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Abstract
Aims/hypothesis Adipose tissue is a highly versatile system
in which mitochondria in adipocytes undergo significant
changes during active tissue remodelling. BCL2/adenovirus
E1B 19 kDa protein-interacting protein 3 (BNIP3) is a
mitochondrial protein and a known mitochondrial quality
regulator. In this study, we investigated the role of BNIP3
in adipocytes, specifically under conditions of peroxisome
proliferator-activated receptor-γ (PPARγ)-induced adipose
tissue remodelling.
Methods The expression of BNIP3 was evaluated in 3T3-L1
adipocytes in vitro, C57BL/6 mice fed a high-fat diet and
db/db mice in vivo. Mitochondrial bioenergetics was investi-
gated in BNIP3-knockdown adipocytes after rosiglitazone
treatment. A putative peroxisome proliferator hormone respon-
sive element (PPRE) was characterised by promoter assay and
electrophoretic mobility shift assay (EMSA).

Results The protein BNIP3 was more abundant in brown
adipose tissue than white adipose tissue. Furthermore, BNIP3
expression was upregulated by 3T3-L1 pre-adipocyte diffe-
rentiation, starvation and rosiglitazone treatment. Conversely,
BNIP3 expression in adipocytes decreased under various con-
ditions associated with insulin resistance. This downregula-
tion of BNIP3 was restored by rosiglitazone treatment.
Knockdown of BNIP3 in adipocytes inhibited rosiglitazone-
induced mitochondrial biogenesis and function, partially me-
diated by the 5′ AMP-activated protein kinase (AMPK)–per-
oxisome proliferator-activated receptor γ, co-activator 1 α
(PGC1α) signalling pathway. Rosiglitazone treatment in-
creased the transcription level of Bnip3 in the reporter assay
and the presence of the PPRE site in the Bnip3 promoter was
demonstrated by EMSA.
Conclusions/interpretation The protein BNIP3 contributes to
the improvement of mitochondrial bioenergetics that occurs
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on exposure to rosiglitazone. It may be a novel therapeutic
target for restoring mitochondrial dysfunction under insulin-
resistant conditions.
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Abbreviations
BAT Brown adipose tissue
BNIP3 BCL2/adenovirus E1B 19 kDa protein-

interacting protein 3
BODIPY Boron-dipyrromethene
DIO Diet-induced obesity
EMSA Electrophoretic mobility shift assay
LC3B Isoform B of microtubule-associated protein 1

light chain 3
mtDNA Mitochondrial DNA
OCR Oxygen consumption rate
PPARγ Peroxisome proliferator-activated receptor-γ
PPRE Peroxisome proliferator responsive element
RT-qPCR Quantitative RT-PCR
siRNA Small interfering RNA
siNS Non-specific scramble siRNA
SVF Stromal vascular fraction
TEM Transmission electron microscopy
WAT White adipose tissue

Introduction

Adipocytes are one of the cell types that remodel dynamically
in number and size [1].Within adipocytes, mitochondria show
robust changes in density and morphology under patho-
physiological conditions [2, 3]. Excess mitochondria occur
with myopathy or cancer [4] and reduced mitochondria num-
ber and/or function is associated with obesity [5–7]. This sug-
gests that tight quality control of the mitochondria may be
critical for maintaining adipocyte function during adipocyte
remodelling.

Peroxisome proliferator-activated receptor-γ (PPARγ) is a
key transcription factor essential for adipocyte differentiation
[8]. Agonists of PPARγ improve insulin resistance, probably
by stimulating the storage of excess energy as fat, thus im-
proving blood glucose [9]. Many studies have also reported
that PPARγ agonists induce mitochondrial biogenesis [2, 7,
10, 11]. Based on the critical role of mitochondria in energy
generation, mitochondrial biogenesis may contribute to
PPARγ-agonist-induced improvement in insulin resistance
[12]. However, the molecular mechanisms of impaired mito-
chondrial function and restoration of mitochondrial

bioenergetics by PPARγ agonists in obesity are still poorly
understood.

