistent with ECs. The latter differentiated into MCs, which expressed smooth muscle
a-actin and calponin after further differentiation. The efficiency of the differentiation was comparable to that of human

ES cells.

Conclusions—We succeeded in inducing and isolating human vascular cells from iPS cells and indicate that the properties
of human iPS cell differentiation into vascular cells are nearly identical to those of hES cells. This work will contribute
to our understanding of human vascular differentiation/development and to the development of vascular regenerative
medicine. (Arterioscler Thromb Vasc Biol. 2009;29:1100-1103.)

Key Words: angiogenesis m stem cells m vascular biology m endothelium m differentiation

luripotent embryonic stem (ES) cells are thought to

represent a potentially unlimited pool from which to
derive cells for new treatments in the area of regenerative
medicine and for investigation of cell development/differen-
tiation. We previously described the process by which mouse,
monkey and human embryonic stem (ES) cells differentiate
into vascular cells.’23 In addition, we used the hindlimb
ischemia model with immunodeficient mice to demonstrate
that transplanted vascular endothelial cells (ECs) and mural
cells (MCs) derived from human (h)ES cells could be
successfully incorporated into the host vasculature and sig-
nificantly accelerate improvements in local blood flow.34
However, immunologic and ethical problems remain to be
overcome before clinical application.

Recently, novel ES cell-like pluripotent cells were
generated from mouse skin fibroblasts by introducing 4
transcription factors.> Termed induced pluripotent stem
(iPS) cells, they were subsequently generated from human
skin fibroblasts.&.7 At present, the properties of human iPS
cell differentiation into vascular cells remain unknown. To
address that issue, we investigated the differentiation of

human iPS cells into ECs and MCs using our differentia-
tion system previously developed for hES cells.

Materials and Methods

Cell Culture

hES, human iPS, and OP9 feeder cells were all established and
maintained as described previously.®#? To induce differentiation,
hES or iPS cells were cultured on an OP9 feeder layer as described
previously.?

Flow Cytometry and Cell Sorting
Flow cytometric analysis and cell sorting were performed as de-
scribed previously.!\?

Immunohistochemistry
Cultured cells were stained with various monoclonal antibodies as
described.'?

For details regarding cell culture, RT-PCR, and the antibodies used in
flow cytometry and immunohistochemistry, please see the supplemental
material (available online at http:/atvb.ahajournals.org).

Received December 4, 2008; revision accepted April 16, 2009.

From the Department of Medicine and Clinical Science (D.T., M.S., K.H., N.O., N.T., K.N.), Kyoto University Graduate School of Medicine;
the Department of Stem Cell Biology (K.T., S.Y.), Institute for Frontier Medical Sciences, Kyoto University; and the Center for iPS Cell Research
and Application (CiRA) (K.T., S.Y.), Institute for Integrated Cell-Material Sciences, Kyoto University, Japan.

Correspondence to Masakatsu Sone, MD, PhD, 54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan. E-mail sonemasa@kuhp.kyoto-u.ac.jp

© 2009 American Heart Association, Inc.

Arterioscler Thromb Vasc Biol is available at http://atvb.ahajournals.org

1100

DOIL: 10.1161/ATVBAHA.108.182162

45



Taura et al

o

105

IERELT

2.0%

14

Letobdiszik

10"

3

i tord

Y

VEcadherin
VEcadherin

2

D . . E .
oe‘é ‘8% -
Eov E-

Induction of Vascular Cells From Human iPS Cells

1101

O

1g®

ot aanl

22%

f 4

TSN RTIT

Jd

i

VEcadherin

s
YT

FIK1

T T
€

10 I W i

-

1

Senddedidtl]

erin
I‘

bl tdztd

VEcadh

w
{

10?

5 .
L BLE AL M AN AL M N R R £ S T
3 3

1o ' 10 10

FIK1

e
(3

Ty
e

T T TTTy

. 1
FIK1

MBLILARIAL S

L) W

Lo sl

Loaagnl

G - H
3 B
2 T

Lxaisinf

VEcadherin

£ 22104

10

VEcadherin

Figure 1. Flow cytometric analysis of hES-derived and iPS-derived cells on day 10 of differentiation. A through C, hES-derived cells (A,
Hg; B, HES3; C, KhES-1). D through G, iPS-derived cells (D, B6; E, B7; F, G1; G, G4). H and |, Analysis of human iPS-derived cells

with other EC markers.

