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SUMMARY

We examined the effect of Bone Morphogenetic Pro-
tein 4 (BMP4) on energy expenditure in adult mature
mice by targeting the liver with adeno-associated
viral (AAV) BMP4 vectors to increase circulating
levels. We verified the direct effect of BMP4 in
inducing a brown oxidative phenotype in differ-
entiating preadipocytes in vitro. AAV-BMP4-treated
mice display marked browning of subcutaneous
adipocytes, with increasedmitochondria andUncou-
pling Protein 1 (UCP1). These mice are protected
from obesity on a high-fat diet and have increased
whole-body energy expenditure, improved insulin
sensitivity, reduced liver fat, and reduced adipose
tissue inflammation. On a control diet, they show
unchanged body weight but improved insulin sensi-
tivity. In contrast, AAV-BMP4-treated mice showed
beiging of BAT with reduced UCP1, increased lipids,
and reduced hormone-sensitive lipase (HSL). Thus,
BMP4 exerts different effects on WAT and BAT, but
the overall effect is to enhance insulin sensitivity
and whole-body energy expenditure by browning
subcutaneous adipose tissue.

INTRODUCTION

Recent studies have demonstrated that there are two distinct

variants of oxidative adipocytes. The classical brown adipo-

cytes, present in the inter-scapular region of infants and other

mammals, have a muscle-like Myogenic Factor (MYF) 5+, Paired

Box Protein (PAX) 7+ cell-developmental origin (Seale et al.,

2008). The second variant, beige adipocytes, is intermediate be-

tween brown and white adipocytes (Wang et al., 2013; Wu et al.,
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2012). These cells usually reside within white adipose tissue

(WAT) depots (Vitali et al., 2012), have a white adipocyte stem-

cell origin, and prevail in human brown adipose tissue (BAT)

(Wu et al., 2012). Beige adipocytes have the capacity to generate

heat by Uncoupling Protein 1 (UCP1)-dependent thermogenesis

upon stimulation but also have other pathways for generating

heat, including the recently described futile creatine cycle (Kazak

et al., 2015), and secretion of a thermogenic SLIT2 fragment

(Svensson et al., 2016). The potential of beige adipose cells in

increasing energy expenditure in animals (Kazak et al., 2015;

Seale et al., 2011; Wu et al., 2012) and in man (Sidossis et al.,

2015) has been emphasized. Thus, activating the large subcu-

taneous (SubQ) WAT by browning seems an attractive way of

preventing/treating obesity and type 2 diabetes.

A growing body of evidence has shown that Bone Morpho-

genetic Protein 4 (BMP4) is an important regulator of white adi-

pogenesis by committing mesenchymal precursor cells into

the adipogenic lineage and inducing Peroxisome Proliferator-

Activated Receptor g (PPARg) activation (Bowers and Lane,

2007; Gustafson and Smith, 2012). However, BMP4 also en-

hances browning of white adipocytes, as shown in transgenic

mice overexpressing Bmp4 in fat under the Adipocyte Protein 2

(aP2) promoter (Qian et al., 2013). Furthermore, we recently

found that increasing BMP4 signaling through silencing the

endogenous BMP4 inhibitor Gremlin1 induces browning of hu-

man SubQ (pre-)adipocytes with increased PPARg Coactivator

1a (PGC1a), mitochondrial biogenesis, and other markers of

browning (Gustafson et al., 2015).

Interestingly, the effect of increased BMP4 signaling seems

different in primary brown adipose cells. These cells assume a

less oxidative, white/beige-like phenotype, with larger lipid drop-

lets associated with inhibition of lipolysis rather than the classical

brownphenotype (Modicaet al., 2016). LargerBATwith increased

lipid droplet sizewas also reported in the aP2-drivenBmp4 trans-

genic animal model (Qian et al., 2013), and, interestingly, human

BAT has been reported to be mainly of a beige phenotype but
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with some areas of maintained classical brown fat (Bartelt and

Heeren, 2014; Jespersen et al., 2013; Wu et al., 2012). BMP4

has several important developmental effects that can confound

results obtained in transgenic animal models. These develop-

mental effectswith early commitment andexpansion of precursor

cells with a primary beige/brown phenotype may well be impor-

tant for the overall expansion of the beige/brown adipose tissue.

