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INTRODUCTION
Adipose tissue has been recognized as a multifunctional organ 
that plays important roles in modulating metabolic, endocrine, and 
immunological processes and disease pathology.1 Approaches to 
genetically manipulate adipose tissue are essential to mechanis-
tic studies of adipose function. Up to date, genetic manipulation 
of adipose tissue is primarily relied on transgenic mice. However, 
transgenic technology can be costly, time consuming, difficult to 
distinguish development effects from maintenance effects, and 
unable to apply to species other than mouse. Viral vectors can 
serve as an attractive alternative. Targeting adipose tissues or adi-
pocyte in culture with adenovirus, retrovirus, and lentivirus have 
been investigated with various degrees of efficiency.2,3 The limita-
tions of these viral vectors include adverse immunogenic effects, or 
tropism to dividing cells. In contrast, adeno-associated viral (AAV) 
vectors have been extensively used for gene delivery for experi-
mental and therapeutic purposes in a range of animal models and 
clinical trials.4,5 AAVs are nonpathogenic and low immunogenic and 
can transduce both dividing and postmitotic tissues and gener-
ally sustain long-term transgene expression in animal models and 
humans. In animal models, multiple organs have been successfully 
and safely transduced by recombinant AAV (rAAV) vectors including 
liver, heart, skeletal muscle, brain, and eye.4 However, AAV-mediated 
gene delivery to adipose tissue has not been extensively investi-
gated. A few recent reports show that AAV1 vector is more efficient 
than AAV2, 3, 4, and 5. However, the feasible transduction requires 
excipients such as Pluronic F88 (ref. 6) or celastrol.7

In this study, we evaluated the transduction efficiency of a family 
of newly engineered AAV serotypes.8 Three newly identified nonhu-
man primate serotypes: cy5 (cynomolgus macague-variant 5), rh20 
(rhesus macaque-variant 20), and rh39 (rhesus macaque-variant 20) 

have shown greater transduction efficiency than rAAV8 in the 
brain.9,10 To improve transduction efficiency and select desirable tro-
pism, novel hybrid AAV capsid serotypes: Rec1, 2, 3, and 4 were gen-
erated by shuffling the fragments of capsid sequences that matched 
in all three nonhuman primate AAV seroptyes cy5, rh20, and rh39 
and AAV8 (ref. 8). Rec2 serotype vector showed high transduction 
efficiency in both brown adipose tissue (BAT) and white adipose 
tissue (WAT) superior to all the natural serotypes tested including 
AAV1, AAV8, and AAV9. A proof-of-principle of this improved tech-
nology was demonstrated by the Rec2-mediated Cre-loxP knock-
down of insulin receptor (IR) in adult mice.

RESULTS
Rec2 serotype transduces WAT efficiently
To evaluate the efficacy of multiple serotypes of AAV vectors tar-
geting WAT in vivo, we generated pseudotyping vectors in which a 
transgene cassette flanked by AAV2-inverted repeats (ITR) was pack-
aged into the capsid from another AAV serotype including three 
natural serotypes: AAV1, AAV8, and AAV9 as well as the four novel 
serotypes generated by capsid shuffling strategy: Rec1, 2, 3, and 4. 
Green fluorescent protein (GFP) controlled by a ubiquitous CBA pro-
moter (hybrid cytomegalovirus–chicken β-actin) was used as the 
reporter. A single dose of AAV vectors (1 × 1010 vector genomes (vg)
per injection) was injected to the inguinal WAT (IWAT) of 6-week-old 
C57BL/6 mice. Four weeks after rAAV injection, GFP expression was 
examined by immunohistochemistry and western blot. AAV1 and 
AAV9 led to minimal GFP expression (Figures 1a and 2a). All of the 
novel engineered serotypes resulted in marked transgene expres-
sion (Figures 1a and 2a). In particular, Rec2 showed widespread 
GFP expression, and transgene expression was more than twofolds 
higher than AAV8 (Figures 1a and 2a,b). Mizukami et al. reported the 
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Adipose tissue plays an essential role in metabolic homeostasis and holds promise as an alternative depot organ in gene therapy. 
However, efficient methods of gene transfer into adipose tissue in vivo have yet to be established. Here, we assessed the transduc-
tion efficiency to fat depots by a family of novel engineered hybrid capsid serotypes (Rec1~4) recombinant adeno-associated viral 
(AAV) vectors in comparison with natural serotypes AAV1, AAV8, and AAV9. Rec2 serotype led to widespread transduction in both 
brown fat and white fat with the highest efficiency among the seven serotypes tested. As a proof-of-efficacy, Rec2 serotype was 
used to deliver Cre recombinase to adipose tissues of insulin receptor floxed animals. Insulin receptor knockdown led to decreased 
fat pad mass and morphological and molecular changes in the targeted depot. These novel hybrid AAV vectors can serve as power-
ful tools to genetically manipulate adipose tissue and provide valuable vehicles to gene therapy targeting adipose tissue.
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in vivo transduction efficiency of AAV serotypes 1, 2, 3, 4, and 5. The 
highest transduction in IWAT was AAV1 vector in combination with 
Pluronic F88.6 The dose in this study was threefold lower than that 
used in the study by Mizukami et al., and the transduction efficiency 
was far more superior to the rAAV1 plus Pluronic F88.6 No transgene 
expression was found in nearby muscle, kidney (Figure 1b), or brain 
(data not shown) of Rec2-injected mice. Scarce GFP-positive cells 
were observed in the liver (Figure 1b) of Rec2-injected mice, while 
high level of GFP fluorescence was observed in liver of mice injected 
with AAV1, AAV8, and AAV9 (data not shown) probably because the 
high infection efficiency of Rec2 to the IWAT prevented the Rec2 
vectors to enter the circulation.

