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Abstract
Aims—High-fat diet (HFD) is associated with adipose inflammation, which contributes to key
components of metabolic abnormalities. The expanded adipose tissue mass associated with obesity
is the result of hyperplasia and hypertrophy of adipocytes. In this study, we investigated the effects
of long-term HFD on adipocyte progenitor cell (APC) population and adipose-specific gene
profiles in both white and brown adipose, and the role of perivascular adipose in the alteration of
vascular function in response to HFD.

Main methods—Male C57BL/6 mice were fed a standard normal diet (ND) or HFD for about 8
months. Glucose metabolism was assessed by an intraperitoneal glucose tolerance test. APC
population and adipose-related gene profile were evaluated, and vascular function was measured
in the presence or absence of perivascular adipose. Adiponectin and AMPK activity were also
investigated.

Key findings—HFD induced insulin resistance and glucose intolerance, and resulted in a
decrease in APC population in brown, but not in white adipose tissue, when compared with
animals fed a ND, with differential alterations of white and brown adipocyte-specific gene
expression in brown and white adipose. Additionally, HFD led to altered vascular function in
arteries in the presence of perivascular adipose tissue, which is associated with increased
superoxide production. Adiponectin and AMPK activity were significantly decreased in response
to long-term HFD.

Significance—These findings suggest that long-term high-fat intake differentially alters
adipocyte progenitor population and adipose-related gene expression in adipose tissue, and
adiponectin-AMPK signaling might be involved. In addition, HFD induces changes in
perivascular adipose-mediated vascular function.
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Introduction
Obesity is a global health problem which jeopardizes human health because it has been
implicated in the development of type 2 diabetes, hepatic steatosis, cardiovascular diseases,
and decreased longevity. Despite the clinical importance of obesity, understanding its
development in vivo is extremely limited. It is well known that besides the increase in the
size of individual adipocytes, the generation of new adipocytes was the intriguing reason for
increased adipose mass in obesity (Lane and Tang, 2005). Since the mature adipocytes are
postmitotic, some adipocyte progenitor cells (APC) are required for the increase in adipose
mass in adult obesity (Rodeheffer et al., 2008). However, the effect of high-fat diet (HFD)
on APC in vivo is still poorly understood.

White adipose tissue (WAT) is the primary site of energy storage, while brown adipose
tissue (BAT) is specialized for energy expenditure (Spiegelman and Flier, 2001). The
physiological role of BAT is to metabolize fatty acids and generate heat (Spiegelman and
Flier, 2001). Due to these functional differences, the balance between WAT and BAT
affects systemic energy balance and may contribute to the development of obesity. Thus,
another explanation for the development of obesity is reduced thermogenic activity in brown
adipose tissue (BAT) (Himms-Hagen, 1983). Nonshivering thermogenesis in BAT, which is
stimulated by exposure to cold and HFD, serves to regulate body temperature and body
weight (Rippe et al., 2000; Rothwell and Stock, 1979). Uncoupling protein 1 (UCP1),
specifically expressed in the mitochondrial inner membrane of BAT, generates heat by
uncoupling the oxidative phosphorylation, thus playing a pivotal role in thermogenesis
(Ricquier, 1999). In spite of significant role of UCP1, its expression in response to HFD is
still controversial (Fromme and Klingenspor, 2011).

Emerging studies showed that perivascular adipose tissue not only provides structural
support for arteries, it also functions as an endocrine organ, which is able to signal locally
and systemically, and as a paracrine tissue that can modulate the function of arterial vascular
tone by blunting constriction in response to some vasoactive substances (Gao et al., 2006;
Lohn et al., 2002). It is thought that perivascular fat mediated vascular dysfunction and
remodeling in pathological situation (Ma et al.; Reifenberger et al., 2007; Verhagen and
Visseren, 2011). The effect of HFD on adipose tissue mediated vascular function merits
further investigation.

On the basis of these observations, this study focused on the effect of diet intervention on
different adipose depots and was designed to test whether APC number contributes to
increased adipose mass, to detect UCP1 and other adipose-related genes expression in
brown/white adipose tissue in response to a HFD, to investigate the possible signaling
pathway involved, and to examine the role of perivascular adipose tissue on vascular
function in a model of diet-induced obesity.