If so, it raises the question of whether BMP4 is a possible target

to treat or prevent obesity in adult human where developmental

effects are unwanted. To address this, we examine here whether

merely increasing circulating levels of BMP4 in adult mice,

followinggene therapy targeting the liver to increaseBMP4secre-

tion, could be a potential therapeutic avenue.

RESULTS

Increased Circulating BMP4 Levels in AAV-BMP4-
Treated Mice
The combination of AAV vectors of serotype 8 and the hAAT1

promoter is well validated to ensure liver-specific transgene

expression (Anguela et al., 2013; Zincarelli et al., 2008). Hepatic

gene expression of the codon-optimized Bmp4 sequence

(data not shown) and hepatic BMP4 protein (Figure S1A) were

increased, compared that in the controls. Serum BMP4 levels

of the AAV BMP4mice from Cohort 1 (Figure 1A) were increased

around 10-fold (100–200 ng/mL) when examined in samples

harvested 17 weeks post-AAV vector administration.

We also measured BMP4 protein in other tissues (SubQ WAT,

BAT, and gastrocnemius skeletal muscle) but did not find the

AAV vectors to target other tissues than the liver (Figure S1B),

nor did increased circulating BMP4 enhance the endogenous

expression of Bmp2, Bmp7, or Bmp8B (Figure S1C). These

results demonstrate that the mice had increased circulating

BMP4 levels with the AAV vectors and that the transgene expres-

sion lasted for the full duration of the study.

BMP4 Prevents Obesity in High-Fat-Diet-Fed Mice and
Increases Energy Expenditure
Concurrent with AAV BMP4 vector administration in Cohort 1,

the mice were allocated to either a control diet (CD) or a high-

fat diet (HFD). The effect of BMP4 to reduce body-weight in-

crease in the HFD-fed mice (HFD BMP4) was seen already after

2 weeks, and these mice gained less weight than the HFD con-

trols during the entire study (Figure 1B). This was not caused

by reduced food intake, and CD BMP4 mice had a significantly

higher food intake than CD control mice did in Cohort 1 (Fig-

ure 1C). HFD BMP4 mice at week 17 did not have an increased

food intake, compared to the HFD controls, but they also

weighed considerably less (Figure 1C). These results demon-

strate that AAV BMP4 mice were protected from diet-induced

obesity, indicating that elevated BMP4 serum levels lead to

changes in tissues regulating energy expenditure. For technical

reasons, we could only examine energy expenditure in the

mice in Cohort 2, which were treated similarly but only fed a

CD after injecting the AAV BMP4 vectors at an even higher age

than Cohort 1, i.e., at 12 weeks of age. Similar to Cohort 1, these

mice weighed the same as the CD control mice (Figure 1D) and

had significantly increased food intake (Figure 1E) and increased
oxygen consumption and energy expenditure (both in Figure 1F).

There was no difference in the activity of themice (Figure S1D) or

in core body temperature at room temperature (Figure S1E).

AAV BMP4 Mice Have Improved Glucose Tolerance and
Insulin Sensitivity
To assess effects on glucose homeostasis, we performed an

intraperitoneal insulin test and a glucose tolerance test (ITT

and GTT, respectively). HFD BMP4 mice were more insulin sen-

sitive than the control group (Figure 1G) and similar, in insulin

sensitivity, to lean CD mice. Glucose tolerance was also signifi-

cantly improved and similar to that in lean CD mice (Figure 1H),

and circulating insulin levels at baseline and 15min post-glucose

injection were also lower (Figure 1I). Importantly, CD BMP4

mice with virtually identical body weights also demonstrated

improved insulin sensitivity and glucose tolerance compared

to the CD control group (Figures 1G and 1H). Thus, elevated

BMP4 levels in fully mature mice produce a phenotype of

increased energy expenditure, increased glucose tolerance,

and insulin sensitivity in both CD- and HFD-fed mice, and

elevated BMP4 levels protect from diet-induced obesity.