Located at the outer membrane of mitochondria,
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3
(BNIP3) was originally known as an inducer of apoptosis
[13]. Additionally, BNIP3 is also an inducer of autophagy-
related cell survival [14]. Under certain stress conditions, such
as hypoxia, BNIP3 controls mitochondrial quality by remov-
ing damaged mitochondria via autophagy/mitophagy, and
protects cells from death [15]. This bidirectional action of
BNIP3 between apoptosis and autophagy suggests that BNIP3
may be a key regulator of cell fate between cell death and
survival during dynamic remodelling [16, 17].

The biological significance of BNIP3 has been investigated
largely in myocytes and cancer cells [18, 19], cell types in
which mitochondria are abundant. In terms of other
metabolism-related effects in tissues, a group has reported that
BNIP3-null mice livers have higher mitochondrial mass but
impaired function compared with control mice [20]. Another
study has shown thatBnip3 transcription is upregulated during
brown fat adipogenesis [21]. However, the role of BNIP3 in
white adipose tissue (WAT), a mitochondria-poor tissue, has
not been evaluated. Considering that a PPARγ agonist in-
duces robust mitochondria biogenesis in adipocytes, we
hypothesised that BNIP3 influences adipose tissue remodel-
ling by regulating mitochondrial bioenergetics under
rosiglitazone-treated conditions.

Methods

Animal experiments We used C57BLKS/J diabetic Lepr
(db/db) and lean control (db/m) mice (SLC, Shizuoka, Japan)
and C57BL/6 mice (Orient Bio, Seongnam, Gyeonggi-do,
Korea) for in vivo experiments. The control group was fed
standard rodent chow (PMI LabDiet; Purina Mills, St Louis,
MO, USA) and the rosiglitazone-treated group was fed a mix-
ture of standard chow and rosigli tazone maleate
(GlaxoSmithKline, Brentford, UK). From 9 weeks of age,
30 mg kg−1 day−1 rosiglitazone was included in chow for
4 weeks. For the diet-induced obesity (DIO) model, C57BL/
6 mice were fed 60% high-fat chow (PMI LabDiet) for
8 weeks. For the starvation model, C57BL/6 mice were
starved for 48 h. Male mice, 8 to 12 weeks of age, were used
for experiments. All animals were randomised according to
body weight and all experiments carried out with animal sam-
ples were blinded to group assignment. All animal studies
were approved by the Institutional Animal Care and Use
Committee of Seoul National University Hospital. For isola-
tion of adipocyte fraction and stromal vascular fraction (SVF)
methods, see the electronic supplementary material (ESM)
Methods.
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Mitochondrial and cytosolic fractionation of cells The mi-
tochondrial fraction was isolated by gradient difference. See
the ESM Methods for further details.

Cell culture and treatment Cultured 3T3-L1 pre-adipocytes
(gift of J.-W. Kim, Yonsei University College of Medicine,
Seoul, Korea) were maintained in DMEM and differentiated
by treatment with dexamethasone, 3- isobutyl-1-
methylxanthine and insulin. For some experiments, we added
1 μmol/l rosiglitazone or 50 ng/mL TNF-α (R&D systems,
Minneapolis, MN, USA) to the differentiated 3T3-L1 cells for
72 h. For hypoxic cell culture, we cultivated cells in an incu-
bator filled with 1% O2 for 24 h. Cells were confirmed to be
negative for mycoplasma. For further details, see the ESM
Methods.

Western blot analysisWestern blots were analysed using the
antibodies indicated. See the ESMMethods for further details.

RNA/DNA preparation and PCR Isolation of total RNA
and semi-quantitative or quantitative RT-PCR (RT-qPCR)
were performed according to the guideline [22] with appro-
priate primers and Taq DNA polymerase (Qiagen, Valencia,
CA, USA) or SYBR Premix Ex Taq reagents (Takara Bio,
Shiga, Japan), respectively. The same process was followed
for mitochondrial (mt)DNA copy number evaluation. See the
ESM Methods for further details.

Imaging analysis We evaluated the adipocyte morphology
using a confocal microscope after whole-mount immunostain-
ing and also by transmission electron microscopy (TEM). See
the ESM Methods for further details.

Fluorescence-activated cell sorter analysis To assess mito-
chondrial mass, we performed fluorescence-activated cell
sorter (FACS) analysis. Mitochondrial mass was measured
by fluorescence levels on staining with MitoTracker Green
FM (Molecular Probes, Life Technologies, Carlsbad, CA,
USA). A FACSCalibur flow cytometer (BD, Franklin Lakes,
NJ, USA) was used for quantitative FACS analysis. See the
ESM Methods for further details.

