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Abstract Accumulating evidence from both animal and human studies suggests that activa-
tion of beige fat increases cellular energy expenditure, ultimately reducing adiposity. Here,
we report the central role of adipocyte-derived lysyl oxidase (Lox) in the formation of thermo-
genic beige fat. Mice exposed to cold or a b3 agonist showed drastically lower Lox expression in
thermogenically activated beige fat. Importantly, inhibition of Lox activity with BAPN stimu-
lated biogenesis of beige fat in inguinal white adipose tissue (iWAT) under housing conditions
and potentiated cold-induced adaptive thermogenesis and beiging in both iWAT and epididymal
white adipose tissue (eWAT). Notably, white adipocytes with Lox repression undergo transdif-
ferentiation into beige adipocytes which can be suppressed by tumor necrosis factor-a (TNFa)
via ERK activation. This work provides new insight into the molecular control to expand beige
fat by Lox inhibition and suggest the potential for utilizing inhibitor of Lox to treat the
emerging epidemics of obesity and diabetes.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

Obesity, defined as an excess in fat mass, predisposes in-
dividuals to multiple metabolic diseases.1e3 White adipose
tissue (WAT) and brown adipose tissue (BAT) represent
traditionally recognized adipose types, with WAT func-
tioning primarily as storage for excess energy. In contrast,
BAT specializes in dissipating energy via induction of
uncoupling protein 1 (Ucp1) during cold- or diet-induced
thermogenesis, making BAT a potential target for anti-
obesity therapeutics. Recently, a third type, the beige/
brite adipocyte, has been identified within WAT that is
distinct from the “classical” brown adipocyte.4

Beige adipocytes localize to various WAT depots.5e9

Under basal conditions, these cells show a white
adipocyte-like phenotype and lack Ucp1 expression. How-
ever, in response to chronic cold exposure10 or b3-
adrenergic activators,11 these cells convert into brown-
like adipocytes that express Ucp1 and display small, mul-
tilocular lipid droplets.

Beige adipocytes are either derived from a population of
beige preadipocytes4,12 or are converted from white adi-
pocytes by specific stimuli.13,14 Multiple secretory factors,
such as fibroblast growth factor-21 (FGF21),6 the cardiac
peptides (ANP/BNP),15 irisin,16,17 bone morphogenetic
protein 4 (BMP-4),18 meteorin-like protein (Metrnl),19 and
adiponectin,20 are capable of inducing WAT browning.

The immune system has been recently implicated in this
browning process. Specifically, the type 2 cytokines inter-
leukin (IL)-4/13 and alternative activation of macrophages
within WAT can trigger browning via the release of cate-
cholamines.21 A more recent study identified a critical role
for IL-33-activated type 2 innate lymphoid cells (ILC2s) in
the regulation of beige fat biogenesis.22,23 Additionally, the
cytokine IL-6 is required for a full induction of Ucp1 in
response to cold exposure and exercise.24 In contrast, the
proinflammatory cytokine tumor necrosis factor-a (TNF-a)
has been shown to suppress the transformation of white
adipocytes into brown-like adipocytes.25 Ongoing research
will rapidly expand the list of browning agents.

Lysyl oxidase (Lox), a copper-dependent amine oxidase, is
synthesized as a preproLox protein that undergoes post-
translational modifications to yield the 50-kDa glycosylated
pro-Lox, which is eventually proteolytically processed by
bone morphogenetic protein-1 (BMP-1)26 and other pro-
teinases27 to separate the propeptide from the mature Lox
enzyme. Lox primarily catalyzes the covalent cross-linking of
collagens and elastin within the extracellular matrix (ECM).28

More recently, Lox has been identified as a regulator of
various pathologies, including cancer and inflammation.29,30