Elevated BMP4 Is Associated with Increased Lipid
Accumulation in BAT
To explore mechanisms for BMP4, we first examined whether

the skeletal muscles were targets but saw no increase in pro-

teins of the mitochondrial oxidative phosphorylation (OXPHOS)

pathway in either soleus or gastrocnemius muscles (Figures 2A

and 2B). We then explored whether increased BMP4 in these

adult, fully developed mice targeted WAT or BAT. In contrast

to findings in aP2-driven Bmp4 transgenic mice (Qian et al.,

2013), BAT weight was not significantly altered in our mature

HFD BMP4 mice (shown in Figure S2B), but UCP1 protein was

significantly reduced (Figure 2C), while OXPHOS proteins (Fig-

ure 2D) were not apparently different in the BMP4 mice kept at

room temperature. However, BAT in CDBMP4micewith virtually

identical body weights as the controls had increased expression

of white adipocyte genes (Figure 2E) and increased lipids in BAT

(Figure 2F), supporting the induction of a more beige phenotype

with reduced lipid oxidation. Thus, BAT also is a target of BMP4

in these fully developed and mature mice. We then examined

whether this increased accumulation of lipids was associated

with markers of reduced upstream protein kinase A (PKA) activa-

tion, but phospho-PKA substrateswere not changed (Figure 2G).

However, the downstream lipolytic process is likely impaired,

since hormone-sensitive lipase (HSL) protein in BAT was signif-

icantly reduced (Figure 2H), as also reported previously (Modica

et al., 2016).

Taken together, increased circulating levels of BMP4 also

target BAT with markers of impaired downstream lipolytic acti-

vation and increased accumulation of lipids; i.e., BAT becomes

more beige/white. However, this inhibition is relative to the

ambient conditions, since massive adrenergic activation by in-

jecting the mice with a b3-agonist for 7 days activated BAT in

both control and BMP4-treated mice, as evidenced by reduced

lipids in both cohorts, albeit with still higher remaining lipid

accumulation in BMP4 mice (Figure S1F). Lowering the room

temperature to 4�C showed that the core body temperature
Cell Reports 20, 1038–1049, August 1, 2017 1039
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Figure 1. AAV BMP4 Treatment Reduces Weight Gain, Improves Glucose Tolerance, and Increases Energy Expenditure

(A) Immunoprecipitation of BMP4 from pooled serum (Figures S1A–S1C). IgG, immunoglobulin G.

(B) Weight gain in control-diet- and high-fat-diet-fed AAV BMP4 mice (CD/HFD BMP4; n = 11 each) and control groups (CD/HFD Ctrl; n = 20–21 each).

(C) Food intake normalized to lean body mass.

(D–F) Weight gain (D), absolute food intake (E), oxygen consumption (VO2) and energy expenditure (both in F) in CD Ctrl and CD BMP4 mice from Cohort 2; n = 6

per group; see also Figures S1D and S1E.

(G and H) Insulin sensitivity (G) and glucose tolerance (H) in BMP4-treatedmice and control groups. CD/HFD control (Ctrl), n = 20–21 each; CD/HFD BMP4, n = 11

each.

(I) Circulating insulin levels in BMP4-treated mice and control groups at baseline and 15 min post-glucose injection during the GTT; n = 5–9 (basal) and n = 8

(15 min).

In (A)–(C) and in (G)–(I), analyses were performed in mice from Cohort 1. In (B)–(I), data are indicated as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figures S1A–S1E.
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Figure 2. AAV BMP4 Treatment Enhances Lipid Accumulation and Reduces UCP1 Expression in BAT in CD-Fed Mice

(A and B) OXPHOS proteins in lysates from soleus (A) and gastrocnemius muscles (B) (both pooled).

(C and D) UCP1 protein (with quantification) (C) and OXPHOS proteins (D) in lysates from BAT.

(E) Gene expression of PPARg and aP2 in BAT; n = 7–8 per group.

(F) Morphology of BAT in CD-fed BMP4 mice and controls (n = 3 per group). Scale bars, 100 mM.

(G and H) Phospho-protein kinase A (PKA) substrates (G) and HSL (with quantification) (H) in lysates from BAT.

All analyses were performed in mice from Cohort 1. The bar in (H) shows where a lane has been removed. In (C), (E), and (H), data are indicated as mean ± SEM.

*p < 0.05; **p < 0.01.

