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Ectopic brown adipose tissue formation within skeletal
muscle after brown adipose progenitor cell transplant
augments energy expenditure
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ABSTRACT: Brown adipose tissue (BAT) thermogenesis increases energy expenditure (EE). Expanding the volume of
active BAT via transplantation holds promise as a therapeutic strategy for morbid obesity and diabetes. Brown
adipose progenitor cells (BAPCs) can be isolated and expanded to generate autologous brown adipocyte implants.
However, the transplantation of brownadipocytes is currently impededby poor efficiency of BAT tissue formation
in vivo andundesirably short engraftment time. In this study,we demonstrated that transplantingBAPCs into limb
skeletal muscles consistently led to the ectopic formation of uncoupling protein 1 (UCP1)+pos adipose tissue with
long-term engraftment (>4 mo). Combining VEGF with the BAPC transplant further improved BAT formation in
muscle.EctopicengraftmentofBAPC-derivedBATinskeletalmuscleaugmented theEEof recipientmice.Although
UCP1expressiondeclinedin long-termBATgrafts, thisdeteriorationcanbereversedbyswimmingexercisebecause
of sympathetic activation. This study suggests that intramuscular transplantation of BAPCs represents a promising
approach to deriving functional BAT engraftment, which may be applied to therapeutic BAT transplantation and
tissue engineering.—Liu, Y., Fu, W., Seese, K., Yin, A., Yin, H. Ectopic brown adipose tissue formation within
skeletal muscle after brown adipose progenitor cell transplant augments energy expenditure. FASEB J.
33, 000–000 (2019). www.fasebj.org
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Overeating, sedentary lifestyles, and the resulting positive
energy balance are the causes of the current epidemics
of obesity, type 2 diabetes, and cardiovascular diseases.
In mammals, brown adipose tissue (BAT) specializes
in nonshivering thermogenesis under cold exposure (1). In
response to cold-induced sympathetic activation, BAT
elicits uncoupling protein 1 (UCP1)–mediated uncoupled
respiration in mitochondria, which transforms caloric en-
ergy into heat (1). As such, BAT thermogenesis increases

energy expenditure (EE) and lowers food efficiency, and
henceholdspromise to correct thepositive energybalance.
Compelling evidence from rodent models indicates that
increasing the volume or activity of BAT leads to lean and
healthy phenotypes, evenwith excessive caloric intake (2).

BAT isabundant in smallmammalsandhumaninfants,
in which BAT is critical for protecting vital organs from
cold-induced hypothermia. It is nowwidely accepted that
BAT activity is also prevalent in young and lean human
adults (3–7). The small number of UCP1+pos adipocytes
from adult humans share gene expression signatures with
recruitable brown-like adipocytes (also known as beige or
brite adipocytes) within white adipose tissues (WATs) in
rodents (8, 9). In healthy human adults, the activation of
BAT increases EE, posttransplantation sensitivity; benefi-
cial effects supporting the premise that BAT can be ther-
apeutically targeted for human obesity and diabetes (2).
However, it is worth noting that BAT activity is low in
humans who are obese, diabetic, and aged, who are more
likely to be potential patients for BAT-based therapies (3).
In addition, BAT in peoplewho are obese,when subjected
to the sameactivating conditions, has a blunted or even no
thermogenic response (10, 11). Thus, transplantation of
BATthat is responsive toactivation representsapromising
therapeutic approach for obese and type 2 diabetes.

ABBREVIATIONS: 3D, 3-dimensional; BAPC, brown adipose progenitor cell;
BAT, brown adipose tissue; Cidea, cell death–inducing DNA fragmentation
factor a-like effector A; dpt, days posttransplantation; EE, energy expen-
diture; Elovl3, elongation of very long chain fatty acids protein 3; Fabp4,
fatty acid binding protein 4; Fasn, fatty acid synthase; FBS, fetal bovine
serum; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone;
FNDC5, fibronectin type III domain-containing protein 5; GFP, green fluo-
rescent protein; H&E, hematoxylin and eosin; iBAPC, immortalized BAPC;
iBAT, interscapular BAT; IHC, immunohistochemistry; ISO, isoproterenol;
OCR, oxygen consumption rate; p-p38, phosphorylated p38; PDGFRa,
platelet-derived growth factor receptor a; Pgc1a, peroxisome proliferator-
activated receptor g, coactivator 1a; Pparg2, peroxisome proliferator-
activated receptor g2; qRT-PCR, quantitative RT-PCR; RER, respiratory
exchange ratio; SVF, stromal vascular fraction; sWAT, subcutaneous WAT;
T3, triiodothyronine; TA, tibialis anterior; UCP1, uncoupling protein 1;
WAT, white adipose tissue
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Previous studies demonstrated that BAT fat depots
from rodents could successfully engraft in epidydimal
WAT, subcutaneous cavity, the kidney capsule, the ante-
rior chamber of the eye, and skeletal muscles (12–21). The
implantation of BAT depots increased EE, glucose toler-
ance, and insulin sensitivity (18, 20, 21) and protected re-
cipient rodents from obesity, diabetic hyperglycemia, and
atherosclerosis (14, 16, 17, 21). Although these proof-of-
principle studies substantiated the therapeutic potential of
BAT transplantation, such an approach is not readily
translatable to clinical therapies because of the scarcity of
BAT as a source of transplant. In this regard, adipose pro-
genitor cells represent a reliable cell source for BAT engi-
neeringand transplantation.Notably,BAT-residentbrown
adipose progenitor cells (BAPCs) can efficiently differen-
tiate into brown adipocytes in vitro compared with WAT-
derived progenitor cells (22). However, the transplant of
BAPCshashad limitedsuccess so farbecauseof the lowcell
survival rate and poor BAT formation after BAPC im-
plantation (12).On the other hand, the transplant of BAPC-
derived brown adipocytes led to only short-termbeneficial
effects (see Discussion). Thus, improving the efficiency of
BAPC transplantation has substantial clinical implications.

