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Objective: Browning of white adipose tissue (WAT) promotes increased energy expenditure through the

action of uncoupling protein 1 (UCP1) and is an attractive target to promote weight loss in obesity. Low-

ering of mitochondrial membrane potential by UCP1 is uniquely beneficial in this context; in other tissues,

reduced membrane potential promotes mitochondrial clearance via mitophagy. It is unknown how parkin-

mediated mitophagy is regulated in beige adipocytes.

Methods: The relationship between parkin expression and WAT browning was investigated in 3T3-L1 adi-

pocytes and parkin-deficient male C57BL/6 mice in response to pharmacological browning stimuli.

Results: Rosiglitazone treatment in 3T3-L1 adipocytes promoted mitochondrial biogenesis, UCP1

expression, and mitochondrial uncoupling. Parkin expression was decreased and reduced mitochondrial-

associated parkin, and p62 indicated a reduction in mitophagy activity. Parkin overexpression prevented

mitochondrial remodeling in response to rosiglitazone. In CL 316,243-treated wild-type mice, decreased

parkin expression was observed in subcutaneous inguinal WAT, where UCP1 was strongly induced. CL

316,243 treatment weakly induced UCP1 expression in the gonadal depot, where parkin expression was

unchanged. In contrast, parkin-deficient mice exhibited robust UCP1 expression in gonadal WAT follow-

ing CL 316,243 treatment.

Conclusions: WAT browning was associated with a decrease in parkin-mediated mitophagy, and parkin

expression antagonized browning of WAT.
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Introduction
It is now recognized that active brown fat is present in adult humans

(1). Characterized by a high abundance of mitochondria, the pres-

ence of multiple lipid droplets within adipocytes, and an abundance

of the thermogenic uncoupling protein 1 (UCP1), brown fat activa-

tion has been shown to increase total energy expenditure in adults

(2). While brown fat activation is an attractive target to expend

excess energy in the face of overnutrition, it is not considerably

abundant and is scarce in people with obesity and diabetes (3).

Beige fat is a novel class of adipose tissue arising in the subcutane-

ous white adipose depots of rodents, bearing multiple brown fat-like

characteristics, namely increased abundance of mitochondria, the

presence of multilocular adipocytes, and expression of UCP1 (4). In

mice, brown and beige adipocytes are derived from distinct embry-

onic precursors and may be differentially regulated (5). The pres-

ence of beige fat in humans has not yet been demonstrated; how-

ever, subcutaneous white adipose tissue (WAT)-derived stromal

progenitor cells can be converted to a beige-like phenotype in vitro

(6). Furthermore, human brown adipocytes have been shown to

exhibit markers of classical brown and beige adipocytes in rodents

(7). In recent years, a growing list of pharmacological, physiologi-

cal, and environmental stimuli has been demonstrated to induce

expression of beige fat in experimental models (8).

UCP1 was first purified in 1982, and its function in energy dissipa-

tion and heat generation has been well characterized over the past 50

years (9). This 32 kDa inner mitochondrial membrane protein is acti-

vated by long-chain fatty acids, resulting in increased proton conduct-

ance and, thus, dissipating the membrane potential. As such, brown

adipose tissue mitochondria exhibit a modest membrane potential of

230 to 250 mV (10). In contrast, the membrane potential of brown

fat mitochondria from UCP1-ablated mice is approximately 2200

mV, similar to mitochondria of other tissues (11). Indeed, the less-

negative membrane potential of brown (and beige) mitochondria is

unique in that it is functionally beneficial. In other tissues, a sustained

decrease in mitochondrial membrane potential is generally considered

deleterious. Such instances arise as a result of various mechanisms
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such as apoptosis, mitochondrial permeability transition pore opening,

mitochondrial membrane damage, or impaired electron transport (12).

Mitophagy describes the selective process by which damaged mito-

chondria are sequestered and subsequently removed via autophagic

degradation. The importance of mitophagy in maintaining mitochon-

drial function is well established in cardiac and neuronal biology

(13), while critical roles for mitophagy are emerging in other tissues

and organ systems (14).

Parkin-mediated mitophagy is the best-characterized mitophagic

pathway, wherein mitochondrial damage precipitates a fall in mem-

brane potential, resulting in accumulation of PINK1 and recruitment

of cytosolic parkin to the outer mitochondrial membrane. Activated

parkin then mediates polyubiquitination of outer mitochondrial

membrane proteins, targeting the organelle for subsequent autopha-

gic degradation (15).