We have previously demonstrated that Lox participates in
the commitment of pluripotent stem cells to the adipocytic
lineage.31 Recent reports also showed that Lox is upregulated
in adipose tissue from obese individuals, rats fed a high-fat
diet, and ob/ob mice.32,33 However, the physiological rele-
vance and the underlying mechanisms whereby Lox partici-
pates in biogenesis of beige fat remain undefined. Here, we
report that a critical role for Lox in the remodeling ofWAT into
thermogenic beige fat. We determined that Lox inhibition
drives conversion of white adipocytes into beige adipocytes
which can be suppressed by TNFa.
Materials and methods

Animal studies

Mice were housed in a controlled environment (12 h light/
dark cycle, 60e70% humidity). For cold challenge experi-
ments, 5-week-old male mice were housed in pre-chilled
cages at 4 �C for 3 days. For CL316243 administration, 5-
week-old male C57BL/6J mice were given daily i.p. in-
jections of CL316243 (0.5 mg/kg body weight/day) or saline
for 4 days. For BAPN administration, BAPN (100 mg/kg/day;
SigmaeAldrich, St Louis, MO, USA) or PBS i.p. injections
were initiated 1 day prior to cold exposure and then mice
were housed in pre-chilled cages at 4 �C for 3 days.

All studies were approved by the Animal Care and Use
Committee of Fudan University School of Basic Medical
Sciences and followed the National Institute of Health
guidelines on the care and use of animals.
Generation of TG mice overexpressing adipose-
specific Lox-EGFP

Adipose-specific Lox-EGFP transgene (Lox-EGFP TG) mice
were generated at Model Animal Research Center of Nanj-
ing University. To generate Lox-EGFP TG mice carrying the
Lox-EGFP fusion protein specifically overexpressed in adi-
pose tissue, fragments of 5.4-kb adipocyte protein-2 (aP2)
promoter was first amplified,34 and inserted into the pIn-
sulator vector. The newly constructed vector was named
pInsulator-aP2. DNA fragments encoding Lox (GenBank
accession NM_001286181.1), EGFP and a flexible linker
(GGGGSGGGGSGGGGS) inserted between Lox AND EGFP
were amplified by PCR with high-fidelity DNA polymerase
and ligated into pInsulator-aP2 vector by SLIC. The final
vector was reconfirmed by PCR, enzyme digestion and
sequencing before shooting into zygotes. Mice carrying the
transgene were identified by PCR analysis of genomic DNA
from tail snips using the following paired primers that
specifically detect the transgene but not endogenous Lox:
TGTCTCCTCCACAATGAGGCA (forward primer 1);
GCCCGTTGTTCTCCCATTGG (reverse primer 1) or GGCATC-
GACTTCAAGGAGGA (forward primer 2), AGCCAGAAGTCA-
GATGCTCAA (reverse primer 2).
Indirect calorimetry

Whole-body oxygen consumption was monitored using a
comprehensive laboratory animal monitoring system
(CLAMS, Columbus Instruments). Mice were housed singly in
metabolic cages, acclimated for 48 h, and monitored. Data
on oxygen consumption rate (VO2, mL/kg/h) was recorded
at 25 min intervals throughout the 48 h period.
Rectal temperature

A mouse rectal Microprobe Thermometer (Physitemp In-
struments Inc.) was used to examine body temperature
when needed.
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Histologic analysis

Tissues were fixed in 4% paraformaldehyde for at least 48 h,
embedded in paraffin, and cut into 5-mm sections. Sections
were stained with hematoxylin and eosin (H&E) or incu-
bated with rabbit anti-Ucp1 antibody (Abcam, ab23841) for
immunohistochemical analysis.

