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Abstract

Adult humans have a substantial amount of inducible-brown (or beige) fat, which is associated 

with increased energy expenditure and reduced weight gain via thermogenesis. Despite the 

identification of key regulators of beige adipogenesis, impacts of dietary factors on adaptive 

thermogenesis are largely unknown, partly due to a lack of validated human cell models. Bone 

morphogenetic protein 7 (BMP7) is known to promote brown adipogenesis in rodent and human 

progenitor cells. However, controversy still surrounds the cellular identity in BMP7-mediated 

transition of white to brown adipocytes. The aim of this study is to confirm BMP7-derived human 

adipocytes as a relevant in vitro model of human beige adipocyte by verifying the cellular lineage 

and metabolic activity. In this study, we hypothesized that pre-exposure of stromal vascular (SV) 

fraction of primary human adipogenic precursor cells (hASC) to BMP7 would convert 

metabolically active brown adipocytes. Our results showed that exposure of hASC to human 

BMP7 was associated with significant escalation of 1) UCP1 gene expression, a signature gene of 

brown adipocytes, 2) beige specific marker gene expression (i.e., CD137 and TMEM26), 3) 

glucose and fatty acid uptake, and 4) basal and cAMP-stimulated oxygen consumption rate 

compared to white adipocyte control. Taken together, we demonstrated that BMP7 mediates 

conversion of hASC into metabolically active beige adipocytes. By confirming the cellular 

identity and metabolic activity, this BMP7-induced human beige adipocytes from hASC should 

aid in the discovery and assessment of bioactive molecules to promote adaptive thermogenesis.
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Introduction

Humans possess two types of fats with opposite functions, white (WAT) and brown adipose 

tissue (BAT). WAT stores energy in the form of triglyceride (TAG), while BAT dissipates 

energy in the form of heat via uncoupling protein 1 (UCP1)[1]. WAT is the predominant fat 

type in adult humans and the role of BAT in energy metabolism has long been disregarded 

due to its assumed low abundance. However, research over the past 5 years has revealed that 

adult humans have a substantial amount of metabolically active BAT [2–4]. In addition, the 

amount of detectable BAT has been shown to be inversely associated with adiposity and 

insulin resistance, suggesting that BAT-mediated adaptive thermogenesis counteracts 

obesity [5,6]. At least two metabolically distinct BATs are found in adult humans near the 

neck and clavicle area, classical brown and beige adipocytes [7–9].The classical brown 

adipocytes possess the molecular attributes of interscapular BAT (iBAT) of rodents based 

on constitutive UCP1 expression, homogeneous multilocular morphology, and a myogenic 

origin (Myf 5+) [10,11]. Conversely, beige adipocytes (also known as brite or brown-like 

adipocytes), which heterogeneously arise within WAT, are inducible in response to 

environmental stimuli such as cold temperature [12,13] and physical activity [14]. It has 

been shown that beige adipocytes are differentiated from the non-myogenic lineage 

progenitors (Myf5−), but controversy still surrounds the cellular identity, anatomical 

location, and trans-differentiation between white and beige adipocytes [15,16]. Although 

classical brown adipocytes possess higher thermogenic potential, their physiological 

importance is diluted due to the paucity in humans. In comparison, the metabolic 

significance of beige adipocytes has been highlighted both in rodents and humans [7,17] 

suggesting that formation of new beige adipocytes (beige adipogenesis) and/or activation of 

beige adipocytes (beigeing) is a promising strategy to combat obesity and its associated 

metabolic complications.

There are several ways to obtain murine brown adipocyte cultures by utilizing embryonic 

stem cell lines or iBAT-derived brown precursor cells in conjunction with external stimuli 

such as bone morphogenetic protein 7 (BMP7) [18], brain derived neurotrophic factor 

(BDNF) [19], fibronectin type III domain containing 5 (FNDC5, the precursor of irisin) and 

fibroblast growth factor 21 (FGF21) [20,21]. However, less effort has been employed to 

differentiate hASC into brown adipocytes. Human adipose-derived stem cells (hASC) are 

multi-potent cells that can be differentiated into several different lineage cells [22,23]. 