Our current understanding of the role of parkin-mediated mitophagy

is to maintain a healthy mitochondrial population via culling of

damaged or senescent organelles, which are characterized by a fall

in membrane potential. The setting of WAT browning presents a

unique mitochondrial environment wherein lowering of membrane

potential is considered functionally beneficial. A rapid increase in

UCP1 expression observed in white adipose browning elicits a fall

in membrane potential, which we may predict would subsequently

target the organelles for removal. Autophagic removal of mitochon-

dria has been demonstrated in differentiating adipocytes (16); how-

ever, the potential role of parkin-mediated mitophagy has yet to be

explored in adipose biology. Herein we explored the role of parkin

in the browning of WAT.

Methods
Animals
All animal studies were performed in accordance with institutional

guidelines and approved by the Institutional Animal Care and Use

Committee of Cedars Sinai Medical Center. Male parkin–/– (C57BL/

6 background) and wild-type mice were obtained from The Jackson

Laboratory. At 9 to 10 weeks of age, rosiglitazone or CL 316,243

was administered via 10 daily intraperitoneal injections of 10 mg/

kg/day and 1 mg/kg/day, respectively. Control animals received

saline vehicle. Animals were housed at room temperature through-

out. Nine-week-old db/db and control counterpart mice were

obtained from The Jackson Laboratory.

Cell culture and differentiation
3T3-L1 (murine embryonic fibroblast) cells were purchased from

Zen-Bio. All experiments were performed between cell passage 9-

13. Undifferentiated preadipocytes were cultured in high-glucose

DMEM supplemented with 10% bovine calf serum. For differentia-

tion studies, cells were grown to confluence and growth arrested for

48 hours. Differentiation was initiated using DMEM/F12 supple-

mented with 10% FBS, 1 mg/mL insulin, 0.5 mM 3-isobutyl-1-

methylxanthine, 0.25 mM dexamethasone, and 1 mM rosiglitazone.

After 48 hours, the medium was refreshed with DMEM/F12 supple-

mented with 10% FBS and 1 mg/mL insulin. After a further 48

hours, cells were subsequently maintained in DMEM/F12

supplemented with 10% FBS. All treatments were initiated on day 5

of differentiation.

Transfections and gene silencing experiments were performed using

TurboFectTM Transfection Reagent (ThermoFisher) following manu-

facturer’s guidelines. Parkin, optineurin, p62, and scrambled siRNA

(Santa Cruz Biotechnology) were reconstituted following manufac-

turer instructions. mCherry-parkin was obtained from Dr. Richard

Youle (17).

Western blotting
See Supporting Information for further details.

RNA extraction and quantitative RT-PCR
RNA was extracted from cells using NucleoSpin

VR

RNA kits (Mach-

ery-Nagel) according to manufacturer’s instructions. cDNA was syn-

thesized from 1 mg of RNA using iScriptTM cDNA synthesis kit

(Bio-Rad), and quantitative real-time PCR was performed with

iTaqTM SYBR
VR

Green Supermix (Bio-Rad) on a CFX96 Thermal

Cycler (Bio-Rad). A list of primer sequences used for RT-PCR anal-

ysis is shown in Supporting Information Methods S1 .

Mitochondrial isolation and functional
measurements
See Supporting Information for further details.

Histology
Adipose tissues were excised, fixed in 4% PFA, and embedded in

paraffin. General morphology was subsequently visualized by hema-

toxylin and eosin staining.

Oil Red O stain
Cells were fixed with 10% formalin and rinsed with PBS, then

dehydrated with 60% isopropanol for 5 minutes. Cells were subse-

quently stained with filtered Oil Red O staining solution for 30

minutes (60% Oil Red O solution [0.5% Oil Red O in isopropanol]/

40% water.) Cells were washed twice with PBS, then lipid staining

was visualized via microscopy. Following imaging, the dye was

extracted with 100% isopropanol and the absorbance was measured

spectrophotometrically at 492 nm.

Statistical analysis
Data are expressed as means 6 standard deviation (SD). Student t
test was used for unpaired comparisons, while ANOVA followed by

Tukey’s multiple comparison test was used to determine differences

among 3 or more groups. A P value of <0.05 was considered

significant.

