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Expression of bone morphogenetic protein 4 (BMP4) in adipocytes
of white adipose tissue (WAT) produces “white adipocytes” with
characteristics of brown fat and leads to a reduction of adiposity
and its metabolic complications. Although BMP4 is known to induce
commitment of pluripotent stem cells to the adipocyte lineage by
producing cells that possess the characteristics of preadipocytes, its
effects on the mature white adipocyte phenotype and function
were unknown. Forced expression of a BMP4 transgene in white
adipocytes of mice gives rise to reduced WAT mass and white adi-
pocyte size along with an increased number of a white adipocyte
cell types with brown adipocyte characteristics comparable to those
of beige or brite adipocytes. These changes correlate closely with
increased energy expenditure, improved insulin sensitivity, and
protection against diet-induced obesity and diabetes. Conversely,
BMP4-deficient mice exhibit enlarged white adipocyte morphology
and impaired insulin sensitivity. We identify peroxisome prolifera-
tor-activated receptor gamma coactivator 1-a (PGC1a) as the target
of BMP signaling required for these brown fat-like changes in WAT.
This effect of BMP4 on WAT appears to extend to human adipose
tissue, because the level of expression of BMP4 in WAT correlates
inversely with body mass index. These findings provide a genetic
and metabolic basis for BMP4's role in altering insulin sensitivity by
affecting WAT development.

adipocyte terminal differentiation | brown adipose tissue | mitochondria |
metabolism

oth white adipose tissue (WAT) and brown adipose tissue

(BAT) function in the energy homeostasis of humans and
other mammals. WAT stores energy in form of triglycerides
during periods of excessive caloric intake for later use when en-
ergy demand exceeds intake (1). In contrast, brown adipose tissue
(BAT) uses “stored triglycerides” to generate energy in the form
of heat, most notably when environmental temperature falls (2).

The excessive accumulation of body fat in WAT is the result of
both hypertrophy and hyperplasia of white adipocytes (3). Such
changes give rise to insulin resistance, type-2 diabetes, and an
inflammatory response, thus implicating white adipocytes in the
etiology of these conditions (4, 5). In contrast, promotion of
BAT activities helps prevent genetic obesity, insulin resistance,
and diabetes (6).

Unlike the expansive mass of brown adipocytes in the inter-
scapular region, brown adipose tissue mass in the normal adult
human is proportionally smaller and previously was believed to
be functionally less important. Recently, however, by using [18F]-
2-fluoro-p-2-deoxy-D-glucose PET, metabolically active regions
were detected in the cervical, supraclavicular, axillary, and para-
vertebral regions of adult human subjects (7-9). The meta-
bolically active areas were found to consist of an admixture of
brown-like adipocytes in WAT (10) which increase dramatically
following cold exposure or treatment with antidiabetic drugs,
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thiazolidinediones, or adrenergic activators (11-13). These cells
recently have been designated as “beige” (14) or “brite” (15, 16)
cells derived from lineages different from classical brown fat cell
precursors. Moreover, the number of BAT-like cells is inversely
correlated with body mass index (BMI) in humans (17). Identi-
fication of the factors that induce brown-like fat cells in WAT
could provide an approach for the prevention and/or treatment of
obesity and its metabolic complications.

Recently, mouse models have become available with specific
genetic manipulations that produce a lean phenotype with lower
WAT mass and enhanced insulin sensitivity (18-20). The WAT of
these mice possesses some characteristics of BAT, notably in-
creased mitochondrial biogenesis and metabolic rate. Perturbed
mitochondrial oxidation in muscle and liver is thought to cause
insulin resistance and type 2 diabetes in several human studies
(21-23). Adipose tissue of obese (ob/ob) mice exhibits decreased
mitochondrial gene expression and mitochondrial mass that can
be reversed by treatment with the peroxisome proliferator-acti-
vated receptor y (PPARy) agonist rosiglitazone (12). These
findings indicate that mitochondrial remodeling and increased
energy expenditure in white fat also can affect whole-body energy
homeostasis and insulin sensitivity. As previously reported,
PPARy coactivator o (PGCla) is a key mitochondrial-related
transcription factor that mediates coactivation of key nuclear
hormone receptor-dependent gene transcription as well as mi-
tochondria biogenesis (24-28), which is known to be involved in
glucose and fatty acid metabolism.

Down-regulation of PGCla is associated with obesity and in-
creased risk of diabetes mellitus in the human population (29).
Several members of the bone morphogenic protein (BMP) family
have been reported to act differently on adipocyte lineages. BMP7
induces the brown preadipocytes to differentiate but has no effect
on white preadipocytes (30). More recently, BMP8B was found to
function in mature brown adipocytes to increase lipase activity,
which facilitates a thermogenic response (31).

Our previous studies show that BMP4 induces multipotent
mouse C3H10T1/2 stem cells to become a cell type with char-
acteristics identical to those of 3T3-L1 white preadipocytes in
culture (32). In the present study, we show that BMP4 is
expressed at an elevated level in WAT of lean human subjects.
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Our findings with adipose-targeted BMP4 overexpression and
knockout in mice suggest that BMP4 can regulate WAT
remodeling and induction of brown adipocyte-like cell structure
and function. These alterations lead to increases in whole-body
metabolic rate and insulin sensitivity. We found that PGCla acts
as a key regulator that is transactivated by activating transcription
factor 2 (ATF2) mainly through the BMP4-p38/MAPK signaling
pathway. Our findings reveal a role for BMP4 in regulating adi-
pogenesis and metabolism.

