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Background: Lecithin:cholesterol acyltransferase-deficient (LCAT-D)/LDL receptor-null mice spontaneously develop
ectopic brown adipose tissue (ectBAT) in skeletal muscle.
Results: ectBAT, of classical lineage, develops in utero and from adult satellite cells (SC), regulated by LCAT-D and reduced
cellular cholesterol.
Conclusion: LCAT-D synergizes with low cellular cholesterol to promote SC-to-ectBAT differentiation.
Significance: We present a novel lipid-based mechanism to recruit functional BAT.

Our laboratory previously reported that lecithin:choles-
terol acyltransferase (LCAT) and LDL receptor double
knock-out mice (Ldlr�/�xLcat�/� or DKO) spontaneously
develop functioning ectopic brown adipose tissue (BAT) in
skeletal muscle, putatively contributing to protection from
the diet-induced obesity phenotype. Here we further investi-
gated their developmental origin and the mechanistic role of
LCAT deficiency. Gene profiling of skeletal muscle in DKO
newborns and adults revealed a classical lineage. Primary
quiescent satellite cells (SC) from chow-fed DKO mice, not in
Ldlr�/�xLcat�/� single-knock-out (SKO) or C57BL/6 wild
type, were found to (i) express exclusively classical BAT-se-
lective genes, (ii) be primed to express key functional BAT
genes, and (iii) exhibit markedly increased ex vivo adipogenic
differentiation into brown adipocytes. This gene priming
effect was abrogated upon feeding the mice a 2% high choles-
terol diet in association with accumulation of excess intracel-
lular cholesterol. Ex vivo cholesterol loading of chow-fed
DKO SC recapitulated the effect, indicating that cellular cho-
lesterol is a key regulator of SC-to-BAT differentiation. Com-
paring adipogenicity of Ldlr�/�xLcat�/� (LCAT-KO) SC with
DKO SC identified a role for LCAT deficiency in priming SC
to express BAT genes. Additionally, we found that reduced
cellular cholesterol is important for adipogenic differentia-
tion, evidenced by increased induction of adipogenesis in
cholesterol-depleted SC from both LCAT-KO and SKO
mice. Taken together, we conclude that ectopic BAT in DKO
mice is classical in origin, and its development begins in
utero. We further showed complementary roles of LCAT defi-

ciency and cellular cholesterol reduction in the SC-to-BAT
adipogenesis.

Brown adipose tissue (BAT)2 is a thermogenically active fat
tissue found most abundantly in newborn mammals. The
expression of PRDM16, a transcription factor originally identi-
fied as a bidirectional switch involved in cell fate determination
of myf5� myoblasts (1), has recently been found to be sufficient
to induce both (i) classical BAT differentiation and (ii) beiging
of the white fat (2, 3) from their respective preadipocytes, dis-
tinguished by distinct panels of molecular signatures (4).
Recently, the identification of functional BAT in adult humans
(5–7) has sparked intense interest in research regarding either
expansion of the existing BAT or the stimulation and increased
differentiation of BAT as a method to combat obesity and
related cardiometabolic complications, including type 2 diabe-
tes and other risk factors for metabolic syndrome. Functional
BAT in adult humans has been characterized as predominantly,
but not exclusively, beige fat, which has led to more intense
focus in strategies to activate this lineage to harvest functional
BAT (8 –10). To date, although many hormonal and non-hor-
monal factors have been identified and explored, finding a safe
and effective means of recruiting functional BAT continues to
be elusive, and alternate strategies warrant exploration (8).
Recently, Yin et al. (11) reported success in differentiating adult
skeletal muscle satellite cells into functioning brown adipocytes
in vivo by combining injury-like activation and inhibition of
miR133 to induce PRDM16 expressions. These observations
have opened up opportunities to target adult SC as a potential
source of functional BAT.

Recently, our laboratory has reported spontaneous expres-
sion of UCP1 in skeletal muscle of LCAT-deficient mice with
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the phenotype being dramatically accentuated in the back-
ground of LDL receptor knock-out. We detected ectopic BAT
islands located in the interfiber regions of the skeletal muscle of
adult Ldlr�/�xLcat�/� (DKO) mice (12) in association with a
metabolically protected phenotype showing resistance to diet-
induced obesity and glucose intolerance as well as increased
energy expenditure, the latter finding being based on indirect
calorimetry, when compared with their Ldlr�/�xLcat�/�

(SKO) controls (12, 13). LCAT is the enzyme that hydrolyzes
phosphatidylcholine at the sn-2 position and transfers the fatty
acid to convert free cholesterol into esterified cholesterol in
circulating lipoproteins. The complete absence of LCAT, a rare
genetic syndrome described in humans, has widespread effects
on both circulating and tissue lipid metabolisms, in part
accounting for the deleterious clinical phenotypes (14, 15).
LCAT-deficient mice develop selective alterations in tissue lip-
ids, including lowered cholesterol and lipid composition in the
adrenals and the liver (12, 16, 17). Some of these changes are
linked to protective phenotypes because our laboratory has
shown recently that DKO mice protected from hepatic ER cho-
lesterol accumulation are also protected from hepatic ER stress
and insulin resistance (13).

In this study, we look to examine the ectopic BAT found in
our DKO model to identify its ontogenic pathway and charac-
terize what changes to the lipid milieu are contributing to the
unique phenotype. Given the presence of ectopic BAT islands
in and among skeletal muscle fibers (12) and the recent identi-
fication of adult muscle SC as putative BAT progenitors (11),
we hypothesize that the BAT islands found in DKO skeletal
muscle are of classical lineage and may, at least in part, derive
from adult muscle SC. Also, we hypothesize that this process
may be regulated by alterations in SC cholesterol metabolism,
modulated by LCAT deficiency. We use both in vivo and ex vivo
approaches to characterize cultured SC in their quiescent state
and after adipogenic differentiation as well as modulating cho-
lesterol content by high cholesterol diet and alternatively by ex
vivo direct modulation via modified cyclodextrin complexes. In
total, we provide intriguing evidence for novel, independent
roles of LCAT deficiency and SC cholesterol in regulating the
SC-to-BAT differentiation process, presenting a promising
therapeutic target for treatment of metabolic diseases.

Experimental Procedures

Antibodies and Reagents—Rabbit anti-UCP1 (Calbiochem)
(1:200 dilution) was as validated and described previously (12).
Mouse anti-PAX7 (Santa Cruz Biotechnology, Inc.) (1:50 dilu-
tion) was as validated and described previously (18). Additional
antibodies in this study: rabbit anti-ABCA1 (Novus Biochemi-
cals) (1:200 dilution) (19); chicken anti-laminin (Abcam) (1:200
dilution); Alexa Fluor-coupled goat anti-mouse IgG (Life Tech-
nologies, Inc.) (1:2000 dilution); biotinylated goat anti-rabbit
IgG (Vector Laboratories) (1:1000 dilution); Alexa Fluor 350-
coupled goat anti-chicken IgG (Life Technologies, Inc.) (1:2000
dilution); and methyl-�-cyclodextrin (MCD), cholesterol, and
hydroxypropyl-�-cyclodextrin (HPCD) from Sigma. Texas Red
fluorophore and Vectamount mounting medium were pur-
chased from Vector Laboratories.

Animals—Ldlr�/�xLcat�/� (DKO), Ldlr�/�xLcat�/� (SKO),
and Lcat�/� (LCAT-KO) mice in C57Bl/6 background were
generated as described previously (13, 17). C57BL/6 wild
type (WT) mice were used as controls. Only age-matched
female animals were used in all experiments to minimize
previously reported gender-dependent effects (13). Animals
were bred and monitored at the Li Ka Shing Knowledge
Institute Research Vivarium, and all experimental proce-
dures used were according to protocols approved by the Ani-
mal Care Committee.