Results
Parkin expression is increased in differentiating
adipocytes
3T3-L1 preadipocytes were selected as a cellular model for brown-

ing. 3T3-L1 cells are widely used as an in vitro model for white adi-

pocytes; however, they have been reported to respond to browning
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stimuli and upon induction can exhibit characteristics of multiple

adipocyte lineages (18,19). We initially investigated the expression

of parkin in differentiating 3T3-L1 preadipocytes. Parkin protein

was undetectable in undifferentiated 3T3-L1 preadipocytes, rising 2-

fold between days 2 and 4 of differentiation, in parallel with a 2- to

3-fold increase in COXIV expression (Figure 1). Initiation of differ-

entiation was marked by the disappearance of the preadipocyte

marker pref-1 after day 0 (20).

Rosiglitazone induces beiging of 3T3-L1
adipocytes
Differentiated 3T3-L1 preadipocytes (D5) were initially treated with

several reported browning agonists in order to induce a beige pheno-

type. Seventy-two hours of treatment with sildenafil (1 mM) and CL

316,243 (100 nM) failed to stimulate mitochondrial biogenesis or

induce UCP1 expression in our model (Supporting Information Fig-

ure S1). Following 72 hours of treatment with the PPARc agonist

rosiglitazone (1 mM), mitochondrial biogenesis and brown fat-

associated gene expression was elevated, and UCP1 gene expression

was significantly increased in rosiglitazone-treated cells (Figure 2C).

Respirometry revealed functional differences in rosiglitazone-treated

cells, consistent with a beige phenotype (Figure 2B). Basal proton

leak and respiratory reserve capacity were elevated in rosiglitazone-

treated cells. Cells were acutely treated with the b3-adrenergic

receptor agonist CL 316,243 to stimulate lipolysis, resulting in a

129% stimulation of basal respiration in rosiglitazone-treated cells

(versus 7% in controls). Subsequent oligomycin treatment revealed

that CL 316,243-stimulated respiration was attributable to an

increased proton leak, indicating mitochondrial uncoupling. Mito-

chondrial membrane potential was lowered in rosiglitazone-treated

cells, consistent with a more uncoupled phenotype (Figure 2D).

Lipid accumulation was not significantly different in rosiglitazone-

treated cells (Figure 2E.)

Parkin is downregulated in beiged 3T3-L1
adipocytes
Following 72 hours of rosiglitazone treatment, parkin expression

was suppressed at the protein and mRNA levels (Figure 3A-B). No

differences in expression of the negative regulators of parkin, deubi-

quitinating enzymes USP30 and USP35, were observed in

rosiglitazone-treated adipocytes (Figure 3B). Mitochondria-

associated p62 and parkin, markers of mitochondria targeted for

degradation, were significantly decreased in rosiglitazone-treated

adipocytes (Figure 3C). These findings indicate that the induction of

mitochondrial biogenesis in browning is associated with decreased

activity of parkin-mediated mitophagy.

Parkin downregulation in vivo is specific to the
subcutaneous WAT
In rodent models, it has previously been shown that the induction of

UCP1 expression in response to pharmacological or environmental

stimuli is specific to subcutaneous WAT depots (21). We investi-

gated tissue expression of beige fat-associated mitochondrial

proteins in response to rosiglitazone or the selective beta 3-

adrenoreceptor agonist CL 316,243 in the subcutaneous inguinal

(sWAT) and epididymal (gonadal) (gWAT) depots in male C57BL/6

mice. Following 10 days of treatment, lipid droplet size was dimin-

ished in response to both agents in sWAT (Figure 4A). Both rosigli-

tazone and CL 316,243 induced UCP1 expression in sWAT; how-

ever, it was more potently induced with the latter. In contrast, UCP1

Figure 1 Parkin expression in differentiating 3T3-L1 adipocytes. Representative 40x magnification brightfield images (blue-DAPI) of 3T3-L1 adipocytes on
D0, D2, and D4 of differentiation. Immunoblots and densitometric analysis of parkin and mitochondrial protein expression. Values are means 6 SD (n 5 4).
*P< 0.05 vs. D0, †P< 0.05 vs. D2. [Color figure can be viewed at wileyonlinelibrary.com]
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expression was not detected in gWAT in response to rosiglitazone

and was only weakly expressed in CL 316,243-treated animals.