Materials and methods
Animals

Six-week-old male C57BL/6 mice (The Jackson Laboratories, Bar Harbor, ME) were
equilibrated for 1 week before being fed HFD containing 42% of calories from fat (TD.
88137, Harlan, Madison, WI) or standard normal diet (ND) containing 17% of calories from
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fat (7912, Harlan) for 34 weeks (~8 months). All mice were maintained in a climate
controlled facility on a 12-h light/12-h dark cycle with free access to water and food. The
Committees on Use and Care of Animals of The Ohio State University approved all
experimental procedures.

Measures of glucose homeostasis and sample collection
Mice were fasted overnight and intraperitoneal glucose tolerance test (IPGTT) was
performed as previously described (Xu et al., 2010). Briefly, Blood glucose levels were
measured with an Contour Blood Glucose Meter (Bayer, Mishawaka, IN) at 0, 30, 60, 90,
and 120 minutes after intraperitoneal injection of glucose (2 mg/kg body weight). The
homeostasis model assessment of the IR index (HOMA-IR) was also calculated as described
previously (Xu et al., 2010). At the end of experiment, the interscapular epididymal,
retroperitoneal, inguinal adipose tissues and heart were harvested, weighed, and immediately
frozen in liquid nitrogen.

Adiponectin measurement
At the end of the study, blood samples were collected and spun, and serum was stored at
−80°C for the analysis of adiponectin. Liver and adipose tissue were homogenized, and
protein concentration was determined with the BCA assay (Pierce Chemical Co.).
Adiponectin in serum, liver and adipose tissue homogenates were measured by using an
adiponectin quantification kit (Abcam, Cambridge, MA) following the manufacturer’s
instructions.

Vascular function study
Thoracic aorta with adhesive tissue were dissected out and placed in a dissecting dish filled
with ice-cold oxygenated Krebs solution containing 119 mM NaCl, 4.7 mM KCl, 25 mM
NaHCO3, 2.5 mM CaCl2, 1 mM MgCl2, 1.2 mM KH2PO4, and 11 mM D-glucose. After
careful removal of adhering connective tissue, artery was cut into 2 mm-length ring
segments. In some rings the adhering perivascular fat was kept intact intentionally. The ring
was suspended between two stainless bins in a 5-ml chamber on a Multi Myograph (Danish,
Myo Technology A/S, Denmark) as previously described (Liu et al., 2009; Sun et al., 2008).
Krebs solution in the bathing chamber was constantly bubbled with 95% O2 –5% CO2 and
maintained at 37°C (pH 7.4). Following 60 minutes equilibration, each ring was stretched to
5 mN, a previously determined optimal resting tone for the development of isometric
constriction. After arterial contractility was tested, phenylephrine (1 μM, submaximal
concentration) was used to contract the rings with and without adhesive fat. The relaxing
effect of acetylcholine (30 nM–10 μM) was studied and compared with the control. The
rings were then rinsed in pre-warmed, oxygenated Krebs solution several times until a stable
resting tone returned and finally equilibrated for 60 min. The resting tone was readjusted to
5mN if necessary. And then, phenylephrine (30 nM –10 μM) -induced constriction was
tested.

Localization and quantification of superoxide production by dihydroethidium in aorta
The oxidative fluorescent probe dihydroethidium (DHE) was used to evaluate in situ
superoxide (O2

−) production on tissue sections. DHE is a cell permeable dye that is oxidized
by O2

− to ethidium bromide, which subsequently intercalates with DNA and is trapped
within cell nuclei (Conklin et al., 2004). Frozen aortic segments were cut into 10-μm thick
sections. DHE (10 μM, Molecular Probes, Invitrogen) was topically applied to each tissue
section. Slides were incubated in a light-protected humidified chamber at room temperature
for 30 min, rinsed with phosphate buffered saline, and analyzed with a fluorescent Nikon
Eclipse FN1 microscope (Nikon, Tokyo, Japan). Acquisition settings of the camera were
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identical for imaging all the sections. Automatic computer-based analysis was performed
using MetaMorph software. Fluorescent intensity was quantified in grayscale images under
identical imaging conditions by automated detection of the percentage area of each image
above baseline image intensity (Wainwright et al., 2006).