In this study, we examined various BAPC transplanta-
tion conditions using immortalized BAPCs (iBAPCS) and
immunodeficient mouse models. We discovered that in-
duced BAPCs with increased adipogenic potential (but not
in vitro differentiated mature brown adipocytes) can form
ectopic UCP1+pos adipose tissues within 1 wk after trans-
plantation into uninjured limb muscles in mice. The en-
graftment efficacy of BAPCs in muscle is better than in the
subcutaneous space or subcutaneousWAT (sWAT) depots.
We also demonstrated that combining VEGF with iBAPCs
during transplantation improvedbrownadipose–like tissue
formation in muscle, which stably engrafted for $17 wk
after transplantation. The transplantation of iBAPCs resul-
ted in augmented whole-body EE in recipient mice. In-
triguingly, although BAT grafts in muscle had decreased
UCP1 expression after long-term engraftment, swimming
exercisewasable to restoreUCP1expressionandreverse the
whitening via sympathetic activation. These findings have
implications in futureBATtransplantation–based therapies.

MATERIALS AND METHODS

Animals

All animal studies were approved by University of Georgia In-
stitutional Animal Care and Use Committee. Both male and fe-
male C57BL/6J (000664) and NOD-SCID (001303) mice (The
Jackson Laboratory, Bar Harbor, ME, USA) were used. Animals
were housed in a 22°C environmentwith a 12-h light/dark cycle
and given food and water ad libitum. NOD-SCID mice were
housed in a sterile environment with sterilized food and water.

Adipose tissue stromal vascular fraction isolation

Interscapular BAT (iBAT) was excised from 4-wk-old C57BL/6J
mice, minced, and digested with collagenase (Worthington Bio-
chemical Corporation, Lakewood, NJ, USA) in stromal vascular
fraction (SVF) isolation buffer (123mMNaCl, 5mMKCl, 1.3mM

CaCl2, 5 mM glucose, 100 mM HEPES, and 4% bovine serum
albumin) at 37°C. The digestions were filtered through 100-mm
filters and centrifuged at 800 g. Cell pellets were washed and
suspended in SVF culturemedium [DMEM containing 20% fetal
bovine serum (FBS) and 1% penicillin-streptomycin].

Cell culture and adipogenic differentiation

All cell cultures were maintained at 37°C with 5% CO2. Cells in
SVFs were expanded in SVF culture medium in collagen-coated
cell culture dishes and subcultured at ;60% confluence with
0.05% trypsin. SVFs were induced to brown adipogenic lineage
with induction medium [DMEM, 10% FBS, 0.5 mM iso-
butylmethylxanthine, 125 mM indomethacin, 2 mg/ml dexa-
methasone, 850 nM insulin, 1 nM triiodothyronine (T3), 0.5 mM
rosiglitazone, and 1% penicillin-streptomycin] for 2 d. To gen-
erate induced BAPCs with increased adipogenic potential,
BAPCs were incubated in the induction medium for only 1 d.
Todifferentiate BAPCs into brown adipocytes, BAPCswith a 2-d
inductionwere cultured in differentiationmedium(DMEM, 10%
FBS, 850 nM insulin, 1 nM T3, 0.5 mM rosiglitazone, and 1%
penicillin-streptomycin) for 7 d. To activate b-adrenergic sig-
naling, 10 mM isoproterenol (ISO; MilliporeSigma, Burlington,
MA,USA)was added tomature adipocyte cultures for 2 and 6 h.
3T3-L1 cells [American Type Culture Collection (ATCC), Man-
assas, VA, USA] were cultured following the protocol provided
by the ATCC and differentiated following the same adipogenic
differentiation protocol as described above for SVFs.

Lentivirus packaging and infection

To immortalize BAPCs, TERT was overexpressed in BAPCs by
lentivirus infection. Briefly, pLenti-hTERT (Applied Biological
Materials, Vancouver, BC, Canada) and pCMV-eGFP (System
Biosciences,PaloAlto,CA,USA)were transfected into293Tcellsby
polyethylenimine. After 48 h of transfection, 293T culturemedium
(DMEM containing 10% FBS and 1% penicillin-streptomycin) was
collected, filtered with 0.45-mm filters, and incubated with 10%
Speedy Lentivirus Concentrator (Applied Biological Materials) at
4°C followedby centrifugation at 4250 g for 30min at 4°C. Pelleted
lentivirus particles were resuspended in cell culture mediumwith
8 mg/ml polybrene (Santa Cruz Biotechnology, Dallas, TX, USA)
and incubated with cells for 12 h. After 36–48 h of infection, cells
expressinggenes of interestweredetected and selectedby2mg/ml
puromycin or a green fluorescent protein (GFP) signal.

Seahorse assay

Brown adipose SVFs or 3T3-L1 preadipocytes were plated and
differentiated on Seahorse XFe24 microplates (Agilent Technolo-
gies, Santa Clara, CA, USA) under the conditions previously de-
scribed. Before Seahorse assays, culturemediumwere changed to
Seahorse XF base medium supplemented with 2 mM glutamine,
1 mM sodium pyruvate, and 4.5 g/L glucose (Agilent Technolo-
gies). Cells were placed in a non-CO2 incubator 1 h prior to Sea-
horse assay. Oxygen consumption rates (OCRs) were measured
via the mitochondrial stress test assay with a Seahorse XFe24 ana-
lyzer following the manufacturer’s protocol (Agilent Technolo-
gies). To test the response of iBAPC-derived adipocytes to ISO,
Seahorsemediumwithorwithout ISO (final concentration10mM)
were injectedby theanalyzeraftermeasuring thebasal respiration.
Data were processed viaWave software (Agilent Technologies).

Transplantation procedure

All cells for transplantation were washed with PBS on plates,
scraped from plates, pelleted by centrifugation, resuspended in
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DMEM (4.5 g/L glucose) with or without recombinant VEGFA
(200 ng/ml; Thermo Fisher Scientific, Waltham, MA, USA), and
loaded into insulin syringes. NOD-SCIDmice (8–12wk old)were
used as recipients of transplantation and received ketoprofen
(1 mg/kg i.p.) before transplantation. Hair covering the trans-
plantation sites (flank regions and hind limbs) was clipped, and
the skin was exposed and sterilized. For transplantation into
subcutaneous white fat depots, a small incision was made on the
flank skin to expose the subcutaneous fat depot. For trans-
plantation into skeletal muscle, cells were injected either into
tibialis anterior (TA)muscle or at 10 sites of variousmuscles in the
upper and lower limbs. After transplantation, all mice received
rosiglitazone (10 mg/kg/d; i.p. injection) for 5 consecutive days.