Interestingly, the outer mitochondrial membrane proteins Tom70,

Mfn2, and VDAC were comparably upregulated in both depots, sug-

gesting distinct mechanisms controlling induction of mitochondrial

biogenesis per se and UCP1 expression (Figure 4A). In CL 316,243-

treated mice (Figure 4B), in which the magnitude of UCP1 induc-

tion was greatest, the increase in UCP1 in sWAT was coupled with

a decrease in parkin expression, while parkin expression was

unchanged in gWAT. We also investigated parkin expression in

sWAT of untreated db/db mice (Supporting Information Figure S2),

a model reported to exhibit an impaired induction of UCP1 follow-

ing cold exposure (22). While mitochondrial protein expression was

similar to controls, parkin expression was elevated threefold in db/

db mice, implying increased mitophagy activity. These findings sug-

gest that parkin must be downregulated in order for UCP1-

containing mitochondria to persist.

Parkin is not required for induction of browning
of adipocytes
We next silenced parkin expression in differentiated 3T3-L1 cells

to investigate whether suppression promotes the browning

response. Forty-eight hours following siRNA treatment, parkin

expression was decreased by 60% (Figure 5A). In untreated cells,

expression of the outer mitochondrial membrane protein and parkin

target Tom70 was moderately increased, implying a role for parkin

in basal turnover of mitochondria (left panel). Basal expression of

other mitochondrial proteins did not differ following parkin silenc-

ing and basal oxygen consumption and proton leak were similar to

control cells (Figure 5C). Following 48 hours of rosiglitazone treat-

ment, mitochondrial protein expression was comparable (Figure

5A), and parkin-silenced cells exhibited comparable upregulation

of UCP1 expression (Figure 5C). Similarly, basal respiration was

increased in parkin-silenced cells following rosiglitazone treatment

(Figure 5D), indicating that suppression of parkin does not affect

the magnitude of the browning response. We also assessed UCP1

Figure 2 Characterization of browning model. (A) Representative immunoblot illustrating mitochondrial biogenesis in differentiated 3T3-L1 cells in response
to rosiglitazone administration (1mM) for 72 h. (B) Respirometry trace and respiratory rates from rosiglitazone-treated 3T3-L1 cells subjected to mitochondrial
stress test and acute CL 316,243-stimulated oxygen consumption; values are means 6 SD (n 5 3). *P< 0.05 vs. untreated control, †P< 0.05 vs. CL
316,243-stimulated control. (C) Relative gene expression in rosiglitazone-treated 3T3-L1 cells, normalized to GAPDH; values are means 6 SD (n 5 3).
*P< 0.05 vs. control. (D) Relative mitochondrial membrane potential in rosiglitazone-treated 3T3-L1 cells; values are means 6 SD (n 5 6). *P< 0.05 vs. con-
trol. (E) Representative 40x magnification lipid stains in rosiglitazone-treated 3T3-L1 adipocytes (scale bars 100 mm) and quantified extracted lipid stain
intensity; values are means 6 SD (n 5 4). [Color figure can be viewed at wileyonlinelibrary.com]
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mRNA expression in p62 and optineurin siRNA-treated 3T3-L1

cells following rosiglitazone treatment (Supporting Information

Figure S4). UCP1 expression was significantly increased in both

cases following rosiglitazone treatment, indicating that suppression

of these proteins does not inhibit browning in this context.

Parkin overexpression prevents browning of
adipocytes
We then transfected differentiated 3T3-L1 adipocytes with mCherry-

parkin to observe whether parkin overexpression impacts the browning

response (Figure 5B). Under basal conditions, Tom70 abundance was

drastically decreased in transfected cells, while abundance of other

inner and outer mitochondrial membrane proteins did not change. Fol-

lowing 48 hours of rosiglitazone treatment, an approximate 2-fold

increase in expression of mitochondrial proteins was observed in con-

trol cells, while parkin-overexpressing cells exhibited no change in

expression of mitochondrial proteins. Consistent with these findings,

UCP1 expression was significantly lower in rosiglitazone-treated par-

kin-overexpressing cells, compared to rosiglitazone-treated controls

(Figure 5C). Moreover, rosiglitazone had no stimulatory effect on

basal respiration and proton leak in mCherry-parkin-expressing cells

(Figure 5D). These results demonstrate that parkin antagonizes the

browning response to rosiglitazone in adipocytes.