Results

Elevated Expression of BMP4 in WAT Correlates with a Lean
Phenotype. Our previous studies showed that BMP4 induces
commitment of stem cells to the adipocyte lineage in mice (32).

As shown below, expression of BMP4 also alters the WAT
phenotype in mice. The question arises whether BMP4 functions
similarly in humans. As illustrated in Fig. 1 4 and B, BMP4 is
expressed both in human subcutaneous and visceral WAT.
Moreover, the level of expression of BMP4 in human WAT is
inversely correlated to adiposity, i.e., BMI. These results sug-
gested that BMP4 might regulate adipocyte development and its
metabolic consequences.

Induced Expression of BMP4 in WAT Produces a BAT-Like Phenotype.
To assess the effect of expressing BMP4 in adipocytes, transgenic
(TG) mice were generated using the adipose tissue-specific fatty
acid-binding protein 4 (Fabp4) promoter to drive the expression
of BMP4 (Fig. S14). As shown in Fig. 1C and Fig. S1B, BMP4
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Fig. 1. High expression of BMP4 remodels WAT and produces a lean phenotype. (A and B) Linear regression analysis between BMI and BMP4 mRNA levels in

subcutaneous (n = 32) (A) and visceral (n = 22) (B) adipose tissue. (C) Western blot analysis of BMP4 expression levels in WAT and BAT from WT and Fabp4-BMP4
TG mice. (D) Comparison of inguinal WAT, gonadal WAT, and BAT from WT (Left) and TG (Right) mice. (E) Fat index (percentage of fat pad weight relative to the
whole body weight) of inguinal WAT, gonadal WAT, and BAT in WT and TG mice (n = 4). (F) H&E staining of inguinal WAT, gonadal WAT, and BAT from WT and
TG mice. (Scale bar: 20 pm.) (G) Quantification of adipocyte diameter of inguinal WAT, gonadal WAT, and BAT from WT and TG mice. (Data were collected from
H&E-stained sections from three individual mice, five fields per mouse, 10-15 cells per field in each group, using Image J software). (H) qRT-PCR data showing the
fold induction of indicated genes with expression normalized to the housekeeping gene 18S in inguinal WAT of WT and TG mice (n = 8). Data from 2-mo-old mice
on a normal chow diet are expressed as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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expression was increased in both WAT and BAT of the TG mice.  1E and Fig. S1F). Moreover, the inguinal WAT tissue acquired
Expression of BMP4 in the stromal vascular fraction (SVF) was  a reddish appearance characteristic of BAT (Fig. 1 D and F).
not affected by the transgene (Fig. S1C). Although the Fabp4  The amount of interscapular BAT increased slightly (Fig. 1 D
promoter has been shown to be active in the brain (33), the and E and Fig. S1F). The size of both inguinal and gonadal
BMP4 mRNA level was not elevated in brain by the transgene  adipocytes was reduced in the BMP4 TG mice, and the cells
(Fig. S1D).There was no significant difference in BMP4 ex- lost their unilocular morphology and acquired a multilocular
pression in muscle and liver tissue of TG relative to control  appearance (Fig. 1 F and G). These results indicated that the
mice (Fig. S1E). Thus, expression of BMP4 in the TG mice was  expression of a high level of BMP4 in WAT led to a BAT-like
limited to adipose tissue. appearance. Furthermore, the expression of beige adipocyte

The amount of gonadal (visceral) WAT was reduced markedly = markers or factors reported to be highly expressed in beige/
by the BMP4 transgene in both male and female mice (Fig. 1 D  brite adipocytes (14-16), i.e., CD137, transmembrane protein
and E; and Fig. S1F). However, the amount of inguinal (sub- 26 (TMEMZ26), transcription factor T-box 1 (Tbxl), tran-
cutaneous) WAT obviously remained unchanged (Fig. 1 D and  scription factor T-box 15 (Tbx15), and homeo box C9 (Hoxc9),
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Fig. 2. Increased mitochondrial biogenesis of WAT in Fabp4-BMP4 TG mice. (A) Transmission electron microscopy showing mitochondrial morphology of WAT and
BAT from WT and Fabp4-BMP4 TG mice. (Scale bar: 500 nm.) (B) Mitochondrial number per nucleus was determined from electron micrographs of 20 cells from each
type of adipose tissue. (C) Mitochondria (120-150) were randomly selected, and mitochondrial diameter was determined with a ruler. (D) gRT-PCR data showing the
fold induction of the expression of indicated genes normalized to the housekeeping gene 18S in inguinal WAT of WT and TG mice (n = 4-6). (E) gRT-PCR data
showing the fold induction of the expression of the indicated genes normalized to the housekeeping gene 18S in gonadal WAT of WT and TG mice (n = 4-7). (F)
gRT-PCR data showing the fold induction of the expression of the indicated genes normalized to the housekeeping gene 18S in BAT of WT and TG mice (n = 4-7). (G)
Arrest of postconfluent growth. 3T3-L1 preadipocytes were induced to differentiate by treatment with monocyte differentiation-inducing factors (MDI) with or
without 20 ng/mL BMP4. Adipocytes differentiated from 3T3-L1 adipocytes at day 8 after MDI induction are stained with Oil Red O. (H) Western blot analysis of
lysates (30 pg) differentiated from 3T3-L1 adipocytes at day 6 after MDI induction with or without 20 ng/mL BMPA4. (/) qRT-PCR of differentiated 3T3-L1 adipocytes
for expression of indicated genes at day 6 after MDI induction with or without 20 ng/mL BMP4. Data from 2-mo-old mice on a normal chow diet are expressed as
means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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was examined. The mRNA levels of TMEM26 and CD137 did
not increase significantly, but Tbx1, Tbx15, and Hoxc9 levels in-
creased in the inguinal WAT of BMP4 TG mice (Fig. 1H).