Tissue and Primary Satellite Cell Isolation—For character-
ization of adult skeletal muscle gene and protein expression,
mice were fasted overnight for 12 h and then sacrificed via cer-
vical dislocation. The quadriceps was isolated and cleaned of fat
and surrounding connective tissue before being flash-frozen in
TRIzol reagent or fixed in 4% paraformaldehyde in PBS. For
characterization of newborn skeletal muscle, newborns were
sacrificed at �24 h old, the limbs were dissected, and skin and
bone were removed prior to freezing in TRIzol reagent. Satellite
cells were isolated via published protocols using the same re-
agents (20). Briefly, mice were fasted overnight for 12 h and
then sacrificed via cervical dislocation. The quadriceps, gastroc-
nemius, and the biceps femoris muscles were removed and
placed in warm DMEM with 1% penicillin-streptomycin
(DMEM�). The tissue was washed and transferred to fresh
medium, and connective tissue was manually removed with
fine forceps, followed by 1 h of Pronase digestion in fresh
DMEM�. Tissue was transferred to new DMEM� with 10%
horse serum added and underwent three successive rounds of
manual trituration using a 10-ml serological pipette, a wide
bore borosilicate Pasteur pipette, and a narrow bore Pasteur
pipette. After the first trituration, the supernatant was collected
after being passed through a 45-�m cell strainer. Fresh medium
was added to cells. After the third trituration, medium and cells
were strained, collected, and pelleted by centrifugation (10 min
at 1000 � g). Cells were resuspended in growth medium
(DMEM�, 30% fetal bovine serum, 10% horse serum, 1%
chicken embryo extract) and counted via a hemocytometer
before either being plated for culturing or immunofluorescence
or flash-frozen for isolation of RNA or lipids.

RNA Isolation and Quantification—Prior to RNA isolation,
cells in growth medium were centrifuged as before (10 min at
1000 � g) and washed with phosphate-buffered saline twice
before being flash-frozen in TRIzol reagent. RNA isolation was
performed with a modified version of the RNeasy minikit pro-
tocol (Qiagen). Briefly, 250 �l of chloroform was added to
thawed, sonicated cells and incubated for 10 min at room tem-
perature. This mixture was then separated by centrifugation
(15 min at 12,000 � g and 4 °C). The organic phase was added to
equal volumes of 70% ethanol and transferred to RNeasy col-
umns for wash steps and elution according to the kit protocols.
First-strand cDNA synthesis and quantitative PCR analysis
were performed as described previously (13). Expression of
mRNA was quantified using the ��CT method (21) with
Gapdh as the housekeeping gene for all measurements. Primer
pairs were as follows: Abca1, 5�-ccggcaaggccgcaccatta-3� (for-
ward) and 5�-gcccacacaacacagcttccca-3� (reverse); Ebf3, 5�-cga-
aaggaccgcttttgtgg-3� (forward) and 5�-agtgaatgccgttgttggttt-3�
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(reverse); Gapdh, 5�-acccagaagactgtggatgg-3� (forward) and 5�-
ggatgcagggatgatgttct-3� (reverse); Hmgr, 5�-tctggcagtcagtggga-
actatt-3� (forward) and 5�-cctcgtccttcgatccaattt-3� (reverse);
Hspb7, 5�-gagcatgttttcagacgactttg-3� (forward) and 5�-ccgagg-
gtcttgatgtttcctt-3� (reverse); Klhl13, 5�-agaattggttgctgcaatac-
tcc-3� (forward) and 5�- aaggcacagtttcaagtgctg-3� (reverse);
Mpzl2, 5�-ataaagccgaggggacaaaa-3� (forward) and 5�-gatttcaa-
ggggtgctgatg-3� (reverse); Ppar�, 5�-gatggaagaccactcgcatt-3�
(forward) and 5�- aaccattgggtcagctcttg-3� (reverse); Prdm16,
5�-cagcacggtgaagccattc-3� (forward) and 5�-gcgtgcatccgctt-
gtg-3� (reverse); Sqs, 5�-taagcctgctgcgtatgttg-3� (forward) and
5�-cccagtaatccagcaaggaa-3� (reverse); Tmem26, 5�-agacagaacg-
gcatagcaca-3� (forward) and 5�- cgtagtccagccagtcaaaag-3�
(reverse); Ucp1, 5�-actgccacacctccagtcatt-3� (forward) and 5�-
ggttaggactcactccgtttc-3� (reverse).

Adipogenic and Myogenic Culturing of Primary Satellite
Cells—Isolated satellite cells were plated on Matrigel (Corning
Life Sciences)-coated coverslips and subjected to a culturing
protocol to induce adipogenesis (or myogenesis as a control) to
assess the inducibility of these cells to form brown adipocytes
according to published methods (1). Briefly, cells were main-
tained in growth medium (see above) for 48 h postplating, and
then switched to either early adipogenic medium (DMEM�,
20% fetal bovine serum, 850 nM insulin, 1 nM T3, 1 �M rosigli-
tazone, 1 �M isobutylmethylxanthine) or myogenic medium
(DMEM�, 20% fetal bovine serum). For adipogenesis, after 48 h
in early adipogenic medium, cells were switched to late adipo-
genic medium (DMEM�, 20% fetal bovine serum, 850 nM insu-
lin). These cells were then allowed to grow at 37 °C for 8 days
before being fixed for assessment of neutral lipids by ORO
staining and UCP1 protein by immunofluorescence.

Lipid Extraction and Cholesterol Quantification—Lipids
were extracted from satellite cells (both differentiated and
undifferentiated) using a modified Folch extraction protocol as
performed previously in liver tissue (13). Total cholesterol was
measured using a commercially available colorimetric assay
(Beckman Coulter) with previously calibrated serum choles-
terol as a standard for a serially diluted standard curve. Free
cholesterol was measured using a colorimetric commercial
assay (Wako Diagnostics) with kit standards used to create a
serially diluted standard curve. Both assays were performed
according to the manufacturer’s protocols.

Cell Staining; Oil Red O and Immunofluorescence—Cultured
satellite cells were fixed and stained for ORO to test for the
presence of neutral lipids as a measure of adipogenesis. Cells
were fixed in 3% neutral buffered formalin (45 min), washed
with distilled H2O, and placed in 60% isopropyl alcohol for 10
min. A stock solution (0.5 g of ORO in 100 ml of isopropyl
alcohol), diluted 3:2 in distilled H2O, was applied to cells at
room temperature for 15 min. Cells were counterstained with
hematoxylin and mounted on slides with glycerol. Slides were
bright field-imaged with an Eclipse e800 microscope and
DS-Fi1c camera. Image processing was done with NIS-Ele-
ments software. Immunofluorescence was performed on post-
differentiation cells to qualitatively assess the presence of UCP1
protein. Cells were fixed in a 1:1 mixture of DMEM� and 4%
paraformaldehyde in PBS and washed three times in TBS, fol-
lowed by a 10-min incubation with TBS � 0.05% Triton X-100.

Cells were blocked in TBS � 1% normal goat serum (1 h). Pri-
mary (rabbit anti-UCP1) and secondary antibodies (biotiny-
lated goat anti-rabbit) were applied (75 min each) and washed.
Texas Red was then applied for 20 min (6 �l in 375 ml of TBS),
followed by 10 min of DAPI (1:1000) stain for all samples. All
incubations were at room temperature, and cells were washed
three times in TBS � 0.5% Tween 20 after each incubation.
Slides were mounted in Vectamount medium (Vector Labora-
tories) and imaged using an Olympus BX50 microscope, DP72
camera, and U-RFL-T fluorescence unit, with Cell Sens soft-
ware. For counting, five low magnification fields (�100 total
magnification) were systematically imaged at the four corners
and center of each slide. FIJI image processing software was
then used to tag and count ORO� cells or UCP1� cells and
nuclei in each image.