Oxygen consumption rate To determine cellular oxygen con-
sumption in fully differentiated 3T3-L1 adipocytes, the
Seahorse Extracellular Flux Analyzer XF24 (Seahorse
Bioscience, Billerica, MA, USA) was used [23, 24].

Bnip3 promoter reporter assays The −2,874 putative pero-
xisome proliferator hormone responsive element (PPRE) and
mutated form of PPREwere introduced into the pGL2P vector
in triple repeated form (pGL2P-Bnip3-PPREwt and pGL2P-
Bnip3-PPREmt, respectively). Transient transfection of Cos7
cells with 0.3 μg reporter vector (pGL2P-Bnip3-PPREwt or

pGL2P-Bnip3-PPREmt), 0.1 μg expression vectors for
PPARγ and 0.05 μg pCMV-β-galactosidase vector was car-
ried out using Lipofectamine Plus reagent (Invitrogen). We
treated the cells with rosiglitazone (1 μmol/l) for 24 h and
measured luciferase activity. See the ESMMethods for further
details.

Electrophoretic mobility shift assay We constructed oligo-
nucleotides for PPRE from −2,874 to −2,861 in the Bnip3
promoter region for electrophoretic mobility shift assay
(EMSA) probes and then performed binding and competition
assays to determine the electrophoretic mobility shift. See the
ESM Methods for further details.

Statistical analysis Statistical analysis of the data was done
with SPSS version 17.0 (SPSS, Chicago, IL, USA). An inde-
pendent Student’s t test was used to measure the differences
between means. Data have been expressed as mean±SE. A
p value<0.05 was considered statistically significant. None of
the data were excluded on the basis that the results do not
support the main findings.

Results

BNIP3 expression is actively regulated in relation to
change of mitochondrial bioenergetics As BNIP3 is known
to induce apoptosis/autophagy through mitochondrion-related
signalling, we evaluated the expression pattern of BNIP3 un-
der conditions of active mitochondrial turnover. The gene
Bnip3 was upregulated from day 2 after differentiation induc-
tion and peaked at day 4 in 3T3-L1 adipocytes (Fig. 1a–d).
The BNIP3 expression pattern closely followed the PPARγ
expression pattern (Fig. 1c). The level of BNIP3 was marked-
ly upregulated in the adipose tissue after starvation (Fig. 1e, f),
in brown adipose tissue (BAT; interscapular fat) (Fig. 1g, h)
and by rosiglitazone treatment (Fig. 1i, j) in vivo. More spe-
cifically, Bnip3 upregulation by rosiglitazone occurred mainly
in the adipocyte fraction and not in the SVF (containing pre-
adipocytes, macrophages and endothelial cells) (Fig. 1k). We
also evaluated the pattern of BNIP3 expression in adipose
tissue from mouse models of obesity. The protein level of
BNIP3 was reduced in DIO (Fig. 1l, m) and db/db mice
(Fig. 1n, o) compared with control mice. Reduced BNIP3 in
the adipose tissue of db/db mice occurred in adipocytes, but
not in macrophages in the SVF (Fig. 1p). Additionally, BNIP3
was strongly downregulated in TNF-α-treated adipocytes
compared with vehicle-treated cells in vitro (Fig. 1q, r). Over-
all, these findings show a considerable amount of BNIP3 is
present in adipocytes and actively regulated by various stimuli
related to mitochondrial bioenergetics.
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BNIP3 downregulation is restored by a PPARγ agonist in
adipocytes in the obese diabetic condition We examined
whether rosiglitazone treatment could restore the BNIP3 dec-
rement in db/db mice. After 4 weeks of rosiglitazone treat-
ment, the BNIP3 level in db/db mice increased comparably
with that of the rosiglitazone-treated db/m mice (Fig. 2a, b).
Restoration of BNIP3 expression by rosiglitazone treatment in
db/dbmice was primarily confined to the cytoplasm of adipo-
cytes (Fig. 2c). In addition, BNIP3 levels were lower in whole
adipose tissue and in the adipocyte fraction in tissue from
db/db mice compared with db/m mice, with levels increased
by rosiglitazone treatment (Fig. 2d, e). Rosiglitazone

treatment also restored the TNF-α-induced BNIP3 decrease
in 3T3-L1 adipocytes (Fig. 2f, g). Next, we evaluated the
amount of BNIP3 in the mitochondrial fraction after dividing
the lysates from whole adipose tissue in mice and from
3T3-L1 adipocytes into cytosolic and mitochondrial proteins.
The expression of BNIP3 per equal amount of mitochondrial
protein increased with rosiglitazone treatment both in vivo
(Fig. 2h) and in vitro (Fig. 2i).