Immunofluorescence imaging

For oil droplet staining, cellswere incubatedwithHCSLipidTOX
(Deep Red Neutral Lipid Stain; Thermo Fisher Scientific) and
Hoechst 33342 in culturemedium for 30min at 37°Cwith 5%CO2
followed by washing with PBS 3 times. For GFP fluorescence
imaging in whole-mount tissues, small pieces of iBAPC grafts
were excised, brieflywashed inPBS,mountedonglass slides, and
imaged under an Evos FL fluorescence microscope (Thermo
Fisher Scientific). For CD31 immunostaining, cryosections of
muscle with BAT grafts were incubated with anti-mouse CD31
antibody (12-0311-81; Thermo Fisher Scientific) at 4°C overnight.
Imageswere capturedunderanEvosFL fluorescencemicroscope.

H&E staining and immunohistochemistry staining

Tissueswith BATgraftswere excised frommice and fixed in 10%
formalin, dehydrated, and embedded in paraffin. For hematox-
ylin and eosin (H&E) staining, tissue slices (5 mm) were stained
withH&EY. For immunohistochemistry (IHC) staining, paraffin
sections were treated with antigen-unmasking buffer (10 mM
Tris, 1 mM EDTA, 0.05% Tween 20, pH 9.0) in 93°C for 15 min.
Sections were blocked with blocking solution (10% normal goat
serum and 1% bovine serum albumin) for 1 h at room tempera-
ture and incubated with primary antibodies overnight at 4°C.
Anti-UCP1 (ab10983; Abcam, Cambridge, United Kingdom),
anti–platelet-derivedgrowth factor receptora (PDGFRa) (sc-338;
Santa Cruz Biotechnology), and anti–Perilipin A (4854; Vala
Sciences, San Diego, CA, USA) antibodies were used following
the manufacturers’ suggested dilution ratios. The endogenous
peroxidase was quenched with 3% hydrogen peroxide. Sections
were then incubated with secondary antibody for 1 h at room
temperature. Slides were developed with diaminobenzidine
(Vector Laboratories, Burlingame, CA, USA) for 5 min, followed
by hematoxylin counterstaining for 1 min. Images are captured
using a Leica 4000B microscope equipped with a Leica DFC420
camera (Leica Microsystems, Wetzlar, Germany).

RNA isolation and quantitative RT-PCR analysis

Total RNA was isolated from tissue, grafts, or cell culture using
Trizol reagent (Thermo Fisher Scientific). Total RNA (500 ng)
was reverse-transcribed into cDNA (Thermo Fisher Scientific).
Diluted cDNA was used in quantitative RT-PCR (qRT-PCR)
reactions (SsoAdvanced Universal SYBR Green mix; Bio-Rad,
Hercules, CA, USA) on a Bio-Rad CFX384 Real-Time PCR De-
tection System. Ct values were determined, and expression val-
ueswere calculated byBio-RadCFXManager Software. Relative
expression values were normalized to inner reference genes
ribosomal protein S18 and TATA-box binding protein unless
statedotherwise. The sequences ofqRT-PCRprimersused in this
studyare freelyavailableonline (https://docs.google.com/spreadsheets/
d/13LV6Ar9wPP7hN6nKfWTg7yO22xKrFfNMc9jF5Dh5ZH4/
edit?usp=sharing).

Genomic DNA qPCR analysis

Genomic DNA was isolated by phenol:chloroform:isoamyl alco-
hol (25:24:1) (Thermo Fisher Scientific) extraction with RNase di-
gestion. Diluted genomic DNA was used in qPCR reactions on a
Bio-Rad CFX384 Real-Time PCR Detection System. Relative ex-
pression values were normalized to inner reference gene Glo-
bin. The sequences of genomic qPCR primers used in this study
are freely available online (https://docs.google.com/spreadsheets/d/
13LV6Ar9wPP7hN6nKfWTg7yO22xKrFfNMc9jF5Dh5ZH4/edit?
usp=sharing).

Indirect calorimetry

VO2 and VCO2 were measured using an indirect calorimetry sys-
tem (Oxymax; Columbus Instruments, Columbus, OH, USA) in-
stalled under a constant environmental temperature (22°C) and a
12-h light/dark cycle.Mice inmetabolic chambers had free access
to food andwater.VO2 andVCO2were normalized to the recorded
weekly bodyweight of eachmouse. Total EEwas estimatedusing
the equation EE = (kcal/min = 3.813VO2) + 1.2323VCO2.

Mouse swimming exercise

The endurance exercise was carried out as described by Boström
et al. (24). Briefly,mice swamina rampprotocol startingat 10min
and swimming twice per day, with a 10-min increase every day
until reaching 60 min 23/d. Mice were swimming in 32–38°C
warm water. The swimming procedure lasted for 7 d. To block
theb-adrenergic activation,b-adrenergic antagonist propranolol
(20 mg/kg) was injected intraperitoneally at 30 min before the
start of each bout of swimming exercise.

Western blot

Whole-cell and isolated mitochondrial lysates were prepared by
homogenization in RIPA buffer supplemented with proteinase
inhibitor cocktail (Thermo Fisher Scientific). Protein concentra-
tion was quantified by bicinchoninic acid assays. Protein lysates
were loaded on 10% SDS-PAGE gels and transferred to PVDF
membranes. The membranes were blocked with 5% nonfat milk
andTris-buffered salinewithTween20andprobedwithprimary
antibodies: anti–a-Tubulin (T6199; MilliporeSigma), anti-UCP1
(ab10983; Abcam), anti-PKA substrates (9624; Cell Signaling
Technology, Danvers, MA, USA), anti-p38 MAPK (8690; Cell
Signaling Technology), anti–phosphorylated p38 (p-p38) MAPK
(4511; Cell Signaling Technology), and anti–pyruvate de-
hydrogenase (3205; Cell Signaling Technology) at 4°C overnight.
After secondary antibody incubation, membranes were treated
with ECL reagents and exposed to X-ray films.

Statistical analysis

All values represent means 6 SEM with $3 biologic replicates.
Statistical significancewasdeterminedby2-tailedStudent’s t tests
for comparisons between 2 groups after normality tests or 1-way
ANOVAwith Bonferroni’s post hoc tests formultiple comparison.