Hitherto, preparation of human brown adipocytes from hASC has been described by several 

groups along with BMP7 and BMP4 [24,25]. However, cellular identity and metabolic 

activity of BMP-derived adipocytes as metabolically acid brown adipocytes has not been 

completely understood yet. The aim of this study is to confirm in vitro model of human 

brown adipocytes from unsorted hASC via human BMP7 treatment. Here, we have 

demonstrated that hASC is a reliable source for metabolically active beige adipocytes via 

continuous exposure of BMP7.
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Materials and Methods

Preparation of BMP7 conditioned medium and adipocyte differentiation

Abdominal adipose tissue (subcutaneous fat) was obtained from adult females with a body 

mass index (BMI) ~30 during liposuction or abdominal plastic surgeries. Adipose-derived 

stem cells (hASC) were isolated and cultured as we described previously [26]. hASC from 

4–5 different human subjects were pooled to reduce the individual variation. In all 

experiments passage 1 or 2 cells were seeded in confluent density and induced to 

differentiate at the next day. All protocols and procedures were approved by the Institutional 

Review Board (IRB) at the University of Florida and University of Nebraska. To obtain 

human BMP7, we infected adenoviral BMP7 (MOI 0.1-5) to hASC, and collected 

conditioned medium. Ad-BMP7 was a generous gift from Tong Chuan He at University of 

Chicago Medical Center. The titration of recombinant adenovirus was performed using a 

commercial titration kit (Adeno-XTM Rapid Titer kit, Clonetech). The secretion of BMP7 to 

the medium was quantified by ELISA following the manufacturer’s instructions (R&D 

Systems) and BMP7 protein secretion was confirmed by western blot analysis (Novus). 

Before adipogenic stimulation, hASC were grown with or without conditioned-medium 

containing ~100 ng/mL of BMP7. After 3 days of BMP7 incubation (~100 ng/mL) , hASC 

were induced to differentiate by adding differentiation cocktail containing 0.25 mmol/L 

isobutylmethylxanthine, 125 nmol/L indomethacin, 1 mmol/L dexamethasone, 0.1 mmol/L 

insulin, 1 nmol/L T3, and 1 μmol/L rosiglitazone (BRL). Throughout the whole adipocyte 

differentiation program, ~100 ng/mL of BMP7 was maintained by adding fresh conditioned-

medium every three days. To prepare the control conditioned-medium, adenovirus-GFP was 

infected to the hASC.

Collection of adipose tissue from nonhuman primates

Male African green monkeys (Chlorocebus aethiops) were housed at a temperature range of 

22.2–24.4 °C and fed a diet containing 35 % of energy as fat for 10 weeks (n=5) at the Wake 

Forest University Medical Center. At the end of the diet period, BAT was collected from the 

supraclavicular region (distinguished by brownish color), and subcutaneous WAT (subQ) 

was collected from the lower abdominal region of monkey. BAT and WAT samples were 

transferred to the University of Florida for analysis. All procedures were approved by the 

Wake Forest University Health Sciences and the University of Florida Animal Care and Use 

Committees.

qPCR Analysis

Total RNA was extracted from adipocyte cultures using Trizol (Invitrogen) according to the 

manufacturer’s instructions. To remove potential genomic DNA contamination, RNA was 

treated with DNase (Mediatech) before it was reverse transcribed to cDNA. A total of 1 μg 

of RNA was reverse transcribed to cDNA in a total volume of 20 μl (iScript™ cDNA 

synthesis kit, Bio-Rad). Gene expression was determined by real-time qPCR (CFX96, Bio-

Rad), and relative gene expression was normalized with 36B4. The primer sequences used 

are listed in supplemental Table1. For positive controls, ~100 mg of WAT and BAT from 

nonhuman primates was homogenized by using a polytron and total RNA was extracted 

from the tissue using Trizol (Invitrogen).
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[3H] 2-deoxy-glucose uptake

To determine basal and insulin-stimulated glucose uptake, adipocyte cultures grown with or 

without BMP7 were incubated with 1 mL serum free basal medium containing 1,000 mg/L 

d-glucose and 20 pmol/L human insulin. After 24 hours in serum-free media, culture media 

was removed and replaced with 1 mL of HBSS buffer containing 100 nmol/L human insulin 

for 10 minutes, followed by addition of [3H]-2DOG (Perkin Elmer, final concentration was 

0.1 μCi/mL) for 90 minutes at 37 °C. Glucose uptake was terminated by adding 1 mL of 

stop buffer (ice-cold Krebs-Ringers bicarbonate (KRBC) buffer supplemented with 25 

mmol/L d-glucose). After washing cells with KRBC buffer three times to reduce 

background radioactivity, cells were lysed in 0.1 % SDS. [3H]-2DOG uptake was 

determined by liquid scintillation counting [27] .