BNIP3 is a critical molecule for enhancing rosiglitazone-
induced mitochondrial bioenergetics Next, we investigated
the role of BNIP3 in 3T3-L1 adipocytes, especially in
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Fig. 1 BNIP3 expression is actively regulated during adipocyte remod-
elling and downregulated in the obese diabetic condition. (a–d) 3T3-L1
pre-adipocytes were harvested during induction of differentiation at the
times indicated. (a) Levels of mRNA from semi-quantitative PCR and (b)
RT-qPCR, and (c, d) protein levels of BNIP3 and PPARγ (n=4). (e, f)
Epididymal fat after 48 h starvation (n=7) and (g, h) white and brown fat
samples (n=6) were harvested from C57BL/6 mice. (i, j) Epididymal
adipose tissue was harvested after 1 week of exposure to rosiglitazone
or vehicle (n=10). (k) Epididymal adipose tissue was separated into
adipocyte and SVF fractions and Bnip3 mRNA was analysed with
RT-qPCR (n=4). (l–p) Epididymal adipose tissue was harvested from

mice fed a high-fat diet or vehicle (l, m; n=9) and from db/db or db/m
mice (n, o; n=11) and (l–o) BNIP3 levels were evaluated on immuno-
blots. (p)Whole adipose tissue immunostainingwith antibodies to BNIP3
and F4/80, and boron-dipyrromethene (BODIPY) and DAPI. Scale bar,
100 μm. (q, r) Differentiated 3T3-L1 adipocytes were treated with TNF-
α or vehicle (n=5). Density quantification (d, f, h, j, m, o, r) and (b, k)
mRNA expression of Bnip3 are presented as relative values after normal-
isation to each loading or reference gene and compared with the reference
value set at 1. Data are presented as mean±SE. *p<0.05. EAT, epididy-
mal adipose tissue; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; HFD, high-fat diet; rosi, rosiglitazone; veh, vehicle
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rosiglitazone-induced adipocyte remodelling in vitro. Using
FACS analysis after tagging mitochondria with MitoTracker,
we observed that rosiglitazone treatment increased mitochon-
drial mass in control adipocytes, in contrast to little increase in
adipocytes treated with rosiglitazone after BNIP3 knockdown
(Fig. 3a). Additionally, rosiglitazone increased relative
mtDNA copy number and Tfam and Nrf1 mRNA levels, all
of which were attenuated in BNIP3-knockdown adipocytes
exposed to rosiglitazone (Fig. 3b–d). However, there were
no significant differences in the above variables between the
BNIP3-knockdown and the control adipocytes without
rosiglitazone treatment. Rosiglitazone also increased ATP
content in non-specific scramble small interfering (si)RNA
(siNS)-transfected adipocytes, whereas it could not in
siBnip3-transfected adipocytes (Fig. 3e). In TEM images,
the number of small dense mitochondria was increased by
rosiglitazone treatment in siNS-transfected adipocytes. How-
ever, siBnip3-transfected adipocytes showed a heterogeneous
mix of small and elongated mitochondria after rosiglitazone

treatment (Fig. 3f). Additionally, BNIP3 knockdown signifi-
cantly attenuated the rosiglitazone-induced upregulation of
the maximal respiration rate. Also, BNIP3 knockdown tended
to reduce the increase in energy expenditure (the difference in
oxygen consumption rate [OCR] with oligomycin and rote-
none) stimulated by rosiglitazone exposure (Fig. 3g, h). The
increase in the mRNA level of Ucp1 on rosiglitazone expo-
sure that was seen in control cells was not apparent in cells
with BNIP3 knockdown (Fig. 3i). This indicates that BNIP3
could be a critical molecule for controlling mitochondrial bio-
energetics during rosiglitazone-induced mitochondrial
remodelling.