RESULTS

Overexpressing TERT iBAPCs

This study aims to compare engraftment efficiencies of
variousBAPCtransplantation strategies.The comparisons
require a largenumberofBAPCs thathaveuniformbrown
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adipogenic potential. SVFs of iBAT (from 5-d postnatal
pups) were isolated as sources for BAPCs. However, the
majority of in vitro cultured BAPCs lost the brown adi-
pogenic differentiation potential after 5 passages (Fig. 1A,
C, D, primary passage 0 vs. passage 5), which limited the
use of primary BAPCs in a large-scale comparative trans-
plantation study. To address this issue, we generated

iBAPCs following a recently published protocol (24). We
isolated iBAT SVFs from C57BL/6 mice (4 wk old) and
infected primary SVF cells (passage 0) with TERT-
expressing lentivirus. Stable clones (.20 clones) were
isolated after puromycin resistance selection, limited di-
lution, and clonal expansion. Several clones had been
randomly selected and continuously cultured for .40

Figure 1. Overexpressing TERT iBAPCs. A) Adipocyte cultures derived from primary passage 0 (p0), subcultured passage 5 (p5),
and TERT-immortalized brown progenitor cells. Upper: LipidTOX (oil droplets) and DAPI staining. Lower: differential
interference contrast (DIC). B) The 3 clones of iBAPCs. Upper: iBAPC clones in expansion cultures. Lower: after adipogenic
differentiation. C) qRT-PCR of adipogenic differentiation markers in adipocytes derived from primary, subcultured, and iBAPCs.
D) qRT-PCR analysis of BAT lineage markers of the above adipocyte cultures. E) UCP1 IBs of the above adipocyte cultures. F)
Phosphorylated PKA substrates and p-p38 IBs of iBAPC-derived adipocytes treated with ISO. G) Seahorse assays showing OCRs of
differentiated 3T3-L1 adipocytes, primary brown adipocytes (p0), and iBAPC adipocytes. H) Calculated uncoupled respiration
rates in the above Seahorse assay. I) Seahorse assays showing OCRs of iBAPC adipocytes after acute treatment with 10 mM ISO or
medium control. J) Calculated uncoupled respiration rates in above Seahorse assay. FCCP, carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone; IB, immunoblotting; N.S., not significant. **P , 0.01.
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passages and retained the adipogenic potential (Fig.
1B). iBAPCs had similar adipogenic differentiation
potential compared with primary iBAT SVF cells (pas-
sage 0), as evidenced by: 1) the uniform morphology of
adipocytes after differentiation (Fig. 1B), 2) the presence
of LipidTox+pos oil droplets of 5–10mm in all adipocytes
(Fig. 1A; clone 1), and 3) the largely comparable ex-
pression levels of adipocyte markers [peroxisome
proliferator-activated receptor g2 (Pparg2), adiponectin
(Adipoq), fatty acid binding protein 4 (Fabp4), and fatty
acid synthase (Fasn); Fig. 1C].

Compared with primary brown adipocytes, the ad-
ipocytes differentiated from iBAPCs also expressed
comparable (or increased) levels of BAT markers [per-
oxisome proliferator-activated receptor g, coactivator
1a (Pgc1a), Ucp1, and cell death–inducing DNA frag-
mentation factor a-like effector A (Cidea); Fig. 1D] and
UCP1 protein (Fig. 1E). In response to b-adrenergic re-
ceptor activation, brown adipocytes have increased
activity of PKA, which phosphorylates many down-
stream targets, including p38 MAPK (2). iBAPC-
derived adipocytes treated with ISO (10 mM) for 2 and
6 h had overtly increased phosphorylation of PKA
substrates and p-p38 MAPK (Fig. 1F), indicating that
iBAPC-derived brown adipocytes can be activated via
the adrenergic receptor pathway. Seahorse assays were
performed to measure cellular respiration rates of ad-
ipocytes differentiated from 3T3-L1 preadipocytes,
primary iBAT SVF cells (passage 0), and iBAPCs. Com-
pared with 3T3-L1–derived adipocytes, primary brown
adipocytes and iBAPC-derived adipocytes had elevated
levels of basal and uncoupled respiration (Fig. 1G, H),
which is consistent with active thermogenesis in these
adipocytes. The adipocytes differentiated from 3T3-L1
preadipocytes also had a considerable amount of uncou-
pled respiration,which is consistentwith previous reports
(26, 27). iBAPC-derived adipocytes had comparable basal
and uncoupled respiration to primary brown adipocytes,
indicating that immortalization and extensive in vitro
culture had no adverse effect on the thermogenic capacity
of iBAPC-derived adipocytes (Fig. 1G, H). In addition,
iBAPC-derived adipocytes had elevated uncoupled res-
pirationuponacute ISOtreatment (Fig. 1I, J),which further
confirmed their response to b-adrenergic activation.

Induced iBAPCs developed into adipose tissue
in limbmuscles but not in subcutaneous space
or sWAT depots

The successful engraftment of brown fat depots andwhite
preadipocytes at subcutaneous locations has been report-
ed before (27). It has also been reported that the trans-
plantation of bone morphogenetic protein 7–treated stem
cells antigen-1+posmultilineageprogenitor cells developed
into BAT in limb skeletal muscle but not in subcutaneous
locations (28). We sought to compare the engraftment ef-
ficiency of iBAPCs transplanted at subcutaneous spaces,
subcutaneous white fat depots, and limbmuscles. To ease
the identification of engrafted cells, GFP+pos iBAPCs were
made by lentiviral transduction. To increase the adipo-
genic potential, iBAPCs were cultured to reach full

confluence for 24 h and further incubated with brown
adipogenic induction medium for another 24 h (hereafter
called induced iBAPCs).A total of 23106 induced iBAPCs
were injected into the subcutaneous space at the flank re-
gion, a subcutaneous inguinal white fat depot (sWAT), or
Tibialis anterior (TA) muscle in the lower hind limb of
immunodeficient NOD-SCID mice. At 1 wk after trans-
plantation [7 d posttransplantation (dpt)], grafts were
found at the local injection sites within the subcutaneous
space and sWAT depots, whereas intramuscular trans-
planted cells were found dispersed along longitudinal
axes of the transplanted TA muscles (Fig. 2A). Whole-
mounted skin, sWAT, and TAmuscles with iBAPC grafts
were checked under a fluorescence microscope for the
morphology of GFP+pos engrafted cells at 7 dpt (Fig. 2B).
Most GFP+pos engrafted cells in subcutaneous locations or
in sWAT depots retained preadipocyte-like irregular
morphology, whereas most GFP+pos cells engrafted in TA
muscles resembled adipocytes. The iBAPC grafts were
also examined by IHC for GFP, PDGFRa (a preadipocyte
marker), andPerilipinA (amature adipocytemarker). The
majority of engrafted cells in TA muscles were Peril-
ipin+pos and PDGFRa2, whereas most engrafted cells at
subcutaneous space and within sWAT were PDGFRa+pos

and Perilipin2neg (Fig. 2C), suggesting the poor differentia-
tion of iBAPCs at these places. In addition, iBAPC grafts
isolated from TA muscles had overtly higher expression
levels of adipocytemarkers (Pparg2,Adipoq,Fabp4, andFasn)
thangrafts isolated fromtheother2 locations (Fig. 2D). Thus,
TA muscle appeared as a superior transplantation site for
iBAPCs comparedwith the subcutaneous space and sWAT.