[14C]-oleate uptake and release to the media

To determine fatty acid uptake rate, we followed the previously published methods by 

Chung et al. [28]. [14C]-oleic acid (OLA) (Perkin Elmer, final concentration of 0.5 μCi/mL, 

specific activity 50mCi/mmol) was complexed with fatty acid-free BSA, then added to 

adipocyte cultures treated with or BMP7 for 1, 2, and 4 hours. At each time point, medium 

containing unincorporated isotope was removed, and cells were thoroughly washed 3 times 

with PBS. The total cellular [14C] radioactivity was determined by lipid scintillation 

counting. For basal lipolysis determination, adipocyte cultures incubated with or without 

BMP7 were incubated with [14C]-OLA overnight. Unincorporated radioactivity was 

removed by washing (3 times with PBS) and then fresh medium (no radioactivity) was 

added to the cultures. After 2 hours, medium and cells were collected to determine [14C] 

radioactivity. Basal lipolysis was expressed as % [14C] in medium relative to the total 

cellular radioactivity.

Oxygen consumption rate (OCR)

Adipocytes grown with or without BMP7 were seeded into a 96-well clear bottom black 

polystyrene sterile plate (Corning). To determine the stimulated levels of oxygen 

consumption, cells were incubated with 1 mM of Bt2-cAMP for 12 hours. Oxygen 

consumption rate (OCR) was determined by using MitoXpress® (Cayman Chemical) 

according to the manufacturer’sprotocol. Briefly, an increase of phosphorescent signal from 

the oxygen-sensitive probe in the medium, was measured every three minutes over 5 hours 

using a Synergy H1 multi-mode microplate reader (BioTek).

Statistics

The results are presented as means ± SEM. Data were statistically analyzed using student's t-

test or one-way ANOVA with Tukey’s multiple comparison tests. Gene expression profile 

during the adipocyte differentiation with or without BMP7 was analyzed by two-way 

ANOVA with multiple comparison between groups at each 0, 4, 7 and 10 days post-

differentiation (alpha=0.05). All statistical analyses were conducted by GraphPad Prism 6 

(Version 6.02).
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Results

Exposure of hASC to BMP7 promoted gene expression signatures of brown adipocytes

The fundamental question has been raised as to whether primary cultures of human brown 

adipocytes could be prepared in a reliable and reproducible manner using the unsorted 

hASC, the multi-potent stromal vascular fraction isolated from human subQ. To answer this 

question, BMP7 was delivered to hASC cells based on previous research showing human 

BMP7 effectively converts stem cells from adipose tissue or muscle into brown precursor 

cells [18,24,25]. BMP7-conditioned medium was prepared in a separated set of 

undifferentiated hASC by infecting adenoviral human BMP7 for 72 hr. Infection of Ad-

BMP7-GFP within 0.1–5 MOI range effectively increased BMP7 gene expression (Fig. 1A ) 

and its GFP florescence (Fig. 1B) without showing cytotoxicity. BMP7 protein secretion to 

the medium was also confirmed by ELISA (Fig. 1C) and western blot analysis (Fig. 1D).

The BMP7-induced adipocyte cultures were prepared by adding ~100 ng/mL of BMP7 for 

three days followed by exposure to the adipogenic stimulation cocktail for three days and 

terminal maturation for seven more days (Fig. 2A upper). Consistent with Schulz et al., 

BMP7 treatment was more adipogenic than control (Fig. 2A lower) [24]. There was an 

increased expression in both PPARγ (2.5-fold) and uncoupling protein 1 (UCP1) (~15-fold), 

but no significant changes in PR domain containing 16 (PRDM16) gene expression level. 

(Fig. 2B). Next, we examined the changes in mRNA levels of brown adipocyte-specific 

genes during differentiation process. The brown marker genes including UCP1, cell-death 

inducing DFF45-like effector A (CIDEA), deiodinase II (DIO2), glucose transporter 4 

(Glut4), and β3-adrenoceptor (ADRB3) were rapidly increased after 7 days of differentiation 

in BMP7 treated adipocytes compared to control adipocytes. The increase of leptin gene 

expression was higher in control than BMP7 treated adipocytes (Fig. 2C).