Identification of adipose progenitor cells
The APC population was analyzed by flow cytometry as described elsewhere (Rodeheffer et
al., 2008). Briefly, interscapular (brown) adipose tissue was digested in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, and a combination of collagenase type I (1 mg/ml) and collagenase type II (2
mg/ml) at 37°C for 45 minutes with constant stirring. The stromal vascular fraction (SVF)
cells from epididymal adipose tissue were isolated as described previously (Sun et al.,
2009). The isolated SVF cells were incubated with one of the following directly coupled
antibodies: TER119-APC/Cy7, Sca-1-APC, CD34-PE, CD24-PerCP/Cy5.5, CD31-PE/Cy7,
and CD29-fluorescein isothiocyanate (FITC) from BioLegend (San Diego, CA); and CD45-
PE/Texas red from Invitrogen (Carlsbad, CA) at 4°C for 30 minutes. Cells were analyzed on
a LSR II flow cytometer (BD Biosciences). As negative controls, cell aliquots were
incubated with isotype-matched rat IgGs or Armenian hamster IgGs under the same
conditions.

RNA isolation and quantitative real-time PCR
For gene expression analysis, total RNA was isolated with Trizol (Invitrogen) according to
the manufacturer’s protocol. Quantitative real-time PCR was performed by the SYBR Green
system (Applied Biosystems). Briefly, RNA from interscapular, epididymal, retroperitoneal,
and inguinal adipose depots was reversely transcribed using High Capacity cDNA
Transcription kit (Invitrogen). Real-time PCR was performed in duplicate using the
lightcycler 480 (Roche). The expression level for each gene was calculated using the ΔCt
method relative to β-actin. The sequences of all primers used are listed in Table 1.

Western blot analysis
Liver and adipose tissue depots were homogenized with M-PER Mammalian protein
extraction reagent (Thermo Scientific) on ice. Equal quantities of tissue protein were
separated by 10% SDS-PAGE, and then transferred to immobilon-P polyvinylidene
difluoride (PVDF) membrane (Bio-Rad, Hercules, CA). The membranes were
immunoblotted with antibody against UCP1 (1:5000, Abcam), AMP-activated protein
kinase (AMPK) α (1:500, Cell Signaling) or phospho-AMPKα (1:1000, Cell Signaling)
overnight at 4°C, followed by incubated with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (Santa Cruz). The bands were visualized with enhanced chemiluminescence,
and the autoradiograph was quantitated by densitometric analysis with Quantity One (Bio-
Rad Laboratories) software. Beta-actin was used as a loading control reference.

Immunohistochemistry
Cryosections (10 μm) of mouse brown adipose tissue (interscapular fat) were fixed in a cold
acetone for 10 min, followed by treating with 0.3% hydrogen peroxide at room temperature
for 10 minutes. After rinsing, the sections were blocked with 1% BSA in PBS and then
incubated with rabbit anti-mouse UCP1 (Abcam, 1:300) at 4°C overnight. The sections were
incubated with HRP-conjugated goat anti-rabbit IgG (Santa Cruz) at room temperature for 2
hours, and then developed using Fast 3,3′-diaminobenzidine tablet sets (D4293; Sigma-
Aldrich) according to the manufacturer’s instruction. Counter-staining on nucleus was
performed with haematoxylin. After dehydration, the sections were mounted with
Permount®. Negative control was performed in the absence of primary antibody. All
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measurements were conducted in a double-blinded manner by two independent
investigators.

Statistical analysis
Data are expressed as mean ± s.e., unless otherwise indicated. For responses measured
repeatedly at different time-points or dose levels, a series of 2-sample independent Student’s
t tests were used to detect the differences between the ND and HFD groups at every time
point and dose level, with the Bonferroni correction for multiple comparison adjustment.
Comparisons of other continuous variables were conducted with an independent 2-sample
Student t test, with values of p < 0.05 considered significant.

Results
Body weight, fat content, and glucose homeostasis

C57BL/6 mice fed a HFD became more obese and gained ~50% body weight than mice fed
a ND (Fig. 1A). There were no significant differences in heart weight between these two
groups (Fig. 1B). As shown in Fig. 1C, there was a significant increase in epididymal,
retroperitoneal and inguinal fat mass in the animals under HFD, but not in interscapular fat
mass. The data from IPGTT indicated that the impairment of glucose tolerance was only
concomitant with HFD (Fig. 2A–B). In mice fed a HFD, significant elevations in plasma
insulin level (Fig. 2C) and insulin resistance were shown as evaluated by HOMA-IR indexes
(Fig. 2D).