Skeletal muscle from chow-fed DKO mice was fixed and
paraffin-embedded by a TP1020 Benchtop Tissue Processor
from Leica Biosystems, sectioned into 7-�m sheets with a
Leica RM2265 microtome and cured onto Superfrost Plus
slides (Fisher). Sections were deparaffinized prior to anti-
body staining. The procedure for staining of sections was
similar to UCP1 immunofluorescent staining (see above) but
was preceded by incubation with mouse anti-PAX7 (over-
night, 4 °C), Alexa Fluor 488-coupled goat anti-mouse IgG
(75 min, room temperature), 1 h of blocking, chicken anti-
laminin (75 min, room temperature), and Alexa Fluor 350-
coupled goat anti-chicken IgG (75 min, room temperature).

Cellular Respiration Assay—Cells were detached from cul-
ture medium using a 30-min dispase (Corning Life Sciences)
treatment at 37 ºC and transferred into new medium in a
96-well plate at �106 cells/ml (150 �l/well). The MitoXpress
Xtra oxygen consumption assay (HS method, Luxcell Biosci-
ences) was used to assess cellular respiration by indirect mea-
surement of an oxygen-quenched fluorophore over a 90-min
period, as per the manufacturer’s protocols. Briefly, 10 �l of
fluorophore reagent was added to each well, and �100 �l of
mineral oil was overlaid on top of the medium to prevent any
external oxygen mixing. Time-resolved fluorescence was mea-
sured once per minute using a Biotek Synergy Neo reader,
which had been validated for use with the kit by the manufac-
turer and using the recommended settings. Analysis was per-
formed by measuring the rate of oxygen consumption in the
linear portion of the assay by linear regression to calculate the
slope of the line of best fit.

Subexperiment 1; Undifferentiated SC Characterization—
This subexperiment was designed to characterize primary sat-
ellite cells in their quiescent state from the four mouse strains to
assess their BAT inducibility. Satellite cells were isolated from
skeletal muscle of 12–15-week-old mice and either plated over-
night on Matrigel-coated coverslips for immediate immunoflu-
orescent staining the following day or flash-frozen immedi-
ately in PBS for lipid analysis or TRIzol reagent for RNA
quantification.

Subexperiment 2; High Cholesterol Diet Feeding—Study mice
were fed either chow (Harlan Teklad 2918) or a 2% high choles-
terol diet (HCD; Harlan Teklad 0391) for 10 weeks beginning at
�12 weeks old as described previously (13). After 10 weeks of
feeding, mice were sacrificed by cervical dislocation. Skeletal
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muscle tissue samples were then harvested and either fixed for
immunohistological staining or frozen for gene expression
analysis. Satellite cells were isolated for analysis of quiescent or
postdifferentiated gene and protein expression, adipogenicity
by culturing, and lipid quantification.

Subexperiment 3; Ex Vivo Cholesterol Loading of Primary
Satellite Cells—To determine whether the effect of high choles-
terol diet feeding on satellite cell brown fat gene expression and
adipogenicity can be recapitulated in cultured SC, independent
of the in vivo SC niche, we used an MCD complex coupled to
cholesterol to exogenously elevate the intracellular cholesterol
of these cells ex vivo during the course of the adipogenic pro-
gram. Primary SC isolated from chow-fed DKO mice were
treated with 5% MCD � 40 �g/�l cholesterol, as described
previously (13), or 5% MCD alone as a control (both via a 20-�l
dose in 2 ml of medium) at the first addition of early adipogenic
medium. Dosing was repeated every 48 h as medium was
refreshed. After 10 days in adipogenic medium, cells were
either subjected to ORO staining for neutral lipids, subjected to
immunofluorescent staining for UCP1 protein expression, or
scraped and flash-frozen immediately in PBS for lipid analysis
or TRIzol reagent for RNA quantification.

Subexperiment 4; Ex Vivo Cholesterol Depletion of Primary
Satellite Cells—To assess the direct effect of reduced cellular
cholesterol on adipogenic potential of SC independent of the
DKO in vivo SC niche, we used an ex vivo cholesterol depletion
approach via HPCD to lower the cellular cholesterol content in
satellite cells isolated from chow-fed SKO and LCAT-KO mice.
Cells were treated with 20 �g/�l HPCD (with a 20-�l dose in 2
ml of medium) or with vehicle control every 48 h over the
course of the 10-day adipogenic culturing protocol. Cells were
then scraped and flash-frozen for quantitative PCR or lipid
analysis or fixed for ORO and immunofluorescent staining as
mentioned above.

Subexperiment 5; Characterization of Undifferentiated
LCAT-KO SC and Their Inducibility to BAT by Cholesterol
Depletion—To identify the specific role of LCAT deletion in the
priming and inducibility of SC to convert to functional BAT, we
examined both undifferentiated and differentiated SC from
chow-fed LCAT-KO mice. We measured total and free choles-
terol and mRNA of key BAT and lipid genes (Ucp1, Prdm16,
and Ppar�) in undifferentiated quiescent LCAT-KO SC as well
as their inducibility to BAT by exposure to the 10-day adipo-
genic culturing. Furthermore, we then subjected LCAT SC to
cholesterol depletion by HPCD treatment, as noted above for
SKO SC.

Statistical Analysis—All data presented are means 	 S.E.
Statistical analysis was completed using GraphPad Prism
version 6.0 (GraphPad Software, La Jolla, CA). The Mann-
Whitney non-parametric test was used for comparison of
skeletal muscle BAT gene expression. Unpaired Student’s t
test was used for all other comparisons between two treat-
ments only and comparisons where only significance within
a genotype or time point was desired. One-way ANOVA with
Bonferroni post hoc test was done for comparisons of mul-
tiple samples. Two-way ANOVA with Tukey post hoc test
was done for comparisons of tissue BAT gene expression

among multiple genotypes. For all tests, p � 0.05 was con-
sidered statistically significant.

Results

Ectopic Brown Fat in Ldlr�/�xLcat�/� DKO Mice Is Classical in
Origin

DKO Skeletal Muscle Exclusively Expresses Classical BAT-
selective Genes in Neonates and Adults—To explore the devel-
opmental origin of the ectopic BAT in skeletal muscle of DKO
mice, we measured the expression levels of established gene
signatures for classical BAT- and beige-selective genes (4).
Adult DKO skeletal muscle showed very low expression of the
beige fat marker Tmem26 but significant mRNA expression of
the classical BAT marker Mpzl2 (Fig. 1a, 8.1-fold, p 
 0.03).
Because classical BAT adipogenesis begins in utero, we tested
the presence of BAT genes in hind limb skeletal muscle of new-
born mice. Skeletal muscle isolated from newborn DKO mice
also showed a marked 10-fold increase in Ucp1 mRNA expres-
sion relative to that of WT newborns, which was nearly unde-
tectable (Fig. 1b, p 
 0.001), a finding similar to those in the
adult mice (12). Additionally, we examined a panel of genes
previously identified (4) as selective for either classically
derived BAT (Mpzl2, Ebf3, and Hspb7) or beige fat (Tmem26
and Klhl13). Beige fat markers were nearly undetectable in neo-
natal (Fig. 1c) and adult skeletal muscle (Fig. 1d) from both WT
and DKO mice. Classical BAT markers were undetectable in
WT mice, as expected. Two of the three classical BAT-selective
genes, namely Mpzl2 (p � 0.006) and Hspb7 (p � 0.03) were
markedly up-regulated in DKO newborn muscle, whereas the
third gene Ebf3 showed a trend (Fig. 1b).