There is evidence that chronic exposure to PPARγ agonist induces brown-like phenotypes in 

primary cultures of human adipocytes [29]. To determine whether BMP7 has similar effects 

to PPARγ agonist, adipocytes grown with or without BMP7 were treated with 1 or 5 μmol/L 

BRL during the whole differentiation process. BRL, a PPARγ agonist, significantly 

increased the UCP1 gene expression in a dose-dependent manner in both cultures with or 

without BMP7, but to a higher magnitude in BMP7 treated adipocytes (Fig. 2D). 

Intriguingly, leptin gene expression increased in response to BRL concentration in control 

white adipocytes while leptin gene expression was not increased in response to BRL in 

BMP7 treated adipocytes, suggesting that BMP7-mediated brown-like features are different 

from those caused by chronic treatment with PPARγ agonist on white adipocytes (Fig. 2E ).

BMP7 increases beige specific marker expression

BMP7 has been suggested to contribute to commit rodent embryonic stem cells [18]. 

However, less information is available for the cellular identity of BMP7 induced human 

brown adipocytes. As the hASC possess bidirectional potential to differentiate into either 

adipocyte or myocyte [30–32], it was uncertain whether BMP7 transforms hASC into 

classical brown adipocytes (myocyte origin) or beige adipocytes (white adipocyte origin). 

As it is difficult to acquire human BAT, we collected BAT depots from nonhuman primates 
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as a positive control. BAT of nonhuman primates housed at ambient temperature was 

identified by its distinct brown color in the supraclavicular area. The characteristics of BAT 

and WAT from nonhuman primates were summarized in Supplement Fig. 1.

It has been shown that beige adipocytes are distinguishable from classical brown adipocytes 

by their unique expression of surface proteins such as CD137 and TMED26 [7]. As we 

expected, CD137 and TMEM26 expression levels were not upregulated in BAT compared to 

subQWAT from nonhuman primates, confirming these monkey fat depots were composed 

of classical brown adipocytes (Fig. 3A). In contrast, both CD137 (5.8-fold) and TMEM26 

(60-fold) expression levels were remarkably increased in adipocyte cultures treated with 

BMP7 compared to white adipocyte counterparts (Fig. 3B). The beige selective gene 

expression levels were also increased in control adipocytes in the presence of cAMP 

analogue, but the magnitudes of the increases were less than in BMP7 treated adipocytes 

(Fig. 3C). We also measured LHX8 gene expression as a classical brown adipocyte selective 

marker [17]. LHX8 gene expression was highly prevalent (~6000-fold) in nonhuman 

primate BAT compared to WAT. Unexpectedly, LHX8 gene expression in adipocytes with 

BMP7 was slightly but significantly higher than with control. Interestingly, LHX8 

expression was inversely regulated by Bt2-cAMP treatment in both cultures of adipocytes 

(Fig. 3D). The other classical brown adipocyte markers ZIC1 and EPSTL1 were 

undetectable in both cultures of adipocytes (data not shown). Collectively, these data 

indicate that the cellular identity of BMP7-driven adipocytes is closer to beige adipocytes 

rather than classical brown adipocytes.

BMP7-mediated beige adipocytes are metabolically active than white adipocytes

Brown adipocytes are key metabolic sites to dispose glucose and fatty acids [33]. To 

determine whether BMP7-driven beige adipocytes are more metabolically active compared 

to white adipocytes, we measured glucose and fatty acid uptake, fatty acid release (basal 

lipolysis), and oxygen consumption rate. In agreement with an increase of Glut4 gene 

expression (Fig. 2C), both basal- and insulin-stimulated glucose uptake were significantly 

higher in BMP7 treated adipocytes compared to control assessed by 2-[3H]-deoxy-glucose 

(2-DOG)uptake (Fig. 4A). Similarly, fatty acid uptake was determined by adding 14C-oleate 

(OLA) to the medium. The BMP7 treated adipocytes exhibited a higher fatty acid uptake 

rate than control; 79.5 % of 14C-OLA was internalized by adipocytes with BMP7, while 

only 56.3 % 14C-OLA was internalized by control adipocytes after a 2 hr incubation 

with 14C-OLA (Fig. 4B). To determine the fatty acid release to the medium, we first 

incubated 14C-OLA overnight (> 95 % of 14C-OLA was loaded in both adipocytes, data not 

shown). The medium was replaced with fresh medium and the release of 14C-OLA to the 

medium was determined for 2 h. 14C-OLA release to the medium was significantly lowered 

in adipocytes treated with BMP7 (3.75 %) compared to control adipocytes (7.6 %) (Fig. 4C). 