Although the percentage of mature adipocytes relative to
total cell number in the fat tissue mass in both WAT and BAT
did not differ between the two types of mice (Fig. S1G), the
number (based on DNA content) of inguinal white and brown
adipocytes increased, whereas the number of gonadal white
adipocytes remained unchanged (Fig. S1H). Thus, both inguinal
WAT and BAT underwent BMP4-induced hyperplasia.

Induced Expression of BMP4 Leads to Increased Mitochondrial
Biogenesis and Key BAT Gene Expression in WAT. Because sub-
cutaneous inguinal WAT of the BMP4 TG mice acquired the
appearance of BAT, we investigated the possibility that mito-
chondrial biogenesis in WAT occurred. Immunohistochemical
analysis showed more mitochondria staining immunopositive
in both inguinal and gonadal WAT of TG mice (Fig. S2D).
Transmission electron microscopy of inguinal WAT revealed
amarked increase in the number and size of mitochondria (Fig. 2
A-C). Although the diameters of mitochondrial organelles in
gonadal WAT did not change significantly, the number did in-
crease (Fig. 2A4-C).

PGCla and PR domain containing 16 (PRDM16) are regarded
as key inducers of brown adipocyte development (34-37). Real-
time PCR analysis revealed that levels of PGCla and uncoupling
protein 1 (UCP1) (a target gene of PGCla) were increased ap-
proximately ninefold and approximately 7.5-fold, respectively,
whereas PRDM16 was increased approximately sixfold in in-
guinal WAT of BMP4 TG mice (Fig. 2D). Consistent with these
changes, the levels of the mRNAs encoding mitochondrial cyto-
chrome C (Cycs), mitochondrial transcription factor A (mtTFA),
carnitine palmitoyl-CoA:transferase 1B (CPT1b), and medium-
chain acyl-CoA dehydrogenase (MCAD) were elevated in
BMP4 TG mice (Fig. 2D). Except for UCP-1, the expression
of these brown adipocyte developmental- and mitochondrial-
related genes also was increased in gonadal WAT (Fig. 2E). In
BAT, however, the expression of these genes decreased in BMP4
TG mice (Fig. 2F), as did mitochondrial size. However, the
number of mitochondria did not change (based on electron
microscopic measurements; Fig. 2 B and C), and fewer mito-
chondria exhibited immunopositive staining by immunohisto-
chemical analysis (Fig. S2D).

Although BMP4 treatment during terminal differentiation in
the 3T3-L1 preadipocyte culture model did not affect differen-
tiation efficiency significantly, as indicated by the expression of
adipocyte marker proteins CCAAT/enhancer-binding protein o
(C/EBPa) and PPARYy or by Oil Red O staining of adipocytes
(Fig. 2 G and H). Moreover, the accumulated lipid droplets were
smaller in the BMP4-treated cells than in controls as determined
by the appearance of micrographic images after Oil Red staining
(Fig. 2G). In addition, the BMP4-treated 3T3-L1 adipocytes also
acquired the brown adipocyte gene expression phenotype, in-
cluding the expression of PGCla and PRDM16 (Fig. 2 H and 1)
as well as downstream genes, i.e., mtTFA, Cycs, CPT1b, MCAD,
and glutamate transporter type 4 (Glut4) (Fig. 2I). The expres-
sion of UCP-1 could not be detected readily by Western blotting
or with a high cycle threshold value (>30) by real-time PCR.
Although the relative level of expression of PGCla was high, the
level of UCP-1 expression was unexpectedly low.

Elevated Expression of BMP4 in Adipose Tissue Increases Whole-Body
Oxygen Consumption, Insulin Sensitivity, and Protection from
Metabolic Disorders Induced by a High-Fat Diet. Basal oxygen con-
sumption rates of BMP4 TG mice were increased substantially
relative to those of control mice (Fig. 3 4 and B). The mean
respiratory exchange ratio (RER) of TG mice was 0.72 and that
of WT mice was 0.83, indicating that the TG mice were oxidizing
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primarily fat, whereas the WT mice were oxidizing a mixture of
carbohydrate and fat (Fig. 3C). Consistent with this shift to fat as
primary fuel, the circulating levels of both triglycerides and free
fatty acid decreased substantially in the BMP4 TG mice com-
pared with control mice (Fig. 3D). Serum cholesterol levels were
unchanged by expression of the transgene (Fig. 3D).