Adult DKO Mouse Primary Satellite Cells Exclusively Express
Classical BAT-selective Genes—Considering that the lineage of
Pax7� satellite cells overlaps with that of myf5� myoblasts (22),
we also investigated the involvement of satellite cells in the
adipogenesis of ectopic BAT. Over 99% of isolated SC from all
three genotypes were identified as PAX7� by immunohistolog-
ical staining, indicating that our isolation procedure yields a
highly pure population of quiescent satellite cells (data not
shown). Satellite cells isolated from adult chow-fed WT and
DKO mice (Fig. 1d) each showed Mpzl2 expression over 1000-
fold greater than that of Tmem26 and Klhl13, which were
barely detectable by quantitative PCR in both genotypes. In
these same groups, DKO SC also exhibited �100-fold greater
expression of Ebf3 and Hspb7 compared with the beige fat
markers. All three BAT markers were significantly higher in
quiescent SC from DKO relative to WT (Fig. 1d, p � 0.05).
Altogether, our data indicate that Mpzl2 is expressed constitu-
tively in quiescent satellite cells with a modest further increase
in DKO mice, independent of brown fat development. On the
other hand, the induction of Ebf3 and Hspb7 expressions in
the DKO are more specific because their levels of expression
were extremely low in WT mice. Finally, immunohistochemical
staining of adult skeletal muscle sections show co-localization
of PAX7 and UCP1 in the sublaminar spaces (Fig. 1e, arrows), a
location where quiescent SC reside, raising the possibility that
quiescent PAX7-marked SC in DKO mice also co-express
UCP1.
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Quiescent Satellite Cells from DKO Mice Are Primed to Express
BAT Genes and Are BAT-inducible ex Vivo

BAT Genes Are Induced in Quiescent DKO Satellite Cells—
Undifferentiated, quiescent satellite cells isolated from hind
limb skeletal muscle of chow-fed adult DKO mice expressed
significantly higher mRNA levels of Prdm16 (Fig. 2c, CHOW)
relative to WT (5.6-fold, p � 0.05) and SKO (8.5-fold, p � 0.05)

mice, both of which expressed Prdm16 at very low levels. Sim-
ilarly, DKO mice also expressed higher Ucp1 mRNA (Fig. 2d,
CHOW) than WT (3.1-fold, p � 0.05) and SKO mice (7.4-fold,
p � 0.05). These findings correlate well with immunofluores-
cent staining evidence of UCP1 protein being abundantly pres-
ent in SC isolated from chow-fed DKO mice but not in WT or
SKO mice (Fig. 3, top row). Intriguingly, undifferentiated SC

FIGURE 1. a– d, mRNA expressions of BAT genes in hind limb skeletal muscle (adult and newborn mice) and primary satellite cells (adult mice). Data are mean 	
S.E. (error bars). a, expression of Mpzl2 versus Tmem26 in skeletal muscle from adult female DKO mice, each normalized to Gapdh (n 
 5), p 
 0.03; b, expression
of Ucp1 in hind limb skeletal muscles from newborn (�2 days postpartum) female DKO versus WT mice (n 
 4 in each group), p 
 0.001 by unpaired Student’s
t test; c and d, expression of BAT-selective (Mpzl2, Ebf3, and Hspb7) and beige-selective (Tmem26 and Klhl13) genes in skeletal muscle of newborn (c) and primary
satellite cells from adult (d) DKO versus WT mice. p values were obtained by unpaired Student’s t test of WT versus DKO expressions (n 
 4). N.D., not detectable.
e, representative images of triple immunofluorescent staining of primary satellite cells from DKO mice against laminin (blue), PAX7 (green), and UCP1 (red)
illustrating co-localization (yellow) of UCP1 and PAX7 cells (white arrows) in sublaminar space. Both panels are from the same image at �400 magnification. N.S.,
not statistically significant.
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from chow-fed DKO mice expressed significantly higher
Ppar� mRNA (Fig. 2e, CHOW) than chow-fed WT (1.9-fold,
p � 0.05) and SKO mice (2.6-fold, p � 0.05), albeit only
moderately, indicating a possible predisposition toward adi-
pocyte differentiation.

Expression of BAT Genes in DKO Mouse Whole Muscle and
Undifferentiated Satellite Cells Is Suppressible by Dietary
Cholesterol—To test the hypothesis that cellular cholesterol
metabolism contributes to the observed selective high
expression of Prdm16 and Ucp1 in DKO skeletal muscle (11),
we fed all three mouse strains an HCD for 10 days. This HCD
treatment significantly reduced expression of Prdm16 (3.2-
fold reduction, p 
 0.03; Fig. 2a) and Ucp1 (�400-fold
reduction, p 
 0.002; Fig. 2b) in whole skeletal muscle in

DKO mice compared with chow-fed controls. Similarly,
DKO satellite cells with increased cellular cholesterol from
diet feeding showed a nearly complete suppression of
Prdm16 (29.0-fold lower, p � 0.05; Fig. 2c), Ucp1 (5.8-fold
lower, p � 0.05; Fig. 2d), and Ppar� (3.5-fold lower, p � 0.05;
Fig. 2e) mRNA relative to chow-fed DKO SC, reducing them
to levels seen in SC from chow- or HCD-fed, WT or SKO
mice, none of which displayed a significant amount of any
BAT genes. Meanwhile, no lowering of Prdm16, Ucp1, or
Ppar� in response to HCD feeding was observed in either
WT or SKO SC relative to chow-fed controls. Additionally,
the observable UCP1 protein expression in immunofluores-
cence-stained chow-fed DKO satellite cells was markedly
reduced after HCD feeding (Fig. 3, bottom row).

FIGURE 2. a and b, mRNA expressions of Prdm16 and Ucp1 in skeletal muscle from adult DKO mice, comparing HCD (open bars) versus chow (filled bars) feeding.
Data are mean 	 S.E. (error bars). HCD feeding resulted in marked reduction in both Prdm16 (3.8-fold, p 
 0.03, n 
 4 –7) and Ucp1 (455-fold, p 
 0.002, n 
 4 –5)
expressions. Shown is mRNA expression of Prdm16 (c), Ucp1 (d), and Ppar� (e) (n 
 3–5) in primary SC from HCD-fed (open bars) versus chow-fed (closed bars)
DKO, SKO, and WT mice. *, significantly different gene expression between SC from the same genotype with differing diets; #, significantly different gene
expression from all other genotypes, p � 0.05, two-way ANOVA with Tukey post hoc analysis. N.S., not statistically significant.

FIGURE 3. UCP1 immunofluorescence staining in primary undifferentiated satellites cells isolated from chow-fed (top row) and HCD-fed (bottom row),
age-matched female DKO (right), SKO (center), and WT (left) mice. Representative images are shown at �1000 magnification; red, UCP1; blue, DAPI.
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DKO Satellite Cells Are Primed to Brown Adipogenic
Differentiation—When subjected to a 10-day adipogenic differ-
entiation protocol, chow-fed DKO SC showed a significant
increase in adipocyte formation as measured by the number of
ORO� cells (Fig. 4a; representative images of chow-fed ani-
mals shown in Fig. 4c (top row)) compared with WT (5.2-fold,
p � 0.05) and SKO SC (2.3-fold, p � 0.05). As with undifferen-
tiated SC, postadipogenic cultured DKO cells showed signifi-
cantly more UCP1� cells observed through immunofluo-
rescent staining relative to WT (4.0-fold, p � 0.05) and SKO
(2.6-fold, p � 0.05) postadipogenic SC (Fig. 4b; representative
images shown in Fig. 4d (left column)). Neither the ORO�
counts nor UCP1� cells from SKO and WT mice are signifi-
cantly different from each other, supporting the hypothesis that
LDLR deficiency in mice creates a metabolic milieu to potenti-
ate the effect of LCAT deficiency in promoting SC-to-BAT dif-
ferentiation and generation of ectopic BAT adipogenesis. By
comparison, SC cultured in myogenic medium resulted in
extremely low incidence of ORO� (�0.23 cells/100 nuclei; rep-
resentative images shown in Fig. 4c (bottom row)) and UCP1�
(�0.18 cells/100 nuclei; representative images shown in Fig. 4d
(right column)) regardless of genotype or dietary treatment.
Additionally, we measured the expression of BAT-selective
(Mpzl2, Ebf3, and Hspb7) and beige-selective (Tmem26 and

Klhl13) genes in DKO SC during the adipogenic culturing pro-
tocol, specifically at days 0, 4, 7, and 10 of culturing. At all time
points, the expression of BAT-selective genes markedly ele-
vated and expression of beige-selective genes largely undetect-
able (Fig. 4e, p � 0.05). By day 10, expressions of Mpzl2 and Ebf3
were significantly higher than at any other earlier time point
(p � 0.05).