To evaluate the transduction efficiency of Rec2 vector to visceral 
fat, a single dose of Rec2-GFP (1 × 1010 vg per injection) was injected 
to the retroperitoneal WAT. GFP fluorescence was observed 10 days 
after Rec2 vector injection (Figure 2c).

Rec2 serotype transduces BAT efficiently
The transduction efficacy of AAV vectors to BAT has not been 
examined. We assessed the gene transfer efficiency to BAT by the 
three natural serotypes and the four novel engineered serotypes. 

Preliminary data showed that Rec2 transduced BAT more efficiently 
than IWAT. Therefore, lower dose (1 × 109 vg per injection, bilaterally) 
was used in the comparison study of the seven serotypes. Similar 
to IWAT, AAV1 and AAV9 showed the least transgene expression 
(Figure 3b,c). Rec2 led to the highest transgene expression, at least 
twofolds of that of AAV8 (Figure 3a–c). Rec2-mediated GFP expres-
sion was widespread and more evenly distributed than that was in 
IWAT possibly due to bilateral injection as well as better tropism to 
BAT. The dose was three orders lower than that often used for sys-
temic delivery. The low dose of Rec2 (2 × 109 vg per fat pad) was even 
lower than the dose we often used to transduce hypothalamus via 
stereotactic surgery (1 × 1010 vg per injection).11,12 Given the much 
larger size of BAT compared with hypothalamus, Rec2 showed strik-
ingly high transduction efficiency to BAT.

Rec2-Cre knocks down IR in WAT
Rec2 vector showed the highest transgene expression in both BAT 
and IWAT among the seven serotypes tested. In addition, Rec2 gen-
erally packages higher titer than Rec1, 3, or 4. Therefore, we chose 
Rec2 to demonstrate the functional efficacy of the AAV-mediated 
adipose gene transfer. Pseudotype Rec2 vector harboring Cre under 

Figure 1  Comparison of transduction efficiency of novel engineered AAV serotypes with natural serotypes in white fat. (a) GFP immunohistochemistry 
of IWAT 4 weeks after rAAV injection. Scale bar = 100 µm. (b) GFP immunofluorescence of AAV8- and Rec2-injected IWAT (pictures were taken with the 
same exposure) and GFP fluorescence of liver, kidney, and skeletal muscle adjacent to IWAT. Scale bar = 50 µm. AAV, adeno-associated virus; GFP, green 
fluorescent protein; IWAT, inguinal white adipose tissue; rAAV, recombinant AAV.
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the control of CBA promoter was injected to both IWAT pads of 
6-week-old female IRlox mice (1 × 1010 vg per injection). High-level 
GFP expression in AAV vector–injected adipose tissue was associ-
ated with inflammation and fibrosis (data not shown). The toxicity 
was likely due to the transgene instead of vector itself since neither 
inflammation nor fibrosis was observed in a Rec2 vector harboring 
expression cassette without a transgene. The Rec2-no transgene 
vector was used as control in Cre-loxP knockdown study. Rec2-
Cre injection had no significant effects on body weight (Figure 4c) 
while slightly decreased food intake (control: 3.36 ± 0.39 g/day; Cre: 
3.02 ± 0.09 g/day; P = 0.041) during the 8 weeks of experiment. No 
significant changes were observed in insulin tolerance test at fed 
condition (Figure 4d) or glucose tolerance test at fast (Figure 4e) 4 
and 5 weeks after Rec2-Cre injection, respectively. By 8 weeks after 
Rec2-Cre injection, no significant effects on serum biomarkers were 
found including insulin, leptin, glucose, cholesterol, and triglycer-
ide (Figure 4f ). However, Rec2-Cre decreased IWAT mass by more 