BNIP3 contributes to mitochondrial bioenergetics by acti-
vation of the 5′AMP-activated protein kinase–peroxisome
proliferator-activated receptor γ co-activator 1 α path-
way, but not by autophagy inductionWe evaluated whether
BNIP3 contributes to mitochondrial bioenergetics in PPARγ
agonist-treated 3T3-L1 adipocytes via autophagy activation
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in vitro. Contrary to expectations, rosiglitazone treatment de-
creased autophagy, as shown by a decrease in LC3BII and an
increase in p62 expression compared with vehicle-treated ad-
ipocytes. In TNF-α-treated adipocytes where basal autophagy
activity was elevated, rosiglitazone treatment also decreased
autophagy (Fig. 4a, left panel). Additionally, hypoxia upreg-
ulated BNIP3 expression to a level comparable with that
achieved with rosiglitazone treatment. Rosiglitazone treat-
ment decreased autophagy even after BNIP3 upregulation un-
der hypoxia, a phenomenon similar in cells treated with
TNF-α under hypoxia (Fig. 4a, right panel). The 3T3-L1 ad-
ipocytes showed no significant change in LC3B after siBnip3
transfection, and LC3BII was decreased by rosiglitazone treat-
ment independent of BNIP3 knockdown (Fig. 4b). These find-
ings suggest that upregulation of BNIP3 by rosiglitazone
might not induce autophagy, at least not in 3T3-L1 adipocytes.

To clarify how BNIP3 contributes to rosiglitazone-
induced mitochondrial biogenesis, we evaluated the

expression of Pgc1α (also known as Ppargc1a), which
encodes peroxisome proliferator-activated receptor γ co-
activator 1 α and is the master gene regulating mito-
chondrial biogenesis. Production of PGC1α was upre-
gulated by rosiglitazone treatment, but this effect was
attenuated by BNIP3 knockdown, suggesting that
BNIP3 is critical in rosiglitazone-induced PGC1α up-
regulation (Fig. 4c–e). We also investigated whether
rosiglitazone-induced activation of 5′ AMP-activated
protein kinase (AMPK), the upstream regulator of
PGC1α, depends on BNIP3. Phosphorylation of AMPK
by rosiglitazone was attenuated in siBnip3-transfected
adipocytes, concordant with the attenuation of
adiponectin expression by BNIP3 knockdown even after
rosiglitazone stimulation (Fig. 4f–h). These data suggest
that BNIP3 mediates rosiglitazone-induced mitochondrial
biogenesis, probably through the AMPK–PGC1α
pathway.
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as relative fluorescein count (n=5). (f) Mitochondria were visualised by
TEM (n=5). Scale bar, 1 μm. (g, h) OCR was measured using Seahorse

a f t e r t r e a tmen t w i t h o l i gomyc in , c a rbony l cyan i de -4 -
(trifluoromethoxy)phenylhydrazone (FCCP), antimycin or rotenone and
is presented as the relative value of basal respiration rate of siNS without
rosiglitazone, set as 100% (n=5) (black rectangle, siNS treated; circle,
siBnip treated; light grey, without rosiglitazone, dark grey with
rosiglitazone). (h) Basal respiration, proton leak and maximal respiration
were compared between groups. (i) Ucp1 mRNA level was evaluated
with RT-qPCR (n=5). Data are presented as mean±SE compared with
the reference value set at 1. *p<0.05. Rosi, rosiglitazone
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Direct binding of PPARγ agonist to PPRE in its promoter
upregulates Bnip3 transcription Next, we evaluated the
mechanism of BNIP3 upregulation by rosiglitazone in vitro.
There were minimal changes inHif1-α (also known asHif1a)
transcription during rosiglitazone-induced BNIP3 upregula-
tion (Fig. 5a, b). Transcription ofBnip3 significantly increased
by twofold after 24 h of rosiglitazone treatment in differenti-
ated 3T3-L1 adipocytes (Fig. 5c, d). Upregulation of Bnip3 by
rosiglitazone diminished in adipocytes transfected with
siPparγ (also known asPparg) (Fig. 5e), indicating thatBnip3
mRNA expression depends on PPARγ activity. When
the PPRE activity was tested in the site from −2,874 to
−2,861 bp in the Bnip3 promoter, which exhibited the greatest
homology to the consensus PPRE sequence (Fig. 5f), the
−2,874 site showed an approximately twofold increase in
reporter luciferase activity with rosiglitazone treatment,
whereas the mutant sequence of this site did not (Fig. 5g, h).
In the binding affinity assay, the probe from −2,874 to
−2,861 bp in the Bnip3 promoter bound to the same site as
the consensus PPRE probe (Fig. 5i). In the competition assay,
binding of the putative PPRE to the radiolabelled probe
competed with the unlabelled self-competitors and the control

