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Abstract

Objective—Despite the clinical prevalence of obesity, only recently has the importance of
adipose tissue microenvironment been addressed at a molecular level. Here, | focused on the fat-
derived cytokine adiponectin as a model system to understand the mechanism underlying adipose
tissue vascularity, perfusion, inflammation, and systemic metabolic function.

Materials/Methods—Wild type, adiponectin-deficient, and adiponectin transgenic-
overexpressing mice were maintained on chow diet or high fat/high sucrose diet for 32 weeks.
Vascularization of adipose tissue was examined by confocal microscopy and perfusion was
determined by recovery of injected microspheres. Adipose tissue inflammation and systemic
metabolic function were also assessed.

Results—Modest over-expression of adiponectin led to a marked increase in adipose tissue
vascularity and perfusion, and this was associated with diminished hypoxia and an increase in
vascular endothelial growth factor-A (VEGF-A) expression in the obese mice. Adiponectin over-
expression in diet-induced obese mice also led to the virtual absence of macrophage infiltration
and the elimination of crown-like structures. Adiponectin transgenic mice also displayed a
remarkable sensitivity to insulin and diminished hepatic steatosis. Under the conditions of these
experiments, adiponectin deficiency did not diminish adipose tissue perfusion nor worsen
metabolic function compared to wild type mice fed the high fat/high sucrose diet.

Conclusion—These data demonstrate that increased circulating adiponectin levels, and the
obese environment, are associated with increased adipose tissue vascularization and perfusion, and
improved metabolic function under conditions of long term diet-induced obesity.
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Introduction

Methods

Recent studies have shown that total fat mass does not necessarily indicate metabolic status,
leading to the concept that metabolic dysfunction is influenced not only by the quantity of
adipose tissue but also by its quality [1]. Obesity leads to macrophage accumulation and
high levels of the pro-inflammatory cytokine TNFa in the adipose tissue of humans and
rodent models, which is correlated with the development of insulin resistance [2-5].
Correspondingly, inhibition of TNFa prevents insulin resistance [6-8]. The inflammatory
status of adipose tissue is also affected by its perfusion by the microvessels [3, 4, 9]. Blood
flow regulation is affected by increasing adipose tissue mass as well as enlargement of
adipocytes [10]. Obese mice display capillary rarefaction in their fat pads and reductions in
expression of the angiogenic growth factor VEGF, leading to adipose tissue hypoxia [11,
12]. In obese humans, adipose tissue inflammation and the imbalance of adipocyte-derived
cytokines are correlated with increased cardiovascular risk and vascular injury [4, 9].

Adiponectin is an adipocyte-derived cytokine that is expressed at high levels by lean,
healthy individuals, but its expression is diminished as body mass increases [13]. Large
adipocytes, such as those found in obese subjects, produce less adiponectin and higher levels
of pro-inflammatory cytokines including IL-6 and TNF-a [14]. In addition, these
inflammatory cytokines and hypoxia can induce a reduction in adiponectin expression [3,
15, 16]. Cardioprotective effects of adiponectin include the ability to modulate vascular
function and promote angiogenesis in ischemic skeletal muscle and tumors [17, 18].
Adiponectin also maintains an anti-inflammatory environment through its ability to inhibit
T-cell proliferation, decrease co-stimulatory molecule expression of monocyte-derived
dendritic cells, and facilitate macrophage clearance of apoptotic cells [19-22]. Transgenic
mice over-expressing adiponectin have preserved insulin sensitivity and are protected from
lipid accumulation after 48h of high calorie diet [23]. Furthermore, transgenic over-
expression of adiponectin in the leptin-deficient o6/0b mouse protects against metabolic
dysfunction, despite becoming severely obese [24]. Among the known functions of
adiponectin, few, if any, studies have analyzed the role of adiponectin in the control of
adipose tissue vascularity and microenvironment.

Here, adiponectin-deficient and —over-expressing mice were used as a model system to
elucidate the associations among adipose tissue vascularity, inflammation, and systemic
metabolic function. The purpose of this study was to determine the extent to which
adiponectin impacts the adipose tissue microvasculature.

