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ABSTRACT
The role of the angiotensin type-2 receptor in adipose physiology remains controversial. The aim of
the present study was to demonstrate whether genetic angiotensin type-2 receptor-deficiency
prevents or worsens metabolic and adipose tissue morphometric changes observed following a 6-
week high-fat/high-fructose diet with injection of a small dose of streptozotocin. We compared
tissue uptake of nonesterified fatty acid and dietary fatty acid in wild-type and angiotensin type-2
receptor-deficient mice by using the radiotracer 14(R,S)-[18F]-fluoro-6-thia-heptadecanoic acid in
mice fed a standard or high-fat diet. Postprandial fatty acid uptake in the heart, liver, skeletal
muscle, kidney and adipose tissue was increased in wild-type mice after a high-fat diet and in
angiotensin type-2 receptor-deficient mice on both standard and high-fat diets. Compared to the
wild-type mice, angiotensin type-2 receptor-deficient mice had a lower body weight, an increase in
fasting blood glucose and a decrease in plasma insulin and leptin levels. Mice fed a high-fat diet
exhibited increased adipocyte size that was prevented by angiotensin type-2 receptor-deficiency.
Angiotensin type-2 receptor-deficiency abolished the early hypertrophic adipocyte remodeling
induced by a high-fat diet. The small size of adipocytes in the angiotensin type-2 receptor-deficient
mice reflects their inability to store lipids and explains the increase in fatty acid uptake in non-
adipose tissues. In conclusion, a genetic deletion of the angiotensin type-2 receptor is associated
with metabolic dysfunction of white adipose depots, and indicates that adipocyte remodeling
occurs before the onset of insulin resistance in the high-fat fed mouse model.
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Introduction

Angiotensin II (Ang II), which belongs to the renin-angioten-
sin system (RAS), mediates its action via 2 major receptors,
namely the Ang II type-1 receptor (AT1R) and the type-2
receptor (AT2R). AT2R expression is low in adults, except in
a few tissues, such as the heart and steroid-producing glands.1

Nevertheless, it may be re-expressed when cellular homeosta-
sis is disrupted. More recently, one group found that direct
AT2R stimulation using the new selective non-peptide AT2R
agonist, compound 21 (C21, also named M24 or M0242),
mitigates myocardial ischemic damage in rats by stimulating
anti-apoptotic and anti-inflammatory mechanisms.3 How-
ever, another group observed no improvement in ventricular
remodeling after ischemic damage in mice treated with the
C21/M24AT2R agonist.4

These controversies could be extended to the adipose
tissue (for review, see1). In the apolipoprotein E

knockout mouse model of atherosclerosis, AT2R knock-
out increased adipocyte size and plasma cholesterol and
nonesterified fatty acid (NEFA) levels.5,6 Conversely,
Yvan-Charvet et al.7 documented an increased number
of small adipocytes in AT2R-deficient mice and con-
cluded that these mice were protected against high fat
diet-induced obesity. We have recently developed 2 new
models to study the development of T2D. The first is the
model of high-fat/high-fructose diet with injection of a
small dose of streptozotocin (HFHF-STZ) in Wistar rats
that recapitulates the modest hypertriglyceridemia,
hyperglycemia, insulin resistance and hypoadiponectine-
mia observed in patients with recent onset type 2 diabe-
tes.8 We therefore applied this model in this study in
order to induce a state of pre-diabetes, as previously
shown in mice.9 It is important to underline, however,
that the high-fat and high-fructose diets were not
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administered concurrently in the previously mentioned
study and that we used a lower dose of STZ. The second
is the recently developed noninvasive method based on
intravenous and oral administration of [18F]-FTHA
combined with PET for studying NEFA and dietary fatty
acid partitioning both in animals and humans.8,10 [18F]-
FTHA is a long-chain fatty acid analog that has similar
cellular uptake to palmitate, but is retained in oxidative
as well as nonoxidative cellular pathways.11 Radiotracers
display a greater sensitivity to assay fatty acid metabo-
lism than other standard approaches and could provide,
when combined with the avalanche photodiode-based
micro-PET (mPET), an uptake rate of the tracers in mul-
tiple organs. Using mPET methodology, we observed a
significant increase in myocardial dietary fatty acid
uptake associated with impaired ventricular function,8 as
recently documented in pre-diabetic subjects.10 In this
rat model of early type 2 diabetes, we also observed a sig-
nificant shift toward larger adipocytes in visceral and
subcutaneous adipose tissue depots,12 also reminiscent of
the adipocyte phenotype observed in patients with pre-
diabetes.13,14 In our rat model of early type 2 diabetes, a
6-week treatment with the C21/M24 AT2R agonist
restored normal adipocyte size distribution in visceral
and subcutaneous adipose tissue depots.12 Similar con-
clusions were recently published in a model of high-fat
diet and obesity in female mice.15