Results
We investigated 3 hES cell lines (H9, HES3, and KhES1)
and 4 iPS cell lines (201B6, 201B7, 253G1, and 253G4).5¢
201B6 (B6) and 201B7 (B7) cells were generated from
human skin fibroblasts by transfection with 4 transcription
factors (Oct3/4, Sox2, Kif4, c-Myc), whereas 253Gl (G1)
and 253G4 (G4) were generated using only 3 factors
(c-Myc was omitted).'® The morphology of these 4 lines did
not differ from hES cells, and they were also positive for hES
cell markers (supplemental Figure I). We induced differenti-
ation of these iPS cell lines in an in vitro 2D culture system
previously established for differentiation of hES cells into
vascular cells.? After 10 days of differentiation, cells positive
for Flkl (also designated VEGF receptor-2) and the EC
marker VE-cadherin emerged and accounted for 1% to 5% of
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the cells (Figure 1A through 1G). We noted no differences in
the differentiation of the B and G lines, and both were
comparable to the hES lines (Figure 1A through 1G). The
Flk1* VE-cadherin™ cell population was also positive for
CD31 and CD34 (Figure 1H and 1I), and negative for the ES
cell marker tumor rejection antigen 1-60 (TRA1-60). We
sorted those cells and recultured with VEGF, and found that
they formed a network-like structure on Matrigel, in vitro
(Figure 2A), and had a cobblestone appearance when conflu-
ent on collagen IV-coated dishes (Figure 2B). Immunofluo-
rescent staining for CD31 produced a characteristic marginal
staining pattern (Figure 2C), and staining for endothelial NO
synthase produced a cytoplasmic pattern (Figure 2D). Based
on these observations, the cells were consistent with ECs.
Subsequent RT-PCR analysis of EC markers revealed that
both human iPS-derived and hES-derived ECs expressed
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Figure 2. A, Network formation by iPS-derived VE-cadherin® cells after 24 hours of culture on Matrigel. B, Phase-contrast photomicro-
graph of iPS-derived VE-cadherin* cells. C through E, Immunostaining of VE-cadherin™ cells: red, CD31 (C} or eNOS (D) or control
mouse IgG1 (E; as negative control for C and D); green, nuclei. F through |, Immunostaining of VE-cadherin™ Fik1* cells for MC mark-
ers: F, «SMA; G, control mouse IgG2 (negative control for F); H, calponin; |, control mouse IgG1 « (negative control for H). Scale

bars=50 pm.

VE-cadherin, CD31, von Willebrand factor (vWF), and CD34
at levels similar to those seen in adult ECs (supplemental
Figure II).

We next sorted for Flkl™ VE-cadherin™ TRA1-60" cells
on day 10 of differentiation and then induced differentiation
into MCs using PDGF-BB as described previously.3* Once
differentiated, these cells stained positively for aSMA and
calponin and were therefore consistent with MCs (Figure 2E
and 2F). Both human iPS-derived and hES-derived MCs
expressed the vascular smooth cell markers at levels similar
to those seen in adult vascular smooth muscle cells (supple-
mental Figure II).

Discussion
The establishment of iPS cells opened a new avenue for
regenerative medicine and stem cell biology. The directional
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differentiation of mouse iPS cells into vascular cells was
recently reported.!! In the present study, we have shown that
human iPS cells can be directionally differentiated into
vascular ECs and MCs by applying the same methods we
established for hES cells.> We previously reported that the
differentiation kinetics of primate ES cells to vascular cells is
not equal to that of mouse ES cells.2? To further clarify the
differentiation process in human beings and to determine the
possible clinical application of iPS cells, investigation of
human iPS cells is essential because some characters were
significantly different between mouse and human iPS cells as
ES cells.

In contrast to human ES cells, iPS cells can be estab-
lished from every human being irrespective of their genetic
backgrounds. The establishment of in vitro differentiation
system of human vascular cells from human iPS cells
should make it possible to dissect out cellular mechanisms
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in human vascular development and diseased states such as
arteriosclerosis. The establishment of iPS cell lines from
patients with inherited diseases presenting vascular abnor-
mality should enable clarification of their pathogenesis. In
addition, because they overcome the immunologic and
ethical problems associated with human ES cells, our study
should also contribute to the development of novel patient-
specific cell based vascular regenerative therapies.

Several issues remain to be resolved before human iPS-
derived vascular cells can be administered to humans, how-
ever. Although we observed no reappearance of undifferen-
tiated or tumor cell-like structures in the in vitro cultures,
when we examined the mRINA expression of the transgenes
during differentiation experiments, we occasionally observed
upregulation of the transgenic mRNA (supplemental Figure
1II). The safety of iPS cells needs to be confirmed for each
iPS cell line, both in vitro and in vivo.

In conclusion, we succeeded in inducing and isolating
human vascular cells from iPS cells and indicate that the
properties of differentiation are nearly identical to those of
hES cells. This work will contribute to our understanding
of human vascular differentiation/development and to the
development of vascular regenerative medicine.