than 50% (Figure 4a–c), while had no effects on BAT or visceral 
WAT. Western blot showed that Rec2-Cre knocked down IR protein 
level by 53% (Figure 4g,h) consistent to the knockdown at mRNA 
level measured by quantitative RT-PCR (Figure 5b). No changes of 
IR expression were found in liver, skeletal muscle, or visceral WAT 
(data not shown). Adipocytes in Rec2-Cre–injected IWAT appeared 
smaller than that in control (Figure 5a). No increases of apoptosis 
or cell death were observed in TUNEL (TdT-mediated dUTP-biotin 
nick end labeling) assay or active caspase-3 immunohistochemis-
try (data not shown). Gene expression profiling revealed exten-
sive molecular changes in Rec2-Cre–injected IWAT (Figure 5b). 
Adipokines adiponectin, leptin, and resistin expression were all sup-
pressed. Adipogenic markers Ap2 and Pparg as well as WAT marker 
Hoxc9 were also decreased significantly.13,14 Both lipogenic (Fasn) 
and lipolytic (Cpt1a) markers were reduced together with oxida-
tive markers Cytc and Ppargc1a.15,16 In addition, angiogenic mark-
ers Cd31 and Vegf were also decreased.17 In contrast, macrophage 
marker F4/80 and inflammatory M1 macrophage marker Mgl1 
were increased18,19 (Figure 5b). Immunohistochemistry confirmed 
the increase of F4/80 in Rec2-Cre–injected IWAT. The extensive 
molecular changes indicated that the disruption of IR signaling in 
adult IWAT led to dysfunction of the transduced fat pad, although 
no overt systemic impact was observed in this relative short-term 

Figure 2  Quantification of transgene expression mediated by seven AAV 
serotypes. (a) Representative western blot of IWAT. (b) Quantification 
of western blot. Values are calibrated to GAPDH and expressed as 
mean ± SEM (n = 6 per group). Bars not connected by same letter 
are significantly different. (c) GFP fluorescence 10 days after Rec2-
GFP injection to retroperitoneal WAT. Image was taken from 90 µm 
cryosection. Scale bar = 100 µm. AAV, adeno-associated virus; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase, GFP, green fluorescent 
protein; IWAT, inguinal WAT; WAT, white adipose tissue.
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Figure 3  Comparison of transduction efficiency of novel engineered 
AAV serotypes with natural serotypes in brown fat. (a) GFP 
immunofluorescence of AAV8- and Rec2-injected BAT (pictures were 
taken with the same exposure). Scale bar = 50 µm. (b) Representative 
western blot of BAT. (c) Quantification of western blot. Values are 
calibrated to GAPDH and expressed as mean ± SEM (n = 6 per group). 
Bars not connected by same letter are significantly different. AAV, adeno-
associated virus; BAT, brown adipose tissue; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase GFP, green fluorescent protein.
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experiment. Interestingly, the hypothalamus was able to “sense” the 
knockdown of IR in IWAT (Figure 5c). For example, the neuronal activ-
ity marker Fos showed a trend of upregulation in the hypothalamus 
when IR was knocked down in IWAT.20 Leptin receptor expression 
was significantly upregulated in the hypothalamus. Brain-derived 
neurotrophic factor (BDNF) and cocaine-amphetamine–regulated 
transcript (Cartpt), both anorexigenic,21,22 were upregulated, which 
might underlie the decreased food intake.