Cell culture and induction of adipogenesis

3T3-L1 preadipocytes were plated at low density and
cultured in DMEM containing 10% (vol/vol) calf serum. Two
days postconfluence (designated day 0), cells were induced
to differentiate with DMEM containing 10% (vol/vol) FBS,
1 mg/mL insulin (I), 1 mM dexamethasone (D), and 0.5 mM 3-
isobutyl-1-methyl-xanthine (M) for 2 days. Cells were then
treated with DMEM supplemented with 10% (vol/vol) FBS
and 1 mg/mL insulin for 2 days, after which DMEM containing
10% (vol/vol) FBS was refreshed every other day. Adipocyte
gene expression and acquisition of an adipocyte phenotype
is maximal by day 8. For the induction of beige adipocytes,
C3H10T1/2 cells were first committed to preadipocyte and
then induced to differentiate as described before.35

Isolation of adipocytes and stromal vascular
fraction from whole adipose tissue

Adipose tissue was dissected, washed in PBS, minced, and
digested for 50 min at 37 �C in 0.1% (w/v) collagenase type
VIII (SigmaeAldrich, St. Louis, MO) with gentle shaking.
Tissue suspensions were passed through a 100-mm cell
strainer and centrifuged at 500 g for 5 min to pellet the SVF.
The floating adipocytes were transferred to a fresh tube
and the pellet containing SVFs was resuspended with
ammonium chloride lysis buffer to remove red blood cells.
Lysis buffer containing 50 mM TriseHCl (pH 6.8), 2% SDS,
phosphatase inhibitors (10 mM Na3VO4 and 10 mM NaF), and
a protease inhibitor mixture (Roche Applied Science) was
added to the pellet containing SVF or transferred adipocyte
fraction for protein extraction. Equal amounts of protein
were subjected to SDS-PAGE and immunoblotted using
specific primary antibodies.

RNA interference

Lox-specific stealth siRNA duplexes (GCGGAUGUCAGAGA-
CUAUGACCACA) were designed and synthesized by Invi-
trogen (Invitrogen, Carlsbad, CA). Stealth siRNA negative
control duplexes had a similar GC content. Fully differen-
tiated 3T3-L1 adipocytes (day 8) were transfected with
siRNA duplexes using Lipofectamine RNAi MAX according to
the manufacturer’s instructions (Invitrogen, Carlsbad, CA).
For TNFa treatment, 20 ng/mL of purified recombinant
TNFa (PeproTech) was added to the medium from day 9
through day 11.

Adenoviral expression vectors and infection

To generate mature-Lox-EGFP (Ma-Lox-EGFP) adenoviral
expression vectors, mouse cDNA of mature Lox with
signal peptide was first cloned into pEGFP-N3 using the
following primers: GAAGATCTATGCGTTTCGCCTGGGCTGT
(forward primer); CGCGGATCCATACGGTGAAATTGTGC
AGCCT (reverse primer). The above vector was then used as
a template for the construction of adenoviral expression
vector pAd/CMV/V5-DEST (Invitrogen, Carlsbad, CA, USA)
encoding Ma-Lox-EGFP according to the manufacturer’s
protocol. Adenovirus was amplified in the 293A cells
and subsequently purified using CsCl density gradient
centrifugation.

In vitro oxygen consumption in differentiated
adipocytes

Oxygen consumption was measured using the XF96 extra-
cellular flux analyzer (Agilent). Briefly, 5 � 103 3T3-L1
preadipocytes were plated in XF96-well cell culture plate.
Following differentiation, 3T3-L1 adipocytes were treated
with Stealth siRNA negative control or Lox-specific stealth
siRNA for 48 h. Afterwards, cells were subjected to the
mitochondrial stress test by adding 1 mM oligomycin fol-
lowed by 1 mM carbonyl cyanide4-(trifluoromethoxy) phe-
nylhydrazone (FCCP) and 1.5 mM antimycin/rotenone.

Western blot

WAT, BAT or cultured cells were homogenized in lysis buffer
containing 50 mM Tris-HCl (pH 6.8), 2% SDS, phosphatase
inhibitors (10 mM Na3VO4 and 10 mM NaF), and a protease
inhibitor mixture (Roche Applied Science, Mannheim, Ger-
many). Equal amounts of protein were subjected to SDS-
PAGE and immunoblotted using specific primary anti-
bodies: anti-Lox and anti-Hsp 90 (Santa Cruz Biotechnology,
CA, USA); anti-Ucp1 and anti-Pgc1a (Abcam, Cambridge,
UK); anti-ERK1/2 and anti-p-ERK1/2.