The increase in fat metabolism by WAT in BMP4 TG mice
and the associated reduction in the level of circulatory fat
metabolites suggested that the BMP4 TG mice might be more
insulin responsive (38). To test this possibility, metabolic studies
were performed in which BMP4 TG and WT mice were fed ei-
ther chow or a high-fat diet (HFD) from age 6-24 wk. Of in-
terest, the BMP4 TG mice consumed slightly more of both diets
than control mice (Fig. 3E). Body weights of the mice fed the chow
diet began to diverge at approximately age 8 wk, with the TG mice
gaining somewhat more weight than control mice between age 10
and 24 wk (Fig. 3F). Nonetheless, the size of the inguinal WAT fat
pad increased (Fig. S2E), and the fat cells were small in size and
were multilocular at age 24 wk (Fig. S2F). The difference in body
weight was less pronounced in TG and control mice on the HFD
(Fig. 3F). Although the fat pads of TG mice increased in size upon
exposure to the HFD, the increase was less than in control mice,
and fewer lipids accumulated in the liver (Fig. S2 E and F).

When mice were maintained on the chow diet, the BMP4 TG
mice exhibited lower fasting serum glucose and insulin levels
than control mice (Fig. 3 G and H). The fasting glucose and
insulin levels were significantly increased in mice on the HFD
(Fig. 3 G and H), but the levels of serum glucose and insulin were
significantly reduced in BMP4 TG mice relative to controls (Fig.
3 G and H), suggesting increased insulin sensitivity. When
challenged with an i.p. glucose load, the BMP4 TG mice on both
chow and HFD displayed significantly improved glucose toler-
ance. Intraperitoneal insulin tolerance tests also showed im-
proved insulin sensitivity in Fabp4-BMP4 mice (Fig. 3 I and J).
Finally, i.p. injection of insulin resulted in a more pronounced
activation of the insulin-signaling pathway in WAT of the BMP4
TG mice, as indicated by the relative increase in the level of
phosphorylated Akt (phospho-Akt) (Fig. 3K).

PGCla Mediates BMP4-Induced Conversion of White Adipocytes into
Brown Fat-Like Adipocytes. PGCla is an important transcriptional
coactivator for the expression of the UCP-1 gene (39), for the
biogenesis of mitochondria, and for energy expenditure in BAT
and other tissues (24, 26). To determine whether the increased
energy expenditure and improved insulin sensitivity of the BMP4
TG mice is dependent on PGCla, recombinant adenovirus
expressing PGCla shRNA was injected s.c. adjacent to one in-
guinal fat pad site. As a control, recombinant adenovirus expressing
LacZ shRNA was injected in the contralateral site. Injection of
adeno-PGCla-shRNA into the white fat pads of BMP4 TG mice
caused a significant decrease in PGCla mRNA level compared
with the contralateral control. Likewise, CPT1b, MCAD, and
phosphoenolpyruvate carboxykinase 1 (Pck-1) were down-regu-
lated (Fig. 4C). The knockdown of PGCla expression in the fat
pads produced a lighter color than in the reddish contralateral
control fat pads (Fig. 44) as well as enlargement of the fat cells and
fat droplets (Fig. 4B). Thus, the phenotype induced in the BMP4
TG mice was reversed by knocking down the expression of PGCla.
Finally, activation of the insulin-signaling pathway also was inhibi-
ted by PGCla knockdown (Fig. 4D). Moreover, regression analysis
revealed a positive association between BMP4 and PGCla mRNA
expression in both subcutaneous (n = 32) and visceral (n = 22)
adipose tissue of human subjects (Fig. 4 E and F).

P38/MAPK/ATF2 Pathway Regulates the BMP4-Induced BAT-Like
Change in WAT. Two major signaling pathways, the Smad (moth-
ers against decapentaplegic homolog) and p38/MAPK pathways,
are known for BMPs (40). Overexpression of BMP4 in WAT in-
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**P < 0.01, ***P < 0.001; for WT vs. TG mice fed a high-fat diet: *P < 0.05, #P < 0.01, *#P < 0.001. (Twenty-four-week-old mice were maintained on chow or
were fed an HFD beginning at age 6 wk.)