Rec2-Cre knocks down IR in BAT
Rec2-Cre was injected bilaterally to BAT of male IRlox mice at the age 
of 6 weeks (1 × 109 vg per injection) with empty Rec2 vector as con-
trol. No significant difference was found in body weight (Figure 6a) 
or food intake (control: 4.10 ± 0.19 g/day; Cre: 4.32 ± 0.35 g/day; P = 
0.34). Similar to IWAT IR knockdown, no significant effects on insu-
lin tolerance (Figure 6d) or glucose tolerance (Figure 6e) or serum 
biomarkers (Figure 6f) were observed. Rec2-Cre–injected BAT was 
50% smaller than control vector–injected BAT (Figure 6a–c), while no 
difference in subcutaneous WAT or epididymal WAT mass was found 
(Figure 6a,c). Western blot showed ~60% decrease of IR at protein 

level (Figure 6g,h), while quantitative RT-PCR showed 50% down-
regulation at mRNA level (Figure 7b). Hematoxylin and eosin stain-
ing showed massive reduction of brown adipocytes size with far less 
lipid droplets (Figure 7a). Rec2-Cre–injected BAT showed marked 
increase of eosinophilia compared with controls (Figure 7a). These 
results indicate BAT lipoatrophy, although no apoptosis was found 
by TUNEL assay or active caspase-3 analysis (data not shown). Cre is 
reported to have no impact on BAT,23 and therefore, the phenotypic 
changes in Rec2-Cre–injected BATs were due to the IR knockdown. 
The decrease of BAT mass and potential dysfunction had no effect 
on rectal temperature measured at room temperature (control: 
36.2 ± 0.2°C; Cre: 36.8 ± 0.1°C; P = 0.1). Rec2-Cre injection to BAT did 
not change IR expression in liver or skeletal muscle (Figure 7d) while 
interestingly upregulated IR expression in visceral WAT (Figure 7d). 
In contrast to IR knockdown in IWAT (Figure 5b), Rec2-Cre led to less 
gene expression changes (Figure 7b), although the IR knockdown 
level was similar. However, greater induction of macrophage markers 
and inflammation markers were observed in BAT (Figure 7b) with M1 
macrophage marker Mcp1 increased by 12-fold and inflammatory 
marker Saa3 increased by 18-fold.24 The disruption of IR signaling in 

Figure 4  Rec2-Cre–mediated IR knockdown in IWAT. (a) Rec2-Cre decreased IWAT mass (n = 7 per group; *P < 0.05). (b) Representative IWAT 8 weeks 
after Rec2 injection. (c) Fat mass calibrated to body weight (n = 7 per group, *P < 0.05). (d) Insulin tolerance test (n = 7 per group). (e) Glucose tolerance 
(n = 7 per group). (f) Serum biomarkers (n = 7 per group). (g, h) Western blot of IR and quantification (n = 4 per group, *P < 0.05). IR, insulin receptor; 
IWAT, inguinal white adipose tissue.
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BAT induced gene expression changes in the hypothalamus (Figure 
7c) but showed a different profile compared with IR knockdown in 
IWAT (Figure 5c). IR expression in hypothalamus showed a trend of 
upregulation, while melanocortin receptor 4 (Mc4r), a critical path-
way in energy balance regulation,25 was downregulated.

DISCUSSION
A critical barrier of genetic manipulation of adipose tissue for basic 
research and translational studies has been the difficulties of trans-
ducing adipose tissue with viral vectors such as rAAV. Here, we 
demonstrate that a newly engineered nonhuman primate–derived 
hybrid rAAV serotype efficiently transduced both BAT and WAT when 

directly injected to the fat pad. Rec2 vector showed highest trans-
duction efficacy with lowest off-target transgene expression primar-
ily in liver. Several strategies can be employed to enhance fat-specific 
expression: using an adipose-specific promoter to drive transgene 
expression24,26–28; incorporating a microRNA targeting the transgene 
that is driven by tissue-specific promoters of the tissues intended to 
avoid11; placing a tissue-specific microRNA target into the 3′ untrans-
lated region of a transgene to mitigate the transgene expression in 
unintended cells because the specific microRNA is only expressed 
in the unintended cells such as a liver-specific microRNA-12229–31; or 
the combination of these strategies. Fat pad injection of Rec2 vec-
tor showed minimal off-target transgene expression in both the 
reporter gene experiment using GFP and the functional experi-
ment using the Cre-loxP system. However, restriction of off-target 
expression of transgene is necessary for systemic gene delivery. 
Our unpublished data showed that with intravenous infusion, Rec2 
showed the greatest transduction of the target tissue cardiac muscle 
among multiple natural and engineered serotypes while liver also 
showed high transgene expression. Investigations on targeting adi-
pose tissue via systemic administration of Rec2 are underway.