Real-time quantitative PCR

Total RNA was isolated using TRIzol reagent. PrimeScript RT
Master Mix (TaKaRa) and random primers were used for first
strand cDNA synthesis. Real-time quantitative PCR was
carried out using a 2 � PCR Master Mix (Power SYBR Green;
Applied Biosystems), specific primer sequences (Table S1)
and an Applied Biosystems 7300 Real-Time PCR System.
Results were normalized using 18S rRNA.

Lipid detection using Nile Red staining

In vitro differentiated 3T3-L1 adipocytes were character-
ized using Dye Nile Red (SigmaeAldrich) and DAPI according
to the manufacturer’s instructions. Briefly, 3T3-L1 adipo-
cytes were incubated in PBS with Nile Red (stock: 0.5 mg/
mL in acetone, final: 0.5 mg/mL) for 5 min. Images were
obtained using a confocal microscope (Leica TCS SP5).

Lipid detection using Oil Red O staining

In vitro differentiated 3T3-L1 adipocytes were washed 3
times with PBS and then fixed for 10 min with 3.7% form-
aldehyde. Oil Red O (0.5% in isopropanol) was diluted with
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water (3:2), filtered through a 0.45-mm filter, and incubated
with the fixed cells for 1 h at room temperature. The cells
were then washed with water and the stained fat droplets
in the adipocytes were visualized by light microscopy and
photographed.

Statistical analyses

Two-tailed Student’s t-tests were used to compare groups
with respect to continuous variables. Quantile-quantile
plots were used to examine the distributions of the vari-
ables of interest. All data from samples are reported as the
mean � SEM. Differences were considered significant at
*P < 0.05, ))P < 0.01, and )))P < 0.001.

Results

Lox in adipose tissue is down-regulated in response
to thermogenic activation

To investigate the role of Lox in cold-induced thermogenic
activation, mice were housed at 22 �C or 4 �C for 3 days.
Western blot revealed that three days of cold exposure
induced browning of WAT and activation of BAT as indi-
cated by elevated Ucp1 expression (Fig. 1AeC). By
Figure 1 Lox is decreased in response to thermogenic activation. (A
at 22 �C as control. Western blot analysis for Lox and Ucp1 in iWAT (A)

F) 5-week-old C57BL/6J mice were injected daily with CL316243 (1 m
Ucp1 expression in iWAT (E) and BAT (F). Data are presented as the
contrast, there was an obvious decrease in Lox protein in
iWAT, eWAT and BAT from cold-challenged mice
(Fig. 1AeC). This change was accompanied by a modest
decline in serum Lox of mice challenged with cold expo-
sure (Fig. 1D). To recapitulate cold exposure, we next
investigated the effects of the b3-adrenergic agonist
CL316243 on Lox expression in mouse adipose tissue. We
confirmed that CL316243 also induced Ucp1 expression
and decreased Lox protein expression in both iWAT and
BAT (Fig. 1E, F). These findings demonstrated that Lox in
adipose tissue is down-regulated in response to thermo-
genic activation.
Improved thermogenic activity in mice with
pharmacological inhibition of Lox

To explore whether decreased Lox is sufficient for ther-
mogenic activity, BAPN, an irreversible and specific in-
hibitor of Lox activity was used.36 Under housing
temperature (22 �C) or thermoneutral temperature
(30 �C), mouse rectal temperatures and body weight were
not affected by BAPN injection (Fig. S1AeD). Of note,
when housed at a cold temperature, the mice injected
with BAPN had higher rectal temperatures and energy
expenditure than control mice (Fig. 2AeC), while no
eD) 5-week-old C57BL/6Jmicewere housed at 4 �C for 3 days or
, eWAT (B) and BAT (C). (D) ELISA analysis for serum Lox level. (E,
g/kg b.w.) or saline for 4 days. Western blot analysis of Lox and

mean � SEM. *P < 0.05 (Two-tailed Student’s t test).