See also Figure S1F.
was significantly higher in the BMP4-treated mice (Figure S1E),

suggesting a functional activation of BAT in both groups but

an additional contribution of the BMP4-induced browning of

SubQ WAT as discussed later.
Elevated BMP4 Induces Browning of SubQ Adipose
Tissue
Reduced oxidation, suggested by the BAT findings, is obvi-

ously not consistent with the increased whole-body energy
Cell Reports 20, 1038–1049, August 1, 2017 1041
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Figure 3. BMP4 Induces Browning of SubQ Fat in CD-Fed Mice

(A) Gene expression of beige fat and mitochondrial genes in SubQ fat from CD-fed BMP4 and control mice; n = 10–11 per group.

(B) UCP1 protein in pooled lysates from isolated SubQ adipocytes from BMP4 and control mice.

(C) OXPHOS proteins and quantification in pooled lysates from isolated SubQ adipocytes. n = 3 per group.

(D) Mitochondria in the SubQ fat in CD BMP4mice and controls (Cohort 2), examined by electronmicroscopy. Representative images, total n = 3 per group. Scale

bars, 50 mm (top) and 1 mm (center and bottom).

In (A)–(C), analyses were performed in mice from Cohort 1; data are indicated as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
expenditure in BMP4 animals. We then examined whether

BMP4 targeted WAT to induce a beige/brown oxidative pheno-

type of the cells in these fully mature animals. Indeed, expres-

sion of a number of oxidative adipocyte genes (e.g., Pgc1a,

Ucp1, PR Domain Containing 16 [Prdm16], and mitochondrial

genes) were increased in the SubQ WAT of CD BMP4 mice (Fig-

ure 3A), which was also confirmed at the protein level with

increased UCP1 protein in isolated and fully mature SubQ adi-

pocytes (Figure 3B). Furthermore, OXPHOS proteins in isolated
1042 Cell Reports 20, 1038–1049, August 1, 2017
SubQ adipocytes from CD BMP4 mice were also significantly

increased (Figure 3C). We also examined epididymal (EPI) fat

and saw increased Ucp1 expression as well, but this was mark-

edly less pronounced than in SubQ fat (data not shown). To

further document an increased oxidative capacity of the large

SubQ fat, we examined mitochondria in the SubQ WAT using

electron microscopy. As shown in Figure 3D, the mitochondria

were larger, more densely expressed, and with increased

cristae, supporting an effect of BMP4 on mitochondrial
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biogenesis and activation, consistent with the increased Pgc1a

and OXPHOS proteins (Figures 3A and 3C). Together, our data

show that SubQ WAT is a target of BMP4 in mature mice, which

leads to increased browning, increased whole-body energy

expenditure, and prevention of obesity, while BAT activation is

reduced. Additionally, BMP4 treatment improves insulin sensi-

tivity, even in the face of an unchanged body weight, which

also is consistent with the increased thermogenic profile of

WAT (Bartelt et al., 2011).

BMP4 Drives Browning of Differentiating Preadipocytes
In contrast to the procedures by Modica et al. (2016) in undiffer-

entiated preadipocytes, we asked whether exogenous BMP4

treatment throughout adipocyte differentiation was associated

with the induction of brown/beige adipocytes in vitro. The

addition of exogenous BMP4 increased expression of the

BMP-responsive genes Id1 and Pparg (Figures 4A and 4B).

Furthermore, beige/brown adipocyte markers Pgc1a, Ucp1,

and Transmembrane protein 26 (Tmem26) were upregulated

in response to exogenous BMP4 treatment, and this was further

enhanced with the combination of BMP4 and adrenergic

stimulation with isoproterenol (Figures 4C–4E). Interestingly,

the white adipocyte marker leptin was downregulated in

response to BMP4 and isoproterenol (Figure 4F).

To assess the functional consequence of exogenous BMP4,

we measured cellular respiration in differentiated mouse preadi-

pocytes both with and without 24-hr adrenergic stimulation with

isoproterenol. We observed increased basal respiration, ATP

production, and maximum respiration in response to BMP4, as

compared to non-BMP4 treated adipocytes (Figures 4G–4J).

Furthermore, adrenergic stimulation in combination with BMP4

increased basal respiration, ATP production, and uncoupled

respiration, as compared to only isoproterenol-treated adipo-

cytes (Figures 4G–4J).