Hypertrophic remodeling of adipose tissue has been asso-
ciated with increased adipocyte intracellular lipolytic capac-
ity16 that may in turn contribute to increase fatty acid flux to
lean organs, inducing the development of insulin resis-
tance.17,18 Together with the previous observations in C21-
treated animals,12,15 we questioned the specific role of AT2R
in these effects. The aim of the present study was 1) to deter-
mine the effect of HFHF-STZ and AT2R genetic deletion on
adipocyte remodeling and NEFA and dietary fatty acid
metabolism in several tissues by using mPET recordings and
2) to determine whether a genetic deletion of AT2R may

affect these metabolic adaptations early in the development
of pre-diabetes.

Results

Effect of AT2R-KO and HFHF-STZ on body weight,
biochemical markers and nutritional parameters

As shown in Table 1, weight gain was less significant in
AT2R-KO than WT mice on both diets. Heart weight was
reduced inWTHFHF-STZ andAT2R-KOmice fed a stan-
dard diet. HFHF-STZ treatment induced a decrease in liver
weight in both mice strains. No variations were found in
skeletal muscle and visceral adipose tissue weights between
groups. Leptin levels were also lower in AT2R-KO than
WTmice on both diets.While blood glucose was increased
in WT HFHF-STZ mice, and in AT2R-KO mice fed with
both diets in comparison to WT mice fed a standard diet,
no variation was found in glucose tolerance between
groups. No difference was observed in plasma NEFA and
triglycerides levels between WT and AT2R-KO mice on
both diets. Plasma insulin levels were significantly lower in
AT2R-KO vs. WTmice fed a standard diet. This difference
in insulin levels between AT2R-KO and WTmice was not
abolished by HFHF-STZ. As shown in Table 2, WT
HFHF-STZ mice consumed less water and food than WT
mice fed a standard diet. Even if the HFHF diet is more
caloric than the standard diet (6.35 kcal.g¡1 vs. 4.59 kcal.
g¡1), WT HFHF-STZ mice consumed fewer calories than
WT mice. AT2R-KO mice on both diets consumed less
water and food, and fewer calories than WT mice fed a
standard diet.

Effect of genetic AT2R deletion and diet on fractional
and net plasma NEFA uptake

No significant difference was observed in fractional
(Fig. 1A) and net (Fig. 1B) uptake of plasma NEFA in
the heart of AT2R-KO vs. WT mice on both diets. Liver

Table 1. Anthropometric and biochemical markers.

WT SD WT HFHF-STZ AT2R-KO SD AT2R-KO HFHF-STZ

Weight gain (%) 19.4 § 2.2 21.7§ 2.5 5.9 § 1.5a 10.9 § 2.7b

Blood glucose (mM) 4.2 § 0.2 6.1§ 0.5a 7.3 § 0.5a 8.7 § 0.7b

Blood glucose AUCOGTT (mM.120 min¡1) 2131 § 98 2155§ 84 2029 § 111 2248 § 69
Plasma NEFA (mM) 604 § 87 558§ 74 708 § 40 667 § 70
Plasma triglycerides (mM) 371 § 33 286§ 41 301 § 33 264 § 46
Plasma insulin (pg.mL¡1) 1993 § 726 1040§ 329 309 § 110a 293 § 179
Plasma leptin (pg.mL¡1) 1718 § 394 2731§ 899 715 § 207a 1821 § 737
Heart weight (mg) 158.4 § 5.6 134.2 § 2.4a 129.0 § 5.2a 135.8 § 7.0
Liver weight (mg) 1233 § 47 906§ 43a 1152 § 76 961 § 8c