Figure 2 Pharmacological inhibition of Lox with BAPN promotes adaptive thermogenesis. 5-week-old C57BL/6J mice treated with
PBS or BAPN were housed at 4 �C for 3 days (n Z 5 each). (A) Rectal temperature of mice treated with PBS or BAPN. (B, C) Changes
in whole-body oxygen consumption of mice treated with PBS or BAPN (B) over a 24 h period and (C) during one day/light cycle. (D)
Changes in body weight for PBS- and BAPN-treated mice upon cold challenge. (E) The relative weight of adipose tissue. Data are
presented as the mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Two-tailed Student’s t test).
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obvious change in body weight and adipose tissue weight
was observed (Fig. 2D, E).

Pharmacological inhibition of Lox impairs
thermogenic activity and enhances lipid
accumulation in BAT

Since BAT specializes in energy expenditure through adap-
tive thermogenesis, we next investigate whether BAT acti-
vation contribute to Lox inhibition-induced higher energy
expenditure. Surprisingly, cold-induced thermogenic acti-
vation of interscapular BAT of BAPN-treated mice was
impaired, as indicated by lower expression of Ucp1 protein
and mRNA level and other thermogenic genes, including
cidea and Zic1 (Fig. 3A, B). By contrast, genes implicated in
lipid synthesis, such as Acc1, Fasn and Srebp1c and fatty
acid transport related genes Lpl and Cd36 were upregu-
lated, while fatty acids oxidation gene Cpt1 were dramat-
ically decreased (Fig. 3C). Consistent with these
observations, larger lipid droplets and lower level of
epinephrine were observed in BAT of mice injected with
BAPN (Fig. 3DeE), supporting the induction of a whitened
phenotype in BAT of BAPN-treated mice with cold exposure.
Taken together, these results demonstrated that Lox inhi-
bition induced higher energy expenditure of cold exposed
mice is not due to BAT activation.

Pharmacological inhibition of Lox promotes
browning in white adipose tissue

Next, we tested whether beige fat contributes to the
increased whole-body energy expenditure observed in BAPN-
treated mice. Histologic analysis showed a greater abun-
dance ofmultilocular adipocytes in the iWATof BAPN-treated
mice compared to control mice under either 22 �C or 4 �C
(Fig. 4A, Fig. S2A). More Ucp1þ beiged adipocytes were
observed in iWAT from cold-challenged mice with BAPN
treatment (Fig. 4B). In addition, both Ucp1 and Pgc1a protein
are induced by BAPN, which is negatively related to Lox
protein level (Fig. 4C). BAPN administration also robustly
increased in expression of key thermogenic genes and mito-
chondria genes, including Ucp1, Cidea, Ebf3, Eva1, Elovl3,
and Cox8b in iWAT frommice under cold conditions (Fig. 4D).
Conversely, mRNA levels of the white-specific gene Hoxc9
and Leptin were considerably lower in iWAT from cold-
exposed mice with BAPN administration (Fig. 4D). The up-
regulation of Ucp1 expression by BAPN was also evident at
22 �C (Fig. S2B). More beige fat was also observed in epidid-
ymal white adipose tissue (eWAT) of BAPN treated-mice as
indicated by smaller lipid droplets and increase in core set of
thermogenic genes (Fig. 4E, F). It should be noted that fatty
acids oxidation gene Cpt1b in both iWATand eWAT from cold-
exposedmicewith BAPN treatmentwas significantly increase
as well (Fig. 4G, H). Together, these data suggest that
pharmacological inhibition of Lox promotes browning in
white adipose tissue under both cold and housing conditions.