Several hundred human and nonhuman primate isolates of AAV 
have been discovered.32 And the reengineered variants, chimeric, 
and mutant strains together with the naturally occurring serotypes 
yielded a broad and versatile AAV vector toolkit for both basic 
research and clinical application.5 Our data show that Rec2 serotype 
transduces adipose tissue superior to natural serotypes tested. The 
Rec2 serotype was generated by capsid shuffling of AAV strains iso-
lated from the primate brain. Future studies to isolate AAV stains 
directly from primate adipose tissue and then to engineer hybrid 
and mutant strains based on the adipose-derived natural serotypes 
can further improve tissue tropism and gene transfer efficiency.

As a proof-of-efficacy, we used the Rec2 vector to knockdown IR via 
Cre-loxP recombination in both BAT and WAT. Our data demonstrate 
that a low-dose injection of Rec2-Cre to fat pads of adult animal led 
to 50% decrease of IR level and the ensuring loss of fat mass, molec-
ular and morphological changes consistent with impaired adipose 
function. Fat-specific IR knockout mouse,33 BAT-specific IR knockout 
mouse,23 and fat-specific IR and insulin-like growth factor-1 recep-
tor double knockout mouse34 have been generated. These knockout 
strains have revealed that IR signaling plays a crucial role in the control 
of fat development. Our data using viral vector–mediated IR knock-
down in adult animal suggest that adipose IR signaling is critical to 
the maintenance of both BAT and WAT. Some phenotypic changes 
are similar to IR knockout mice. For example, Rec2-Cre injection to 
BAT led to loss of BAT mass by 50%, which was comparable to the BAT-
specific IR knockout mice, whose IR expression in BAT was reduced 
by 95%.23 The marked reduction of brown adipocyte size and lipid 
droplet size as well as increased eosinophilia in Rec2-Cre–injected 
BAT were consistent to BAT-specific IR knockout mice. BAT-specific IR 
knockout mice also did not show altered insulin tolerance, although 
progressive glucose intolerance occurred at the age of 6 months. 
Long-term experiment using Rec2-Cre might reveal the impact on 
glucose tolerance that did not change by 8 weeks after viral vector 
injection. Viral vector–mediated IR knockdown in adipose tissue not 
only helped to distinguish the role of IR in development from main-
tenance but also revealed a few changes that were not reported in 
various fat-specific IR knockout mice such as the strong induction of 
macrophage markers and the hypothalamic “sensing” of the disrup-
tion of IR signaling in specific fat depot. The role of macrophage and 
inflammation in adipose remodeling in response to IR knockdown 
warrants further investigation.35 Furthermore, recent studies have 
demonstrated that insulin signaling can occur locally and therefore 

Figure 5  Phenotypic changes induced by Rec2-Cre–mediated IR 
knockdown in IWAT. (a) Hematoxylin and eosin staining and F4/80 
immunohistochemistry. Scale bar = 50 µm. (b) Gene expression profile 
of Rec2-injected IWAT (n = 7 per group, *P < 0.05, #P = 0.06). (c) Gene 
expression profile of hypothalamus (n = 7 per group, *P < 0.05, #P = 0.06). 
IR, insulin receptor; IWAT, inguinal white adipose tissue.
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allow tissue-specific responses to challenges.36 Emerging evidence 
suggests that local insulin signaling, rather than systemic insulin sig-
naling, plays a critical role in regulating stem cell behavior.37,38 Given 
the drastic decrease of fat pad mass when adipose IR was knocked 
down by 50%, Rec2 vector can serve as a powerful tool to further 
study the role of local insulin signaling in adipose stem cell behav-
ior. The changes in gene expression profile of hypothalamus suggest 
that the adaptive responses in nontargeted fat depots as well as sys-
temic changes are likely modulated via central mechanisms. It has 
been increasingly recognized that various fat depots are develop-
mentally, genetically, and functionally distinguishable. Furthermore, 
adipose tissue responds to environmental, metabolic, and other 
challenges in a depot-specific manner.39 Therefore, the Rec2 vector 
provides a tool to study depot-specific function and modulation, 
and the interaction among various fat depots, organs, and the CNS.