High Cholesterol Feeding Elevates Total and Free Cholesterol
in SC of All Genotypes, Correlating with Altered Cholesterol
Homeostatic Gene Expression—To address whether HCD feed-
ing affects cellular cholesterol accumulation in SC, we analyzed
cellular cholesterol levels in SC from all three strains with and
without HCD feeding. On HCD, SC total cholesterol was ele-
vated in WT, SKO, and DKO mice by 1.8-, 1.8-, and 3.1-fold,
respectively (Fig. 5a, p � 0.05). Likewise, free cholesterol was
elevated by 7.5-fold (p � 0.05), 1.6-fold (non-significant), and
4.8-fold (p � 0.05), respectively (Fig. 5b). High cholesterol diet
feeding also led to significantly reduced mRNA expression of
Hmgr (Fig. 6a, p � 0.05) and Sqs (Fig. 5c, p � 0.05) in undiffer-
entiated WT and DKO SC relative to their chow-fed controls
(Fig. 5d, p � 0.05). However, expression of these same genes in
SKO SC, which were already low, did not change further. Semi-
quantitatively, there was an increase in the staining of ABCA1
protein in undifferentiated SC from WT and DKO mice in

FIGURE 4. Adipogenic culturing of primary undifferentiated satellite cells isolated from age-matched female DKO, SKO, and WT mice after fed either
HCD (open bars) or chow (filled bars) mice. Adipogenicities are measured by neutral lipid ORO staining-positive cells/100 nuclei (a) or UCP1� cells by
immunofluorescence/100 nuclei (b). Each is the sum of five low magnification fields of cultured cells from a single animal. Data are mean 	 S.E. (error bars). *,
significantly different gene expression between SC from the same genotype with differing diets; #, significantly different gene expression from all other
genotypes, p � 0.05, two-way ANOVA with Tukey post hoc analysis. Shown are representative images of ORO� cells (red) co-stained with hematoxylin (blue)
(c) and UCP1� cells (red) co-stained with DAPI (blue) (d) after both adipogenic and myogenic culturing. e, expression of BAT-selective (Mpzl2, Ebf3, and Hspb7)
and beige-selective (Tmem26 and Klhl13) genes in chow-fed DKO SC during the course of the 10-day adipogenic differentiation; #, significant difference
between BAT and beige gene expression within a given time point; *, significantly higher expression of a specific gene at day 10 compared with day 0 and day
4; **, significantly higher expression of a specific gene at day 10 compared with days 0, 4, and 7, p � 0.05, two-way ANOVA with Tukey post hoc analysis. N.S.,
not statistically significant.
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response to HCD feeding (Fig. 6), whereas the signal is already
high in chow-fed SKO SC and showed little change from the
diet. Taken together, these changes indicated the presence of
cholesterol homeostatic regulatory mechanisms in satellite
cells. This pattern of presumed ABCA1 translocalization to the
cell surface correlates with the observed changes in intracellu-
lar cholesterol (Fig. 5, a and b). ABCA1 is a cholesterol efflux
transporter that is known to migrate from the Golgi to the cell
surface with increased cellular cholesterol in other cell types
(23, 24). The observed localization pattern indicates active
homeostatic regulation of cholesterol content, a heretofore
unexplored mechanism in satellite cells.

Direct ex Vivo Loading of Satellite Cell Cholesterol Suppresses
the BAT Gene Program under Adipogenic Stimulation—We
proceeded to further investigate whether the inhibition of BAT
gene expression by dietary cholesterol in SC is a direct result of
cholesterol loading, independent of the SC niche and other
organismal factors. Treatment of DKO SC with a MCD-choles-
terol complex during adipogenic culturing significantly altered
cholesterol metabolism in the cells. Both total and free choles-
terol were significantly increased in cells treated with the MCD-
cholesterol complex (2.1- and 1.5-fold increase, respectively,
p � 0.05; Fig. 7, a and b) relative to the MCD-only control.
Cholesterol biosynthetic gene expression was significantly
down-regulated relative to control cells, as measured by both
Hmgr (Fig. 7c, p � 0.0001) and Sqs (Fig. 7d, p � 0.0001) expres-
sion. Upon subjecting the cholesterol-loaded cells to the 10-day
adipogenic program, we observed a dramatic reduction in the
expressions of both Ucp1 and Prdm16 mRNA (Fig. 8, a and b,
p � 0.05) relative to the MCD-only controls as well as a signif-
icant reduction in UCP1� cells (Fig. 8d, p 
 0.01). On the other
hand, the cholesterol-loaded cells continued to sustain ORO�
fat droplets and no change in Ppar� mRNA expression (Fig. 8e).
As further validation, we examined the effect of cholesterol
loading on BAT-selective genes Mpzl2, Ebf3, and Hspb7, previ-
ously shown to be overexpressed in quiescent DKO SC (Fig. 1d)
and throughout the course of the adipogenic program (Fig. 4e),
as well as beige fat-selective genes (Tmem26 and Klhl13), which
were nearly undetectable in both cases. Expression of beige fat
genes remained low and unchanged by cholesterol loading (Fig.
8f), whereas mRNA expression of Mpzl2 and Ebf3 were signif-
icantly reduced (both p 
 0.04) and Hspb7 showed a strong
trend of reduction (p 
 0.06) relative to MCD-only controls.
Altogether, these data strongly indicate that SC cholesterol
content is a potent regulator of BAT gene expression during the
adipogenic conversion process.

FIGURE 5. Total and free cholesterol quantification of primary satellite
cells from age-matched, female DKO, SKO, and WT mice, comparing
effects of HCD versus chow diet feedings. Data are mean 	 S.E. (error bars);
*, p � 0.05; n 
 4 – 6 animals each by Student’s t test. HCD feeding (open bars)
elevated total cholesterol in SC from all three genotypes (WT, 1.8-fold; SKO,
2.0-fold; DKO, 6.7-fold) (a), free cholesterol in WT and DKO mice SC compared
with chow-fed controls (filled bars) (WT, 7.45-fold; DKO, 7.41-fold) and
reduced expression of cholesterol biosynthetic genes (b); Hmgr (WT, 3.0-fold;
DKO, 2.7-fold) (c), and Sqs (WT, 43.1-fold; DKO, 2.7-fold) (d) in primary satellite
cells from age-matched DKO, SKO, and WT mice versus chow (filled bars) diet-
fed controls. N.S., not statistically significant.