APC population changes in response to high-fat diet
Based on that the SVF cells can differentiate into several lineages, including adipocytes
named adipocyte-derived stem cells, it is essential to indentify the APC population. The
SVF from animals fed a ND or HFD were fractionated and flow cytometry was performed
for the isolation of distinct cell populations on the basis of the differential expression of
characterized cell-surface markers expressed by stem cell populations. Cells expressing
Lin−:CD34+:CD29+: Sca-1+:CD24+ was recognized as APC (Rodeheffer et al., 2008). As
shown in Fig. 3A–B, a significant decrease in APC number was observed in SVF of brown
adipose tissue from mice fed a HFD (BAT: 0.430 ± 0.132% of the cells in the SVF)
compared with mice fed a ND (0.938 ± 0.062%). Nonetheless, as shown in Fig. 3C–D, we
did not find any significant difference in APC number in white adipose tissue between
animals with different diet (ND: 0.583 ± 0.201% vs. HFD: 0.543 ± 0.503%). We then
wanted to know if HFD selectively decreases the APC population in BAT through the key
factors including PPARγ, C/EBPβ, and BMP7. As shown in Supplemental Figure S1, the
expression of PPARγ, C/EBPβ, and BMP7 were all decreased in HFD-fed mice as
compared with the ND-fed mice, although no significant differences were found in this
study.

HFD induced changes in adipose tissue gene and protein expression
To assess the alterations of adipose-related gene expression in HFD-induced obesity, we
compared the expression of 9 genes which expressed in brown or white adipocytes (Jogie-
Brahim et al., 2009; Lin and Li, 2004; Westerberg et al., 2006; Wolf, 2009; Wu and Boss,
2007) from the ND- and HFD-fed mice. As expected, HFD-treated mice showed an increase
in the expression of genes encoding UCP1 in interscapular brown adipose tissue when
compared with the ND group (Fig. 4B). Nevertheless, there were no significant alterations
of this gene expression in the perivascular BAT between these two groups with different diet
(Fig. 4D). The expression of Pgc-1α (PPAR gamma coactivator 1α) and Prdm16 (a master
regulator of brown adipocyte specification and differentiation) were low in the interscapular
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and perivascular fat tissues (Fig. 4B, D). Likewise, we did not find any significant difference
in Elovl3 (an elongase enzyme important for elongation of monounsaturated or saturated
very long chain fatty acids), or CPT-1M (Carnitine palmitoyltransferase 1 muscle isoform),
both of which were expressed at a very low level (Fig. 4B, D). Except for the inguinal white
adipose tissue, these brown adipocyte-specific genes were detected in the epididymal and
retroperitoneal white adipose tissues (Fig. 4A, C, E). Cidea (a lipid droplet-associated
protein with a role in fat storage) gene expression was decreased in HFD-fed mice than ND-
fed mice in the white adipose tissue (Fig. 4A, C, E). Dermatopontin (DPT), insulin-like
growth factor binding protein 3 (Igfbp3), homeobox C9 (Hoxc9), the specific genes for
white adipose tissue were expressed at a very low level in brown adipose tissue, whereas
there was no significant difference between ND and HFD groups (Fig. 4A–E). Consistent
with Ucp1 gene expression, data from Western blotting (Fig. 5A–B) and
immunohistochemistry (Fig. 5C–D) also demonstrated a significant increase in UCP1
protein level in interscapular brown adipose tissue depot, although it was undetectable in
white inguinal, epididymal and retroperitoneal adipose depots at protein levels.

Vasomotor responses
To investigate the role of brown adipose tissue surrounding the vessels in response to HFD,
functional study with mice aorta was examined in the presence and absence of perivascular
adipose tissue. Mice fed a ND displayed a comparable relaxation response to acetylcholine
(Fig. 6A) and a constriction response to phenylephrine (Fig. 6B) with and without
perivascular fat tissue. However, in mice fed a HFD, greater vasorelaxation was shown in
aortic rings without adipose tissue than those with adipose tissue (Fig. 6A). Consistent with
this, constriction in response to phenylephrine was less in rings without perivascular adipose
tissue than with the adipose tissue (Fig. 6B). As shown in Fig. 6A, HFD-fed mice exhibited
an attenuated relaxation response to acetylcholine compared with the mice fed a ND only in
the presence of perivascular fat tissue, although we did not observe significant difference
between these 2 groups. These data, collectively, indicate an important role for perivascular
fat in mediating response to a HFD.