In this study, we used a knockdown approach to demonstrate the 
application of adipose-targeting viral vectors. This technology pro-
vides other capabilities, for example, allows genetic manipulation of 
adipose tissue to induce phenotypic changes of transduced adipose 
tissue or supply a transgene product into the systemic circulation 

for gene therapy. We reported that AAV-mediated brain-derived 
neurotrophic factor overexpression in the hypothalamus decreased 
adiposity, induced brown adipocyte-like cells in WAT, enhanced 
energy expenditure, and inhibited peripheral tumor progression.12,40 
Molecular therapy directly targeting the adipose tissue would be an 
attractive alternative to neurosurgical approaches with advantages 
including easy access to the targeting tissues, potentially enhanced tis-
sue specificity, and safe removal in case that therapeutic gene expres-
sion is no longer required. Studies on the efficacy of Rec2-mediated 
delivery of genes that induce browning such as PGC1-α15 and UCP141 
to WAT in a disease model are being carried out in our laboratory.

In summary, our data demonstrate that a novel engineered 
primate-derived AAV serotype Rec2 efficiently transduce both BAT 
and WAT. One administration of Rec2-Cre led to sufficient knock-
down of IR in adipose tissue of adult animal with some phenotypic 
changes similar to fat-specific IR knockout mice while others pre-
viously not revealed in knockout mice. Further development and 
refinement of AAV vectors targeting adipose tissue will provide 
tools to study adipose function and regulation as well as to facili-
tate therapeutic applications.

Figure 6  Rec2-Cre–mediated IR knockdown in BAT. (a) Rec2-Cre decreased BAT mass (n = 6 per group, *P < 0.05). (b) Representative BAT 8 weeks after 
Rec2 injection. (c) Fat mass calibrated to body weight (n = 6 per group, *P < 0.05). (d) Insulin tolerance test (n = 6 per group). (e) Glucose tolerance (n = 
6 per group). (f) Serum biomarkers (n = 6 per group). (g, h) Western blot of IR and quantification (n = 4 per group, *P < 0.05). BAT, brown adipose tissue; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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MATERIALS AND METHODS
AAV vectors
The recombinant AAV capsid serotypes (Rec1–4) were generated by shuf-
fling the fragments of capsid sequences that matched in all three nonhu-
man primate AAV seroptyes (cy5, rh20, and rh39) and AAV8. The three new 
recombinant serotypes previously identified, with greater transduction 

efficiency than rAAV8, cy5, rh20, and rh39, were originally supplied by 
Guangping Gao and the Gene Therapy Program Vector Core, Department 
of Medicine, University of Pennsylvania, where further details of the iden-
tification of these sequences are available. The details of Rec1–4 serotypes 
are described before.8 To generate hybrid AAV vectors, GFP was cloned 
into an AAV expression plasmid under the control of the CBA (hybrid 
cytomegalovirus–chicken β-actin) promoter and containing woodchuck 
hepatitis virus posttranscriptional regulatory element (WPRE) and bovine 
growth hormone polyadenylation signal flanked by AAV2-inverted terminal 
repeats. Human embryonic kidney 293 cells were cotransfected with three 
plasmids—AAV plasmid, appropriate helper plasmid encoding rep and cap 
(Rec1–4) genes or AAV1, AAV8, AAV9, and adenoviral helper pF Δ6—using 
standard CaPO4 transfection. rAAV vectors were purified from the cell lysate 
by ultracentrifugation through an iodixanol density gradient. Vectors were 
titered using quantitative PCR (ABI Prism 7700; Applied Biosystems, Foster 
City, CA). Finally, the rAAV2/Rec vectors were assayed using standard in vivo 
protocols comparing transduction efficiency to rAAV2/8. With intravenous 
infusion, rAAV2/Rec2 showed the greatest transduction of the target tissue 
(cardiac muscle), and with direct intracerebral administration, rAAV2/Rec3 
led to the greatest neuronal cell transduction (manuscript in preparation). 
Rec2 vector expressing Cre under the control of CBA promoter was gener-
ated similar to GFP vectors.