Thus, we show that BMP4 drives the browning of WAT, both

in vivo and in differentiating primary white precursor cells

in vitro, resulting in functional, oxidative adipocytes. In contrast

to findings of an impaired lipolysis and lipid oxidation in BAT

cells, we show that the differentiating primary white precursor

cells have unchanged lipid accumulation in the presence of

BMP4 and that the isoproterenol-stimulated lipolysis is highly

functional (Figures 4K and 4L). This was also seen in the isolated

mature white SubQ adipocytes from CD-fed AAV BMP4 mice

(Figure 4M). Additionally, HSL protein was not reduced in the

SubQ WAT of BMP4-treated mice (Figure 4N). Together, these

findings clearly document the different lipolytic responses to

BMP4 in WAT and BAT.
Figure 4. Differentiating Precursor Cells from SubQ Fat Undergo Brow

Primary SubQ preadipocytes differentiated for 7 days with BMP4 and isoprotere

(A–F) Gene expression; Id1 (A), PPARg (B), PGC1a (C), UCP1 (D), TMEM26 (E), L

(G–J) Oxygen consumption rate (OCR) during basal respiration (G), ATP product

(K and L) Representative images of phase, lipid droplets (LipidTox Red), and ana

group.

(M) Glycerol release of isolated SubQ adipocytes from control diet (CD)-fed contro

n = 3 per group (pooled samples).

(N) HSL protein in lysates from SubQ fat from CD-fed mice.

Data are represented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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SubQ WAT of HFD-Fed BMP4 Mice Also Shows
Increased Browning
Body composition analysis showed that HFD BMP4 mice had

reduced absolute body fat mass but unchanged lean body

mass (Figure S2A). This was confirmed upon termination,

showing significantly reduced weights of all studiedWAT depots

(Figure S2B) and significantly reduced adipocyte size (Fig-

ure S2C). Gene expression of inflammatory markers, including

the macrophage marker F4/80, was reduced in HFD BMP4

mice, compared to HFD controls (Figure S2D), and this was

confirmed by immunohistochemistry (Figure S2E).

Adipose tissue fibrosis is increased in hypertrophic obesity

(Halberg et al., 2009; Khan et al., 2009), and BMPs have been re-

ported to exert anti-fibrotic effects (Gao et al., 2014; Jenkins and

Fraser, 2011; Zhong et al., 2013). Indeed, transcriptional activa-

tion of a number of known fibrotic genes was significantly

reduced in the SubQ WAT of HFD BMP4 mice (Figure S2D),

and Picosirius Red staining of collagen fibers was also reduced

(data not shown). Ectopic fat accumulation in the livers of the

HFD BMP4 mice, pronounced in the HFD control group, was

virtually completely prevented by BMP4 (Figure S2F).

Similar to the findings in CDBMP4mice, the SubQ adipose tis-

sue of the HFD BMP4 mice had markedly increased numbers

of UCP1-positive, multilobular adipocytes (Figure 5A), not seen

in the HFD control mice. Pgc1a, Tmem26, and Interferon Regu-

latory Factor 4 (Irf4) mRNA levels were also increased (Figure 5B),

as well as PGC1a protein levels (Figure 5C). Pgc1a mRNA in

SubQ fat was significantly and negatively correlated with body

weight in the HFD-fed mice (Figure 5D).

BMP4-Induced Browning of the SubQ WAT in Mature

Mice—a Consequence of Transdifferentiation?

Browning of white adipocytes can occur through two principally

separate events; either through differentiation of WAT-resident

precursor cells (Qian et al., 2013; Wang et al., 2013) or by

‘‘transdifferentiation’’ of adipocytes and/or committed white

precursor cells (Cinti, 2002; Himms-Hagen et al., 2000).

Adipose tissue cellularity is developed early; here, we injected

mature mice with the AAV BMP4 vector (at 6 or 12 weeks of age)

when the pool of precursor cells has since long been established

(Wang et al., 2013). BMP4 has important developmental effects

that may account for the increased browning of SubQ adipose

tissue by the expansion of clones of beige precursor cells that

underwent differentiation. We examined whether the number of

adipose cells was increased (Figure 5E) but did not observe

increased cellularity in either of the WAT depots in BMP4 mice,

regardless of diet. Adipose precursor cells can have an endothe-

lial origin (Tran et al., 2012); we, therefore, also measured
ning with BMP4 Treatment

nol (ISO) treatment.

eptin (F), n = 3 per group.

ion (H), proton leak (I), and maximum respiration (J); n = 4 per group.

lyzed lipid droplet mask (K) (scale bar, 300 mm) and quantification (L); n = 3 per

l and BMP4 mice, with basal levels, following ISO and ISO + insulin treatment.
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angiogenic and endothelial markers in the SubQ WAT. Again,

therewas no increase in the BMP4mice on either diet (Figure 5F).