consensus PPRE, but not with the mutant competitors, in a
dose-dependent manner. Supershift resulting from the
addition of PPARγ-specific antibody further proved that the
−2,874 to −2,861 bp region of the Bnip3 promoter is a PPARγ
binding site (Fig. 5j). Together, these results indicate that
BNIP3 is transcriptionally upregulated by the PPRE site in
the Bnip3 promoter.

Discussion

In this study, we demonstrated that BNIP3 is a critical mole-
cule for controlling mitochondrial bioenergetics in adipocytes.
The level of BNIP3 was downregulated in adipocytes under
diabetic obese conditions, but was restored by rosiglitazone
treatment. Under adipocyte remodelling conditions, BNIP3
determined the fate of mitochondrial bioenergetics, probably
by AMPK–PGC1α signalling. Signalling via BNIP3 was di-
rectly mediated by the PPRE in the Bnip3 promoter. These
findings suggest a critical new role for BNIP3 in the regulation
of adipocyte remodelling, especially in the control of
mitochondria.
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Regulation of BNIP3 during adipocyte remodelling, espe-
cially in obesity or PPARγ-related conditions The role of
BNIP3 has beenmostly investigated in myocytes in relation to
hypoxia-induced apoptotic cell death and autophagic cell sur-
vival [14]. Here, we revealed that a considerable amount of
BNIP3 expression is regulated in adipocytes under conditions
in which higher mitochondrial content is required, including
adipocyte differentiation [10], starvation [25] and in BAT
[26], and also by rosiglitazone treatment [2, 7, 10]. We also
found that BNIP3 was downregulated in adipose tissue under
obese diabetic conditions. Our findings that adipocytes with
BNIP3 knockdown had attenuated mitochondrial biogenesis
and ATP production, even after rosiglitazone treatment
(Fig. 3), suggest that the BNIP3 decrement in obesity might

be critical in the deterioration of adipocyte function through
mitochondrial dysregulation.

The role of BNIP3 during rosiglitazone-induced adipocyte
remodelling was of significant interest in this study. We ob-
served that the level of BNIP3 was lower under conditions
associated with insulin resistance and was restored by
rosiglitazone, a drug known to induce mitochondrial bioge-
nesis [2, 7, 10]. We also found that BNIP3 expression in-
creased primarily in newly developing multilocular adipo-
cytes rather than dying adipocytes in rosiglitazone-treated
db/db mice (Fig. 2c) [27, 28]. Therefore, BNIP3 might be
involved in rosiglitazone-induced adipocyte remodelling ra-
ther than adipocyte death during the change in mitochondrial
bioenergetics. The scale of BNIP upregulation in starvation
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markedwith arrows.Data are presented asmeans±SE. All quantifications
are compared with the reference value set at 1. *p<0.05
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was another interesting point. Even though we could not sug-
gest the exact mechanism, we cautiously speculate that BNIP3
may play a role in maintaining the cellular ATP level and cell
survival in the energy-deprived state caused by starvation
[29]. Further investigation of this will be necessary.

Adipocyte-specific role of BNIP3 in enhancement
of mitochondrial bioenergetics Originally, BNIP3 was re-
ported to impair mitochondrial bioenergetics, as there were
defects in mtDNA and ATP production in myocytes [30,
31]. However, our data show that BNIP3 enhances mitochon-
drial bioenergetics during rosiglitazone treatment, at least in
adipocytes. Besides the increase in the amount of mitochon-
dria, it was interesting to note that there was an increase in
oxygen consumption and uncoupling, which suggests that
BNIP3 enhances mitochondrial function in the adipocytes.