Superoxide production
We then measured the superoxide production in the aorta in response to HFD due to the
evidence that oxidative stress contributes to mechanisms of vascular dysfunction (Heitzer et
al., 2001; Miller et al., 1998). Morphologic analysis revealed intracellular formation of O2

−

documented by DHE oxidation in vessel area (Fig. 7). Quantification of the fluorescent
signal showed a significant increase in fluorescence in the vessels of HFD group when
compared with the control ND arteries (2.42 ± 0.45% vs. 0.87 ± 0.63%, p < 0.01).

Adiponectin and AMPK
To further define the possible underlying mechanisms, we measured the adiponectin level
and AMPK activity. As shown in Fig. 8A–C, circulating adiponectin as well as liver
adiponectin was significantly reduced by HFD feeding when compared with mice fed ND,
although we did not find any significant difference in the level of adiponectin in the visceral
adipose tissue. Next, we measured the AMPK expression in the liver. As shown in Fig. 8D–
E, The ratio of phopho-AMPKα to AMPKα was significantly lower in the HFD-fed mice
than in the ND-fed mice.

Discussion
In this study, we evaluated the changes at cellular, functional, and genetic levels in brown
and white adipose tissues in response to long-term HFD intervention. To our knowledge,
this is the first study to evaluate the effect of long-term high-fat intake on APC population in
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both BAT and WAT in a high-fat diet-induced mouse model. There are several important
findings in this study. Firstly, long-term HFD decreased adipocyte progenitor population in
brown adipose. Secondly, HFD feeding increased UCP1 expression in BAT. Thirdly, HFD
feeding results in altered vascular function related with perivascular adipose tissue and
increased superoxide production. Finally, adiponectin-AMPK signaling might be involved in
the adverse effect of chronic high-fat intake.

It is well known that obesity is characterized by increased adipose tissue mass. Actually,
adipose tissue development begins during gestation in higher mammals and shortly after
birth in rodents (Crossno et al., 2006). With appropriate stimulation, the preadipocytes
undergo adipogenic conversion to mature, lipid-filled, insulin-sensitive adipocytes. After
birth and throughout life, adipose tissue can expand in response to elevated dietary energy
intake via hypertrophy of existing fat cells and through the generation of new adipocytes
(hyperplasia). Adipocyte hypertrophy is largely due to the accumulation of additional
triglyceride from dietary sources (Garaulet et al., 2006), which is verified in our study.
Because the mature adipocytes are postmitotic, hyperplastic growth should be attributed to
the differentiation of preadipocytes. In this study, the flow cytometric data demonstrated a
decrease in APC number in BAT from mice fed a HFD, whereas no difference was observed
in WAT between mice fed a HFD or ND. Thus, the enlarged fat size might, at least partially
explain the increased fat mass. In addition, the new adipocytes arise not only from resident
preadipocyte progenitors, but also from mesenchymal progenitor cells and nonresident
preadipocytes (bone marrow-derived progenitor cells) (Crossno et al., 2006). Whether the
progenitor cells from mesenchymal and bone marrow is involved the increased adipose
tissue needs to be further investigated. In contrast, findings from an earlier study (Xu et al.,
2011), which only investigated APC in brown adipose tissue, demonstrated that HFD did not
induce significant change in BAT. This discrepancy may be explained by differences in the
time of feeding duration. In this study, the mice were fed a HFD for about 8 months;
however, the previous study was focused on the animals with 8-week HFD feeding.