Mouse models and tissue collection—Adiponectin-deficient mice (apn-KO) on a C57
background were originally obtained from Dr. Yuji Matsuzawa [25]. Adiponectin transgenic
over-expressing mice (apn-TG) were originally generated on an FVVB background [26], were
subsequently backcrossed to C57 [24], and obtained from Dr. Philipp Scherer. Wild type
littermates served as controls. Mice were maintained on a chow diet or high fat/high sucrose
diet (#F1850, BIO-SERV, 60% kcal from fat) starting at 8 weeks of age for 32 weeks. The
epididymal fat pad (EFP) depot was collected, weighed, and subsequently divided in order
to provide uniform tissue samples for further analyses. All experiments were approved by
the Institutional Animal Care and Use Committee at Boston University.

Systemic metabolic properties—For insulin tolerance testing, an i.p. injection of
human insulin (1.5U/kg body weight, Humulin R, Eli Lily) was administered to mice after
an overnight fast. Blood glucose levels were measured using an Accu-Chek glucose monitor
(Roche Diagnostics Corp.) and determined immediately before, and at intervals up to
120min after injection. Serum levels of free fatty acids were measured by a NEFA-HR(2)
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microtiter procedure (Wako Diagnostics). Commercially available enzyme-linked
immunosorbent assay kits were used to determine serum insulin (Crystal Chem Inc.), serum
leptin (Crystal Chem Inc.), and serum adiponectin levels (B-Bridge International) according
to the manufacturer’s instructions.

Confocal Microscopy—To visualize the vasculature, 100ul of the isolectin Griffonia
simplicifolia (Vector Labs) was administered to the circulation via cardiac injection 0.5hr
before sacrifice. To visualize adipocytes, live, non-fixed EFP specimens were minced and
incubated with BODIPY-Texas Red (Invitrogen) for 1hr followed by a brief PBS wash.
Confocal microscopy was used to determine capillary density on tissue stacks with a 50um
thickness. Luminosity of isolectin (FITC)-labeled blood vessels was quantified for each
mouse. Ten fields at 10x magnification were chosen at random for analysis.

Histology—A portion of the EFP was fixed in 10% formalin, embedded in paraffin, and
sectioned. VectaStain kit (Vector Labs), anti-mouse Mac-2 (Cedarlane Labs) or perilipin
(gift from AS Greenberg, Tufts University) were used for immunostaining. Representative
micrographs were photographed at 40x magnification. Adipocyte number for each genotype
was quantified by counting the total number of individual adipocytes in ten fields per mouse
at 10x magnification. Liver tissues were embedded in OCT compound (Sakura Finetech
USA Inc.) and frozen in liquid nitrogen. Sections were stained using standard methods for
oil red O to determine lipid deposition.

Hypoxia assessment—An i.p injection of 40mg/kg pimonidazole was administered 1 hr
prior to sacrifice. A portion of the EFP was fixed in 10% neutral buffered formalin,
embedded in paraffin, sectioned, and stained using the Hypoxyprobe-1 Plus kit (Chemicon
International) according to the manufacturer’s protocol.

Quantitative PCR—A portion of the EFP was snap frozen in liquid nitrogen immediately
after harvest. Tissue was disrupted using a Qiagen TissueLyser, followed by total RNA
extraction using the Qiagen RNeasy Kit (Valencia, CA). cDNA was produced using
ThermoScript RT-PCR Systems (Invitrogen, Carlsbad, CA). A Hypoxia PCR array (SA
Biosciences) was performed according to the manufacturer’s instructions and included the
reported genes: Adm, Arnt2, Epo, Hifla, Hyoul, and Notchl. Transcript levels were
determined relative to the average signal from 5 supplied housekeeping genes within the
test. VEGF and MMP-2 transcripts were analyzed by SYBR Green real-time PCR. The
primers sequences used for gRT-PCR are: Vegf-A forward 5> ACT GGA CCC TGG CTT
TAC TG 3’; Vegf-Areverse 5’ TCT GCT CTC CCT CTG TCG TG 3’; MMP-2-1, 5'-GCA
GGG AAT GAG TAC TGG GTC TAT-3"; and MMP-2-2 5'-CAG TTA AAG GCA GCA
TCT ACT TG-3'; Sonic Hedgehog transcript was analyzed using Tagman Gene Expression
Assay (#Mm00436528 m1; Applied Biosystems). Transcript levels were determined
relative to the signal from GAPDH and [-actin, and normalized to the mean value of
samples from wild type control mice or adiponectin-transgenic mice.