creased the phosphorylation state of both p38/MAPK and phos-  mice (Fig. 54), suggesting that BMP4 plays a role not only in the
phorylated Samd1/5/8 (p-Samd1/5/8) (Fig. 54). Because ATF2lies  activation of ATF2 but also the expression of the protein itself
downstream of p38/MAPK, its expression level also was assessed ~ (Fig. 54). Moreover, knockdown of ATF2 expression in inguinal
by Western blotting. Both phosphorylated ATF2 (P-ATF2) and WAT of BMP4 TG mice reversed the effect of BMP4 on WAT,
ATF2 protein levels were up-regulated in WAT of BMP4 TG  causing fat cell enlargement and decreased expression of PGCla
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Fig. 4. Active metabolic WAT in Fabp4-BMP4 TG mice is dependent on PGC1a. Adenovirus expressing PGC1a shRNA was injected weekly s.c. adjacent to one
side of the inguinal fat pad, and LacZ shRNA was injected at the contralateral site as a control for 4 wk beginning at age 4 wk. (A) Comparison of inguinal
WAT fat pads in the TG mouse after treatment with PGC1a or Lac Z shRNA. (B) H&E staining of the inguinal WAT fat pad in the TG mouse after treatment with
PGCla or Lac Z shRNA. (Scale bar: 20 um.) (C) gRT-PCR showing the fold induction of the expression of the indicated genes normalized to the housekeeping
gene 18S in the inguinal WAT fat pad in the TG mouse after treatment with PGCla or Lac Z shRNA (n = 4). (D) Western blot analyzing insulin-stimulated
phosphorylation of AKT from the inguinal WAT fat pad in the TG mouse after treatment with PGCla or Lac Z shRNA. (E and F) Linear regression analysis
between BMP4 and PGC1a mRNA levels in subcutaneous (n = 32) (E) and visceral (n = 22) (F) adipose tissue.

and UCP-1 in fat pads injected with adeno-AFT2 shRNA com-
pared with contralateral control fat pads (Fig. 5 B and C). The
activating signaling by BMP4 on WAT was recapitulated in ter-
minally differentiating 3T3-L1 cells in culture (Fig. 5D). Together
these findings showed that activation of the p38/MAPK/ATF2
pathway and the activation of PGCla expression by BMP4 play
important roles in the induction of WAT into BAT-like tissue.
Although a different phenotype was induced by the BMP4
transgene in WAT, BMP4 overexpression in BAT also activated
the p38/MAPK/ATF2 pathway (Fig. S2G).

Disruption of BMP4 Expression in Adipose Tissue Increases Adipose
Tissue Mass and Reduces Insulin Responsiveness. To determine
whether the effect of BMP4 on adipocyte phenotype is reversible,
mice with an adipose tissue BMP4 knockout were used (Fig. S34).
Knockout mice were prepared by crossmg Fabp4-driven Cre
recombinase mice with BMP4' 1 mice Disruption of BMP4
expression in the adipose tissue of Fabp4-cre-BMP4' 10 mice
was confirmed by Western blotting (Fig. S3B). The BMP4 mRNA
level was not changed in brain, as determined by quantitative RT-
PCR (qRT-PCR) (Fig. S3C).

Knockout mice gained more body weight (Fig. S3D) and
exhibited increased WAT mass and fat index (fat weight relative
to body weight) (Fig. 6 A and B), as well as adipocyte enlarge-
ment (Fig. 6 C and D). Unexpectedly, BAT of the BMP4-
knockout mice also was hypertrophic and was associated with
markedly increased fat mass and fat droplets in brown adipocytes
(Fig. 6 A-D). Although the expression of mitochondrial and fatty
acid oxidation-related genes (UCP-1, PGCla, mtTFA, Cycs,

Qian et al.

CPT1b, and MCAD) did not decrease significantly, the expres-
sion of the white adipocyte genes for transcription factor 21
(Tcf21) (16) and leptin did increase in inguinal WAT (Fig. S3E).
phosphorylated p38 and phosphorylated AFT2 (p-ATF2) were
not activated in inguinal WAT of BMP4 knockouts as shown by
Western blot (Fig. S3F). Metabolic parameter analysis revealed
that BMP4-knockout mice also exhibited increased serum tri-
glyceride levels but unchanged free fatty acid and cholesterol
levels (Fig. 6 E-G). Serum leptin levels of BMP4-knockout mice
also were markedly elevated (Fig. 6H). Fasting glucose and insulin
levels were significantly elevated in knockout mice relative to
controls (Fig. 6 I and J). Glucose tolerance tests revealed that
knockout mice exhibited decreased glucose clearance (Fig. 6K).
Although not statistically significant, the insulin tolerance curve
for knockout mice was up-shifted (Fig. 6L). Consistent with the
effects of BMP4 in TG mice, these findings indicate decreased
insulin responsiveness in BMP4-knockout mice.

Discussion

Recent studies have shown that adult humans possess a pool of
metabolically active brown fat that is susceptible to changes in
environmental temperature (7-9). It follows that the identifi-
cation of factors that induce BAT-like changes in WAT could
lead to therapeutic strategies for treating obesity and its con-
sequences. The present investigation reveals a connection be-
tween BMP4 and the transition of WAT to a tissue possessing
white fat cells that have characteristics of brown fat cells,
comparable to the recently described beige (14) and brite (15,
16) adipocyte cell types.
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Fig. 5. Active metabolic WAT in Fabp4-BMP4 TG mice was regulated by the p38/MAPK/ATF2 pathway. (A) Western blot analysis of the expression level of
molecules involved in the BMP-signaling pathway in inguinal WAT from 2-mo-old WT and Fabp4-BMP4 TG mice maintained on a chow diet. (B) H&E staining
of inguinal WAT in the TG mouse after treatment with ATF2 or Lac Z shRNA. (Scale bar: 20 pm.) (C) gRT-PCR showing the fold induction of the expression of
the indicated genes normalized to the housekeeping gene 18S in the inguinal WAT of the TG mouse after treatment with ATF2 or Lac Z shRNA (n = 4). The
method of ATF2 shRNA adenovirus treatment was the same as the treatment with PGC1a shRNA in Fig. 4. (D) Western blot analysis of lysates (30 pg) from
differentiated 3T3-L1 adipocytes at day 4 after MDI induction with or without BMP4 (20 ng/mL).