Skeletal muscle (Gastrocnemius) weight (mg) 117.6 § 10.2 125.5 § 15.0 105.8 § 8.4 125.0 § 9.9
Visceral adipose tissue weight (mg) 903.1 § 125.6 771.8 § 162.0 648.2 § 152.6 878.0 § 193.2

Values are means § SE from 9–10 animals per group. Wild-type (WT) and AT2R-knockout-out (KO) mice were fed for 6 weeks either with standard laboratory
rodent diet (SD) or with a high-fat/high-fructose with small injection of streptozotocin (HFHF-STZ). Statistical analysis was performed using Mann-Whitney test.
a : P < 0 .05 vs. WT SD ; b : P < 0 .05 vs. WT HFHF-STZ ; c : P < 0 .05 vs. AT2R-KO SD.
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fractional uptake of plasma NEFA tended to be higher
and liver net uptake of plasma NEFA was significantly
higher in AT2R-KO vs. WT mice fed a standard diet
(Fig. 1C). These differences between AT2R-KO and WT
mice were abolished on HFHF-STZ.

Effect of genetic AT2R deletion and HFHF-STZ on
dietary fatty acid uptake

Increase in dietary fatty acid uptake was observed in the
heart (Fig. 2A, P < 0.05), liver (Fig. 2B, P < 0.02), skeletal
muscles (Fig. 2C, P < 0.03), kidney (Fig. 2D, P < 0.07),
and tended to increase in visceral (Fig. 2E, P < 0.07) and
subcutaneous adipose tissues (Fig. 2F, P D 0.1) of AT2R-

KO vs. WT mice fed a standard diet. HFHF-STZ resulted
in increased dietary fatty acid uptake in the heart (Fig. 2A,
P< 0.008), the liver (Fig. 2B, P< 0.001), kidneys (Fig. 2D,
P< 0.002), visceral (Fig. 2E, P< 0.001) and subcutaneous
adipose tissues (Fig. 2F, P < 0.001) of WT animals. These
effects of HFHF-STZ were partially or totally blunted in
AT2R-KO mice (Fig. 2A to F). Thus, the AT2R-KO mice
exhibited a profile similar toWT fed HFHF.

HFHF-STZ-mediated remodeling of adipose depots is
abolished in AT2R-KO mice

Analysis of adipocyte size indicated that a 6-week
HFHF-STZ treatment resulted in a significant shift
toward larger adipocytes (Fig. 3A, B) and an overall

Table 2. Food and water consumption per day.

WT SD WT HFHF-STZ AT2R-KO SD AT2R-KO HFHF-STZ

Mean water consumption (mL.day¡1) 6.1 § 0.2 4.8 § 0.1a 5.4 § 0.1a 5.1§ 0.1
Mean food consumption (g.day¡1) 4.5 § 0.2 2.3 § 0.1a 3.7 § 0.1a 2.3§ 0.1c

Mean caloric intake (kcal.day¡1) 15.3 § 0.8 11.2 § 0.4a 12.7 § 0.2a 11.6§ 0.5c

Values are means § SE from 9–10 animals per group. Wild-type (WT) and AT2R-knockout-out (KO) mice were fed for 6 weeks either with standard laboratory
rodent diet (SD) or with a high-fat/high-fructose with small injection of streptozotocin (HFHF-STZ). Statistical analyses were performed using Mann-Whitney test.
a: P < 0 .05 vs. WT SD; b: P < 0 .05 vs. WT HFHF-STZ ; c: P < 0 .05 vs. AT2R-KO SD.