Induced iBAPCs had higher engraftment
potential than differentiated iBAPC-derived
brown adipocytes in limb skeletal muscles

Next, we compared the engraftment efficiencies of in-
duced iBAPCs vs. in vitro differentiated iBAPC-derived
mature brown adipocytes after transplantation into limb
muscles. A total of 2 3 106 induced iBAPCs or iBAPC-
derived mature brown adipocytes were injected into TA
muscles. At 7 dpt, induced iBAPC transplantation con-
sistently led to a large number of GFP+pos adipocyte-like
cells engrafted in TA muscles, whereas much fewer
GFP+pos cells could be found after mature brown adipo-
cyte transplantation (Fig. 3A). To quantify the numbers of
remaining GFP+pos grafted cells, genomic DNA was iso-
lated from iBAPC-transplanted TA muscles either right
after the transplantation (input) or at 7 dpt; qPCRs forGFP
coding sequence (specific to iBAPC graft genome) and the
b-globin gene (in genomes of both iBAPCs and host cells)
were performed to determine the percentages of remain-
ing iBAPC graft genome copy numbers. qPCR assays
revealed that 12.1% of transplanted induced iBAPCs sur-
vived at 7 dpt, whereas this rate dropped to 2.7% for ma-
ture brown adipocytes (Fig. 3B). Moreover, histologic
examinations indicated that the remaining cells from ma-
ture brown adipocyte transplantation had a mesenchyme-
like morphology, which was distinct from the adipose
grafts formedafter induced iBAPCtransplantation(Fig.3C).
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qRT-PCR further confirmed that the expression levels of
BAT markers [Ucp1, Cidea, and elongation of very long
chain fatty acids protein 3 (Elovl3)] were much lower in
TAmuscles transplantedwithmature brown adipocytes
than those engrafted with induced iBAPCs (Fig. 3D).
Therefore, induced iBAPCs had higher engraftment po-
tential than iBAPC-derived mature brown adipocytes
after transplanted into limb muscle.

Combining induced iBAPCs with VEGF during
transplantation improved brown adipocyte
characteristics of intramuscular grafts

VEGF plays a pivotal role in angiogenesis and has been
widely applied in tissue transplantation (29). Next, we
investigated whether VEGF can improve the engraftment
potential of iBAPCs. A total of 2 3 106 induced iBAPCs
were mixed with recombinant human VEGF (20 ng) or
vehicle (PBS) and separately transplanted into TA mus-
cles.At 7dpt, TAmuscles transplantedwith iBAPCsalong
withVEGFhadanelevatedmRNAlevel of endothelial cell
marker platelet and endothelial cell adhesion molecule 1
(Cd31) than the muscles that were transplanted only with

iBAPCs (Fig. 4A). H&E staining and CD31 immunofluo-
rescence staining of TA muscle cross-sections further ver-
ified the increase of blood vessels in TA muscles treated
withVEGF (Fig. 4B, C). qRT-PCR indicated thatVEGFdid
not affect the adipocyte markers (Pparg2, Adipoq, Fabp4,
and Fasn) in transplanted muscles (Fig. 4D). Intriguingly,
combining VEGF during transplantation resulted in
15–20-fold higher brown adipocyte markers (Ucp1, Cidea,
and Elovl3; Fig. 4E) and elevatedUCP1 protein expression
in iBAPC-derived adipose grafts (Fig. 4F). Thus, VEGF
appeared to improvebrownadipocyte characteristics after
intramuscular transplantation of induced iBAPCs. To
understand whether VEGF has a cell-autonomous effect
on iBAPCs,we treated invitro cultured iBAPCswithVEGF
(100 ng/ml) during brown adipogenic differentiation.
VEGF did not improve adipogenesis or increase the ex-
pression of BAT markers (Fig. 4G).

Intramuscular transplantation of induced
iBAPCs with VEGF augmented EE

Different iBAPC clones may have variable engraftment
potential and propensities to form BATwithin muscle. To

Figure 2. Induced iBAPCs developed into adipose tissues in limb muscles. A) Engraftments (arrows) developed within
subcutaneous space, sWAT, and TA muscle after iBAPC transplantation (7 dpt). B) GFP+pos engrafted cells at the above
transplantation sites. C) GFP, PDGFRa, and Perilipin IHC of iBAPC grafts. Dotted lines enclose engrafted cells. D) qRT-PCR of
adipogenic markers in iBAPC grafts (n = 3 per transplantation site). eGFP, enhanced GFP. **P , 0.01.
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investigate the clonal variation of iBAPC, we separately
transplanted 3 clones of iBAPCs (clones shown in Fig. 1B)
with VEGF into TA muscles. At 7 dpt, all 3 clones of the
iBAPCs consistently developed into adipose grafts in
muscle (Fig. 5A). To verify the BAT characteristics of
grafts, we compared Ucp1 mRNA levels in the iBAPC-
derived grafts with bona fide BAT, beige fat (sWAT after
3-d 4°C treatment), andwhite fat (sWAT, at 22°C), as well
aswith primary brown adipocytes (passage 0). To exclude
the contamination from attached muscle tissues in dis-
sected iBAPCgrafts, we normalizedUcp1mRNA levels to
adipocyte markers (Pparg2, Adipoq, Fabp4, and Fasn),
whichhavevery low levels inmuscle.Wefound thatgrafts
from 3 iBAPC clones had variableUcp1 levels, but 2 out of
3 clones had higher or similarUcp1 levels compared with
beige fat (Fig. 5B). Notably, although iBAPC grafts had
lowerUcp1 levels than iBATorprimarybrownadipocytes,
all of the examined grafts had higher Ucp1 levels than
white fat. In addition, UCP1 protein was also readily de-
tectable from mitochondria isolated from TA muscles
transplanted with iBAPCs (Fig. 5C). Thus, iBAPC trans-
plantation consistently led to UCP1+pos adipose grafts in
limb muscles.