BMP4 is known to induce the commitment of pluripotent
stem cells to the adipocyte lineage (32). Here we identify an
additional role for BMP4 as a factor that produces BAT-like
changes in WAT. Because the level of BMP4 in human WAT is
inversely associated with fat mass (Fig. 1 4 and B), its expres-
sion in WAT may serve as a therapeutic target. As shown in the
present study, overexpression of BMP4 in adipose tissue in vivo
in the mouse increases not only the number of SVF cells but
also the number of adipocytes in both subcutaneous WAT and
BAT. These results indicate that BMP4 stimulates proliferation
as well as stem cell commitment to the adipocyte lineage (Fig.
S1 G and H), most likely by an autocrine/paracrine mechanism,
as was shown during commitment of multipotent C3H10T1/2
stem cells to preadipocytes in cell culture (32, 41).

It is noteworthy that we found that BMP4 also regulates
adipose tissue remodeling, mitochondrial biogenesis, and me-
tabolism. Driven by the adipocyte-specific Fabp4 promoter,
overexpression of BMP4 in TG mice during terminal differ-
entiation provoked acquisition of BAT characteristics in WAT
(Figs. 1 D and F and 2). Furthermore, BMP4 treatment during
terminal differentiation of 3T3-L1 preadipocytes induced sim-
ilar changes (Fig. 2 G-I). These findings differ from previous
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reports in which humans and rodents were subjected to cold
environment or noradrenergic stimulation and in which foci of
UCP1-immunoreactive brown adipocytes appear in WAT. With
noradrenergic stimulation, the foci were thought to involve
direct transformation of adult white adipocytes (42-44) or de
novo differentiation of committed brown adipocytes (45).
It should also be noted that manipulation of certain genes that
increased mitochondrial biogenesis in white adipocytes resulted
in improved energy metabolism (18-20, 46). Likewise, over-
expression of BMP4 in WAT promoted mitochondrial biogenesis
as well as the expression of genes required for glucose and lipid
metabolism, including Glut4, Pck-1, MCAD, and CPT1b (Fig. 2).
These changes were associated with increased oxygen consumption,
decreased blood levels of free fatty acid and triglycerides, and in-
creased insulin responsiveness (Fig. 3). This phenotype also was
verified in BMP4-knockout mice (Fig. 6). In contrast, in BMP4 TG
mice lipid droplets in brown adipocytes were larger than in control
mice (Fig. 1F), mitochondrial size decreased (Fig. 2C), and ex-
pression of genes of mitochondrial biogenesis and the enzymes for
oxidative phosphorylation declined (Fig. 2F). These findings are
consistent with the previous research showing that BMP4 inhibited
UCP-1 expression of brown preadipocytes, differing from the role
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***%P < 0.001.

of BMP7 in brown adipocytes (30). The larger fat droplets in TG
brown adipocyte BMP4 may have resulted from the diminished
lipid dissipation.

Although expression of the typical BAT molecular marker
UCP-1 was increased in the subcutancous WAT of BMP4 TG
mice, the level was somewhat lower than in typical interscapular
brown adipose tissue (Fig. S24). Moreover, some beige/brite
markers (Tbx1, Tbx15, and Hoxc9) were increased in the tissue
(Fig. 1H), suggesting that brown-like adipocytes transformed by
BMP4 differ from typical brown adipocytes of interscapular BAT.
This cell type may be related or identical to the beige and brite
adipocyte cell types recently described by the Spiegelman (14) and
Cannon (15, 16) laboratories, respectively. Nevertheless, the ex-
pression of PGC-1a in WAT (Fig. S2B), as well as p38/MAPK/
ATF2 activation, was markedly elevated via BMP4 action (Fig.
5A), indicating that PGC-1a is a direct molecular effect of BMP4.
Elevation of UCP-1 was secondary to PGC-1a stimulation.

Verification that PGC-1a is the key molecule was confirmed by
the finding that inhibiting PGCla expression (with PGCla shRNA)
caused multilocular small-sized adipocytes to revert to typical white
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adipocyte morphology (Fig. 4 A-D). The overexpression of BMP4
in mice robustly activated p38/MAPK and thus increased the level
of both total ATF2 and p-ATF2 in WAT (Fig. 54). In contrast,
ATF2 knockdown caused the transformed brown-like adipocytes of
BMP4 TG mice to revert to the normal white adipocyte phenotype
(Fig. 5B). Together with the reported result of the transactivation of
PGC-1a by ATF2 (47), these findings reveal the essential roles of
p38/MAPK, ATF2, and PGCla in the induction by BMP4 of an
oxidative metabolic phenotype in WAT. Although BMP4 over-
expression in BAT also activated the p38/MAPK/ATF2 pathway,
the level of UCP-1 was lower than in control BAT. That BMP4
treatment decreased of UCP1 expression in cells differentiated
from brown preadipocytes also was demonstrated by Tseng et al.
(30). The decrease might be caused by the different key transcrip-
tion factors or cofactors in WAT and BAT. In WAT development,
BMP4 commits multipotent stem cells to preadipocytes primarily
through activation of the Smad pathway, whereas induction to the
brown-like adipocyte phenotype occurs primarily by activating the
p38/MAPK pathway. Thus, complementary activation of the two
signaling pathways appears to confer flexibility in BMP4’s regulation

PNAS | Published online February 6, 2013 | E805
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of adipose tissue development to meet metabolic demands at dif-
ferent points in development and metabolism (Fig. S3G).