We described additional discussions about the safety of iPS
cells in the supplemental material.
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Abstract

This report describes a 46-year-old Japanese diabetic woman with an unusual type of familial partial lipodystrophy. She has marked loss
of subcutaneous fat in her lower limbs and buttocks, with sparing of the face, neck, upper limbs, and trunk. This distribution of fat atrophy
appears to be rare in comparison with previous reports. Sequencing of candidate genes LMNA, PPARG, AKT2, caveolin-1, as well as the
PPARG4 promoter gene, which are known to be associated with familial partial lipodystrophy, revealed no genetic abnormalities,
suggesting that this case may involve a novel gene. Pioglitazone was markedly effective in glycemic control in this case. Her diabetes
remained uncontrolled despite a total daily dose of insulin of 30 U and combined treatment with 10 mg of glibenclamide and 0.6 mg of
voglibose. We therefore attempted combined treatment with 30 mg of pioglitazone and 30 U/d insulin injection. The hemoglobin A, level
was reduced from 11.2% to 6.1% after 6 months of treatment and has since remained stable. Her body weight increased from 62.0 to 71.0 kg
after 12 months of treatment, suggesting that weight gain may result from synergism between thiazolidinediones and insulin-promoting
adipogenesis. Pioglitazone increased the fat mass in the upper limbs and trunk, while inducing less increase in the lower limbs, where fat
atrophy exists in this patient. Pioglitazone may thus have improved the glycemic control in this case through adipocyte differentiation from

progenitor cells mainly in the upper limbs and trunk.
© 2009 Published by Elsevier Inc.

1. Introduction

Understanding of the pathophysiology in lipodystrophy
has recently improved [1-4]. Lipodystrophy is a rare
disorder characterized by partial or generalized loss of
adipose tissue deposits. It is commonly associated with
dyslipidemia, hepatic steatosis, and insulin-resistant dia-
betes. Familial partial lipodystrophy (FPLD) is named
after Dunnigan et al [5], who provided a detailed
description of the syndrome. In some cases, the lipody-
strophy is confined to the limbs, with sparing of the face
and trunk, whereas the trunk is also affected with sparing
of the face and vulva in other cases. Many cases of FPLD
of European origin have been reported to be of the
Dunningan et al type, whereas Asian cases of FPLD have

* Corresponding author. Tel.: +1 075 595 0258; fax: +1 075 595 0258.
E-mail address: yuka-1@mx.biwa.ne.jp (M. Iwanishi).

0026-0495/$ — see front matter © 2009 Published by Elsevier Inc.
doi:10.1016/j.metabol.2009.04.043
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only rarely been reported [2,3]. It is thus unclear whether
differences in phenotype or genotype of FPLD exist
between cases of European origin and of Asian origin. We
present here an instructive case of a Japanese diabetic
patient with an unusual type of FPLD, with the results of
mutational analysis for the LMNA, PPARG, AKT2, and
caveolin-1 gene and PP4RG4 promoter gene. We also
describe the effectiveness of pioglitazone on glycemic
control and the changes of fat and lean mass as measured
by dual-energy x-ray absorptiometry (DEXA) scan during
pioglitazone treatment.

2. Subject and methods
2.1. Blood samples

Blood was collected after a 12-hour overnight fast for
analysis of glucose, insulin, leptin, and adiponectin.
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2.2. Biochemical analyses

Plasma glucose was measured by the glucose oxidase
method, and hemoglobin A, (HbA ;) was measured by a
high-performance liquid chromatography method. Serum
insulin level was measured using commercial radioimmu-
noassay kits (Shionogi, Osaka, Japan). Serum leptin level
was determined by radicimmunoassay using commercial kits
(Linco Research, St Charles, MO). Serum adiponectin level
was determined by radioimmunoassay using commercial kits
(Otsuka assay, Osaka, Japan) [6].

2.3. Oral glucose tolerance test

A standard oral glucose tolerance test (OGTT) with 75 g
of glucose was performed after a 12-hour overnight fast.
Venous blood was collected for determination of glucose and
insulin concentrations immediately before glucose adminis-
tration and at 30-minute intervals thereafter for 120 minutes,

2.4. Magnetic resonance imaging technique

Magnetic resonance imaging (MRI) was performed using
a 1.5-T imaging device (Sigma Horizon; General Electric,
Milwaukee, WI). The upper and lower limbs were surveyed
using contiguous axial, 10-mm slices. Fat was easily
identified on MRI because of its short T1 relaxation time
and its relatively high signal intensity on images compared
with other tissues such as muscle.

2.5. Dual-energy x-ray absorptiometry

Whole-body DEXA scan was performed with a multiple
detector fan-beam Hologic (Bedford, MA) QDR-4500W
densitometer. Data were obtained from the head, upper
extremities, trunk, and lower extremities. Proportions of fat
in individual regions as well as the whole body were calculated
as percentage of body mass. Data were also obtained for
measurement of lean tissue mass and bone mineral density.

2.6. Measurement of fat distribution

Subcutaneous and visceral fat distributions were deter-
mined by measuring a —150- to —50-Hounsfield unit area
using a modification of the method of computed tomo-
graphic (CT) scanning (Light Speed Plus-R, General
Electric) by Tokunaga et al at the umbilical level [7].
Computed tomographic images were obtained both at
baseline and after 9 months of treatment. The V/S ratio
was calculated as visceral adipose tissue area divided by
subcutaneous adipose tissue area.