Disruption of Lox promotes browning of white
adipocytes through transdifferentiation

Browning of white adipocytes can occur through either
differentiation of WAT-resident precursor cells or “trans-
differentiation” of white adipocytes. To uncover how Lox
regulates the browning of WAT, stromal vascular fraction



Figure 3 BAPN treatment enhances lipid accumulation and impairs thermogenic activity in BAT upon cold challenge. 5-week-old
C57BL/6J mice treated with PBS or BAPN were housed at 4 �C for 3 days (n Z 5 each). (A) Western blot analysis of BAT Ucp1 and
Pgc1a protein expression. (B) BAT-specific genes expression within BAT. (C) Relative gene expression pattern of fatty acid trans-
port, fatty acid oxidation and synthesis within BAT. (D) Representative images of H&E staining of BAT (scale bar, 100 mm). (E)

Quantification of norepinephrine and epinephrine within BAT. Data are presented as the mean � SEM. *P < 0.05, **P < 0.01,
***P < 0.001 (Two-tailed Student’s t test).
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(SVF) and mature adipocytes were isolated from iWAT or
eWAT. Pro-Lox was predominantly present in mature adi-
pocytes and barely detectable in SVF, whereas mature Lox
was expressed both in SVF and adipocytes (Fig. 5A). Cold
exposure led to a decrease in both Pro-Lox and mature Lox
protein present in the adipocyte fractions (Fig. 5A). To
investigate whether Lox contributes to the browning pro-
cess, Lox was knocked down in white adipocytes that had
been fully differentiated from 3T3-L1 preadipocytes. Both
Ucp1 and Pgc1a protein level were elevated in the cells
with Lox knockdown (Fig. 5B). The mRNA levels of key
thermogenic genes (Ucp1, Cidea, Eva1 and Elovl3) and
beige cell markers (Cd137, Tmem26 and Tbx1) were
significantly increased in cells with Lox knockdown
(Fig. 5C). This was consistent with Lox knockdown adipo-
cytes had greater basal and uncoupling oxygen consumption
compared to control cells (Fig. 5D, E). Consistently, the
accumulated lipid droplets were smaller in cells with Lox
knockdown than that in control cells as determined by Nile
red staining (Fig. 5F). Transmission electron microscopy
further revealed healthier-looking mitochondria in cells
following Lox knockdown, demonstrating a protective ef-
fect for mitochondria (Fig. 5G). We have also overexpressed
Lox in beige adipocytes differentiated from C3H10T1/
2 cells. Unsurprisingly, overexpression of Lox suppressed
the expression of beige-related gene and key thermogenic
genes (Fig. S3AeC). Moreover, the accumulated lipid
droplets were larger in the Lox-overexpressed adipocytes
than in controls as determined by Oil Red O staining
(Fig. S3D). These findings collectively confirmed that Lox
inhibition promotes browning of white adipocytes through
transdifferentiation.

Downregulation of TNFa is required for the Lox
inhibition-induced browning of white adipocytes

We next investigated the molecular mechanisms through
which Lox regulates white adipocyte browning. Evaluation



Figure 4 Pharmacological inhibition of Lox promotes browning of white adipose tissue in cold exposed mice. 5-week-old C57BL/
6J mice treated with PBS or BAPN were housed at 4 �C for 3 days (n Z 5 each). (A) Representative images of H&E staining of iWAT
(scale bar, 100 mm). (B) Representative images of iWAT Ucp1 staining (scale bar, 100 mm). (C) Western blot analysis of iWAT Ucp1
and Pgc1a protein expression. (D) Expression of thermogenic genes and white-specific genes within iWAT. (E) Representative
images of H&E staining of eWAT (scale bar, 100 mm). (F) Expression of thermogenic genes in eWAT. (G, H) Relative gene expression
pattern of fatty acid transport, fatty acid oxidation and synthesis within iWAT and eWAT. Data are presented as the mean � SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 (Two-tailed Student’s t test).
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of TNFa, a beiging suppressor via ERK activation,25