Figure 1. Effect of HFHF-STZ on non-esterified fatty acid uptake of [18F]-FTHA in WT and AT2R-KO mice. WT and AT2R-KO mice were fed
either a standard laboratory rodent diet (SD) or a high-fat/high-fructose diet with small injection of streptozotocin (HFHF-STZ) for 6
weeks. At the end of the experimental period, [18F]-FTHA was given i.v. during the fasting state. The Ki fractional uptake of [

18F]-FTHA
was analyzed by mPET in the heart (A) and the liver (C); and the Km net uptake of [18F]-FTHA was analyzed by mPET in the heart (B) and
the liver (D). Data are presented as mean § SE (n D 8–10). Statistical analyses of the data were performed using Mann-Whitney test.
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increase in mean diameter of adipocytes (Fig. 3C, D),
both in subcutaneous and visceral adipose depots in
WT mice (Fig. 3A-D). As illustrated in Figure 4, adi-
pocytes of both adipose tissue depots appeared
smaller in AT2R-KO animals than WT animals
(Fig. 4C vs 4A and 4G vs 4E), both in control and
HFHF-STZ mice. Thus, AT2R-KO completely abol-
ished adipocyte remodeling in response to HFHF-STZ
(Fig. 4D vs 4B and 4H vs 4F).

Discussion

Over the past decade, considerable evidence confirmed
the major role of adipose tissue in the regulation of lean
tissue fatty acid exposure. Indeed, the safe storage of lip-
ids in adipose tissue is key to preventing lipotoxicity in
non-adipose tissue.19,20 Lipotoxicity is characterized by a
reduction of glucose transport and utilization in response
to excess tissue fatty acid exposure and is considered a

Figure 2. Effect of HFHF-STZ on postprandial dietary fatty acid uptake of [18F]-FTHA in WT and AT2R-KO mice. WT and AT2R-KO mice
were fed either a standard laboratory rodent diet (SD) or a high-fat/high-fructose diet with small injection of streptozotocin (HFHF-STZ)
for 6 weeks. At the end of the experimental period, [18F]-FTHA was given per os during the postprandial state. The uptake of [18F]-FTHA
was analyzed in the heart (A), the liver (B), the skeletal muscle (gastrocnemius) (C), the kidney (D), the visceral (retroperitoneal) adipose
tissue (E) and the subcutaneous adipose tissue (F). Data are presented as mean § SE (n D 8–10). Statistical analyses of the data were
performed using Mann-Whitney test.
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major diabetogenic mechanism effective in animal mod-
els and humans. Excess exposure to fatty acids leads to
maximal storage of lipids in adipocytes. Such maximal
storage capacity (as indicated by the presence of very

large adipocytes) alters adipokine secretion, and activates
inflammatory pathways, thereby impairing adipogenesis
and initiating insulin resistance.18 To increase their func-
tionality and prevent the development of insulin

Figure 3. Effect of HFHF-STZ on adipocyte size distribution in WT and AT2R-KO mice. Mice were fed a standard diet (SD) or high-fat/
high-fructose diet with STZ (HFHF-STZ) for 6 weeks. Adipocyte size distribution (A, B) and areas (C, D) from subcutaneous adipose tissue
(A, C) and visceral (retroperitoneal) (B, D) adipose tissue. Data are presented as mean § SE (n D 8–10). Statistical analyses were per-
formed using one-way ANOVA followed by the Tukey’s multiple comparisons test. (A, C), Statistical significance.

Figure 4. H&E staining of adipose tissue from WT and AT2R-KO mice, after 6 weeks fed a standard diet (SD) or high-fat/high-fructose
diet with STZ (HFHF-STZ). Sections (5 mm) of subcutaneous (A-D) and visceral (retroperitoneal) adipose tissues (E-H) were stained with
H&E. Ten images per histological section were used for analysis. Images were acquired using a Leica microscope equipped with a 10X
objective. Scale bar, 40 mm.
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resistance, adipocytes may use 2 strategies, either by
increasing the storage capacity of individual adipocytes
and/or by recruiting new pre-adipocytes.20 Analyses of
adipocyte size indicated that, in the AT2R-KO mice, not
only the initial size of adipocytes was smaller compared
with the control WT, but the 6-week HFHF-STZ had no
effect. These results indicate that the genetic deletion of
AT2R abolished HFHF-STZ-induced hypertrophic
remodeling of adipocytes. In these conditions, adipose
tissue from AT2R-KO mice appears to be resistant to
normal expansion following a high-fat diet. These results
are in agreement with those of a previous study in which
AT2R-KO mice were fed a high-fat diet for 12 weeks.7