2.7. Sequence analyses

Sequence analyses of LMNA and PPARG were
performed in the patient. The patient gave written
informed consent for all genetic analyses, which were
approved by the Ethical Committee of Kyoto University
Graduate School of Medicine. Genomic DNA was isolated
from blood using an InstaGene Whole Blood kit (Bio-
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Rad, Hercules, CA) according to the manufacturer’s
protocol. Polymerase chain reaction primers, including
exon-specific fragments and splice sites, were designed
using genomic DNA sequences of human LMNA and
PPARG obtained from GenBank accession numbers NM-
170707, AB005520, and AB005526, respectively, as well
as published sequences [8,9]. Polymerase chain reaction
products were separated by electrophoresis in a 2%
agarose gel, purified, and sequenced directly by the chain
termination method with both forward and reverse primers
on an ABI PRISM310 Genetic Analyzer (PerkinElmer, PE
Applied Biosystems, Foster City, CA). All exons and
intron-exon boundaries of AKT2 were amplified and
sequenced using primers as previously described [10].
The exons and intron-exon boundaries of caveolin-1 were
amplified and bidirectionally sequenced using primers and
conditions as previously described [11]. A previously
reported method was used to detect the PPARG4 promoter
mutation [12].

3. Case report

The patient is a 46-year-old woman., When she was 34
years old, a diagnosis of diabetes was made by a family
physician on the basis of HbA,. and high postprandial
glucose levels. However, she decided not to receive any
medications for diabetes. She was introduced to our
hospital for treatment in December 1998 because of poor
glycemic control at 40 years of age. She had a body mass
index (BMI) of 23 (height, 160 cm; body weight, 58.5 kg).
She had no history of hypertension or autoimmune disease.
She was premenopausal status. There was no evidence of
axial acanthosis nigricans. In January 1999, HbA,. was
11.6% and her lipid profile was normal (Table 1). An
OGTT was performed in September 1999, when she was
receiving 10 mg of glibenclamide and 0.6 mg of voglibose
and her HbA . was 8.2%. As shown in Table 2, the insulin
levels during OGTT were relatively high, suggesting mild
insulin resistance. When serum leptin and adiponectin were
measured before her second pioglitazone treatment, she
had a BMI of 25.3. Her serum leptin level was 10.4 ng/

Table 1

Biochemical data for this patient

Metabolic variables Patient
Plasma glucose (mg/dL) 245
HbA (%) 11.6
Plasma insulin (uU/mL) 19.1
Serum triglycerides (mg/dL) 137
Serum cholestero! (mg/dL) 200
Serum HDL cholesterol (mg/dL) 49
Serum leptin (ng/mL) 104
Serum adiponectin (ug/mL) 35

All samples were obtained after a 12-hour overnight fast. HDL indicates

high-density lipoprotein,
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Table 2
Plasma glucose and insulin levels before and 30, 60, and 120 minutes after
an oral 75-g glucose load

Time (min)
0 30 60 120
Plasma glucose (mg/dL) 245 342 409 401
Plasma insulin (uU/mL) 17.7 313 79.7 33.0

mL, whereas her serum adiponectin was 3.5 ug/mL
(Table 1). An abdominal ultrasound examination revealed
hepatic steatosis (unpresented data). She had first noted her
decreased subcutaneous fat over her lower limbs at 12
years of age. As shown in Fig. 1B, she exhibited loss of
fat in subcutaneous deposits in the lower limbs and
buttocks, with prominent lower limbs musculature and
excess fat deposition around the face, neck, and trunk. As
shown in Fig. 1A, her mother and 2 sisters had a similar
physical appearance; and an autosomal dominant pattern of
inheritance was therefore considered. A clinical diagnosis
of FPLD was therefore made. Her mother had diet-
controlled diabetes diagnosed at 75 years of age and died
of cerebral infarction at 80 years old. Her father, son, and
daughter each had neither fat atrophy nor diabetes mellitus.
Her father died of lung cancer at 64 years of age. As
shown in Fig. 2, we began initial combined treatment with
pioglitazone and insulin injection for diabetes in March
2000, but discontinued pioglitazone in March 2001
because of weight gain. After approximately 3-year
washout of pioglitazone, we noted fat atrophy over her
lower limbs and assessed body fat distribution by DEXA,
MRI, and CT studies in March 2004. As shown in Fig. 1C,
Tl-weighed MR images at the level of the gluteal fat
revealed the striking loss of gluteal subcutaneous fat. As
shown in Fig. 1D, axial MRI at the level of the thigh and
calf in the patient revealed nearly complete absence of
subcutaneous fat in the thigh and calf. As shown in Fig.
1E, axial T1 MRI at the level of the arm and forearm in
the patient revealed the preservation of subcutaneous fat.
As shown in Fig. 1F, thoracic and abdominal CT revealed
preservation of subcutancous fat in-the abdominal and
thoracic regions. Table 3 shows the regional and whole-
body adipose tissue distribution and body composition
estimated by DEXA scan. Compared with healthy subjects,
she had markedly decreased fat in her legs, with prominent
accumulation in the trunk. Fat accumulation was preserved
in her upper limbs. She appeared to have well-preserved
skeletal muscle mass.

The first pioglitazone treatment was performed before the
diagnosis of FPLD and was markedly effective in improving
glycemic control.