Next, we investigatedwhether the ectopic engraftment
of brown adipocytes in muscle augments the whole-body
EETo increase the amount of BATgrafts inmuscle, 13 107

iBAPCsweremixedwithVEGF (100 ng) and transplanted
at 10 sites in both upper and lower hindlimb muscles,
including TA, gastrocnemius, and rectus femoris muscles,
on both sides of hindlimbs. At 7 dpt, adipose grafts can be
observed within all muscle groups (Fig. 5D). The total
amount of intramuscular iBAPC-derived adipose grafts
was estimated to be about 200 mg in this large-scale
transplantation.

We next performed indirect calorimetry for mice
that received large-scale iBAPC transplantation. The
mice were individually housed in metabolic chambers
and subjected to calorimetry measurements 1 wk before
(pretransplantation) and 1 wk after transplantation
(posttransplantation). In light cycles, the transplantation
of iBAPCs increased EE and VO2 and decreased the re-
spiratory exchange ratio (RER; Fig. 5E–G). In contrast,
the mock transplantation (VEGF in saline) did not alter
the above parameters (Fig. 5E–G). In dark cycles, the
transplantation of iBAPCs resulted in a better increase of
EE andVO2 but did not alter RER (Fig. 5E, F, H). For both

Figure 3. Induced iBAPCs had higher engraftment potential than iBAPC-derived mature adipocytes in limb skeletal muscles. A)
GFP+pos engrafted cells in TA muscles developed from induced iBAPCs and iBAPC-derived mature adipocytes. B) qPCR of
genomic DNA copy numbers from GFP+pos grafts remained in TA muscle at 0 (input) and 7 dpt (n = 3 per group per time point).
C) H&E staining of TA muscles transplanted with induced iBAPCs or iBAPC-derived mature adipocytes (7 dpt). Dotted lines
enclose engrafted cells. D) qRT-PCR of BAT markers in the above transplanted muscles (n = 3 per group). eGFP, enhanced GFP.
**P , 0.01.
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light and dark cycles, the transplantation of iBAPCs in
hind limb muscles did not affect the physical activity of
transplanted mice (Fig. 5G, H). Therefore, intramuscular
transplantation of iBAPCs augmented the whole-body
EE in recipient mice.

Exercise restored the brown adipocyte
characteristics of long-term iBAPC
grafts in skeletal muscle

Next, we investigated the long-term engraftment capa-
bility of iBAPCs in muscle. After 5 or 15 wk of iBAPC
transplantation, adipose grafts could still be consistently
observed within TA muscles (Fig. 6A; H&E). However,

those long-term adipose grafts (5 and 15 wk) adopted
morphologies of WAT and UCP1 IHC confirmed the re-
duction of UCP1 protein in the long-term grafts compared
with 1-wk grafts (Fig. 6A). qRT-PCR of transplanted TA
muscles further confirmed that long-term grafts (15 wk)
had reduced expression levels of Ucp1 and CideamRNAs
(declined to ;20% of 1-wk grafts; Fig. 6B). Interestingly,
long-term engraftment did not affect the expression of
Pgc1a or Elovl3 in iBAPC grafts (Fig. 6B), suggesting some
BAT characteristics remained in long-term grafts.

Laboratorymice raised in standard cage conditions are
sedentary (30). Exercise (particularly endurance exercise)
increases catecholamine levels in the circulation and
in skeletal muscles (31) and stimulates the release of
thermogenic myokine Irisin (32). Thus, we investigated

Figure 4. Combined induced iBAPCs with VEGF improved brown adipocyte characteristics of intramuscular adipose grafts. A)
qRT-PCR of Pecam1 in TA muscles with or without VEGF during iBAPC transplantation (n = 3 per group). B) H&E staining
showing increased blood vessels (arrows) in TA muscles with VEGF. C) CD31 immunofluorescence (IF) showing increased
CD31+pos cells in TA muscles with VEGF. D) qRT-PCR of adipogenic markers in the above TA muscle samples (n = 3 per group).
E) qRT-PCR of BAT markers (n = 3 per group). F) UCP1 IHC of adipose grafts in TA muscle with or without VEGF. G) qRT-PCR
assays of adipocyte markers and BAT markers in in vitro cultured iBAPC-derived brown adipocytes treated with or without VEGF
(n = 3 per group). N.S., not significant; Pecam1, platelet and endothelial cell adhesion molecule 1. **P , 0.01.
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whether endurance exercise may improve the long-term
maintenance of BAT characteristics in iBAPC-derived
grafts. After 15 wk of iBAPC transplantation, recipient
mice were randomly separated into a nonexercise control
group and a swimming exercise group; the latter were
subjected to a ramp swimming protocol as previously
described by Boström et al. (32). After 1 wk of swimming
exercise, exercised mice had increased fibronectin type III
domain-containing protein 5 (Fndc5) mRNA levels

(encoding the proteinprecursor of irisin; 1.4-fold increase)
and Pgc1a (1.3-fold increase) in engrafted TA muscles
compared with the control mice (Fig. 6C). Intriguingly,
swimming drastically increased Ucp1 mRNA level (5.3-
fold increase) in long-term grafts and normalized its ex-
pression to the level of 1-wkgrafts (comparewith Fig. 6B).
In addition, Pgc1a, Ucp1, Cidea, and Elovl3mRNAs were
also increased in sWATandBATafter swimming (Fig. 6D,
E). UCP1 IHC further confirmed the increase of UCP1