Perfusion assessment by microspheres—Anesthetized mice were injected with of 4
x10% yellow, 15.5um, Dye-Trak microspheres (Triton Technology, San Diego, CA) via the
left atrium. Tissues were processed according to manufacturer’s protocol. Briefly, the
fluorescent dye was extracted and measured with a plate reader, and normalized by the
weight of each tissue depot.

Statistical Analysis—Results are shown as the mean + SEM. Differences among groups

were determined by one-way ANOVA and in cases where P < 0.05, an all-pairwise post hoc
analysis was performed using Bonferonni’s correction. Results were considered statistically
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significant when P<0.05. Since fold-change is reported as a ratio, the statistical measures
and propagation of errors was determined at a 95% confidence interval, and the upper and
lower values are reported in the relevant graphs.

Improved metabolic function in apn-TG mice despite diet-induced obesity—
Apn-KO, wild type, and apn-TG mice were maintained on a chow diet or high fat/high
sucrose (HFHS) diet for 32 weeks. Body weight did not differ among the groups when mice
received chow diet (Table 1). However, as previously reported [23], EFP weight decreased
in apn-TG mice (Table 1). When mice received long-term (32 weeks) HFHS diet, apn-TG
mice displayed significantly increased body and EFP weight (Table 1). Circulating levels of
adiponectin were found to be approximately 2-fold higher in apn-TG mice compared to wild
type (Table 2), similar to those previously reported [24, 26]. In vivo metabolic parameters
were assessed by insulin tolerance testing, performed on mice of all genotypes for both
chow diet and HFHS diet. No differences were observed among the groups of mice
receiving chow diet (data not shown). However, insulin sensitivity was affected by long-
term HFHS diet. Whereas apn-KO and wild type mice maintained high levels of glucose
throughout each time point, apn-TG mice demonstrated extreme insulin sensitivity,
requiring removal from the experiment by the 60 minute time point (Fig. 1a). Glucose
transporter type 4 (Glutd) mRNA expression was significantly higher in adipose tissue from
apn-TG mice compared to apn-KO or wild type after long-term HFHS diet (Fig. 1b).
Furthermore, serum insulin (Fig. 1c) and serum leptin (Fig. 1d) levels were decreased in
apn-TG mice compared to apn-KO or wild type. Determination of circulating free fatty acid
levels likewise revealed a significant decrease in apn-TG mice (Fig. 1e). Assessment of
hepatic steatosis was determined by oil red O staining. The presence of lipid droplets in apn-
KO and wild type mice was observed, while lipid droplets were virtually absent in the apn-
TG mice (Fig. 1f). These data suggest that despite diet-induced obesity, a modest over-
expression of adiponectin results in a healthy metabolic phenotype, both at the local and
systemic level.