We have measured respiration rate using the commercial oxygen-sensitive probe as a 

surrogate marker for oxygen concentration. This oxygen-sensing system was validated in 

adipocytes by measuring oxygen consumption with or without the respiration inhibitor 

Antimycin A (AA) (Fig. 5A). Oxygen consumption rate (OCR) was markedly enhanced in 

adipocytes treated with BMP7 compared control (Fig. 5B). OCR was increased by 1.76-fold 

in BMP7 treated adipocytes versus control adipocytes in basal level. More interestingly, an 
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increase of OCR upon stimulation with Bt2-cAMP was significantly higher in BMP7 treated 

beige adipocytes compare to white adipocyte control (Fig 5C). Taken together, these data 

clearly demonstrated that BMP7-driven brown adipocytes have acquired both the gene 

signature profile and metabolic features of beige adipocytes.

Discussion

Recent evidence has revealed that the prevalence of BAT is negatively associated with 

obesity and diabetes [7,17,34], suggesting that activation of adaptive thermogenesis is a 

promising therapeutic target. Despite the rapid advances in the field of brown adipocyte 

biology, development of therapeutic strategies to increase “browning of human WAT” is 

lagging, partly due to ethical concerns surrounding human research and the lack of adequate 

cell models. There are clear needs to verify relevant cell models for screening novel agents 

expected to stimulate human beige adipogenesis. In this study, we have confirmed that 

continuous exposure of BMP7 directs to differentiate uncommitted hASC into metabolically 

active beige adipogenesis rather than conventional white adipocytes (Fig. 4, 5).

It has been shown that brown and white adipocytes originate from progenitors with different 

cellular lineages [16]. One way to obtain primary cultures of classical brown adipocytes is to 

induce adipogenic differentiation from the brown precursor cells prepared from iBAT of 

rodents. In addition, much effort has been made to identify human brown adipose-derived 

stem cells [35], or manipulate human pluripotent stem cells (embryonic stem cells) into 

brown-specific progenitor cells [36,37]. These classical brown adipocyte models have 

significantly contributed to the identification of the transcriptional regulatory pathways of 

brown adipocytes and possess great therapeutic potential for the treatment of obesity [38]. 

However, classical brown adipocyte cultures are not an attractive model for studying human 

adaptive thermogenesis due to the paucity of classical BAT in humans; even in infants, 

beige adipocytes seem to be more prevalent than classical brown fat [7,17].

Seminal research regarding the role of BMP7 on browning has been conducted by Tseng’s 

group [18]. BMP7 seems to direct uncommitted mesenchymal stem cells into brown 

precursor cells through cross-talk between SMAD, insulin [39], and mTOR signaling 

pathways [40]. Schulz et al. have shown that subpopulation of Sca-1+ progenitor cells from 

subQ fat and muscle, but not omental or mesenteric fat, are prone to acquire brown-like 

phenotype upon BMP7 exposure in rodents and humans [24]. Notably, Schulz et al. have 

also reported brown conversion of human progenitor cells (in terms of increase of signature 

gene UCP1 expression) requires continuous exposure of BMP7 throughout the whole 

differentiation process, while mouse precursor cells require BMP7 exposure only before 

differentiation [24]. These findings implicate that there are species differences between 

human and rodent in terms of when their progenitor cells will be programmed into white vs. 