The authors concluded that AT2R-KO mice are pro-
tected against high-fat diet-induced obesity since the
deletion of AT2R protected them against adipose tissue
hypertrophy and deleterious consequences (such as
inflammation and obesity-linked insulin resistance).
This interpretation of the data is in accordance with
AT2R-KO-mediated blunting of dietary fatty acid spill-
over induced by HFHF-STZ. On the other hand, detailed
morphological examination of adipose tissue has
revealed that very small adipocytes in subcutaneous and
visceral adipose tissues are associated with impaired adi-
pogenesis,21 increased expression of proinflammatory
cytokines and decreased expression of genes that regulate
adipose tissue fatty acid storage.22 These results thus sug-
gest that the prevalence of very small adipocytes may be
implicated in the metabolic dysfunction of white adipose
tissues.18 The small size of adipocytes in the AT2R-KO
mice, combined with our results of mPET, is in agree-
ment with these latter observations and further supports
the hypothesis that small adipocytes are unable to
increase their size under HFHF-STZ conditions. Indeed,
despite the observed increase in NEFA uptake in adipose
tissue of AT2R-KO mice, adipocyte size remains small,
reflecting an inability to store lipids which might result
in the increase in fatty acid uptake in non-adipose tissues
such as heart, liver and skeletal muscle that we observed
in this study. This conclusion is also consistent with the
recent observation that direct AT2R stimulation with the
agonist C21/M24 enhances adipocyte differentiation and
ameliorates insulin resistance.12,23 Using the KK-Ay-type
2 diabetes mice, Ohshima et al.23 demonstrated that
administration of the AT2R agonist, C21/M24,2

improved adipocyte dysfunction and restored pancreatic
b-cell damage. Interestingly, no variation of visceral adi-
pose tissue weight was found between groups, whereas
dietary fatty acid uptake tended to increase, and no vari-
ation in adipocyte size was found in AT2R-KO mice fed
a standard diet. This could be explained by the increased
capacity of the visceral adipose tissue to oxidize fatty
acids through an increase of mitochondrial biogenesis.

AT2R has been shown to suppress mitochondrial bio-
genesis in muscle cells.24 Another explanation would be
an increase in fatty acid release from visceral adipose
tissue.

When compared to WT mice, the AT2R-KO mice
did not display any change in glucose tolerance, cir-
culating NEFA and triglycerides levels, in accordance
with the known relative resistance of mice vs. rats to
diet-induced insulin resistance.25 Nevertheless, AT2R-
KO mice had a significant increase in fasting blood
glucose and a decrease in plasma insulin levels.
Weight gain, food and water intake were also reduced
in AT2R-KO mice, an observation which may be
explained by increased energy expenditure, whole
body lipid oxidation and decreased food intake, as
also found by Yvan-Charvet et al..7 Ang II is believed
to play a major role in water consumption through
AT1R activation.26 Nevertheless, AT2R also seems to
play an important role in this regulatory pathway. A
previous study had shown that water intake is less
stimulated by Ang II in AT2R-KO mice.27 AT2R-KO
mice fed a control diet showed a decrease in plasma
leptin levels, which may be correlated with the
decrease in plasma insulin levels.28 On the other
hand, HFHF-STZ increased leptin secretion, as found
by others,29 in both WT and AT2R-KO mice. The
decreased secretion of insulin in AT2R-KO mice fed
a control or a HFHF diet could be due to the delete-
rious action of the AT1R on b-cell survival and insu-
lin biosynthesis and secretion.30 Indeed, some recent
publications highlighted the role of AT2R in the regu-
lation of the expression and secretion of insulin by
pancreatic islets,31,32 demonstrating that activation of
AT2R partially ameliorates STZ-induced diabetes in
male rats through islet protection.31