Figure 5. Intramuscular transplantation of iBAPCs augmented EE A) H&E staining of adipose grafts in TA muscles transplanted
with 3 iBAPC clones (7 dpt). B) Ucp1 qRT-PCR in iBAT, beige fat (sWAT after 3-d exposure to 4°C), white fat (sWAT at 22°C),
primary brown adipocytes, and adipose grafts from iBAPC clones (n = 3; 7 dpt). The Ucp1 mRNA levels were normalized to
adipogenic markers Pparg2, Adipoq, Fabp4, and Fasn. C) UCP1 IBs of mitochondria isolated from mock or iBAPC-transplanted TA
muscles (clone 1; 7 dpt). Pyruvate dehydrogenase (PDH) served as a loading control for mitochondrial proteins. D) Upper:
pictures showing adipose grafts (arrows) in TA, gastrocnemius, and rectus femoris. Lower: H&E staining of the above muscles. E)
EE values in dark and light cycles before transplantation (n = 4 per group). F) EE values in dark and light cycles after mock and
iBAPC transplantation (with VEGF; n = 4 per group). G) Indirect calorimetry data showing the light cycle values of E.E., VO2, RER,
and activity before and after mock or iBAPC transplantation (n = 4 per group). H) Indirect calorimetry showing the dark cycle
values of EE, VO2, RER, and activity before and after mock or iBAPC transplantation (n = 4 per group). IB, immunoblotting; N.S.,
not significant. *P , 0.05, **P , 0.01.
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expression in long-term grafts by swimming (Fig. 6F).
Thus, swimming exercise can reverse the decline of UCP1
in long-term iBAPC grafts in muscle. Next, we in-
vestigated whether the above effect is mediated by b-
adrenergic activationduring swimming. To this end,mice

with long-term engraftments were treated propranolol
(20 mg/kg; i.p. injection) or vehicle (saline) 30 min before
each round of swimming training. Propranolol repressed
Pgc1a, Ucp1, Cidea, and Elovl3 levels in iBAPC-derived
adipose grafts in swimming-exercised mice (Fig. 6G).

Figure 6. Swimming exercise restored the brown adipocyte characteristics of long-term iBAPC grafts in skeletal muscle. A) H&E
staining (upper) and UCP1 IHC (lower) of adipose grafts in TA muscles after 1, 5, and 15 wk of iBAPC transplantation. B) qRT-
PCR of BAT markers in adipose grafts at 1 and 15 wk (n = 3 per group). C) qRT-PCR of Fndc5 and BAT markers in engrafted
muscles after 1 wk swimming exercise (n = 3 per group). D) qRT-PCR of BAT markers in sWAT after 1 wk swimming exercise (n =
3 per group). E) qRT-PCR of BAT markers in iBAT after 1 wk swimming exercise (n = 3 per group). F) UCP1 IHC showing the
increase of UCP1 in iBAPC-derived adipose grafts after swimming exercise. G) qRT-PCR showing the reduction of BAT markers
in intramuscular iBAPC grafts after swimming exercise with propranolol treatment (n = 4 per group). N.S., not significant. *P ,
0.05, **P , 0.01.
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Thus, the effects of swimming exercise on iBAPC grafts
are, at least partially, mediated by b-adrenergic activation.

DISCUSSION

This study compared various transplantation strategies
and demonstrated that the transplantation of induced
iBAPCs with VEGF into multiple limb muscles consis-
tently resulted in the formation of UCP1+pos BAT in vivo
with long-term engraftment capability. Compared with
the subcutaneous cavity and sWAT depots, skeletal mus-
cle supported better brown adipogenic differentiation and
engraftment. Compared with mature brown adipocytes,
induced iBAPCs had better engraftment potential. The
intramuscular transplantation of iBAPCs augmented the
whole-body EE Although UCP1 expression declined in
long-term BAT grafts in muscle, exercise was able to re-
store UCP1 expression.

Following a recently published protocol (24), we suc-
cessfully established single-cell clones from immortalized
mouse BAPCs by overexpressing TERT. The immortali-
zation of BAPCs allows us to compare various trans-
plantation strategies using a large number of iBAPCswith
relatively uniform brown adipogenic differentiation po-
tential. Overexpressing TERT has been reported to suc-
cessfully immortalize multipotent neural cells and dental
pulp progenitor cells without tumorigenic potential (33,
34). In this study, iBAPC transplantation at various sites of
NOD-SCID immunocompromised mice did not result in
any tumor formation. Although clonal differences exist,
Ucp1 expression in iBAPC-derived adipose grafts are
generally comparable with beige fat, supporting the ther-
apeuticpotential of this transplantationapproach.Because
iBAPCs can be clonally selected, easily expanded, and ef-
ficiently differentiated into a large amount of UCP1+pos

brown adipocytes in vivo, perspective generation of im-
mortalized human BAPCs from individual patients may
be a feasible strategy to support brown adipocyte–based
transplantation therapies. To this end, more stringent
characterization of immortalized human BAPCs is war-
ranted in the future.

In this study, induced iBAPCswereparadoxicallymore
prone to engraft and give rise to BAT in skeletal muscle
than fully differentiated mature adipocytes. The exact
reason for this difference is unknown; however, we pos-
tulate that the high metabolism rate of mature brown ad-
ipocytes,when transplanted locally in large numbers,may
lead to quick exhaustion of nutrients and oxygen in the
local transplant site and end in massive cell death. The
qPCR quantification of genome copy numbers from grafts
supports this notion because only 2.7% of mature adipo-
cytes remained in transplanted TA muscles, whereas
12.1% of induced iBAPCs still remained under the same
condition. A recent study indicated that hyaluronic acid–
basedhydrogels facilitates thesurvival andengraftmentof
human WAT–derived multipotent stem cells in the sub-
cutaneous cavity (35). Future studies may further explore
innovative 3-dimensional (3D) matrix or transplantation
supplements that support the sustained release of nutri-
ents and oxygen in the transplant site before VEGF-

induced angiogenesis establishes sufficient perfusion in
the implants.

This study revealed that including VEGF in BAPC
transplantation enhances the formation of BAT inmuscle.
Intriguingly, VEGF did not affect the expression of adi-
pogenicmarkers but up-regulated the expression levels of
BAT markers in transplants. Notably, neither adipo-
genesis nor brown adipocyte markers were affected by
VEGF during the in vitro differentiation of iBAPCs in this
study. This observation is consistent with a previous re-
port that VEGF overexpression did not alter brown adi-
pogenic differentiation of SVFs (36). Given these
observations, the beneficial effect of VEGF in iBAPC
transplantation is likely a result of its proangiogenic ac-
tivity inmuscle, which echoes the above postulation that
increasing vasculature andnutrients and oxygen supplies
may improve the survival and engraftment efficiency of
iBAPCs. Interestingly, brown adipocytes are known to
release VEGF, which promotes the thermogenic capacity
and tissuemaintenance of BAT (37–39). Future studies on
VEGFdosages, treatmentduration, and themechanismof
action in iBAPC transplantation may shed light on the
optimization of this potential therapeutic strategy.