Glibenclamide (2.5 mg) and voglibose 0.6 mg/d were
started in December 1998; and although the dose of
glibenclamide was increased to 10 mg/d, her HbA,. was
9.5% and remained high. Injection of biphasic human
insulin (BHI 30) was added at a dose of 16 U/d, and the dose
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of insulin was increased to 30 U/d; but HbA,, was still
8.0%, and her blood glucose level remained unsatisfactory.
Her body weight gain was about 3 kg, and BMI was
increased to 24.4 during combined treatment with glib-
enclamide and insulin. We stopped the glibenclamide and
prescribed metformin 500 mg/d, but HbA,. increased to
11.2%. We therefore discontinued the metformin and
initiated combined treatment with pioglitazone (30 mg/d)
and insulin in March 2000. Her response to pioglitazone was
monitored by HbA |, Fig. 2 shows HbA, level during
treatment. Decline in HbA,, was observed at 2 months; and
the decrease continued to be observed throughout the
treatment, with lowest values at 6 months. After 6 months
of treatment, HbA |, had decreased from 11.2% to 6.1% and
remained thereafter at about 6.0%. After 7 months of
treatment, the dose of insulin was decreased to 20 U/d.
Fig. 2 also shows change in body weight during treatment.
After 12 months, body weight had increased from 62.0 to
71.0 kg. We stopped pioglitazone in March 2001 because of
this weight gain.

3.1. Changes in body fat distribution and serum adiponectin
during the second pioglitazone treatment

About 3 years had passed since she received the
combined treatment with 4 mg glimepiride and 30 U/d
insulin injection (BHI 30) instead of pioglitazone. Her blood
glucose level remained unsatisfactory. We therefore began
administration of a half-dose (15 mg) of pioglitazone in April
2004 to prevent body weight gain. Change in fat and lean
mass was monitored during pioglitazone treatment by
DEXA scan, We also evaluated changes in subcutaneous
and visceral fat area by abdominal CT and adiponectin level
during pioglitazone treatment. After 9 months of treatment,
HbA |, level was reduced from 8.5% to 6.2% and remained
stable thereafter, whereas body weight increased by about 3
kg (Fig. 3). As shown in Table 4, comparison of DEXA scan
results showed that fat mass increased by 2.2 kg, whereas
lean mass increased by 0.7 kg during pioglitazone treatment.
Pioglitazone induced increase in fat mass almost equally in
the upper limbs,- lower limbs, and trunk, although the
increase was slightly less in the lower limbs than in the other
2 regions. Interestingly, the increase in lean mass in the lower
limbs was greater than that in the upper limbs and trunk,
whereas the increase in lean mass in the upper limbs and
trunk was suppressed. We also evaluated the accumulation of
subcutaneous and visceral fat by CT scan at the umbilical
levels before and after 9 months of pioglitazone treatment.
Pioglitazone increased subcutaneous fat from 160.0 to 211.3
cm?, but resulted in almost no change in visceral fat (103.7
vs 106.2 cm?). After 9 months of treatment, serum
adiponectin had increased from 3.5 to 21.7 ug/mL.

3.2. Sequence analysis

We examined the sequences of the entire coding regions
and exon-intron boundary regions of the LMNA, PPARG,
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Fig. 1. A, The pedigree of a Japanese family with an unusual type of FPLD. The proband, her mother, and 2 sisters exhibited marked loss of subcutaneous fat in
the lower limbs and buttocks. The proband and her mother had diabetes mellitus. B, Phenotypic features of the patient. Note the prominent lower limbs
musculature as well as the preservation of abdominal and cervical fat with loss of lower limbs and gluteal fat deposits. C, T1-weighted MR images at the level of
the gluteal fat indicate striking loss of gluteal subcutaneous fat in the upper panel. Control images obtained from a healthy female individual are shown in lower
panel. D, T1-weighted MR images at the level of the thigh (left panel) and calf (right panel) in the patient reveal nearly complete absence of subcutaneous fat.
Control images obtained from a healthy female individual are shown in the lower panel, E, T1-weighted MR images at the level of the arm (upper panel) and
forearm (lower panel) in the patient indicate preservation of subcutaneous fat. F, Thoracic CT at the level of the fourth thoracic vertebrae and abdominal CT at the
umbilical level. Thoracic (upper panel) and abdominal (lower panel) findings reveal that CT showed the preservation of subcutaneous fat in the abdomen and
thoracic region.

AKT2, and caveolin-1 genes, but found no mutations of 4. Discussion

these genes in the proband. We also checked for —14A>G

substitution upstream from exon 1 within the PPARG4 In this article, we have described a 46-year-old Japanese
promoter, but did not find this mutation. diabetic woman with an unusual type of FPLD. She has
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Fig. 2. Hemoglobin A, level and body weight during the first pioglitazone
treatment. Pioglitazone (30 mg) was administered and dramatically
improved glycemic control. However, it was stopped because of body
weight gain.

marked loss of subcutaneous fat in her lower limbs and
buttocks, with sparing of the face, neck, upper limbs, and
trunk. The cases of FPLD reported thus far have predomi-
nantly affected the limbs and gluteal fat deposits, with
variable truncal involvement but normal or excess fat on the
face and neck [2,5,13-16,18-20]. The distribution of fat
atrophy in the present case thus appears to be rare.