We found an increase in plasma NEFA uptake in
the liver of AT2R-KO mice on the control diet. Ang
II plays a role in hepatic fatty acid metabolism by
activating hepatic triglyceride production through
AT2R activation33 but AT2R deletion was found to
have no effect on genes related to fatty acid oxida-
tion.34 This increase in NEFA uptake by the liver in
AT2R-KO mice could be due to the effect of Ang II
on AT1R. Indeed, it has been shown that mice that
are deficient in AT1R have less hepatic steatosis than
WT mice35 and that Ang II induces a pro-fibrotic
phenotype in hepatic stellate cells (which only express
AT1R36) and thus induces liver fibrosis.37

The heart is a major user of fatty acids derived from
circulating triglycerides.18 Approximately 60 to 70 % of
energy is derived from oxidation of fatty acids in the
adult heart. Insulin resistant states and type 2 diabetes
are associated with increased circulatory NEFA and
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triglyceride fluxes.18 The increase in myocardial uptake
of dietary fatty acid in WT mice on HFHF-STZ is consis-
tent with our observations in humans with pre-diabetes,
where this increase was found to be associated with early
ventricular dysfunction.10 The increased uptake of die-
tary fatty acids by the heart of AT2R-KO mice on control
diet could be due to an increased activation of AT1R and
may thus contribute to the deleterious effect of cardiac
AT1R activation observed by others.38

In conclusion, we have shown that adipocyte remod-
eling occurs before the onset of insulin resistance in the
HFHF-STZ mouse model and that AT2R-KO abolishes
this early hypertrophic adipocyte remodeling without
change in total adiposity. Further studies are needed to
determine the molecular mechanisms by which AT2R
affects these adaptations to diabetogenic conditions and
whether the AT2R could be a relevant target for the pre-
vention of type 2 diabetes.

Materials and methods

Mice, genotyping and experimental protocol

Mice were maintained in a controlled environment
with unlimited access to food and water on a 12-h
light/dark cycle. All procedures and experiments were
approved by the Animal Care and Ethics Committee
of the Faculty of Medicine and Health Sciences of the
Universit�e de Sherbrooke in accordance with the
guidelines of the Canadian Council on Animal Care.
Mice hemizygous for targeted disruption of the Agtr2
gene (AT2R-KO) were generously donated by Prof.
Tadashi Inagami (Department of Biochemistry, Nash-
ville University, Nashville, TN, USA).39. AT2R-KO
mice on a C57BL/6 genetic background were gener-
ated by mating male AT2R-KO mice with female
wild-type C57BL/6 mice (Charles River, Montreal,
QC, Canada). Because the Agtr2 gene is on the X
chromosome and embryonic stem cells are XY, all F1
male mice were wild type (WT) and all F1 females
were heterozygous for the mutation. These heterozy-
gous females were mated with F1 males, giving rise to
an F2 generation that included homozygous females.
The hemizygous males were healthy and fertile. RNA
from hemizygous males was analyzed by northern
blotting to confirm the absence of AT2R transcripts
that are normally expressed at high levels in fetuses
and in adult brains.39

At 10 weeks of age, male AT2R-KO mice from our
colony and WT mice (Charles River, Montreal, QC,
Canada) were randomly assigned to either the control
or HFHF-treated group and maintained on the fol-
lowing diets for 6 weeks ad libitum. Control mice

were fed a standard laboratory diet (Rodent labora-
tory chow 5001, Purina, St-Louis, MO, USA) and
HFHF-treated mice were fed a HFHF diet containing
46.5 % fructose and 25.7 % lard (TD #05482, Teklad
Diets, Madison, WI, USA). During the second week
of the diet, a single small dose of streptozotocin
(STZ, 50 mg.kg¡1) (Sigma-Aldrich, Montreal, QC,
Canada) was injected intraperitoneally in HFHF-
treated mice, whereas control mice were injected with
a vehicle (citrate buffer; 1 mL.kg¡1).8

Glucose tolerance test

At the end of both diets, 8 mice from each group were
assessed for glucose tolerance. After a 12-h fasting
period, blood glucose (Precision Xtra, Abbott laborato-
ries) was determined before and after (15, 30, 60 and
120 min) an oral administration of dextrose (2 mg per g
of animal weight).