The critical differences in the effect of BNIP3 in various
tissues might be because of differences in the tissue-specific
expression and function of PPARγ [32–34], PPARγ co-
regulators [35, 36] and BNIP3-interacting proteins [37–39].
In fact, our preliminary experiments using C2C12 myotubes
showed the increment in mtDNA copy number resulting from
rosiglitazone exposure to be independent of BNIP3 (data not
shown). Also, different PPARγ co-regulators might enable
BNIP3 to act in a tissue-specific manner [35, 36]. Further-
more, from our bioinformatics analysis, we could find several
mitochondria-related proteins that physically interact with
BNIP3 [37–39] and are expressed differently depending on
the type of tissue. These findings support our data showing a
cell-context-dependent BNIP3 action and explain why the
BNIP3–AMPK–PGC1 pathway acts differently in adipocytes
in mitochondrial biogenesis.

We have also demonstrated that BNIP3 acts in a favourable
way towards mitochondria activity rather than reducing it, at
least in adipocytes. This adipocyte-specific action of BNIP3 is
very interesting from an evolutionary viewpoint of energy
regulation. Unlike BAT, which dissipates energy to produce
heat, WAT stores energy. Recently, it has been shown that
beige adipocytes sporadically reside with white adipocytes
and emerge in response to certain environmental cues, such
as chronic cold exposure, a process often referred to as ‘brow-
ning’ of WAT [40]. These findings suggest that beige fat in
WAT and its energy dissipation function diminish during the
evolution of thermogenic function. Therefore, our finding that
BNIP3 plays an important role in enhancing mitochondria
bioenergetics after PPARγ agonist stimulation could contri-
bute to our understanding of the molecular mechanism of
‘browning’.

Downstreampathway of BNIP3 in controllingmitochondrial
remodelling Previously, BNIP3 has been shown to induce
autophagy on exposure to rosiglitazone [41, 42]. However,
we could not find any evidence of autophagy activation by

BNIP3 in adipocytes. Rather, rosiglitazone exposure decreased
autophagy, even after BNIP3 upregulation (Fig. 4a, b). There-
fore, BNIP3-mediated signalling in adipocytes might not act on
autophagy regulation but may have a more intricate role during
adipocyte remodelling. Here, it was interesting to find a possi-
ble role of PGC1α, a master transcription co-activator for mi-
tochondrial biogenesis [43, 44], as a downstream molecule in-
volved in PPARγ-agonist-induced BNIP3 signalling in adipo-
cytes. In our experiment, adiponectin was upregulated by
rosiglitazone in a BNIP3-dependent manner. It is known that
adiponectin can activate the AMPK–PGC1α pathway,
resulting in mitochondrial biogenesis [45]. Even though we
could not definitively propose how BNIP3 mediates PGC1α
upregulation by rosiglitazone, we propose that adiponectin–
AMPK is one of the axes responsible. Considering that mito-
chondrial function is essential for adiponectin synthesis in ad-
ipocytes [46], BNIP3 might be a checkpoint for mitochondrial
quality control [47] and theAMPK–PGC1αmitochondrial bio-
energetics pathway through which rosiglitazone acts. Further
investigation of the precise mechanism of BNIP3-mediated mi-
tochondrial biogenesis is warranted.

BNIP3 regulation by a PPARγ agonist in adipocytes So
far, the regulation of BNIP3 expression has been focused on
hypoxia inducible factor 1, α subunit (basic helix–loop–helix
transcription factor) (HIF-1α), a well-known transcription fac-
tor activated by hypoxia [16]. It is known that HIF-1α
upregulates BNIP3 and that the upregulated BNIP3 conse-
quently activates autophagy, probably for survival against
hypoxic stress [48]. Another molecule associated with BNIP3
regulation may be a PPARγ agonist, regardless of the increase
in HIF-1α or autophagy [49]. In our study, we found that
Bnip3 transcription is upregulated by a PPARγ agonist in
adipocytes, irrespective of HIF-1α (Fig. 5a, b). This is sup-
ported by the pattern of BNIP3 expression resembling that of
PPARγ expression (Fig. 1c).

In conclusion, we propose a novel role for BNIP3 in mito-
chondrial bioenergetics in remodelling adipocytes and reveal a
cell-context-dependent action of BNIP3 unique from that of
other cells. The impairment in BNIP3 function in adipocytes
might act to cause the mitochondrial bioenergetics to dete-
riorate and our finding suggests that a cell-type-specific
measure to control BNIP3 may be a potential therapeutic
target in obesity.
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