It should be noted that in creating TG mice little control is
exerted over the resulting level of expression of the transgene,
which in most cases is high. The BMP4 transgene was expressed
at a relatively high level (Fig. 1C), so the effects of the trans-
gene may be exaggerated. However, this limitation is obviated,
at least in part, by assessing the effect of disrupting the BMP4
gene. Of note, the BMP4 knockout was incomplete. As shown
in Fig. S3B, a small, but significant, level of BMP4 was ex-
pressed in the BMP4-knockout mice. Also, as shown in Fig.
S3E, the levels of expression of UCP-1, PGCla, Cycs, CPT1b,
and MCAD were all partially reduced in the BMP4-knockout
mice, although the reductions did not achieve statistical sig-
nificance. It is important that this group of genes was co-
ordinately reduced. Had the knockout been total/complete, the
relative levels of these reductions would have been expected to
be greater.

Subcutaneous WAT and visceral WAT exert different levels of
metabolic risks. Increased intraabdominal/visceral fat appears to
exert a higher risk than subcutaneous fat. Hence, subcutaneous
fat in the thighs and hips exhibits little risk of metabolic disease
and even may have a protective effect (48, 49). Although PGCla
expression and mitochondrial biogenesis are increased in both
tissue sites, inguinal WAT and gonadal WAT exhibit different
phenotype upon BMP4 overexpression. Overexpression of BMP4
in gonadal WAT led to reduced adipocyte size and a reduction in
the size of fat pads in mice between 2 and 6 mo of age (Fig. 1 D-F
and Fig. S2E). In contrast, inguinal WAT mass did not change
significantly between 2-mo-old and 6-mo-old in BMP4 TG mice
(Fig. 1 D and E and Fig. S2E). Each of the molecules that
uniquely affect BMP4 needs to be investigated further, especially
those related to BMP4 and the insulin-signaling pathway. This
alteration in fat mass suggests BMP4’s protective role in meta-
bolic disease and offers an opportunity for intervention in the
control of excessive obesity.

Materials and Methods

Human Adipose Tissue Samples. Subcutaneous (n = 32) and visceral (omental)
(n = 22) adipose tissues were obtained from patients who underwent sur-
gery irrelevant to metabolic disease in Shanghai Jiaotong University Affili-
ated Sixth and Ninth People’s Hospital. This study was approved by the ethics
committees of Fudan University Shanghai Medical College and was in ac-
cordance with the principle of the Helsinki Declaration Il. Written informed
consent was obtained from each participant.

Generation of TG Mice Overexpressing Adipose Tissue-Specific BMP4 and BMP4-
Knockout Mice. To generate mice with BMP4 specifically overexpressed in
adipocytes, BMP4 cDNA (GenBank accession NM_007554) was cloned down-
stream of the 5.4-kb Fabp4 promoter/enhancer promoter and upstream of an
SV40 intron/poly(A) sequence (50). The construct was microinjected into fer-
tilized mouse (C57BL/6J x CBA/J F1) oocytes. BMP4 TG mice were screened by
PCR using primers that specifically detect the transgene but not endogenous
BMP4 (Fabp4-BMP4 Tg: cagtgatcattgccagggagaacc; gcctcctagcaggacttggcta).
The TG founders were maintained by mating hemizygous animals to C57BL/6J
mice. Control mice were non-TG littermates. To generate mice with an adi-
pocyte-specific knockout of BMP4, Bmp4LoxP/LoxP mice (generously provided
by Brigid Hogan, Department of Cell Biology, Duke University Medical Center,
Durham, NC) were crossed with mice expressing Cre recombinase under the
control of the adipocyte-specific promoter Fabp4 (Jackson Laboratory) (50).
Genotyping was performed by PCR. Studies were performed in Fabp4-Cre-
Bmp4LoxP/LoxP mice and littermate controls lacking the LoxP sites (Fabp4-Cre-
Bmp4*™*). Mice were maintained under 12-h light/12-h dark cycles with un-
limited access to food and water. Mice were fed with chow or an HFD (51%
kcal in fat, beginning at age 6 wk). The data shown were collected from
experiments on male mice unless otherwise indicated. Fabp4-Bmp4 TG and
non-TG WT mice from a C57BL/6J background were maintained by continu-
ously crossing back, and Fabp4-Cre-Bmp4LoxP/loxP and Fabp4-Cre-Bmp4**
mice were from a mixed background of C57BL/6J and 129/Black Swiss. Thus,
slight variations between non-transgenic WT and Fabp4-Cre-Bmp4** values
may reflect strain-specific differences. All studies were approved by the Animal
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Care and Use Committee of the Fudan University Shanghai Medical College
and followed the National Institute of Health guidelines on the care and use
of animals.