Mice
Wild-type C57BL/6 mice were purchased from Charles River (Spencerville, 
OH). Homozygous IRlox mice were purchased from Jackson Laboratory 
(Bar Harbor, ME) (B6.129S4(FVB)-Insrtm1Khn/J). We carried out all mice experi-
ments in compliance with the regulations of the Institutional Animal Ethics 
Committees of the Ohio State University.

rAAV injection to inguinal WAT
Animals aged 6 weeks were anesthetized using 2% isoflurane in O2. Once 
anesthesia was fully induced, the animal was shaved with a hair trimmer in 
the area where the IWAT was located. The shaved area was sterilized with 
three alternating wipes of Betadine and 70% ethanol. The animal was laid 
flat on its stomach, and an incision was made roughly 1.5 cm lateral to the 
spinal cord, slightly above the hind legs. The IWAT was immediately visible to 
the naked eye if the incision was made in the correct location. Forceps and 
surgical scissors were used to cut any connective tissue to the skin, and the 
adipose tissue was grabbed firmly with the forceps. The adipose tissue was 
held in place with the forceps, and the rAAV was injected (1.0 × 1010 vg per 
20 µl in phosphate-buffered saline) with a 0.3 cc, 31 G insulin syringe. The 
tissue was lifted to ensure no virus leaked during injection. The fat pad was 
gently forced back into the body cavity, and the wound was closed with a 
4-0 PDS II FS-2 suture. The closed surgical wound was coated with Betadine 
for sanitary purposes. The procedure was repeated on the opposite IWAT to 
complete the bilateral injection.

rAAV injection to retroperitoneal WAT
Animals aged 6 weeks were given a ketamine/xylazine cocktail (87/13 mg/
kg i.p., 250 µl) for anesthesia. Once anesthesia was fully induced, the ani-
mal’s lower back was shaved using a hair trimmer, and the shaved area was 
sterilized with three alternating wipes of Betadine and 70% ethanol. A small 
incision was made ~1.0 cm lateral from the spinal cord above the expected 
location of the desired adipose tissue. The muscle was opened using surgical 
scissors to reveal the adipose tissue. Forceps were used to move the fat pad 
into a position where the kidney could be visualized in order to confirm that 
the correct fat pad was located. Once confirmation was obtained, the adi-
pose tissue was held in place with the forceps, and 50 µl of virus was injected 
with a 0.3 cc, 31 G insulin syringe. The tissue was lifted to ensure that no virus 
leaked during injection. The fat pad was gently forced back into the cavity, 
and the muscle was closed with a 6-0 polypropylene P-13 suture, followed 
by the closure of the skin flap by a 4-0 PDS II FS-2 suture. The closed surgical 
wound was coated with betadine for sanitary purposes.

rAAV injection to interscapular BAT
Animals aged 6 weeks were anesthetized using 2% isoflurane in O2. Once 
anesthesia was fully induced, the animal was shaved with a hair trimmer bilat-
eral to the spinal cord, roughly 1 cm below the head. The shaved area was ster-
ilized with three alternating wipes of Betadine and 70% ethanol. The animal 

Figure 7  Phenotypic changes induced by Rec2-Cre–mediated IR 
knockdown in BAT. (a) Hematoxylin and eosin staining of Rec2-injected 
BAT. Scale bar = 50 µm. (b) Gene expression profile of Rec2-injected BAT 
(n = 6 per group, *P < 0.05). (c) Gene expression profile of hypothalamus 
(n = 6 per group, *P < 0.05, #P = 0.06). (d) Insulin receptor expression in 
liver, muscle, and visceral WAT (n = 6 per group, *P < 0.05). BAT, brown 
adipose tissue; IR, insulin receptor.
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was laid flat on its stomach, and a shallow incision was made in the center of 
the shaved area and extended ~0.5 cm bilateral. Another small incision was 
made to cut through the thin layer of WAT to reveal the BAT. Forceps were used 
to firmly grasp the distinct BAT, and the desired rAAV was injected (1.0 × 109 vg 
per 20 µl) with a 0.3 cc, 31 G insulin syringe. The tissue was lifted to ensure that 
no virus leaked during injection. The procedure was repeated on the opposite 
side to complete the bilateral injection. The fat pad was gently forced back into 
the body cavity, and the wound was closed with a 4-0 PDS II FS-2 suture. The 
closed surgical wound was coated with Betadine for sanitary purposes.