Decreased tissue inflammation in white adipose tissue of apn-TG mice after
long-term diet-induced obesity—An indication of inflamed adipose tissue is the
appearance of macrophages forming a ring around dead or dying adipocytes, described as a
“crown-like structure” (CLS) [2]. Immunostaining revealed dramatically reduced
macrophage content in the EFP of apn-TG mice (Fig. 2a) compared to apn-KO and wild
type mice. Quantification of CLS revealed a significant reduction in adipose tissue from
apn-TG (Fig. 2b). In addition, the presence of viable living cells, as determined by perilipin
immunostaining, is more apparent in apn-TG mice (Fig. 2a). The extent of adipose tissue
hypoxia was determined by immunohistochemical analysis using pimonidazole, which has
previously been shown to quantify tissue oxygen concentration by forming adducts with
thiol groups under hypoxic conditions [27]. As observed in Figure 2a, pimonidazole binding
is increased in the apn-KO and wild type mice, compared to the apn-TG mice. Further
characterization of adipose tissue showed an increased number of adipocytes per field in
apn-TG mice compared to apn-KO and wild type mice (Fig. 2c). To further assess hypoxic
conditions, whole adipose tissue mRNA levels were measured of several genes
preferentially induced by hypoxia. While HIF-1a mRNA levels were marginally increased
in apn-KO and wild type mice (data not shown), expression of adrenomedullin, hypoxia up-
regulated 1, and matrix metalloproteinase-2 was significantly increased in apn-KO and wild
type mice compared to apn-TG (Fig. 2d—f). Taken together, these data indicate that apn-TG
mice maintained on long-term HFHS diet are resistant to diet-induced inflammation
commonly observed in adipose tissue under obese conditions.
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Elevated adiponectin increases vascularity in adipose tissue under conditions
of long-term obesity—To date, no studies have examined the effects of adiponectin
levels on the vascularity of the adipose tissue. Confocal visualization using isolectin
Griffonia simplicifolia for the vasculature and BODIPY to identify adipocytes revealed no
change in vascularization among apn-KO, wild type, and apn-TG mice maintained on chow
diet (Fig. 3a). Quantification of vascularity demonstrated comparable levels among the
groups (Fig. 3b). Similarly, mice maintained on short-term (10 week) HFHS diet did not
differ in vascularity (data not shown). Under conditions of long-term (32 week) diet-induced
obesity, confocal analysis revealed increased vascularization in apn-TG mice compared to
wild type or apn-KO (Fig. 3c) and quantification demonstrated a statistically significant
increase to corroborate the visual findings (Fig. 3d). To exclude the possibility that the
observed angiogenic changes were due solely to conditions of obesity, vascularization was
further analyzed comparing weight-matched animals from each genotype. Direct
comparison showed that, as observed in Figure 3c, wild type and apn-KO mice had very low
levels of vascularization within the adipose tissue, while weight-matched apn-TG mice still
maintained the significantly increased vascularization observed as a group (Fig. 4).

Increased expression of angiogenic markers and perfusion in adipose tissue
of adiponectin transgenic mice under conditions of long-term diet-induced
obesity—The hypoxia and angiogenic related genes Arnt2, erythropoietin, and notchl
were consistently upregulated in apn-TG mice compared to apn-KO and wild type (Fig. 5a —
c). Levels of vascular endothelial growth factor (VEGF), a major player in angiogenesis,
were measured in EFP and also found to be increased in apn-TG mice compared to apn-KO
or wild type (Fig. 5d). In addition, EFP levels of sonic hedgehog (Shh), which is known to
exert postnatal angiogenic effects through upregulation of VEGF [28, 29], was also
increased dramatically (Fig. 5e). Tissue perfusion was assessed by colored microsphere
analysis. Relative perfusion in kidney (Fig. 5f) and heart (Fig. 5g) remained unchanged
among the diet-induced obesity models, whereas the number of microspheres in the EFP of
wild type and apn-KO were significantly decreased compared to apn-TG mice (Fig. 5h).
Taken together, it is shown here that, under conditions of long-term diet-induced obesity,
increased vascularity, angiogenic marker expression, and perfusion occurs in mice over-
expressing adiponectin whereas the quantity of blood vessels in adiponectin-deficient and
wild type mice is diminished.

In this report, a modest increase in adiponectin levels enhances angiogenic potential and
perfusion of white adipose tissue, which is associated with beneficial effects on metabolism
when mice are subjected to diet-induced obesity. This is the first report to examine the
effects of varying levels of adiponectin on adipose tissue vascularity and perfusion. While
no changes were observed when mice were maintained on chow diet or short-term HFHS
diet, over-expression of adiponectin resulted in increased angiogenesis and blood flow in the
adipose tissue and improved systemic metabolism under conditions of long-term diet
induced obesity. In addition, macrophage infiltration and evidence of hypoxia within the
adipose tissue was decreased with adiponectin over-expression. These results demonstrate
that increased adiponectin levels allow adipose tissue to combat adverse inflammatory
conditions that normally arise with obesity, as well as preserve functional blood vessels
which are known to undergo rarefaction with obesity.