Small animal mPET protocol and tissue collection

All experiments were performed after a 12-h fasting
period under anesthesia with 2 % (vol/vol) isoflurane
(Abbott Laboratories, Montreal, QC, Canada) deliv-
ered through a nose cone. A protocol to determine
tissue uptake of plasma NEFA was performed in a
first group of animals. Briefly, a catheter was placed
into the caudal vein for intravenous injection of 15–
20 MBq of [18F]-FTHA followed by a 40-min
dynamic acquisition obtained with the avalanche pho-
todiode-based LabPETTM scanner of the Sherbrooke
Molecular Imaging Center (Fig. 5). During imaging,
mice rested supine on the scanner bed and were kept
warm with a heating pad. A second protocol designed
to assess tissue dietary fatty acid uptake was per-
formed in a second set of animals. Briefly, a catheter
was placed into a carotid artery for blood sampling
and [18F]-FTHA was given per os by gavage mixed in
0.5 mL of Ensure®Calorie Plus (Abbott Laboratories,
Montreal, QC, Canada) and blood sampling was per-
formed during 2-h.8 At the end of experimental pro-
cedures, mice were euthanatized by exsanguination
and blood samples were collected into EDTA-contain-
ing tubes, placed immediately on ice, and plasma was
isolated by centrifugation. Plasma insulin, NEFA and
triglycerides levels were measured as previously
described.8 Organs were rapidly collected, washed and
counted in a Packard Cobra Gamma Counter to
determine the incorporation of [18F]-FTHA, and fixed
in phosphate-buffered 4 % formaldehyde for histol-
ogy. Results are reported as % ingested dose per g of
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tissue.8 Retroperitoneal adipose tissue was collected as
visceral adipose tissue.

Histology and methodology for measuring adipocyte
size in tissues

After fixation, subcutaneous (from the abdominal
region) and visceral (from the retroperitoneal region)
adipose depots were embedded in paraffin blocks and
processed as described previously.12 Images from hema-
toxylin–eosin (H&E)-stained slides were acquired with a
20x objective using a Nikon Eclipse TE2000 microscope
(Mississauga, ON, Canada) equipped with a CoolSnap fx
digital camera (Roper Scientific, Tucson, AZ, USA).
Measurement of adipocyte size (as area in mm2) was per-
formed with a custom-designed software program writ-
ten using MATLAB (version R2010b; The MathWorks,
Inc., Natic, MA, USA). Cell surfaces were used to build a
distribution histogram function and the mean § SE sur-
face (mm2) was calculated. Each result represents the
sum of 6 to 10 images with 200–500 cells analyzed in
each image.12

Imaging and statistical analyses

Myocardial and liver plasma NEFA fractional uptake
(Ki) and net uptake (Km) were determined by a Patlak
graphical analysis as previously described.8 The results
are presented as mean § SEM of the number of experi-
ments indicated in the text. Statistical analyses of the
data were performed using Mann-Whitney test using
GraphPad Prism 6.0f for Mac (San Diego, CA, USA).
Differences were considered significant for P � 0.05.

Abbreviations

AT2R angiotensin II (Ang II) type-2 receptor
AT2R-KO AT2R-deficient mice
HFHF high-fat/high-fructose diet
FTHA 14(R,S)-[18F]-fluoro-6-thia-heptadecanoic acid

([18F]-FTHA)
NEFA nonesterified fatty acid
mPET micro-positron emission tomography
RAS renin-angiotensin system
STZ streptozotocin
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