We also isolated and characterized the undifferentiated adipo-

cyte stromal vascular cells in the SubQ WAT but did not see

markers of an increased beige phenotype in these precursor

cells from animals treated with BMP4 (Figure 5G). We also

measured bromodeoxyuridine (BrdU) incorporation in SubQ fat

and found the same low incorporation in both groups (Figure 5H),

further supporting transdifferentiation rather than specific clonal

expansion of beige/brown cells, Taken together, the data show

that BMP4 can target cells undergoing differentiation and ‘‘trans-

differentiate’’ them into an oxidative beige phenotype and that

this may also be possible with mature cells in vivo. However,

definitive in vivo proof requires studies where the precursor cells

have been genetically labeled.

Hypertrophic Obesity in Mice Is Characterized by
Cellular BMP4 Resistance and Increased Noggin
Several markers of an oxidative beige phenotype in the SubQ

adipose tissue, including Irf4 and Tmem26, were reduced in

non-BMP4-treated, HFD mice, compared to CD mice, as was

also reported previously in obesity (Kong et al., 2014). Consid-

ering our present findings of the effects of BMP4 in inducing

an oxidative beige phenotype of the SubQ adipose tissue, we

examined whether BMP4 and/or its downstream signaling are

reduced in HFD-fed mice.

Similar to our previous findings in human cells (Gustafson

et al., 2015), obese HFD-fed control mice had increased endog-

enous Bmp4 in SubQWAT (Figure S3A), compared to lean mice.

Bmp4 mRNA levels also correlated positively with adipocyte

size (Figure S3B) and tended to correlate with body weight

and circulating insulin levels. Since this is inconsistent with the

reduced markers of SubQ browning in HFD, we examined the

expression pattern of endogenous BMP4 antagonists in lean

and obese mice. The increased BMP4 in HFD mice was accom-

panied by both increased gene and protein expression of the

BMP antagonist Noggin (Figures S3A and S3E), but not, like in

human adipose tissue, Gremlin1 (Gustafson et al., 2015). Noggin

mRNA levels in the SubQ WAT correlated positively with SubQ

adipocyte size, body weight, and circulating insulin levels (Fig-

ure S3C). This association was not found for Gremlin1 (Fig-

ure S3D). The concept of a cellular BMP4 resistance in SubQ

adipose tissue in obesity was further supported by the reduced

endogenous pSMAD1/5/8 in adipose cells from HFD mice,

compared to CD mice, but its restoration in HFD BMP4 mice

(Figure S3F).
Figure 5. BMP4 Induces Browning of the SubQ Fat without Evidence o

(A) UCP1 immunostaining in SubQ fat; n = 5 per group. Scale bars, 100 mm.

(B–D) Gene expression of beige/brown genes in SubQ fat (n = 10–11 per group) (B)

fat is negatively correlated with body weight in high-fat diet (HFD)-fed mice; n =

(E) Adipocyte number in SubQ (left) and epididymal (EPI, right) fat in BMP4 mice,

BMP4, n = 11 each.

(F and G) Gene expression of endothelial marker genes in SubQ fat (n = 9–11 per

vascular cells (n = 6–10 per group) (G).

(H) BrDU staining of proliferating cells in sections of SubQ fat from CD-fed BMP

In (A)–(G), analyses were performed in mice from Cohort 1, but the mice used in (G

are indicated as mean ± SEM. B = p < 0.1; *p < 0.05; **p < 0.01; and ***p < 0.00

See also Figures S2 and S3.
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DISCUSSION

The present study was designed as a follow-up of our recent

findings that differentiating human SubQ adipose precursor cells

assume a beige/brown and oxidative phenotype when cultured

in the presence of BMP4 and/or following silencing Gremlin1,

the predominant endogenous BMP antagonist in these cells

(Gustafson et al., 2015).