FIGURE 6. ABCA1 immunofluorescence staining in primary undifferentiated satellites cells isolated from chow-fed (top row) and HCD-fed (bottom
row), age-matched female DKO (right), SKO (center), and WT (left) mice. Representative images are shown at �400 magnification; red, ABCA1; blue, DAPI.
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Quiescent Satellite Cells Are Inducible to BAT Differentiation ex
Vivo in Response to Cholesterol Depletion Independent of
LCAT Genotype

Direct ex Vivo Depletion of Cellular Cholesterol Can Increase
BAT Gene Expression in SKO Satellite Cells—To test the
hypothesis that reduction in cellular cholesterol directly up-
regulates BAT gene expression in SC and BAT adipogenicity, as
suggested by our in vivo data, we performed experiments to
deplete intracellular cholesterol with HPCD in SC isolated from
chow-fed SKO mice, a strain shown to have higher baseline
cellular cholesterol (Fig. 5, a and b). HPCD treatment signifi-
cantly reduced both total (Fig. 9a, p 
 0.004) and free (Fig. 9b,
p 
 0.03) cholesterol in SKO SC relative to vehicle controls.
Reduction of SC cholesterol resulted in increased brown adipo-
genesis, as measured by increased ORO� cells (Fig. 9c, p 

0.06) and UCP1� cells (Fig. 9d, p 
 0.018). Cholesterol deple-
tion also accelerated the rise of Ppar� mRNA expression during
adipogenesis, with significantly higher levels observed in
HPCD-treated cells at day 4 of adipogenic program, a time
when Ppar� expression just begins to rise (Fig 10a). However,
this increase is no longer observed by day 10 (Fig. 10a, p � 0.05).
Correspondingly, cholesterol-depleted cells exhibited signifi-
cantly increased Prdm16 expression (Fig. 10b) at day 4 (5.5-fold,
p 
 0.03) and day 10 (2.5 fold, p 
 0.03) and higher Ucp1 mRNA
expression after both 4 days and 10 days (Fig. 10c, p � 0.05) of
adipogenic culturing. These data on early up-regulation of BAT
genes and adipogenic gene indicate accelerated BAT adipogen-
esis in SKO SC in response to cellular cholesterol depletion.
The effects of the HPCD treatment on cholesterol homeostasis
were confirmed by significant increases in the expression of key

cholesterol biosynthetic genes, such as Hmgr (Fig. 10d, p 

0.007) and Sqs (Fig. 10e, p 
 0.005) after 10 days of culturing. As
further confirmation that HPCD treatment indeed induces
SKO SC to brown adipocytes as opposed to beige-like cells, we
quantified key BAT-selective and beige-selective markers, as
noted previously with quiescent and differentiated DKO SC.
We again observed extremely low levels of beige markers
Tmem26 and Klhl13, both of which showed no response to
cholesterol depletion versus controls (Fig. 10f). However, the
BAT-selective gene Ebf3 showed a significant increase after
HPCD treatment (p 
 0.046), whereas BAT marker Mpzl2 and
Hspb7 showed a trend of increase as well (p 
 0.07). In all cases,
expression of classical BAT-selective genes is highly abundant,
whereas expression of beige-selective genes remains extremely
low.

Quiescent SC from LCAT-KO Mice Overexpress BAT Genes
and Are More Susceptible to SC-to-BAT Differentiation—We
previously reported a gender-dependent protection from
diet-induced obesity in LCAT null mice, albeit at a more
modest level when compared with the DKO mice (12). We
here characterize the role of LCAT deficiency per se in the
SC-to-BAT phenotypes observed in DKO mice, both in qui-
escent SC and in the induction of SC to brown adipocytes in
response to cholesterol depletion upon treatment with adi-
pogenic medium.

Compared with their age-matched WT controls, LCAT-KO
SC were found to express significantly higher Ucp1 mRNA (Fig
11e) and exhibited a trend toward higher Prdm16 expression
(Fig. 11f, p 
 0.06) but no significant change in Ppar� mRNA
expression (Fig. 11g). Although quiescent SC from LCAT-KO
express BAT genes, as seen in DKO, the absence of increased
Ppar� expression raises the question of whether these cells dis-
play an increase in adipogenicity. After 10 days of treatment
with adipogenic medium, quiescent LCAT-KO SC showed
higher adipogenicity on the basis of increased ORO� (Fig. 11a,
p 
 0.05) and UCP1� immunofluorescent cells (Fig. 11b, p 

0.05) when compared with their WT controls. Most interest-
ingly, total and free cellular cholesterol levels in LCAT-KO SC
were found to be higher than their WT controls (Fig. 11, c (p 

0.05) and d (p 
 0.03)), suggesting that LCAT deficiency per se
is sufficient to promote BAT gene expression in quiescent SC
and promote accelerated adipogenesis, at least upon treatment
with adipogenic medium ex vivo.

Direct ex Vivo Depletion of LCAT SC Can Up-regulate BAT
Gene Expression and Increase the Rate of SC-to-BAT
Adipogenesis—Given the apparent role of LCAT deficiency in
promoting brown adipogenesis, we looked to investigate
whether ex vivo depletion of LCAT-KO SC cholesterol may
modulate SC-to-BAT adipogenesis. We treated the SC with
HPCD to deplete cellular cholesterol before subjecting them to
the 10-day adipogenic medium treatment. We observed that
HPCD treatment was sufficient to significantly lower total cho-
lesterol (Fig. 12a, p 
 0.0004) and cause a trend of reduction in
free cholesterol (Fig. 12b, p 
 0.06) relative to vehicle controls.
This resulted in further increased brown adipogenicity with
significantly higher ORO� (Fig. 12c, p 
 0.04) and UCP1�
immunofluorescent cells (Fig. 12d, p 
 0.02). Cholesterol
depletion of LCAT-KO SC also resulted in significantly higher

FIGURE 7. Cellular cholesterol concentrations and expression of choles-
terol biosynthetic genes in SC from DKO mice, comparing the effect of ex
vivo cholesterol loading with methylcyclodextrin-cholesterol complex
(MCD�Chol, open bars) versus methylcyclodextrin-only controls (MCD,
filled bars), after a 10-day adipogenic culture. Data are mean 	 S.E. (error
bars); n 
 4 – 6 and analyses by Student’s t test. MCD � cholesterol loading
increased cellular levels of total cholesterol (2.1-fold; p 
 0.004) (a) and free
cholesterol (2.0-fold; p 
 0.04) (b) and reduced mRNA levels of Hmgr (4.9-fold,
p � 0.0001) (c) and Sqs (8.5-fold, p � 0.0001) (d).
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mRNA expression of Ucp1 (Fig. 12e, p 
 0.02) and Prdm16 (Fig.
12f, p 
 0.01) but no change in Ppar� expression (Fig. 12g). We
also determined whether cholesterol depletion in LCAT-KO
SC activates beige fat genes. Expression of beige-selective genes
remained extremely low, with no change resulting from choles-
terol depletion. On the other hand, the BAT-selective genes
were found to be elevated, but the degrees were highly variable
after HPCD treatment (Fig. 12g).

Brown Adipocytes Derived from Satellite Cells Are
Thermogenically Active

Brown Adipocytes Derived from LCAT Null Mouse SC Dis-
play Increased Cellular Respiration—To address whether the
BAT-like cells derived from SC of both LCAT strains, namely
the DKO and LCAT-KO mice, are functional thermogenically,
we tested and compared the O2 consumption rates of the post-
differentiated cells from the four strains of mice. As seen in Fig.
13, first, the O2 consumption rates of differentiated cells from
SKO mice were not significantly different from that of the WT.
On the other hand, those derived from LCAT-KO and DKO SC
were found to display an elevated respiration rate when com-

pared with their respective controls, and the -fold induction is
markedly greater in DKO mouse cells (Fig. 13a) The -fold
inductions of respiration rates in each of the LCAT-deficient
strains against their respective controls correlate well with the
corresponding adipogenicity assays.