Glucose and Insulin Tolerance Tests. For the glucose tolerance test, mice were
injected i.p. with p-glucose (2 mg/g body weight) after an overnight fast, and
tail blood glucose levels were monitored. For the insulin tolerance test, mice
fed ad libitum were injected i.p. with human insulin (Eli Lilly) (0.75 mU/g
body weight) around 2:00 PM, and tail blood glucose levels were monitored.

Metabolic Studies. Three-month-old mice were housed and monitored in-
dividually in a metabolic cage (Columbia Instruments) with free access to
regular chow and drinking water for 48 h. Each cage was monitored for
metabolic parameters (including oxygen consumption and carbon dioxide
production) at 25-min intervals throughout the 48 h period. Parameters of
oxygen consumption (mL-kg~"-h™"), carbon dioxide production (mL-kg~"-h™"),
and RER (CO,/VO2) were calculated for each mouse divided by its body weight.
Representative graphs of oxygen consumption and RER represent data for
eight mice from each group.

Measurements of Blood Parameters. Mice at different ages were fasted
overnight, and blood samples were collected by retroorbital bleeding
methods. Sera were prepared and used for measurements. Glucose, trigly-
cerides, and cholesterol levels were determined using the Sysmex Chemix-180
automatic biochemical analysis device (Sysmex Infosystems). ELISA kits were
used to determine leptin (Raybiotech), insulin (Mercodia), and free fatty acid
(Lengton Bioscience) levels in mouse sera.

H&E Staining and Cell Size Quantitation. Standard H&E staining was per-
formed on 5-pm paraffin sections of WAT and interscapular brown adipose
tissue. Cell diameter was measured in the H&E-stained sections of three in-
dividual samples in each group using Image J.

Isolation of SVF and Adipocytes from Adipose Tissue. Adipose tissue was
harvested and the SVF cells were isolated by enzymatic digestion (collagenase
VIII; Sigma). The digested tissue was filtered through a 100-um mesh filter to
remove debris and was centrifuged. The adipocytes floated above the su-
pernatant. The cellular pellet involving the SVF was resuspended with an
ammonium chloride lysis buffer to remove red blood cells.

0il Red O and Nile Red Staining for Lipid. In vitro differentiated cells were fixed
for 20 min in buffered formalin and stained with Oil Red O for 60 min.
Isolated cells were resuspended in PBS, Nile red (stock: 0.5 mg/mL in acetone)
was added to the preparation to effect a 1:100 dilution, and cells were in-
cubated for 5 min for flow cytometry.

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 differ-
entiate with DMEM containing 10% (vol/vol) FBS, 1 pg/mL insulin, 1 pM
dexamethasone, and 0.5 mM 3-isobutyl-1-methyl-xanthine until day 2. Cells
then were fed with DMEM supplemented with 10% (vol/vol) FBS and 1 pg/
mL insulin for 2 d, after which they were fed every other day with DMEM
containing 10% (vol/vol) FBS. For BMP4 treatment, 20 ng/mL of purified
recombinant BMP4 (R&D Systems) was added to the medium during the
differentiation from day 0 to day 8.

gRT-PCR. cDNA synthesized from total RNA was analyzed in a Sequence
Detector (Q5; Bio-Rad) with specific primers and SYBR Green PCR Master
reagents (ABI). The relative abundance of mRNAs was calculated with 18S
mRNA as the invariant control. The primers were from PrimerBank (http:/pga.
mgh.harvard.edu/primerbank/) or as described in refs. 14-16, 20, and 51.

Antibodies and Immunoblotting. WAT and BAT or cultured cells were ho-
mogenized in lysis buffer containing 2% (wt/vol) SDS and 60 mM Tris-HCI (pH
6.8) and were loaded onto the gel for electrophoresis. Proteins then were
transferred onto nitrocellulose membrane and immunoblotted with specific
antibodies. For determination of insulin-stimulated p-AKT, inguinal WAT
was dissected from mice 5 min after i.p. injection of insulin. Antibodies used
were BMP4 (Millipore), p38/MAPK, phos-p38/MAPK, Smad1, p-Smad1/5/8,
Akt, and p-hrd73-Akt (Cell Signaling Technology), actin (Sigma-Aldrich),
PGCla and HSP90 (Santa Cruz Biotechnology), and PRDM16 and UCP-1
(Abcam).
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Adenoviral Expression Vectors and Infection. The adenoviral expression vector
pBlock-it (Invitrogen) encoding shRNA of the PGC1a and ATF2 genes was
constructed according to the manufacturer’s protocols. The shRNA sequen-
ces were PGCla: GGTGGATTGAAGTGGTGTAGA and ATF2: GTGAGGAGCCTT
CTGTTGTA. Adenovirus was amplified and purified using Sartorius Adeno-
virus Purification Kits. Adenovirus solution was injected s.c. adjacent to the
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