Energy balance to prevent the development of obesity is dependent on energy expenditure.
Although physical activity is the dominant mechanism for dissipating excess energy, the
uncoupling of oxidative phosphorylation in brown adipocytes by mitochondrial UCP1 plays
a pivotal role to protect the body from hypothermia (Kozak and Anunciado-Koza, 2008).
The increased Ucp1 mRNA expression and UCP1 protein level in BAT is in agreement with
previous studies (Rippe et al., 2000), supporting a role for BAT thermogenesis during HFD
feeding. According to the new statistic data, UCP1 expression is positively regulated by
feeding a HFD in 42 of 62 studies; 11 of 62 show no effect and 9 of 62 even report a
decrease (Fromme and Klingenspor, 2011). Since the same samples were used to test UCP1
mRNA and protein levels in this study, our data adds another definitely positive regulation
of UCP1 by long-term intake of HFD. Recent studies showed the expression of UCP1 is not
strictly limited to brown adipose tissue, but also found in white fat pads to an extent
influenced by the ambient temperature (Rippe et al., 2000). It is known that high caloric
intake leads to an increased sympathetic tone (Schwartz et al., 1983), activating UCP1
mediated, adrenergically controlled nonshivering thermogenesis in brown adipocytes
(Rothwell and Stock, 1979). Unfortunately, of epididymal, retroperitoneal and inguinal
white adipose tissue in this study, only detectable amount of Ucp1 mRNA were seen in
control and HFD conditions. Thus, a “browning” of white fat was not found in this study.
Cidea, a highly expressed gene in BAT, was reported to decrease in energy expenditure and
is resistant to obesity induction (Lin and Li, 2004). Consistent with this, Cidea gene
expression decreased in response to a HFD, despite no significant difference was shown.
However, Cidea seems not highly strict to BAT, as it was also detected in epididymal,
retroperitoneal, and inguinal fat depots. Since Cidea appears to be negatively regulated by
HFD both in BAT and WAT, it offers a new option to explore the linkage with obesity,
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although the precise mechanism by which Cidea regulates energy homeostasis requires
further investigation.

Adipose tissue depots are functionally diverse and modulate disease processes in a depot-
specific manner. Nevertheless, the functional properties of perivascular adipocytes and their
influence on the blood vessel are yet to elucidate. Besides serving largely as structural
support for the vasculature, perivascular fat is widely accepted to release an adventitium-
derived relaxing factor (Lohn et al., 2002). The vascular tone was regulated by the factor via
activating tyrosine kinase-dependent K+ channels in vascular smooth muscle cells (Lohn et
al., 2002) or releasing a potent nitric oxide and prostacyclin-independent anticontractile
factor (Malinowski et al., 2008). The initial purpose of this vascular study was to test the
hypothesis that perivascular adipose tissue has an anticontractile effect comparable with the
reported results (Lohn et al., 2002; Malinowski et al., 2008) in artery from animals fed a
ND. However, our results indicate that the adipose tissue has little effect on the relaxant
response to acetylcholine or constriction response to phenylephrine in aortic ring
preparations from mice with a ND. Although artery rings with intact perivascular fat, from
different species of rat or human, blunted constriction in response to serotonin, angiotensin
II, endothelin or phenylephrine (Lohn et al., 2002; Malinowski et al., 2008), similar effects
to ours was found by Reifenberger et al (Reifenberger et al., 2007) in that the presence of
perivascular fat or not induced no difference in vasoconstriction response in pig coronary
with a ND.

We also tested the hypothesis that the perivascular adipose tissue of mice fed a HFD would
exhibit less of a blunting effect on constriction than mice on a ND. Of interest, our results
indicated deleterious effects (i.e., greater constriction responses or attenuated relaxant
effects) of HFD in the effect of perivascular adipose tissue on artery vasomotor function. In
the present study, we did observe that response to KCl were not different in the aorta
between ND and HFD, with or without fat. Thus, examining response to high concentration
KCl is a standard part of characterizing vasoconstrictor properties of arteries. Henrichot et al
(Henrichot et al., 2005) demonstrated that perivascular adipose tissue has strong chemotactic
activity that is mainly mediated by the secretion of IL-8 and MCP-1. This is of particular
interest because both chemokines can induce smooth muscle cell proliferation (Viedt et al.,
2002; Yue et al., 1994) and expression of functional chemokine receptors in vascular smooth
muscle cells and endothelial cells (Murdoch and Finn, 2000). In the present study, we did
not examine the chemokine levels in adipose tissue, but it hints perivascular-derived
chemokines may inhibit the secretion of the adipose-derived relaxing factor or counteract its
relaxant effect. The increased O2

− and perivascular-derived chemokines are possible to
explain the altered vasomotor function in our study. Hence, our findings suggest that
changes in diet-regulated perivascular adipose depots may contribute to the progression of
obesity-associated vascular complications.