The loss of body fat in FPLD can be caused by defects in
the development and/or differentiation of adipose tissue as a
consequence of mutations in a number of genes, including
LMNA, PPARG, AKT2, and caveolin-1 [2,15]. Patients with
LMNA gene mutation have FPLD as indicated by a loss in

Table 3
Body composition as determined by DEXA scan in the proband
Proband Mean values (in control subjects)
Height (cm) 160.0 156.1 £4.9
Body weight (kg) 64.0 55.1+£6.7
BMI (kg/m?) 25.0 22.7+3.0
Age (y) 46 45128
Fat (%)
Whole body 331 303+£62
1 Am 429 269+ 7.3
1 Leg 13.0 332:%5.7
Trunk 40.4 284+ 1.7
Fat mass (kg)
Whole body 20.2 16852
| Arm 1.3 07£03
1 Leg 0.9 35+ 1.0
Trunk 15.0 7.1+£28
Lean mass (kg)
Whole body 38.8 353+£3.1
1 Arm 1.7 1.7£02
1 Leg 5.4 6.6+09
Trunk 215 163+ 1.3

Normal values are obtained from 55 healthy middie-aged women. Fat, fat
mass, and lean mass in 1 arm and leg indicate the mean values of left and
right arm (or leg).
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Fig. 3. Hemoglobin A, level and body weight during the second
pioglitazone treatment. The dose of pioglitazone was 15 mg to prevent
excessive body weight gain. Changes in body fat composition were
evaluated by DEXA scan and abdominal CT as well as serum adiponectin
level after 9 months of pioglitazone treatment.

subcutaneous fat in the upper and lower limbs [2,17].
Patients with PPARG gene mutation also have FPLD, as
indicated by a loss of fat in subcutaneous deposits in the
limbs, affecting the distal regions of the extremities such as
the forearms and calves more than the proximal regions, but
with preservation of visceral and abdominal subcutaneous fat
[2,18-20]. It appears likely that our patient has no mutation
of the LMNA or PPARG gene because she has a phenotype
of lipodystrophy distinct from that of patients with LMNA
gene or PPARG gene mutation.

Recently, George et al [10] reported a heterozygous
missense mutation R274H in the AKT2 gene in a family in
which affected subjects developed insulin resistance,
diabetes mellitus, and hypertension. The proband, a 34-
year-old woman, had partial lipodystrophy affecting her
extremities. Cao et al [15] also reported a heterozygous

Table 4

Changes in fat and lean mass determined by DEXA, subcutaneous and
visceral fat areas determined by abdominal CT, and serum adiponectin level
during pioglitazone treatment

Pioglitazone
Pre Post Change

Body weight (kg) 65.0 68.0 +3.0
Fat (kg)

Whole body 20.2 22.4 +2.2

Arms 2.7 3.5 +0.8

Legs 1.7 2.2 +0.5

Trunk 15.0 159 +0.9
Lean mass (kg)

Whole body 38.8 39.5 +0.7

Arms 33 3.1 -0.2

Legs 10.8 11.9 +1.1

Trunk 21.5 213 -0.2
CT (umbilical level)

Subcutaneous fat (cm?) 160 211.3 +51.3

Visceral (cm?) 103.7 106.2 +2.5

Adiponectin (ug/mL) 3.5 21.7 +18.2
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caveolin-1 frameshift mutation in patients with atypical
partial lipodystrophy and hypertriglyceridemia. We were
therefore interested in the possibility of involvement of the
AKT2 and caveolin-1 genes in this case and added mutational
analysis, including AKT2 and caveolin-1. However, we
found no mutations in these genes. This case thus features an
unusual phenotype, with no mutation of the causing gene in
FPLD, LMNA, PPARG, AKT2, caveolin-1, and PPARG4
promoter. It is thus possible that the present case is due to a
defect of a novel gene. However, we could not analyze
messenger RNA (mRNA) of candidate gene in this article;
and we could not rule out the following possibility. The
mutation might be located anywhere except the entire coding
regions and exon-intron boundary regions in candidate gene.
It might either cause the dysfunction of mRNA of candidate
gene or, alternatively, decrease levels of mRNA of candidate
gene [21].