Thermogenic Functions of SC-derived BAT Are Regulated by
Cellular Cholesterol of SC—We next tested whether altered adi-
pogenicity in response to cellular cholesterol alterations mod-
ulates the thermogenic function of differentiated SC. Choles-
terol loading of DKO SC by MCD � cholesterol complex
treatment significantly reduced the cellular respiration rate
(Fig. 13b, p 
 0.01) when compared with MCD-only controls,
in keeping with the cholesterol-mediated reduction in ORO�,
UCP1�, and key BAT genes (Fig. 8). Conversely, ex vivo cho-
lesterol depletion by HPCD treatment resulted in increased cel-
lular respiration rates for SC from both SKO (Fig. 13c, p 

0.002) and LCAT-KO mice (Fig. 13d, p 
 0.003), consistent
with the observed effects of cholesterol depletion on increased
adipogenicity and BAT gene expression (Figs. 9, 10, and 12).
Taken together, our findings reveal that LCAT deficiency per se
results primarily in the priming of BAT gene expression in qui-

FIGURE 8. Effect of ex vivo cholesterol loading of chow-fed DKO satellite cells by methylcyclodextrin-cholesterol complex (MCD�Chol, open bars)
versus methylcyclodextrin-only controls (MCD, filled bars) on changes in mRNA expressions of BAT genes (a and b) and adipogenicity (c– e). Data are
mean 	 S.E. (error bars). All analyses were by Student’s t test. Each cell count is the sum of five low magnification fields of cultured cells from a single animal, n 

3– 4 animals each. Shown are changes in Ucp1 (a), Prdm16 (b), ORO� cells/100 nuclei (c), UCP1� cells/100 nuclei (d), Ppar� (e), and BAT-selective (Mpzl2, Ebf3,
and Hspb7) and beige-selective (Tmem26 and Klhl13) genes relative to controls (f ). N.S., not statistically significant.
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escent SC, resulting in an increased propensity to undergo SC-
to-BAT adipogenicity. This process is further accentuated
upon depletion of cellular cholesterol, either endogenously via
deletion of LDL receptors or exogenously through HPCD-in-
duced depletion SC cholesterol. Concurrent deletion of the
LDL receptor gene (as in DKO mice) results in the highest
induction of SC-to-BAT adipogenicity, in part through priming
of the expressions of the BAT genes Prdm16 and Ucp1 and the
adipogenic gene Ppar�, resulting in the highest adipocyte dif-
ferentiation rate in adipogenic medium and postdifferentiated
O2 consumption rates.

Discussion

In this study, we have expanded the investigation of our novel
observations of ectopic interfiber BAT in the skeletal muscle of
chow-fed Ldlr�/�xLcat�/� mice. By focusing on female ani-
mals to avoid the confounding gender effect, here for the first
time, we have provided experimental evidence that the ectopic
BAT is of classical origin, and the differentiation probably
begins in utero. We are also the first to report that quiescent
satellite cells from adult DKO mice overexpress Ucp1 and
Prdm16 and are significantly more inducible to differentiate
into brown adipose tissue ex vivo and that this induction is
modulated by intracellular cholesterol content. Ex vivo anal-
yses on primary SC from DKO, LCAT-KO strains, and their
respective controls revealed that (i) LCAT deficiency per se is
sufficient to prime the quiescent SC to express BAT genes
and their predisposition to SC-to-BAT differentiation upon
adipogenic stimulation, (ii) cell cholesterol depletion in SC
from LCAT-KO as well as in SKO is sufficient to promote
SC-to-BAT differentiation in response to adipogenic stimu-

lation; (iii) functionality of SC-derived BAT ex vivo corre-
lates with adipogenicity, the latter quantified by ORO-posi-
tive and UCP1-positive cells. These findings may provide a
novel opportunity for BAT recruitment from adult muscle
fiber progenitors via modulation of cellular cholesterol
content.

Lineage tracking studies have suggested a shared develop-
mental path between PAX7� satellite cells and myf5� myo-
blasts. However, only PAX7� cells marked specifically between
embryonic days 9.5 and 12.5 develop into mature BAT in adults
(22), suggesting the presence of a time window in fetal develop-
ment during which PAX7� satellite cells can be induced to
spontaneously undergo BAT differentiation. Marked up-regu-
lation of Mpzl2, Ebf3, and Hspb7, each highly selective for clas-
sical BAT lineage, and virtually undetectable levels of Tmem26
and Klhl13, two selective markers for beige fat, in the skeletal
muscle of newborn and chow-fed adult DKO mice, strongly
support a classical lineage of ectopic BAT. This is further com-
plemented by detection of high Ucp1 expression in skeletal
muscle of the newborn DKO mice, indicating that ectopic BAT
development begins in utero.

In the current study, we have provided several lines of exper-
imental evidence supporting a role of PAX7� satellite cells as
the probable progenitors for ectopic BAT in DKO mice, includ-
ing (i) co-localization of PAX7 and UCP1 proteins in sublami-
nar cells and (ii) a marked increase in mRNA expression of key
classical BAT-selective signature genes (Mpzl2, Ebf3, and
Hspb7) and BAT program genes (Ucp1 and Prdm16) in primary
undifferentiated SC. Based on the recent report that SC in
C57Bl/6 mice treated with anti-miR133 upon injury-induced
activation undergo differentiation into functioning BAT in the
adipogenic medium (11), we hypothesized that the adult satel-
lite cells from chow-fed DKO mice are also primed to be BAT-
inducible. By employing the same 10-day adipogenic medium
treatment protocol (1, 11), we found that primary SC from
DKO mice indeed displayed increased adipogenicity, encom-
passing the features of (i) increased Ppar� expression in both
quiescent and differentiated SC; (ii) marked elevation in fat
droplets and higher abundance of UCP1-expressing cells, both
of which are key markers of brown adipocytes (11, 25); and (iii)
increased cellular respiration, strongly suggesting that the
brown adipoctyes are functional and thermogenically active.
Importantly, the SC-to-BAT differentiation occurs indepen-
dently of injury-mediated SC activation. We posit that the
spontaneous up-regulation of BAT genes in DKO satellite cells
results from the altered metabolic milieu caused by combined
deletion of Ldlr and Lcat genes.

LCAT deficiency has been shown to modulate multiple lipid
species in tissues (12, 13, 26, 27). Recently, our laboratory
reported that, under chow-fed conditions, concomitant dele-
tion of Lcat and Ldlr results in a reversal of the excess dietary
cholesterol uptake and hepatic tissue and hepatic ER choles-
terol accumulation seen in LDL receptor-deficient mice (13).
This reversal of cholesterol dysregulation was further linked
to the resolution of hepatic ER stress and insulin resistance
(13). This tissue cholesterol-lowering effect led us to hypoth-
esize that cellular cholesterol levels in the satellite cells, a
putative progenitor for the ectopic BAT, might also be

FIGURE 9. Depletion of cholesterol in chow-fed SKO satellite cells by
HPCD treatment during a 10-day adipogenic culturing protocol results
in reduced total cholesterol (p � 0.004) (a), free cholesterol (p � 0.03)
relative to controls (b), a trend of increase in ORO� cells/100 nuclei rel-
ative to vehicle control (1.3-fold, p � 0.066) (c), and a significant 1.8-fold
increase in UCP1� cells/100 nuclei by immunofluorescence (p � 0.02)
(d). All analyses were by Student’s t test (n 
 4 animals each). Error bars, S.E.
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altered and play an important modulatory role in the prim-
ing and activation of BAT gene expressions. Quantification
of cellular cholesterol from primary SC revealed elevated
cellular cholesterol in chow-fed SKO mice relative to WT
control and a markedly reduced level in DKO mice, a pattern
of changes remarkably similar to those seen in the liver (13).
The increase in SC cholesterol in high cholesterol diet-fed
mice and their corresponding changes in Hmgr and Sqs gene
expression suggest that SC cholesterol is strongly modulated
by exogenous cholesterol and is independent of LDL recep-
tor. By immunofluorescence analyses, we observed changes
in cellular abundance and localization of satellite cell
ABCA1 in response to increased cholesterol from HCD feed-
ing, indicating a built-in efflux mechanism as part of the
satellite cell cholesterol homeostatic system. Physiologically,
the increase in SC cholesterol in HCD-fed DKO mice was
associated with a dramatic loss of Ucp1 and Prdm16 expres-
sion, a response also observed in HCD-fed DKO whole hind
limb skeletal muscle. Taken together, our in vivo and ex vivo
studies strongly indicate that altered SC cholesterol is suffi-
cient to modulate the BAT gene program in DKO SC and
possibly the inducibility of SC to differentiate into BAT.