A readily accessible source of autologous BAPCs and
brown adipocytes from individual patients is a pre-
requisite for brown adipocyte–based transplantation
therapies. Several recent studies demonstrated that
BAPCs can be isolated and expanded from multiple
sources in human adults and generate brown adipocytes
with engraftment potential. First, adipose progenitors
isolated from microvessels in human subcutaneous adi-
pose tissues were shown to differentiate into UCP1+pos

brown-likeadipocyteswith theadenylate cyclaseactivator
forskolin (40). Transplantation of these cells with matrigel
in the subcutaneous cavity led to improved glucose tol-
erance inNOD-SCID IL2rgnullmice. Second, Silva et al. (41)
reported the successful isolation of human brown
adipose–derived stem cells from mediastinal adipose tis-
sue, which are capable of clonal expansion and multi-
lineage differentiation. These cells can differentiate into
functional brown adipocytes with the presence of
recombinant FNDC5 and, when cultured in 3D scaffolds,
can engraft in the subcutaneous cavity for 5 wk. Lee et al.
(42) showed that human orbital adipose–derived mesen-
chymal stromal cell differentiated into thermogenicbrown
adipocytes and elicited a series of benefits in energy, lipid,
and glucose metabolism after continuous administration
(every 2wk) in the abdominal cavityofdiet-inducedobese
mice. Besides adipose tissues, BAPCs have also been
shown to exist in human and mouse skeletal muscles
(28, 43). Also, brown adipocytes for autologous trans-
plantation can be derived from human induced pluripo-
tent cells (44–46). The transplants of these induced
pluripotent stemcell–derivedbrownadipocytes repressed
obesity and diabetes within 2–4 wk posttransplantation.
Notably, all of the above studies involved the trans-
plantation of differentiated mature brown adipocytes
without the use of VEGF and, inevitably, attained only
short-term engraftment. Thus, the transplantation strate-
gies implicated in the present study would be instructive
for future human BAPC-related transplantation.
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This study revealed that skeletal muscle is an excellent
transplantation site for BAPC transplantation and de novo
BAT formation in vivo. This is conceivably due to many
similarities between BAT and skeletal muscles. First, like
BAT, skeletal muscle tissue contains a plethora of blood
vessels. A high level of tissue perfusion is both critical for
providing ample energy fuel and oxygen in support of
thermogenesis and crucial for quickly dissipating heat via
the bloodstream so as to avoid heat stress in thermogenic
tissues. In this sense, skeletal muscle, as a thermogenic
tissue capable of shivering thermogenesis, is endowed
with this natural advantage to support thermogenesis in
BAT grafts. Second, like BAT, skeletal muscle is densely
innervated with sympathetic nerves, which releases nor-
epinephrine (47). Norepinephrine is important for acute
thermogenic activation of BAT via the b-adrenergic
receptor-cAMP-PKA signaling pathway (1). In addition,
continuous sympathetic inputs are also crucial for the
maintenance of thermogenic capacity in both BAT and
beige adipocytes (48–50). As the release of norepinephrine
in skeletal muscle increases during muscle contraction
(particularly during exercise), it is interesting to speculate
that physical activity not only activates thermogenesis
but also sustains thermogenic capacity in skeletal
muscle‑embedded BAT grafts. This speculation is in line
with our observations that 1) BAPC transplantation aug-
mented the whole-body EE more evidently during dark
cycles, 2) endurance exercisewas capable of reversing the
whitening of BAPC grafts in skeletal muscle, and 3) the
restoration of Ucp1 expression indeed depends on
b-adrenergic activation. In line with the findings in this
study, obesity-resistant 129S6/SvEvTacmicehaveectopic
UCP1+pos brownadipocytes interspersedbetweenmuscle
bundles, whereas obesity-prone C57BL/6 mice have few
such brown adipocytes in themuscle (51). In addition, the
induction of ectopic brown adipocytes (frommuscle stem
cell differentiation) in muscle also augmented EE and
protects the mice from diet-induced obesity (52). Thus,
compared with many other tissues and locations, skeletal
musclemay provide excellent support for the thermogenic
activity of BAT.

Of note, alternative interpretations exist for some ob-
servations in this study. For example, the increase of
whole-body EE in iBAPC-transplanted mice was relative
to themice that receivedmock transplantation or themice
themselves before the transplantation, wherein no adipo-
cyte was present in muscle. Many adipokines (e.g., leptin
and adiponectin) have pivotal functions in whole-body
energy homeostasis (53, 54).As such, the augmentedEE in
iBAPC-transplanted mice may not only be due to the
thermogenesis of iBAPC grafts in muscle but also attrib-
utable to the paracrine and endocrine functions of the
adipose grafts. In addition, although the swimming exer-
cise in this study was done in warm water, we cannot
exclude the possibility that the increase ofUcp1mRNA in
long-term iBAPC grafts was due to cold exposure during
swimming. Because both exercise and cold-exposure in-
crease catecholamine levels, the effects of b-blocker pro-
pranolol did not favor either exercise or cold exposure as
the cause of reversal of whitening in long-term iBAPC
grafts. However, our data indeed indicated that iBAPC-

derived adipose grafts inmuscle, like BAT and beige fat in
healthy people, can be activated in response to b-adren-
ergic activation,which further supports thepotential of this
transplantation strategy in future therapeutic applications.

It is also noteworthy that ectopic adipose tissue in-
filtration in muscle is commonly associated with disease
conditions of skeletal muscles (e.g., sarcopenia and mus-
cular dystrophy) (55). Although the presence of intra-
muscular adipose engraftments did not alter the physical
activity in this study, additional investigations are war-
ranted to thoroughly examine the short-term and long-
term impacts of intramuscular adipose grafts on muscle
strength, performance, and metabolism.

The findings in this study also suggest a new way to
bioengineer functional human BAT tissue in vivo. For ex-
ample, future studiesmayexplore the cotransplantationof
human BAPCs with human vascular progenitor cells into
skeletal muscles of immunodeficient large animal models
(e.g., SCID pigs) (56). With the aid of 3D matrix and scaf-
fold biomaterials, such a strategy may provide sufficient
human BAT implants for therapeutic applications in
morbid obesity and patients with severe diabetes.
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