Pioglitazone was markedly effective in improving
glycemic control in our case. As shown in Fig. 2, HbA .
level decreased by 5.1% in our patient after 6 months of
treatment with pioglitazone. Marked weight gain was also
observed in our patient during pioglitazone treatment. This
observation was compatible with a previous report [14],
suggesting that it may result from synergism between
thiazolidinediones (TZDs) and insulin-promoting adipogen-
esis. The level of adiponectin was low before treatment, but
increased markedly during pioglitazone treatment. Thiazo-
lidinediones seemed ideally suited to treat lipoatrophic
diabetes [22]. Almost all diabetic patients in this study had
partial lipodystrophy. In the 13 patients with diabetes who
completed 6 months of troglitazone treatment, HbA . levels
significantly decreased by a mean of 2.8%.Troglitazone
treatment significantly increased body fat without signifi-
cant change in weight. Savage et al [18] reported that
subject 2 (S2) with FPLD was heterozygous for a proline-
467-leucine (P467L) mutation in PPARG, whereas subject
3 (S3) with FPLD was heterozygous for a valine-290-
methionine (V290M) mutation in PPARG. The metabolic
impact of rosiglitazone was much more striking in S2, in
whom insulin sensitivity and HbA . were both normalized,
whereas S3 remained severely insulin resistant and
exhibited little change in HbA .. Fat mass was increased
by 3.5 kg in S2 and was increased by 4.0 kg in S3 after
rosiglitazone treatment for 6 months, indicating that
rosiglitazone induced adipocyte differentiation in both
cases. Adiponectin level was low before treatment and
showed slight increase in both cases. Owen et al [23] also
reported no clear advantages in treating patients with FPLD
caused by a mutation in the LMNA gene (R482W) with
rosiglitazone despite increases in subcutaneous adipose
tissue. The effects of TZDs on glycemic controf, body
weight, and adiponectin thus appear to vary in patients with
various forms of FPLD [14,18,22-24].

We also measured changes in fat and lean mass during
pioglitazone treatment by DEXA scan, As shown in Table 4,
fat mass increased by 2.2kg, whereas lean mass increased by
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0.7 kg during pioglitazone treatment. Table 4 also shows that
subcutaneous fat in the abdomen increased during pioglita-
zone treatment, consistent with a previous report [7].
Pioglitazone induced increase in fat mass almost equally in
the upper limbs, lower limbs, and trunk, although the
increase was less in the lower limbs than in the other 2
regions, suggesting a defect in adipocyte differentiation in
the lower limbs where fat atrophy exists. Pioglitazone may
thus improve glycemic control through adipocyte differ-
entiation from progenitor cells mainly in the upper limbs and
trunk [25,26].

Garg [27] has reported that women with Dunnigan-type
FPLD have twice the prevalence of diabetes and more than 3
times the prevalence of atherosclerotic vascular discase as
men. The mother of our patient with partial lipodystrophy
had diabetes and died of cerebral infarction. Regular
evaluation for atherosclerosis will therefore be required in
this patient.

In conclusion, we have described the phenotype of a case
of FPLD case of Asian origin, which differs from that of
FPLD cases of European origin. As there were no mutations
in the causative genes of LMNA, PPARG, AKT2, caveolin-1,
and PPARG4 promoter, known to be associated with FPLD,
it may be that a novel gene is involved in this case. More
FPLD cases of Asian origin will need to be examined to
determine the clinical features, phenotype, and genotype of
Asian cases of FPLD.
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Abstract

Adipose tissue expresses all components of the renin-angiotensin system including angiotensinogen (AGT). Recent studies have
highlighted a potential role of AGT in adipose tissue function and homeostasis. However, some controversies surround the regulatory
mechanisms of AGT in obese adipose tissue. In this context, we here demonstrated that the AGT messenger RNA (mRNA) level in human
subcutaneous adipose tissue was significantly reduced in obese subjects as compared with nonobese subjects. Adipose tissue AGT mRNA
level in obese mice was also lower as compared with their lean littermates; however, the hepatic AGT mRNA level remained unchanged.
When 3T3-L1 adipocytes were cultured for a long period, the adipocytes became hypertrophic with a marked increase in the production of
reactive oxygen species. Expression and secretion of AGT continued to decrease during the course of adipocyte hypertrophy. Treatment of
the 3T3-L1 and primary adipocytes with reactive oxygen species (hydrogen peroxide) or tumor necrosis factor a caused a significant
decrease in the expression and secretion of AGT. On the other hand, treatment with the antioxidant N-acetyl cysteine suppressed the decrease
in the expression and secretion of AGT in the hypertrophied 3T3-LI adipocytes. Finally, treatment of obese db/db mice with N-acetyl
cysteine augmented the expression of AGT in the adipose tissue, but not in the liver. The present study demonstrates for the first time that
oxidative stress dysregulates AGT in obese adipose tissue, providing a novel insight into the adipose tissue—specific interaction between the
regulation of AGT and oxidative stress in the pathophysiology of obesity.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction metabolic disorders [1,2]. Notably, the major components of
the RAS are expressed in various tissues including the heart,

Overactivity of the systemic renin-angiotensin system blood vessels, adipose tissue, and brain [3]; these comprise
(RAS) is one of the central mechanisms for obesity-related tissue RAS. A series of products are produced locally from
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angiotensinogen (AGT), the unique precursor of angiotensin
peptides, and play a critical role in cardiovascular homeo-
stasis [3,4].