Here, we focused on the potential effect of increased BMP4

signaling/action in treating/preventing obesity in fully mature

mice. For this to become an interesting potential therapeutic op-

tion, it is critical to investigate the effect in mature models, since

such therapy would only be initiated in human adults. This

approachmay also account for the differences seen in our model

compared to findings in transgenic mice overexpressing Bmp4

in the adipose tissue. These mice had increased BAT mass,

also seen in transgenic mice overexpressing Bmp7 (Tseng

et al., 2008), but this was mainly due to increased lipid droplets

(Qian et al., 2013), and similar results were recently reported in

an extensive characterization of the effects of BMP4 on brown

adipose cell differentiation in vitro (Modica et al., 2016). The

mechanisms for this were attributed to reduced lipolytic activa-

tion of HSL in the brown adipose cells. This was further validated

by injecting adenoviruses that increased BMP4 in BAT in the

mice. However, in marked contrast to these data, but not further

addressed or discussed, Modica et al. (2016) also reported that

systemically injected BMP4 increased energy expenditure in the

mice, and this is obviously in complete contrast to their findings

in BAT and brown cell development. Our results clearly show that

SubQ WAT is a positive target of BMP4, leading to increased

browning and increased whole-body energy expenditure, which

was seen regardless of the increased lipid accumulation in BAT

and its reduced ability to oxidize lipids.

We favor the interpretation of the data reported in BAT (Modica

et al., 2016), together with our present and previous results (Gus-

tafson et al., 2015), that BMP4 enhances the development of a

beige/brown phenotype in both brown and white adipose cells,

a likely consequence of the enhanced PPARg activation and

associated downstream genes (Gustafson et al., 2015).

The increased lipid accumulation and beige phenotype of

BAT in BMP4-treated mice was seen under normal room tem-

perature and without any direct exogenous activation of the

adrenergic system. However, when we treated the mice with

either a b3 agonist for 7 days or with lowering the temperature,

BAT became clearly activated, as evidenced by the marked

reduction in lipids and higher core temperature. The higher
f Recruiting New Precursor Cells

and PGC1a protein in pooled SubQ fat lysates (C). In (D),Pgc1amRNA in SubQ

21.

compared to Ctrl groups. Control diet (CD)/HFD Ctrl, n = 20–21 each; CD/HFD

group) (F) and of beige fat- and BMP-related genes in undifferentiated stromal

4 and control mice (Cohort 2), and positive control (gut). Scale bars, 10 mm.

) were terminated at week 12, after vector injections. In (B), (C), and (E–G), data

1.



core temperature is likely a reflection of activating both BAT and

the oxidative beige/brown SubQ WAT. The BMP4-mediated ef-

fect on inhibiting lipolysis in BAT is interesting, as the white

adipose cells exhibit no decrease in ability to mobilize lipids in

response to b-adrenergic stimulation.

There was no difference in weight gain in the CD BMP4

compared to control mice, in spite of their increased energy

expenditure, but they also had increased food intake. It is

currently unknown whether BMP4 has any direct effect on food

intake in mice, but intra-cerebroventricular injection of BMP7

leads to decreased food intake in several different obese mouse

models (Townsend et al., 2012). However, BMP2, which is

essentially similar in most respects to BMP4, did not have any

direct effects on food intake (Townsend et al., 2012).

Interestingly, CD BMP4 mice showed evidence of increased

insulin sensitivity and an improved glucose tolerance, although

their body weights were almost identical to those of the control

mice. It has previously been shown that thermogenic activation

of the adipose cells leads to increased insulin sensitivity and

an improved metabolic profile (Bartelt and Heeren, 2014; Bartelt

et al., 2017), but whether this is due to endocrine effects of

secreted molecules by the beige adipose tissue and/or direct ef-

fects of BMP4 on insulin signaling/action is currently unclear and

under investigation. However, we examined both the expression

of markers of the futile creatine pathway and the thermogenic

Slit2 fragment but saw no change in either of these (data not

shown).

Regarding the mode of action for BMP4-induced browning

of SubQ WAT, a recent extensive study demonstrated that

ZFP423 acts as a molecular brake on adipocyte thermogenesis

by inhibiting the brown-fat transcription factor EBF2 in white

adipocytes (Shao et al., 2016). Mechanistically, BMP4 and

BMP7 were shown to dissociate the ZFP423-EBF2 complex,

allowing EBF2 to drive the thermogenic gene program (Shao

et al., 2016). This is a potential and attractive mechanism and

indicates peripheral pathways for browning WAT rather than

direct adrenergic activation in the present AAV BMP4 mouse

model.