revealed that Tnfa was repressed in iWAT of BAPN-
treated mice with cold exposure and in fully differenti-
ated 3T3-L1 adipocytes with Lox knockdown (Fig. 6A, B),
suggesting that downregulation of TNFa might mediate
the Lox inhibition-induced browning phenotype. To
further address whether this phenotype is mediated by
TNFa, Lox expression was knocked down in fully differ-
entiated adipocytes derived from 3T3-L1 preadipocytes,
followed by incubation with TNFa for 2 days. Expression of
Ucp1 and other key thermogenic genes were decreased
with TNFa treatment (Fig. 6C, D). Consistently, Oil Red O
staining showed that TNFa greatly increased the size of
lipid droplets relative to the vehicle control (Fig. 6E). In
addition, ERKs mediating the inhibitory effect of TNFa on
the thermogenic marker is also suppressed in Lox knock-
down cells (Fig. 6B, C). Furthermore, TNFa administration
suppressed the BAPN-induced browning phenotype in
mouse iWAT as indicated by less multilocular adipocytes
and lower thermogenic gene expression without affecting



Figure 5 White adipocytes with Lox knock-down undergo transdifferentiation into beige adipocytes. (A) Western blot analysis of
Lox protein expression in the stromal vascular fractions (SVFs) and adipocytes (Adi) of iWAT or eWAT from 5-week-old C57BL/6J
male mice housed at 4 �C or 22 �C for 3 days. (BeG) Adipocytes fully differentiated from 3T3-L1 preadipocytes at day 8 after MDI
induction followed by Lox knockdown for another 3 days. (B) Western blot analysis of Lox, Ucp1, and Pgc1a protein expression. (C)
Expression of thermogenic genes and beige adipocyte-specific genes. (D, E) The Oxygen consumption rates of differentiated 3T3-L1
cells with or without Lox knock-down (n Z 5/group). (F) Nile red staining. (G) Transmission electron microscopy showing mito-
chondrial morphology. Data are presented as the mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Two-tailed Student’s t test).

Browning of white adipose tissue 147
body weight, iWAT weight and eWAT weight (Fig. 6F, G,
S4AeD). Decreased Ucp1 and Pgc1a protein level has also
been observed in iWAT from adipose tissue-specific Lox-
EGFP TG mice with cold exposure (Fig. S5A). The size of
inguinal adipocytes and fat droplets was increased in the
Lox-EGFP TG mice as well (Fig. S5B). Consistently,
elevated TNFa expression and activation of ERK signaling
was observed in iWAT of the TG mice compared with WT
mice (Fig. S5A, C). These results provided further evi-
dence that the expression of a high level of Lox in WAT
inhibits adipocyte browning in vivo.
Discussion

BAT dissipates chemical energy as heat through Ucp1
activity and increases energy expenditure.37 Under
certain conditions, white adipocytes can be partially
converted into beige adipocytes that shares some fea-
tures with brown adipocytes.7e9 Increasing BAT activity
or converting WAT adipocytes into beige adipocytes is
considered a promising therapeutic strategy for
combating obesity and metabolic diseases.38e41 Several
secretory factors, such as irisin,16,17 FGF21,6 meteorin-



Figure 6 TNFa impairs the Lox inhibition-induced browning phenotype. (A) Real-time PCR analysis of TNFa mRNA expression in
iWAT from 5-week-old C57BL/6J male mice housed at 4 �C with administration of PBS or BAPN for 3 days. (B) Effect of Lox
knockdown on TNFa expression and ERK activation in adipocytes differentiated from 3T3-L1 preadipocytes. (C) Western blot
analysis the effect of TNFa on Lox knockdown induced Ucp1 expression and ERK activation. (D) Real-time PCR analysis of relative
mRNA expression, and (E) Oil Red O staining of lipid droplet in adipocytes fully differentiated from 3T3-L1 preadipocytes followed
by Lox knockdown and TNFa administration. (F) Representative image of H&E staining of iWAT from BAPN-treated mice with/
without TNFa administration (scale bar, 100 mm). (G) Real-time PCR analysis for relative mRNA expression in iWAT from BAPN-
treated mice with/without TNFa administration. (H) Model of Lox inhibition inducing beige fat. Data are presented as the
mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Two-tailed Student’s t test).
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like protein (Metrnl),19 and adiponectin20 are exclusive
activators of beige cells.