It has been previously reported that adiponectin-deficiency results in insulin resistance [30]
as well as exacerbation of liver disease, manifesting from metabolic syndrome, under
conditions of HFHS diet [31]. Therefore, a limitation to the current study is that adiponectin
deficiency did not result in worsened effects compared to wild type. It is possible that due to
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the duration of the long-term HFHS diet, a severe disease state maximum occurred in both
the adiponectin-deficient and wild type mice, and thus differences in phenotype became
indistinguishable. However, similar to the data presented here, another group has shown that
no change in insulin sensitivity occurs in adiponectin-deficient mice compared to wild type
when maintained on chow diet [25]. A separate study comparing adiponectin-deficient and
wild type mice maintained on HFHS diet for seven months also showed no difference in
glucose tolerance or insulin resistance [32]. Therefore, although surprising, discrepancies
among reports using adiponectin-deficient mice may be attributed to subtle strain differences
of mice generated by independent groups.

Since a restriction of blood flow in the adipose tissue contributes to an inflammatory state, it
has been proposed that adipocytes of a certain size will spontaneously undergo necrosis
perhaps due to limitations in the diffusion of oxygen [2, 4]. Thus, as observed here, a
reduction of adipose tissue blood flow in apn-KO and wild type mice (Fig. 4c), could
promote inflammation by contributing to the necrosis of large adipocytes. Under the
conditions of this study, blood flow in heart was not affected by adiponectin levels however,
obesity does not affect myocardial blood flow in humans at baseline [33, 34]. Evidence also
suggests a role for hypoxia in altering adipokine secretion, thereby contributing to the
adipokine imbalance that is associated with obesity [3]. In the study presented here, adipose
tissue of apn-TG mice contained mostly living adipocytes with virtually no CLS or evidence
of hypoxia. In contrast, adipose tissue of wild type and apn-KO mice demonstrated large
depots of CLS and marked hypoxia as demonstrated by binding of pimonidazole protein
adducts and upregulation of genes induced by hypoxia (Fig. 2). Taken together, modest
adiponectin over-expression significantly affects the dynamics of adipocyte expansion,
vascularization, perfusion, and local inflammation within the adipose tissue and this could
contribute to the observed beneficial changes to obesity-related metabolic dysfunction.

The study presented here examines the direct effect of adiponectin over-expression on
angiogenesis in adipose tissue and demonstrates that vascularization and perfusion are
increased when adiponectin levels are modestly increased. These novel findings build upon
a recent study highlighting the potential importance of adiponectin-mediated angiogenesis in
adipose tissue [35]. Gealekman et al., has shown that rosiglitazone, which is known to
upregulate adiponectin [16], promotes ex vivo capillary growth from subcutaneous adipose
tissue explants, and this was correlated with increased serum adiponectin levels. Further
research is required to develop a mechanistic understanding of adiponectin-mediated
angiogenesis in adipose tissue although induction of VEGF by adiponectin could potentially
be mediated by Shh signaling.

In this study, | present data demonstrating that an interaction occurs between increased
adiponectin expression and obesity, creating an environment which promotes angiogenesis,
and the morphogen Shh could be an important factor in this process. With regard to
adipocyte biology and obesity, Shh signaling elicits anti-adipogenic actions, and expression
levels of Shh signaling molecules are decreased in genetic and diet-induced mouse models
of obesity [36]. In addition, Shh is known to reduce lipid accumulation in adipocytes,
decrease adipocyte specific gene expression, and lead to an insulin resistant state [37].
Furthermore, it has been shown that blood pressure, insulin sensitivity, and adipocyte
function are improved by increased expression of adiponectin and Shh in mice maintained
on a HFHS diet [38]. Cardiovascular effects of Shh include the induction of VEGF-mediated
angiogenesis in the adult, under conditions of skeletal muscle ischemia and muscle
regeneration [28, 29, 39]. It has also been shown that Shh treatment restores motor and
sensory nerve deficits incurred by diabetic neuropathy [40]. Taken together, there is
substantial evidence for Shh as a player in obesity and obesity-related complications such as
vascular dysfunction, as observed in this report.
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In summary, these data show that under long-term conditions of diet-induced obesity, there
is a striking increase in adipose tissue vascularity and perfusion as well as diminished
systemic metabolic dysfunction in mice that are genetically engineered to over-express
adiponectin. Interestingly, the effect of adiponectin ablation on vascularity is negligible
under conditions of long-term diet induced obesity. These data provide a foundation to begin
elucidating the angiogenic signaling pathway involved in the adipocytokine control of the
adipose tissue microenvironment and obesity-related inflammation.
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Figure 1.