brown adipocytes. However, the cellular identity of BMP7-derived brown adipocytes has 

not been fully defined in this study. Regarding the metabolic function of BMP7-derived 

brown adipocytes, Townsend et al. have recently demonstrated that BMP7-treated mouse 

embryonic stem cells (C3H/10T1/2) increased fatty acid uptake by increasing expression of 

scavenger receptor CD36, and fatty acid oxidation by increasing mitochondrial activity 

through elevated expression of carnitine palmitate transferase 1 (CTP1), but not by 
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increasing mitochondrial number [41]. These data agree with our results that BMP7-

inducible human beige adipocytes have increased glucose and fatty acid uptake (Fig4. A, B) 

and oxygen consumption (Fig. 5C) but no change in the number of mitochondria (data not 

shown). More recently, Elsen et al. have also demonstrated that BMP4 as well as BMP7 

promotes hASC into brown adipocytes [25]. However, Elsen et al. did not detect an increase 

oxygen consumption conflicting to our data (Fig 5C) and Townsend et al [41]. Although 

molecular regulation by BMP7 of brown adipogenesis has been established by Tseng’s 

group, our study is the first to demonstrate that unsorted hASC from subQ fat is a useful 

source to generate metabolically functional beige adipocytes upon BMP7 exposure in a 

reproducible manner.

Other than BMP7, some hormones and cytokines such as BDNF, FGF21, and FNDC5 

(precursor of irisin) have been shown to increase brown adipogenesis and protect mice from 

obesity and diabetes [42]. Several studies have attempted to increase human beige 

adipogenesis by applying these secretory factors to human progenitor cells in vitro. Unlike 

BMP7, exposure of FGF21 or FNDC5 to subQ-derived hASC failed to activate brown 

adipogenesis program [43]. Instead, FGF21 and irisin were effective in activating human 

beige adipogenic programming only when progenitor cells were isolated from human neck 

fat [44]. These studies indicate that neck fat is composed of preadipocytes committed to 

beige and classical brown adipocytes. It also implies that BMP7 may work upstream of the 

beige adipogenic programming driven by FNDC5 or FGF21; we speculate that 1) BMP7 

may serve as a hormone to prime uncommitted hASC to beige-specific progenitors but not 

to classical brown progenitors, and 2) FNDC5 and FGF21 might be stimulants only working 

to progenitor cells that have already committed to beige adipocytes. As the routine biopsy of 

human neck fat presents significant technical and ethical challenges, establishing a beige 

adipocyte cell model using subQ-derived hASC treated with BMP7 could be reasonable and 

practical alternative.

As it is hard to obtain human beige adipocytes as a positive control, we utilized WAT and 

BAT that were collected from nonhuman primates. Similar to humans, African green 

monkeys have classical brown fat at the supraclavicular region, which served as a distinctive 

marker (Supplement Fig 1). In comparison to the monkey BAT control, we have definitely 

showed that human subQ-derived hASC are converted into beige adipocytes by BMP7 

treatment (Fig. 3). There is ongoing controversy whether beige adipocytes are recruited from 

the progenitor cells [45], or trans-differentiated from the pre-existing adipocytes [15,16]. 

The BMP7-driven beige culture could be an adaptable system to investigate beige 

adipogenesis from hASC and manipulation of thermogenic potential (beigeness). Although 

there is some in vivo evidence that capsinoids [46] and some fatty acid [47] are associated 

with the activation of thermogenesis, screening individual dietary factors or pharmaceutical 

compounds in vivo would be expensive and inefficient, thus necessitating the creation of a 

new cell model. This BMP7-driven human beige adipocyte model could facilitate the 

discovery of regulators of adaptive thermogenesis.

Over the past five years, significant research effort has been focused on determining the 

physiological significance of BAT and identifying the regulatory circuits controlling white 

versus brown adipogenesis. It is anticipated that in the next decade much effort will be 
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directed at searching for pharmaceutical and dietary compounds that manipulate beige 

energetics in humans. Despite some unanswered questions, we have validated the use of 

subQ fat-derived hASC (unsorted) for in vitro culture of human beige adipocytes and 

characterized its metabolic function via BMP7 treatment. This beige adipocyte system could 

be employed to create novel preventive and/or therapeutic strategies to combat obesity and 

metabolic complications by maximizing WAT beigeing and adaptive thermogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

AA Antimycin A

ADRB3 β3-adrenoceptor

ASC Adipogenic stem cells

BAT Brown adipose tissue

BDNF Brain derived neurotrophic factor

BRL Rosiglitazone

BMP7 Bone morphogenetic protein 7

Bt2-cAMP 8-bromo cyclic AMP

CD137 Cluster of differentiation 137

CIDEA Cell-death inducing DFF45-like effector A

FGF21 Fibroblast growth factor 21

FNDC5 Fibronectin type III domain containing 5 (precursor of Irisin)