Lox is a secreted, copper-dependent amine oxidase with
a primary function of oxidizing amine substrates into
reactive aldehydes, resulting in the crosslinking of collagen
and elastin.42e45 We demonstrate that cold exposure and b3
agonist, which activates the thermogenic program within
adipocytes, lead to a markedly decrease in iWAT Lox
expression (Fig. 1). Lox enzymatic activity is inhibited
irreversibly by BAPN, which has been used in animal models
in the context of tissue fibrosis or metastasis.36 Here, we
found that pharmacological inhibition of Lox by BAPN pro-
motes the expression of browning marker Ucp1 in iWAT
under housing conditions (22 �C) (Fig. 4). In a cold envi-
ronment, BAPN administration greatly increased numbers
of beige adipocytes in the inguinal fat pad compared to the
vehicle control. Of note, in a cold environment, BAPN
administration also significantly increased Ucp1 expression
in eWAT (Fig. 4), a type of WAT that is not as prone to
produce beige adipocytes as is iWAT.46 Our results clearly
demonstrated that Lox inhibition in WAT leads to increased
browning and whole-body energy expenditure regardless of
the increased lipid accumulation in BAT and its reduced
ability to oxidize lipids.

Crosstalk between BAT and WAT is an emerging research
topic. It was reported that BAT expansion suppresses for-
mation of beige adipocytes within iWAT.47 In contrast, a
paucity of BAT causes a compensatory induction of beige
adipocytes in iWAT.5 In addition, an ectopic WAT Ucp1
expression inhibits BAT Ucp1 expression.48 Different regula-
tion of thermogenic programming in BAT and WAT has also
been observed in Raptor deficiency mice, BMP4 transgene
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mice and mice with increased circulating BMP4.18,49,50 We
also demonstrated that Lox inhibition inducedmorebeige fat
in WAT and decreased BAT activity in a cold environment
(Fig. 2, 3), which might be partially explained by lower level
of epinephrine in BAT of mice injected with BAPN. However,
it is still unclear whether this opposite effect of BAPN on BAT
and WAT is caused by a compensatory mechanism or not.
Further studies are still needed to explore this.

The relative contributions of beige fat to whole body
energy expenditure are not fully understood. In rodents, it
is estimated that in vivo beige fat can only reach about 20%
of the UCP1-dependent oxygen consumption per gram of
tissue compared to that of canonical BAT.41 We demon-
strated that BAPN-induced iWAT and eWAT browning more
than compensates for BAPN-induced BAT whitening as evi-
denced by much higher core body temperature and oxygen
consumption (Fig. 2, 3). These data thus suggest that en-
ergy expenditure due to BAPN-induced browning of WAT far
exceeds any negative impact on BAT. Given much of the
fats observed in adult humans are white fats, targeting Lox
to expand beige fat may be a reasonable strategy for
treating obesity and metabolic diseases.

Several immune cytokines, including IL-4, IL-5, IL-6, and
IL-13, have also been shown to promote browning proc-
ess.19,21e24 By contrast, TNFa, a well-known pro-inflam-
matory cytokine, was shown to inhibit Ucp1 expression via
Erk activation.25 Here, we demonstrated BAPN treatment
decreases iWAT TNFa expression in cold exposed mice and
Lox disruption inhibited TNFa expression in 3T3-L1 adipo-
cytes. Furthermore, TNFa administration inhibited Lox
disruption-induced browning both in vitro and in vivo in
Erk-dependent manner (Fig. 6). However, the detailed
mechanisms underlying the regulation of TNFa by Lox re-
mains to be unraveled, but affecting chromatin organ-
ization,51e53 acting as a transcriptional factor,54,55 or
regulating functions of cell surface receptors via its
enzymic activity,56 might be involved. In summary, we
demonstrate that Lox is naturally repressed during ther-
mogenic activation of beige fat. Lox inhibition potentiates
white-to-brown conversion by suppressing TNFa (Fig. 6H).
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