AMPK, a kinase that phosphorylates and inactivates acetyl coenzyme-A carboxylase (ACC)
in fatty acid biosynthesis (Stapleton et al., 1994), is considered a major metabolic regulator
at both cellular and whole-body levels (Xu et al., 2011) . After binding with AMP, AMPK
was activated via conformational changes that allow Thr172 phosphorylation to occur by
upstream kinases. Activation of AMPK in the liver, skeletal muscle, and adipose tissue
results in a change of energy utilization involving the stimulation of energy-producing
pathways to restore energy balance, thereby improving the status of type 2 diabetes (Yuan et
al., 2009). In addition, energy expenditure may also be regulated by AMPK, in which NAD+
metabolism and SIRT1 activity are involved (Canto et al., 2009), rending AMPK as an
enzyme central to cellular bioenergetics, AMPK is a ubiquitous heterotrimeric kinase
consisting of a catalytic α subunit and regulatory β and γ subunits. The AMPKα subunit is
essential, and a dual deficiency in AMPKα1 and AMPKα2 causes embryonic lethality in
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mice (Viollet et al., 2009). Adiponectin, a hormone secreted by adipocytes that regulates
energy homeostasis and glucose and lipid metabolism, activates AMPK, thereby directly
regulating glucose metabolism and insulin sensitivity (Yamauchi et al., 2002). In this study,
we showed that HFD feeding induced a decrease in the level of adiponectin in the blood and
liver. In addition, AMPK activity, measured as Thr172 phosphorylation, was suppressed in
the metabolically active tissues of the mice fed HFD. Consistent with this, it has been
reported that HFD reduced the renal AMPK activity (Decleves et al., 2011). These findings
suggest that adiponectin-AMPK signaling pathway might be involved in the adverse effect
of chronic high-fat intake. Yet, the mechanisms by which HFD selectively decreases the
APC population in BAT needs further investigation.

Although this was a long-term HFD intervention that has significant implication in real daily
life in humans, especially taking into account of pandemic in overweight and obesity
worldwide, there are some limitations in this study. First of all, the detailed mechanisms
pertaining aortic vascular response are lacking primarily due to the limitation of aortic rings.
Secondly, indirect evidence was provided for the changes in the APC population by flow
cytometry. In addition, the sample size was small, and the functional evaluation of brown
APC in in-vivo adipogenesis is not available, which is under experiment that is technically
challenging.

Conclusions
Chronic high-fat intake not only induces insulin resistance, but also alters APC population
and adipose-specific genes in different adipose depots that could have sustained adverse
health consequences, in which adiponectin-AMPK signaling might be involved. Moreover,
perivascular adipose tissue and increased superoxide production may play a role in HFD-
induced vascular dysfunction.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effect of diet intervention with either a normal diet (ND) or high-fat diet (HFD) on body
weight gain and tissue mass change. A–B, Effect of HFD on body weight gain (A) and heart
weight (B). C, Effect of HFD on fat tissue mass change. eWAT, epididymal white adipose
tissue; iWAT, inguinal white adipose tissue; rWAT, retroperitoneal white adipose tissue;
iBAT, interscapular adipose tissue. n=4 per group. *p < 0.05, **p < 0.01 compared with the
ND group.
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Fig. 2.
Glucose homeostasis in C57BL/6 mice fed a normal diet (ND) or high-fat diet (HFD). A,
Effect of HFD on glucose tolerance by intraperitoneal glucose tolerance test (IPGTT). B,
Glucose area under the curve calculated from the glucose tolerance test in part A. C, Effect
of HFD on fasting plasma insulin level. D, The homeostasis model assessment insulin
resistance (HOMA-IR) index. n=4 per group. *p < 0.05, **p < 0.01 compared with the ND
group.
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Fig. 3.
Analysis of adipose progenitor cells (APC) by flow cytometry. Identification of adipogenic
cell population in adipose stroma from white and brown fat tissues of mice fed a ND or
HFD. Cells were initially selected by size, on the basis of forward scatter (FSC) and side
scatter (SSC). The live singlets were sorted for lack of CD31 and Ter119 expression, and
were further separated on the basis of expression of CD45. CD45− cells (Lin−) were then
sorted on the expression of CD34 and CD29. CD34+ cells were sorted on the basis of
staining for Sca-1 and CD24 (right-hand plot). APC population changes in response to a
HFD by flow cytometry in brown adipose tissue (A, B) and white adipose tissue (C, D). n=4
per group. *p < 0.05 compared with the ND group.
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Fig. 4.
Altered expression of adipose-related genes in response to a diet intervention of ND or HFD.
Quantitative real-time PCR was used to measure the expression of genes involved energy
metabolism in different adipose tissues, including rWAT, retroperitoneal white adipose
tissue (A); iBAT, interscapular brown adipose tissue (B); eWAT, epididymal white adipose
tissue (C); periBAT, perivascular adipose tissue (D); iWAT, inguinal white adipose tissue
(E). n=4 per group. *p < 0.05 compared with the ND group.