Interestingly, HSL protein was not reduced, and induction of

isoproterenol-stimulated lipolysis in WAT tended to be higher

in the BMP4-treated mice (Figures 4M and 4N). Thus, we cannot

exclude that BMP4 enhances downstream sensitivity/response

to cellular adrenergic activation in WAT. A recent study identified

that deletion of the cyclic AMP (cAMP)-degrading enzyme

PDE3B in the adipose tissue also enhanced browning of the

SubQ fat, increased energy expenditure, and protected the

mice from HFD-induced obesity (Chung et al., 2017). However,

further studies are needed to examine central and peripheral

effects of BMP4, which can account for the increased thermo-

genesis in the SubQ WAT in vivo.

The inverse regulation of BAT and SubQ WAT by BMP4 is

intriguing and can be a direct consequence of the increased

BMP4 secretion by the large SubQ WAT, targeting BAT and

reducing its ability to mobilize and oxidize lipids. It may well

also be the explanation why human BAT is mainly of the

beige-/white-like phenotype and why obese individuals have

been reported to have lower activation of BAT (Wu et al., 2012;

Cypess et al., 2009). This would, then, not be a direct causal ef-
fect of an impaired BAT activation in obesity but, rather, second-

ary to the increased WAT and its secretion of BMP4.

In addition, we conclude here that the use of BMP4 itself in

obesity may present a problem since our data, like in human ad-

ipose cells (Gustafson et al., 2015), also document the presence

of cellular resistance to BMP4 in the adipose tissue in obesity

that needs to be overcome. Together, these findings suggest

that antagonizing the secreted endogenous BMP inhibitors

may be a preferable approach.

EXPERIMENTAL PROCEDURES

Animals

C57BL6/N male mice (Taconic, Hudson, NY, USA) were group caged, main-

tained on a 12-hr/12-hr light/dark cycle in a temperature (+21�C)- and humid-

ity-controlled room. Food and drinking water were administered ad libitum,

and themice were fed a high-fat diet (HFD; 45 kcal% fat) or a nutrient-matched

control diet (CD; 10 kcal% fat, both from Research Diets, New Brunswick, NJ,

USA). Food intake was recorded daily over 1 week. Two separate cohorts

of mice were included (Figures S4A and S4B). In Cohort 1, initially lean

6-week-old mice were injected with AAV BMP4 vectors and fed a CD or an

HFD for 17 weeks. In Cohort 2, the vectors were injected in 12-week-old

mice and fed a CD for 9 weeks. A subgroup of the HFD-fed mice received daily

intraperitoneal injections with the b3-adrenergic agonist CL-316 243 (1 mg/kg;

Sigma Aldrich, St. Louis, MO, USA) or vehicle for 7 days prior to termination. All

animal experiments were approved by the Research Animal Ethics Committee

at the University of Gothenburg, Sweden.

Recombinant AAV Vectors and In Vivo Administration

Recombinant AAV vectors of serotype 8 encoding a codon-optimized murine

Bmp4 cDNA sequence under control of the human Alpha 1-Antitrypsin (hAAT1)

promoter were produced in HEK293 cells and then purified as described

earlier (Ayuso et al., 2010). A non-coding plasmid carrying the hAAT1 promoter

was used to produce empty vectors for control mice. The mice received

AAV vectors (5 3 1011 viral particles per 200 mL saline per mouse), either via

retro-orbital (cohort1) or lateral tail venous injection (cohort2). The study diets

were started concurrently with the AAV injections (‘‘week 0’’ in Figures S4A

and S4B).

Figures and Statistical Calculations

Results are reported as means ± SEM. Significances are indicated in the

figures according to the following: B = p < 0.1, *p < 0.05, **p < 0.01, and

***p < 0.001. Statistics were performed using IBM SPSS Statistics v20 or

GraphPad Prism v6.03 for Windows. Pairwise comparisons were performed

using the Mann-Whitney non-parametric U test, Student’s t test, or one-way

ANOVA as appropriate. Spearman’s nonparametric correlation coefficient

was used to measure dependence between variables.

Further description of the experimental procedures is given in the Supple-

mental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2017.07.020.
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