Although AGT is produced mainly by the liver, adipose
tissue is also considered as a source of AGT production {5].
In agreement with this notion, the adipose tissue expresses
all components of the RAS, including AGT, renin,
angiotensin I-converting enzyme, and angiotensin II type
1 receptor, in humans and rodents [6,7]. A previous study
has demonstrated that AGT-deficient mice are low in blood
pressure and body fat mass [8]. Moreover, adipocyte-specific
transgenic overexpression of AGT on an AGT-deficient
background was shown to augment plasma AGT level and
rescue hypotension and leanness [9]. These results indicate
that adipose tissue—derived AGT does contribute to the
circulating AGT level and adipogenesis.

In rodent experiments, the AGT messenger RNA
(mRNA) level in white adipose tissue has been shown to
be regulated by the nutritional status; however, that in the
liver was independent of the nutritional status [10,11]. In
human cross-sectional studies, the AGT mRNA level in
adipose tissue was shown to be higher in obese subjects
[6,12]. On the other hand, another study reported that the
AGT mRNA level in adipose tissue was significantly lower
in obese individuals [13]. Elevation of AGT expression in
adipose tissue in obese individuals thus remains controver-
sial [14].

Several studies have shown that increased oxidative stress
is a manifestation of obesity-related metabolic derangement
[15-17]. In fact, in humans, oxidative stress is critically
associated with atherosclerosis, hypertension, and diabetes
mellitus [18,19]. Oxidative stress is also related with the
RAS. Angiotensin II is a potent inducer of reactive oxygen
species (ROS) in a variety of tissues [20-22]. In the liver and
kidney, increased ROS has been reported to increase AGT
gene expression [23-26]. Also in obese adipose tissue,
generation of ROS is exaggerated and is involved in adipose
tissue dysfunction [17,27]. However, whether increased ROS
may affect adipose AGT production remains to be elucidated.

In the present study, we demonstrated that the AGT
mRNA level was reduced in obese adipose tissue in humans
and mice and in hypertrophied 3T3-L1 adipocytes. In this
context, we tested the hypothesis that increased oxidative
stress would modulate AGT in obese adipose tissue.

2. Materials and methods

2.1. Subcutaneous abdominal adipose tissue biopsies in
human subjects

The present study was performed according to the
Declaration of Helsinki and approved by the Ethical
Committee on Human Research of Kyoto University
Graduate School of Medicine (2004, no. 553). Written
informed consent was obtained from all subjects before
the study.
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Subcutaneous abdominal adipose tissue biopsies were
obtained from 46 Japanese subjects (24 men and 22 women;
age [mean % SD], 46 + 2.1 years). The body mass index
(BMI) of the subjects ranged from 19 to 52 (mean + SD, 30 +
1.6) kg/m®. All subjects had been on stable therapy with
lipid-lowering, antihypertensive, or hypoglycemic agents for
at least 1 month before admission and continued with the
same doses throughout the study period. Patients who
received angiotensin [-converting enzyme inhibitors, angio-
tensin II receptor blockers, and steroid-related drugs were
carefully excluded. For the study, subcutaneous abdominal
adipose depots of the study subjects were excised from the
periumbilical region under local anesthesia. The samples
were immediately frozen in liquid nitrogen and stored at
—80°C until use.

2.2. Mouse experiments

Male ob/ob mice (age, 12 weeks) were purchased from
Oriental BioService (Kyoto, Japan) and housed in the animal
facility of Kyoto University. Male db/db mice (age, 10
weeks) were purchased from Japan SLC (Hamamatsu,
Japan) and housed in Seoul National University. The mice
were allowed free access to food and water. For in vivo
antioxidant treatment, the db/db mice were injected with V-
acetyl cysteine (NAC; 150 mg/kg body weight; Sigma-
Aldrich Japan, Tokyo, Japan) or the vehicle (phosphate-
buffered saline) into the peritoneal cavity once daily for 1
week. All experimental procedures were approved by the
Kyoto University Graduate School of Medicine Animal
Research Committee and the Seoul National University
Animal Experiment Ethics Committee.

2.3. Cell culture and isolation of primary adipocytes

3T3-L1 fibroblasts were cultured and differentiated into
adipocytes as described previously [28]. Briefly, the 2-day
postconfluent cells (designated as day 0) were incubated for
2 days with 10% fetal bovine serum (FBS)/Dulbecco
modified Eagle medium (DMEM), 0.5 mmol/L 3-isobutyl-
1-methylxanthine, 0.25 umol/L dexamethasone, and |
ug/mL insulin. The cells were then incubated for 2 days in
10% FBS/DMEM with insulin and, thereafter, incubated in
10% FBS/DMEM that was changed on every alternate day.
Oil red O staining was performed as described [29].

Primary adipocytes were isolated from epididymal fat
pads of 9-week-old male C57BL/6J mice (purchased from
Oriental BioService, Kyoto, Japan). Epididymal fat pads
were harvested, minced into 2- to 3-mm pieces, and digested
using 0.8 mg/mL collagenase (Sigma-Aldrich Japan) in
DMEM for 30 minutes at 37°C in a shaking water bath. After
the digestion with collagenase, cells were filtered through a
250-um nylon filter and centrifuged at 1000 rpm for 30
seconds. The suspended mature adipocytes were separated
from the pelleted stromovascular fraction and washed 3
times in DMEM for experiments.