Xu et al. Page 15

Life Sci. Author manuscript; available in PMC 2013 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Altered expression of UCP1 in response to dietary uptake in the adipose tissues.
Representative bands (A) and statistical analysis (B) of Western blotting in different adipose
depots of mice fed a ND or HFD. Representative bands (C) and statistical analysis (D) of
immunohistochemistry for UCP1 in interscapular adipose tissue for all the mice fed a ND or
HFD. n=4 per group. *p < 0.05; **p < 0.01 compared with the ND group.
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Fig. 6.
Effect of diet intervention with a ND or HFD on vasomotor tone in aortic rings by
myography. A, vasomotor tone change in aortic rings with (+fat) or without (−fat)
perivascular adipose tissue in response to acetylcholinein ND- and HFD-fed mice. B,
vasomotor tone change in aortic rings with (+fat) or without (−fat) perivascular adipose
tissue in response to phenylephrine in ND- and HFD-fed mice. n=4 per group. *p < 0.05;
**p < 0.01 compared with the responses of aortic rings without perivascular adipose.
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Fig. 7.
Reactive oxygen species (ROS) generation within the aortas from ND- or HFD-fed mice, as
determined by dihydroethidium (DHE) fluorescence (100× magnification). Fluorescent
photomicrographs at identical settings of sections of thoracic aorta labeled with DHE. A,
representative photomicrographs of DHE staining from the mice fed a ND (left) or HFD
(right); Bottom, quantification of the fluorescent ethidium signal in the HFD group
compared with the ND group. n=4 per group. **p < 0.01 compared with the control group.
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Fig. 8.
Adiponectin and AMPK activity in response to dietary uptake in the adipose tissue.
Measurement of adiponectin in blood (A), liver (B), and visceral white adipose tissue (C).
Representative bands (D) and statistical analysis (E) of Western blotting for phopho-
AMPKα (pAMPKα) and AMPKα in the liver from all the mice fed a ND or HFD. n=4 per
group. *p < 0.05 compared with the ND group.
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Table 1

Primers used for real-time PCR

Primer Forward oligonucleotides Reverse oligonucleotides

Hoxc9 5′-GCAGCAAGCACAAAGAGGAGAAG-3′ 5′-GCGTCTGGTACTTGGTGTAGGG-3′

Igfbp3 5′-GCAGCCTAAGCACCTACCTC-3′ 5′-TCCTCCTCGGACTCACTGAT-3′

DPT 5′-CTGCCGCTATAGCAAGAGGT-3′ 5′-TGGCTTGGGTACTCTGTTGTC-3′

Ucp1 5′-ACTGCCACACCTCCAGTCATT-3′ 5′-CTTTGCCTCACTCAGGATTGG-3′

Pgc-1α 5′-CCCTGCCATTGTTAAGACC-3′ 5′-TGCTGCTGTTCCTGTTTTC-3′

Prdm16 5′-CAGCACGGTGAAGCCATTC-3′ 5′-GCGTGCATCCGCTTGTG-3′

Cidea 5′-ATCACAACTGGCCTGGTTACG-3′ 5′-TACTACCCGGTGTCCATTTCT-3′

Elovl3 5′-GATGGTTCTGGGCACCATCTT-3′ 5′-CGTTGTTGTGTGGCATCCTT-3′

CPT1M 5′-TGCCTTTACATCGTCTCCAA-3′ 5′-GGCTCCAGGGTTCAGAAAGT-3′

C/EBPβ 5′-ACGACTTCCTCTCCGACCTCT-3′ 5′-CGAGGCTCACGTAACCGTAGT-3′

PPARγ 5′-GCATGGTGCCTTCGCTGA-3′ 5′-TGGCATCTCTGTGTCAACCATG-3′

BMP7 5′-AGCTACCACAGCAAACGCCTAAGA-3′ 5′-TGAACGAGGCTTGCGATTACTCCT-3′

β-actin 5′-TGTGATGGTGGGAATGGGTCAGAA-3′ 5′-TGTGGTGCCAGATCTTCTCCATGT-3′
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