Glucose tolerance test
We injected mice intraperitoneally with glucose solution (1 mg glucose per 
kg body weight) after an overnight fast. We obtained blood from the tail 
at various time points. We measured blood glucose concentrations with a 
portable glucose meter (ReliOn Ultima; Abbott Diabetes Care, Alameda, CA).

Insulin tolerance test
We injected mice intraperitoneally with insulin (0.75 unit per kg body 
weight) at 2 pm without a fast. We obtained blood from the tail and measured 
the blood glucose concentration as described above.

Serum harvest and biomarkers measurement
Blood was collected following decapitation. We prepared serum by allowing 
the blood to clot for 30 minutes on ice followed by centrifugation. Serum was 
at least diluted 1:5 in serum assay diluent and assayed using the DuoSet ELISA 
Development System (R&D Systems, Minneapolis, MN) for mouse Leptin. 
Insulin was measured using Mercodia ultrasensitive mouse insulin ELISA 
(ALPCO Diagnostics, Salem, NH). Glucose was measured using QuantiChrom 
Glucose Assay (BioAssay Systems, Hayward, CA). Total cholesterol was mea-
sured using Cholesterol E test kit (Wako Diagnostics, Richmond, VA).

Body weight and food consumption
We maintained the mice on a normal 12 h/12 h light/dark cycle with access 
to food and water ad libitum throughout the experiment. Body weight of 
individual mouse was recorded twice weekly. Food consumption was 
recorded twice weekly as the total food consumption and represented as 
the average of food consumption per mouse per day.

Quantitative RT-PCR
We dissected BAT and WAT and hypothalamus and isolated total RNA using 
RNeasy Lipid Kit plus RNase-free DNase treatment (Qiagen, Hilden, Germany). 
We generated first-strand cDNA using TaqMan Reverse Transcription 
Reagent (Applied Biosystems) and carried out quantitative PCR using 
Light Cycler (Roche) with the Power SYBR Green PCR Master Mix (Applied 
Biosystems). We designed primers to detect the following mouse mRNA: Fos, 
Cartp, Npy, Mc4r, Sgk1, Insr, Lepr, Bdnf, Ucp1, Ucp2, Lep, Adipoq, Ap2, Pparg, 
Fasn, Ap2, Resn, Prdm16, Hoxc9, Cytc, Cpt1a, Cd31, Vegf, F4/80, Mgl1, Ccl2, 
Foxc2, Ppargc1a, Saa3, and Adrb3. Primer sequences are available on request. 
We calibrated data to endogenous control Actb or Hprt1 and quantified the 
relative gene expression using the equation T0/R0 = K × 2 (CT,R − CT,T). T0 is the 
initial number of target gene mRNA copies, R0 is the initial number of internal 
control gene mRNA copies, CT,T is the threshold cycle of the target gene, 
CT,R is the threshold cycle of the internal control gene, and K is a constant.

Immunohistochemistry
We cut paraffin-embedded sections (4 μm) of adipose tissues and subjected 
the sections to citrate-based antigen retrieval followed by incubations with 
antibody against F4/80 (Serotec) or GFP (Abcam). The sections were visual-
ized with DAB and counterstained with hematoxylin or Cy2-conjugated sec-
ondary antibody for immunofluorescence.

Western blot
We used ALLPrep DNA/RNA mini kit (Qiagen) to simultaneously purify genomic 
DNA and total RNA. Proteins were precipitated from the flow-through using 
acetone according to the manufacturer’s protocol. Rabbit anti-GFP (Abcam; 
1:400), rabbit anti-IR (Santa Cruz; 1:1,000), and rabbit anti–glyceraldehyde-
3-phosphate dehydrogenase (Abcam; 1:1,000) were used in western blot 
analysis. Image J software was used to quantify western blot data.

Statistical analysis
Values are expressed as mean ± SEM. We used JMP software to analyze 
the following: (i) two-way analysis of variance for food intake, insulin 
tolerance, and glucose tolerance and (ii) one-way analysis of variance 
for serum biomarker measurements, body weight and adipose tissue 
weight, body temperature, quantitative RT-PCR data, and western blot 
quantification.
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