Parkin expression underlies the differential
response of subcutaneous and visceral adipose
tissues to browning stimuli
We next explored the in vivo response of sWAT and gWAT of parkin-

deficient (PKO) mice to CL 316,243 administration (Figure 6). In

sWAT, PKO mice exhibited similar induction of UCP1 and other mito-

chondrial proteins to wild-types (Figure 6A). In isolated mitochondria,

both strains exhibited similar increases in state 3 and state 4 respiration

following CL 316,243 administration (Supporting Information Figure

S3). Wild-type mice exhibited a similar though nonsignificant degree

of parkin downregulation, in response to CL 316,243 treatment (Figure

4). In mitochondria isolated from sWAT (Figure 6B), mitochondrial-

associated p62 was decreased in both wild-type and PKO mice,

suggesting that the browning treatment reduced the number of

mitochondria targeted for mitophagy.

In gWAT, wild-type parkin expression did not change in response to

the CL 316,243 treatment, while UCP1 expression was only mildly

induced, consistent with the apparent resistance of the gonadal depot

to browning stimuli (Figure 6C). Unexpectedly, PKO mice exhibited

robust induction of UCP1 expression in the gonadal depot, indicat-

ing that parkin may contribute to the blunted browning response in

gWAT compared with sWAT. Collectively, these findings indicate

that the browning response is associated with a decrease in mitoph-

agy and that parkin expression antagonizes browning of WAT.

Figure 3 Parkin is downregulated following rosiglitazone treatment. (A) Immunoblots and densitometric analysis of mitophagy and mitochondrial protein
expression in differentiated 3T3-L1 adipocytes treated with rosiglitazone for 72 h (1 mM); values are means 6 SD (n 5 3). *P< 0.05 vs. control. (B) Relative
gene expression in rosiglitazone-treated 3T3-L1 cells; values are means 6 SD relative to expression of actin and hydroxymethylbilane synthase (n 5 3).
*P< 0.05. (C) Immunoblots and densitometric analysis of mitochondrial and cytosolic fractions from rosiglitazone-treated 3T3-L1 cells; values are means 6

SD (n 5 3). *P<0.05 vs. control.
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Discussion
Our current paradigm of mitochondrial quality control dictates that

when mitochondria are dysfunctional, their membrane potential

decreases, providing a signal to the cell to initiate their clearance.

Beige adipocytes perform a specialized function that is critically

dependent upon the regulated lowering of mitochondrial membrane

potential, yet their mitochondria persist. Here we provide the first

evidence that decreased activity of parkin-mediated mitophagy

underlies the transition from white to beige adipocytes. Furthermore,

results from our knockout experiments suggest that differential

activity of parkin-mediated mitophagy may contribute to the distinct

responses of subcutaneous and visceral WATs to browning stimuli.

While the central components of parkin-mediated mitophagy have

been well characterized, relatively little is known about regulation of

parkin expression. Parkin expression and mitophagic activity increase

in response to oxidative stress (23), promoting clearance of damaged

mitochondria. Parkin is transcriptionally regulated in part by ATF4, a

transcription factor of the unfolded protein response (24). ATF4 has

also been shown to regulate adipogenic differentiation, which is con-

sistent with our observation of robust parkin upregulation in differen-

tiating adipocytes (25). Interestingly, ATF4 null mice have a lean

phenotype and are resistant to diet-induced obesity, though parkin

expression has yet to be evaluated in these mice (26).

Parkin knockout mice have previously been characterized (27),

exhibiting a leaner phenotype with resistance to high-fat-diet-

induced weight gain with enhanced oxygen consumption, despite

increased food intake. These findings were attributed in part to an

alteration in systemic lipid metabolism due to a role for parkin in

regulating hepatic CD36 protein stability. It is well established that

in the acute setting, a high-fat diet promotes expression of UCP1 in

brown and white adipose depots (28). Our findings suggest the

observed resistance to weight gain in PKO mice may also manifest

as a result of unbridled UCP1 induction, in particular in the visceral

WAT as we have observed.