To elucidate the relative role of LCAT deficiency per se in the
SC-to-BAT differentiation phenotypes seen in the DKO mice,
we find that LCAT-KO mice display a phenotype that is similar
to but more modest than that of DKO mice in the priming of
BAT gene expressions. Undifferentiated LCAT-KO SC over-
express key classical BAT genes and markers despite a mod-
est increase in cellular cholesterol. Therefore, our findings
suggest that LCAT deficiency plays a role in the activation of
BAT genes spontaneously in quiescent SC, independent of
its cellular cholesterol status. The observed modest degree
of protection of female LCAT null mice from diet-induced
obesity (12) suggests that the primed SC in LCAT-KO mice
may also be inducible to form ectopic BAT, as supported by
the increased cellular respiration rate of adipogenically dif-
ferentiated SC from LCAT-KO.

Given the suppression of DKO BAT gene expression by HCD
feeding, we investigated whether SC-to-BAT differentiation
can be modulated directly by satellite cell cholesterol content,
independent of its in vivo stem cell niche. In the case of DKO
mouse SC, which exhibit a reduced cholesterol level in the qui-
escent state, the ex vivo increase of cellular cholesterol by meth-
ylcyclodextrin loading recapitulated the effects of diet feeding

FIGURE 10. Effect of cell cholesterol depletion of chow-fed SKO primary satellite cells by HPCD treatment on mRNA expression of Ppar� (a), BAT genes
Prdm16 and Ucp1 at both days 4 and 10 of a 10-day adipogenic culturing program (b and c), Hmgr (d), Sqs (e), and BAT-selective (Mpzl2, Ebf3, and
Hspb7) and beige-selective (Tmem26 and Klhl13) gene expressions (f) at day 10 of the same 10-day adipogenic culturing program. All data are
expressed as mean 	 S.E. (error bars) versus vehicle controls (CON) at each time point; *, significantly different gene expression between treatments at a given
time point by Student’s t test (n 
 5 animals).
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on satellite cell cholesterol content and resulted in loss of
Prdm16 and Ucp1 expression as well as strongly reduced cellu-
lar respiration. This clearly supports the specific role of intra-
cellular cholesterol in regulating the brown fat gene program.
We further hypothesize that cellular cholesterol lowering is suf-
ficient to activate BAT gene expression, independent of the
presence or absence of LCAT. Ex vivo depletion of cholesterol
in SC from SKO and its effect on BAT gene expression and
adipogenicity appear to support this hypothesis, although the
mechanistic relevance of LDL receptor deletion remains to
be fully elucidated. Cholesterol depletion up-regulated cho-
lesterol biosynthetic genes as expected and, most importantly,
increased expression of Ucp1 and Prdm16 and induced a
marked increase in cellular respiration rate. To address
whether the effect of cholesterol depletion synergizes with the
BAT-activating phenotype of LCAT deficiency, we subjected
primary SC from LCAT-KO mice to the same exogenous cho-
lesterol depletion protocol. We observed accentuated SC-to-
BAT adipogenicity with increased abundance of ORO� and
UCP1� cells and an associated increase in respiration rate.

Taken together, our ex vivo manipulations further reinforce
what was observed after HCD feeding; cellular cholesterol reg-

ulates satellite cell expression of BAT program genes. Reduced
cellular cholesterol, either endogenously, as in DKO SC, or
exogenously, as in our HPCD-treated SKO SC and LCAT-KO,
promotes Prdm16 expression and brown adipogenesis, as
observed by accelerated Ppar� up-regulation as well as
increased fat droplet content. On the other hand, excess cellular
cholesterol from exogenous sources selectively suppresses BAT
program gene expression without diminishing markers of adi-
pogenesis. This phenotype of dissociation between BAT gene
expression and adipogenesis is remarkably similar to a recent
report of selective BAT gene program suppression in brown
adipogenesis in the absence of EBF2 (28, 29), although the phys-
iological significance of this observation requires further explo-
ration. Our combined in vivo and ex vivo data strongly suggest
an important role for cellular cholesterol metabolism in the
regulation of BAT gene Prdm16 and Ucp1 expressions and the
differentiation of adult satellite cells into functional BAT.

The precise mechanism by which cellular cholesterol regu-
lates the conversion of satellite cells to brown adipocytes is
currently unknown. The key axis of BAT gene activation
occurs via the suppression of miR133, which regulates
Prdm16, the primary transcriptional activator of Ucp1

FIGURE 11. Characterization of the effect of LCAT deficiency on brown adipogenicity and cellular cholesterol content of quiescent satellite cells. SC
from LCAT-KO mice showed increased adipogenicity as measured by ORO� cells/100 nuclei (a) and UCP1� cells/100 nuclei by immunofluorescence (b), with
higher total cholesterol (c) and free cholesterol (d) and increased mRNA expression of Ucp1 (e) and Prdm16 (f) but not Ppar� (g) in quiescent undifferentiated
satellite cells relative to WT controls. All analyses were done by Student’s t test (n 
 4 animals) relative to chow-fed WT controls. N.S., not statistically significant.
Error bars, S.E.

Intracellular Cholesterol Modulates SC to BAT Differentiation

30526 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 51 • DECEMBER 18, 2015



expression (11, 30), and cholesterol may regulate miR133 via
PKA-mediated Mef2C up-regulation (30). Alternatively,
because EBF2 and PRDM16 have both been shown to be
sufficient to induce BAT differentiation and the “beiging” of
white fat, and Ppar� is crucial for adipogenesis, further stud-
ies to address the role of this transcriptional network (31)
and its interaction with cellular cholesterol metabolism in
the modulation of SC-to-BAT differentiation is warranted.
Additionally, gender-specific expression of cholesterol
metabolism via estrogen-sensitive regulation of SRBI and
other cholesterol homeostatic proteins has been reported in
the literature (32–36), providing a possible mechanism for
the exaggerated phenotype that we have reported previously
in our female DKO model (12, 13); however, this requires
further exploration to identify a causal linkage.

In summary, this study provides the first evidence that spon-
taneous ectopic BAT in Lcat/Ldlr double-null mice is classical
in lineage. We are also the first to show that mature satellite
cells in this strain are primed to undergo transdifferentiation
into BAT and that this process is strongly modulated by cellular
cholesterol. We also demonstrated that depletion of cellular
cholesterol in SC, at least in LDLR null mice, is sufficient to
recapitulate the effect of LCAT deficiency on BAT gene pro-
gram induction and enhanced adipogenicity as seen in DKO
SC. Likewise, LCAT deficiency per se is sufficient to prime
the SC to overexpress BAT genes and become BAT-induc-
ible, whereas cellular cholesterol depletion synergistically
accentuates the adipogenicity. Together, our data provide
the basis for the development of a model of BAT induction
through modulation of the lipid milieu of SC. Given the ther-

FIGURE 12. Effect of cholesterol depletion of LCAT-KO satellite cells by HPCD treatment during a 10-day adipogenic culturing protocol. HPCD treat-
ment resulted in significantly lower total cholesterol (p 
 0.0004) (a) and a trend of reduced free cholesterol (p 
 0.06) (b), coinciding with increased
adipogenicity as measured by ORO� cells/100 nuclei (c) and UCP1� cells/100 nuclei (d) by immunofluorescence relative to vehicle-treated LCAT-KO SC. HPCD
treatment elevated mRNA expression of BAT genes Ucp1 and Prdm16 (e and f) but not Ppar� (g) and also altered expression of BAT-selective gene Ebf3 (h), but
the beige-selective genes Tmem26 and Klhl13 remained undetectable. All analyses were by Student’s t test (n 
 4 –5 animals). N.S., not statistically significant.
Error bars, S.E.
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apeutic applicability of increased brown adipogenesis and
the relative lack of knowledge regarding BAT differentiation
from myodermal precursors compared with beige fat con-
version, this study yields an important avenue of study for
potential treatment of obesity and numerous other meta-
bolic disease states.
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