GLUT4 Glucose transporter 4

OLA Oleic acid

PPARγ Peroxisome proliferator-activated receptor gamma

PRDM16 PR domain containing 16

SubQ Subcutaneous fat

SV Stromal vascular

TAG Triacylglycerol

TMEM26 Transmembrane protein 26

UCP1 Uncoupling protein 1

Okla et al. Page 9

Lipids. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



WAT White adipose tissue
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Figure 1. Preparation of BMP7 conditioned medium using Ad-BMP7
A. BMP7 mRNA expression at 72 h after Ad-BMP7-GFP infection (0–5 MOI), B. 

Florescent image of hASC infected with GFP-tagged Ad-BMP7BMP7, C. Secretion to the 

media at 72 h after Ad-BMP7 infection (0–5 MOI) by ELISA. D. Western blot analysis of 

1μl of BMP7-containing condition medium (from MOI 5 infection). Values not sharing a 

common letter differ significantly by one-way ANOVA.
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Figure 2. BMP7 promotes brown adipocyte-like gene profiles in human adipocytes
A. hASC treated with or without BMP7 conditioned medium were differentiated into 

adipocyte. Phase contrast images were taken 10 d after differentiation. Arrows indicate 

timeline for BMP7 addition and initiation of adipogenic differentiation by adding 

differentiation medium (DM) and adipocyte maintenance medium (AM), B. BMP7-

mediated changes in white- and brown-adipocyte gene expression measured after 10 d of 

differentiation by qPCR. C. Kinetics of white- and brown-adipocyte gene expression with or 

without BMP7 incubation to hASC during 10 d of adipogenic differentiation. Changes of 

UCP1 (D) and Leptin E) gene expression in response to( continuous exposure BRL (1 and 5 

μmol/L) in differentiated adipocytes with or without BMP7. BRL treatment after first 3 days 

of differentiation has shown for experiment in D and E. Classical BAT from monkey 

(mkBAT) was used as a classical brown fat control for UCP1 and leptin expression. In B 

(n=4), D and E (n=3), *p<0.05 and **p<0.01, ***p<0.001 and ****p<0.0001 by student t-

tests, ns= not significant. In C, *p<0.05, ***p<0.001, ****p<0.0001 by two-way ANOVA 

with multiple comparisons at each time point (n=3).
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Figure 3. Expression of beige vs. classical brown adipocyte selective markers in BMP7 treated 
adipocytes
mRNA expression of beige adipocyte-selective markers CD137 and TMEM26 in 

supraclavicular BAT collected from nonhuman primates (A), cultured adipocytes with or 

without BMP7 (B), and in the presence and absence of Bt2-cAMP stimulation (C). D. 

Classical BAT marker LHX8 in BAT of nonhuman primates and cultured adipocytes with or 

without BMP7 infection. ns = not significant, *p<0.05, **p<0.01 and ***p<0.001 by student 

t-tests (n=4–5 for each experiments).
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Figure 4. Measurement of metabolic capacity in BMP7-derived beige adipocytes
A. [3H]-2-deoxy glucose uptake (2-DOG) in the presence and absence of insulin (100 

nmol/L) in triplicate samples (n=3), B. Fatty acid uptake using [14C]-oleic acid over 4 h, 

n=6 per each time point C. Lipolysis was determined by measuring [14C]-oleate release to 

the medium for 2 h (n=3). Data expressed as relative [14C] radioactivity to the cellular 

radioactivity, *p<0.05, **p<0.01, and ***p<0.001 by student t-tests.
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Figure 5. Measurement of oxygen consumption rate in BMP7-derived beige adipocytes
Oxygen consumption was measured using a fluorescent oxygen probe. A. Effectiveness of 

oxygen quenching was validated in the presence (+) and absence (−) of Antimycin A (AA) 

for 4 h. B. Oxygen consumption in adipocytes grown with or without BMP7. C. Cultured 

adipocytes grown with or without BMP7 then stimulated with or without of Bt2-cAMP for 

last 12 hr before measurement of oxygen consumption rate (OCR). Slope of OCR was 

obtained by linear regression for all data points (n=8–10 per group). RPU; relative 

phosphorescent unit, OCR; oxygen consumption rate, Values not sharing a common letter 

differ significantly by one-way ANOVA.
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