Our finding that UCP1 expression can be robustly induced in

parkin-ablated gonadal WAT suggests that differential activity of the

mitophagy machinery may contribute to the contrasting responses of

subcutaneous and visceral adipose tissues to browning stimuli. The

transcriptional regulatory protein PRDM16 has been identified as a

mediator of browning of WAT, and its higher expression in subcuta-

neous than visceral adipose tissue correlates with the responsiveness

of those tissues to browning agents (21). Similarly, PRDM16 abla-

tion promotes metabolic dysfunction and a propensity for increased

visceral adiposity (29). However, when transgenically expressed in

epididymal adipose tissue, PRDM16 expression failed to induce

expression of brown like adipocytes (30).

Figure 4 In vivo browning of subcutaneous (sWAT) and gonadal (gWAT) white adipose tissue. (A) Representative hematoxylin and eosin stains of sWAT from
male wild-type mice following 10 d of vehicle, rosiglitazone (10 mg/kg/d), and CL 316,243 (1 mg/kg/d) administration; and representative immunoblots illus-
trating comparative induction of mitochondrial protein expression in sWAT and gWAT depots following each treatment. (B) Immunoblots and densitometric
analyses of sWAT (upper panel) and gWAT (lower panel) following 10 d of CL 316,243 administration. Panels acquired from same blot and exposure; values
are means 6 SD (n 5 3). *P<0.05 vs. control. [Color figure can be viewed at wileyonlinelibrary.com]
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Our studies have shown that browning stimuli promote increased

expression of mitochondrial proteins and a functional increase in

proton leak; however, overexpression of parkin prevents this remod-

eling. Aside from our hypothesized role in preventing clearance of

UCP1-expressing mitochondria, decreased mitophagy may also be

necessary in white adipose browning to permit the robust increase in

mitochondrial mass that accompanies this remodeling. Loss of

mitophagy adaptor BNip3 in the liver reportedly gives rise to an

increased mitochondrial mass (31). When we silenced p62 and opti-

neurin, rosiglitazone still promoted UCP1 expression, supporting the

notion that a reduction in mitophagy machinery is permissive of

beige remodeling. It was recently demonstrated, in an opposite sce-

nario to the present context, namely, the reversion from beige-to-

white fat, that autophagy-mediated mitochondrial clearance is

required for this transformation (32). When autophagy was inhibited,

the authors observed that the beige phenotype persisted. This report

provides indirect evidence supporting our findings that mitochon-

drial autophagy must be reduced in order to permit beige transfor-

mation, though they did not investigate parkin in their model.

We observed elevated parkin expression in subcutaneous WAT of

db/db mice that we hypothesize may contribute to the resistance of

this tissue to browning stimuli (22). High-fat-diet-fed mice have also

been shown to have increased WAT parkin expression in concert

with mitochondrial impairments and a decrease in p62 and LC3-I

(33). Because p62 functions as an adaptor protein responsible for

recruiting mitochondria to autophagosomes, while LC3-I serves as a

substrate that is recruited to autophagosomal membranes, these find-

ings are suggestive of increased activity of parkin-mediated mitoph-

agy. In such a setting, rampant mitophagy may promote rapid turn-

over and degradation of mitochondria and, thus, prevent browning

from occurring. Similarly, the “whitening” of brown adipose tissues

observed in obese mice occurs in concert with a rise in parkin

expression (34).

It is unclear what factors drive increased parkin expression of adi-

pose tissues in obesity. Inflammation is one such possibility in

which macrophage infiltration, proinflammatory cytokine secretion,

and oxidative stress may lead to oxidative damage to adipose tissue

Figure 5 Impact of manipulating parkin expression upon browning response of differentiated 3T3-L1 cells. (A) Immunoblot and densitometric analysis of
vehicle-treated (left panel) and rosiglitazone-treated (right panel) parkin-silenced 3T3-L1 cells; values are means 6 SD (n 5 3). *P< 0.05 vs. control. (B)
Immunoblot and densitometric analysis of mCherry-parkin-expressing 3T3-L1 cells following rosiglitazone treatment; values are means 6 SD (n 5 3).
†P< 0.05 vs. mCherry-parkin-rosi, *P< 0.05 vs. mCherry-parkin-DMSO, ‡P< 0.05 vs. control-DMSO. (C) UCP1 mRNA expression in parkin-silenced (left
panel) and mCherry-parkin-expressing 3T3-L1 cells (right panel) following rosiglitazone treatment; values are means 6 SD relative to expression of hydroxy-
methylbilane synthase and actin (n 5 6). *P< 0.05 vs. DMSO-treated, †P< 0.05 vs. control-rosi. (D) Respiratory parameters from parkin-silenced (left
panel) and mCherry-parkin-expressing (right panel) 3T3-L1 cells following rosiglitazone treatment; values are means 6 SD (n 5 6). *P< 0.05 vs. si-parkin-
DMSO, †P< 0.05 vs. all groups. [Color figure can be viewed at wileyonlinelibrary.com]
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mitochondria, thus triggering activation of mitophagy. Indeed, parkin

plays an essential role in mitigating against neuroinflammation (35).