Increased adiponectin improves systemic metabolism under conditions of long-term diet-
induced obesity. a) Insulin tolerance test was performed on mice after overnight fasting. b)
MRNA expression levels of Glut4 were determined in epididymal fat pads from mice in
each group and are expressed as relative to wild type with upper and lower confidence
intervals represented. ¢) Endpoint serum levels of insulin, d) leptin, and e) free fatty acids
were assessed using commercially available assays. f) Sections from apn-deficient (apn-
KO), wild type, and adiponectin over-expressing (apn-TG) liver were stained with oil red O.
Data are shown as means + SEM and represent apn-KO (n=9); wild type (n=11); apn-TG
(n=8) *£<0.05, vs. apn-KO and wild type; t/~<0.001, vs. apn-KO and wild type.
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Figure 2.

Mice over-expressing adiponectin are protected from adipose tissue inflammation after long-
term high fat/high sucrose diet. a) Representative micrographs (40x magnification) from
serial sections of adiponectin-deficient (apn-KO) (n=9), wild type (n=11), and adiponectin-
overexpressing (apn-TG) (n=8) mice stained with control 1gG, Mac-2 for macrophages or
perilipin for viable adipocytes. Dead or dying adipocytes are identified as perilipin-negative
lipid droplets surrounded by macrophage crowns. Additional slides show pimonidazole
protein adducts, visualized by brown staining. b) The number of crown-like structures was
quantified per field for each group. ¢) Total adipocyte count per field (10x magnification).
Whole adipose tissue gene expression of d) adrenomedullin (adm), e) hypoxia up-regulated
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1 (Hyoul), and f) matrix metalloproteinase-2 (MMP-2) was quantified by RT-PCR. Data are

shown as means + SEM and represent apn-KO (n=9); wild type (n=11); apn-TG (n=8) */<
0.05 vs. apn-KO and wild type; t/<0.001 vs. apn-KO and wild type; $/<0.001 vs. apn-TG.
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Adipose tissue angiogenesis in mice with varying adiponectin levels under conditions of

chow diet or high fat/high sucrose diet. a) Representative confocal micrographs of

epididymal fat pads excised from adiponectin-deficient (apn-KO) (n=6), wild type (n=11),
and adiponectin-over-expressing (apn-TG) (n=5) mice, maintained on chow diet. Tissue was

stained with BS1-lectin—-FITC (green) for vasculature, and BODIPY-TR (red) for
adipocytes. b) Quantification of FITC luminosity indicating capillary density. c)

Representative confocal micrographs of adipose tissue stained with BS1-lectin (green) for
vasculature, and BODIPY-TR (red) for adipocytes from adiponectin-deficient (apn-KO)
(n=9), wild type (n=11), and adiponectin-over-expressing (apn-TG) (n=8) mice after 32
weeks high fat/high sucrose diet. d) Quantification of FITC luminosity indicating capillary

density. Data are shown as means + SEM. */<0.001 vs. apn-KO and wild type.
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Figure4.

Relationship between obesity and vascularity in adipose tissue. Vascularity was compared in
confocal images from weight-matched animals of each genotype maintained on long-term
HFHS diet.
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Figure5.

Adiponectin levels affect angiogenic marker expression and perfusion in adipose tissue after
long-term maintenance on high fat/high sucrose diet. a—c) Selected relevant mMRNA levels in
epididymal fat pad (EFP) of genes involved in hypoxic and angiogenic pathways as
determined by PCR array, expressed relative to wild type and shown with upper and lower
confidence intervals. d) Whole adipose tissue gene expression of d) VEGF and e) Shh was
quantified by RT-PCR. Tissue perfusion was determined by quantifying number of
microspheres in f) kidney, g) heart, and h) EFP. Data are shown as means = SEM and
represent apn-KO (n=9), wild type (n=11), and apn-TG (n=8) */<0.01 vs. apn-KO and wild
type; T/A<0.001 vs. apn-KO and wild type.
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