While parkin may be best characterized in the context of mitophagy,

several other proteins appear to function in a somewhat similar man-

ner, with their recruitment to mitochondria mediating degradation of

the organelle. The role of one such protein, BNip3, was recently

investigated in a similar context to the present manuscript (36). The

authors observed an increase in BNip3 expression in 3T3-L1 adipo-

cytes following rosiglitazone treatment, while the adipose tissues of

high-fat-diet-fed and db/db mice exhibited decreased BNip3 expres-

sion. This apparent inverse response of BNip3 expression to parkin

expression in the same setting is intriguing; however, the conse-

quence of increased BNip3 expression in these contexts is unclear.

When the authors silenced BNip3 expression, UCP1 mRNA induc-

tion was blunted, as was rosiglitazone-mediated stimulation of basal

respiration and proton leak, mirroring our results from overexpress-

ing parkin. It is likely that additional adaptor proteins will be identi-

fied in the future that regulate selective mitochondrial clearance, as

mitochondrial remodeling is likely driven by more intracellular cues

than a simple membrane-potential dependent trigger. For example,

the adaptor pair NDP52 and optineurin were recently shown to be

involved in activating mitophagy (37).

These findings highlight the central importance of mitochondrial

turnover and mitophagy in the remodeling of WAT; however, some

questions remain. Namely, if the robust browning response observed

in gWAT of PKO mice is solely consequent to the absence of par-

kin, why was the degree of browning observed in subcutaneous

WAT comparable to wild-types? It is feasible that the degree of

browning observed in subcutaneous WAT represents a ceiling of

maximal induction, in a manner analogous to the resistance of

Figure 6 Differential browning response in subcutaneous (sWAT) and gonadal (gWAT) white adipose tissue of parkin-deficient mice. (A) Immunoblot
and densitometric analysis of mitophagy and mitochondrial proteins in subcutaneous sWAT following 10 d of treatment with CL 316,243. (B) Isolated
mitochondrial protein immunoblots and densitometric analysis of mitochondria-associated p62. Panels were acquired from same blot and exposure.
(C) Immunoblot and densitometric analysis in gWAT. Values are means 6 SD (n 5 3). *P< 0.05 vs. wild-type (WT) vehicle, †P< 0.05 vs. WT CL
316,243.
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interscapular brown adipose tissue to further browning stimuli in

mice housed at room temperature (38). If correct, we may anticipate

an exaggerated browning response in subcutaneous WAT of PKO

mice if the experiment was repeated in thermoneutral conditions. It

is also likely that other mechanisms contribute to the distinct brown-

ing responses observed between the depots. For example, subcutane-

ous adipose tissue reportedly exhibits decreased activation of JNK

signaling compared with visceral fat (39). Inhibition of JNK signal-

ing has been shown to reduce parkin recruitment to mitochondria in

response to stress (40); thus, it is feasible that the sensitivity of par-

kin recruitment may be modified by such stress pathways.

Another unexplained observation is the apparent similar degree of

induction of numerous mitochondrial proteins between the subcuta-

neous and visceral depots. Our results suggest that CL 316,243 treat-

ment provokes a similar degree of mitochondrial biogenesis between

depots. These low UCP1-expressing mitochondria have a very lim-

ited thermogenic capacity; therefore, it will be interesting to explore

what role they play in a tissue that typically has a low complement

of mitochondria and low respiratory activity.

The results of the present study have identified parkin downregula-

tion as a prerequisite for browning of white adipocytes. Along with

recent data from others, our findings highlight the importance of

regulation of mitophagy and mitochondrial turnover in white adipose

browning. Furthermore, our results provide novel evidence that par-

kin activity may contribute to the blunted response of visceral adi-

pose tissue to browning stimuli.O
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