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ABSTRACT

Objective. Adipogenesis determines the number of adipocytes which is increased when
individuals become obese. Mitochondria undergo remarkable morphological and functional
changes during adipogenesis. PTEN-induced kinase 1 (PINK1) is pivotal to maintain mitochon-
drial homeostasis in neural cells. The present study aimed at investigating effects of PINK1 on
adipogenesis and energy metabolism.

Methods. Expression of presenilin associated rhomboid-like protein (PARL), PINK1 and
Parkin, as well as the interaction among these proteins was temporally examined during
adipogenesis. In addition, the alterations of mitochondrial mass and the energy metabolism
were also analyzed.

Results. Adipogenic process can be dissected into 3 stages according to the participation of
PARL-PINK1-Parkin system. (1) When pre-adipocytes are switched to differentiation, f-PINK1 is
subjected to PARL cleavage to generate s-PINK1 at the early stage of differentiation (0-4 day).
Mitochondrial mass is increased for generating ambient energy to meet the demands for
cellular remodeling. (2) At the second stage (5-6 day), s-PINK1 persistently accumulates in
mitochondria and translocates into cytoplasm to mediate Parkin degradation. Mitochondria
are fragmented to reduce their mass. (3) At the late stage (7-8 day), only residual autophagy
activity is remained when excess mitochondria have been eliminated. This mitochondria
clearance maintains energy consumption of mature adipocytes at the minimal levels for
storing energy. PARL silencing aborts adipogenesis by inhibiting PPARy expression and the
finely-orchestrated events.

Conclusions. Our findings reveal the sequential adipogenic events directed by PARL-
PINK1-Parkin system, add more evidence supporting the convergence of pathogenesis
leading to neurodegenerative and metabolic diseases, and provide substantial information
for developing novel therapeutic strategies by manipulating adipogenesis.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity is closely associated with metabolic abnormalities and
the incidence of type 2 diabetes mellitus (T2DM), hyperlipidemia,
and cardiovascular diseases [1]. Obesity is characterized by an
increased mass of white adipose tissue (WAT). When individuals
are gaining weights, their WAT mass gradually expands by
increasing adipocytes number and/or size [2]. The increase of
adipocytes number is mainly due to adipocyte differentiation
(adipogenesis), the generation of new adipocytes from pre-
adipocytes. Pre-adipocytes undergo dramatic morphological
and physiological changes during adipogenesis to be equipped
with the machinery and function of mature adipocytes [3].
Therefore, adipogenesis determines the number of adipocytes,
and thus, the size of body adipose reservoir. Mitochondria also
undergo remarkable morphological and functional changes
during adipogenesis to assure the role of mature adipocytes as
the major body energy reservoir [4]. Most of the mature
adipocytes contain a single large lipid droplet with very limited
number of mitochondria [5].

Mitochondria maintain their functional homeostasis by
dynamic fusion and fission in responding to the environments
[6,7]. Mitochondrial dysfunction has long been implicated in
the pathogenesis of Parkinson’s disease (PD). Mutations in
genes encoding PTEN-induced kinase 1 (PINK1) and Parkin lead
to hereditary early-onset PD, suggesting that mitochondrial
integrity is a crucial factor for PD [8-10]. PINK1 is rapidly and
constitutively degraded under steady-state conditions in a
mitochondrial membrane potential-dependent manner. Dys-
functional mitochondria stabilize PINK1 that recruits Parkin to
mitochondrial surface for initiating degradation of damaged
mitochondria. Therefore, PINK1 cooperates with Parkin to
selectively eliminate dysfunctional/damaged mitochondria for
maintaining mitochondrial homeostasis [11].

In addition to PD, several evidences suggest that PINK1
participates in energy metabolism. Reduced number and
impaired function of mitochondria are identified in T2DM
subjects, their family and in elderly [12], suggesting that
mitochondrial dysfunction is a contributing factor to pre-
diabetic state and diabetes. Besides, PINK1 is correlated with
blood sugar and free fatty acids and PINK1 silencing impairs
glucose uptake [13,14]. PINK1 and Parkin modulate PI3K
pathway which is important in insulin signaling [15,16].
Moreover, not only T2DM is reported as a risk factor of PD, but
PD patients with diabetes have increased PD severity [17-20].
Risk for diabetic individuals to develop PD is 1.85 times of
the others without [21]. These findings raise the hypothesis
that diabetes-associated metabolic stress contributes to
PD development, and vice versa. However, the underlying
reasons for addressing the dysregulated mitochondria in
T2DM pathogenesis and the linkage between PD and T2DM
leave to be explored.

In this context, we hypothesized that PINK1 plays an
important role in energy metabolism, and its dysregulation
leads to metabolic abnormalities such as obesity and T2DM.
Adipogenesis offers an ideal model to explore the hypothesis
because adipogenesis, at least in part, determines the body
adipose reservoir which then modulates whole-body metabo-
lism through endocrine functions. Therefore, the present study

aimed at elucidating the effects of PINK1 on adipogenesis and
energy metabolism.

2. Materials and Methods
2.1. Materials

Reagents were obtained from the following source: Anti-
bodies against C/EBPa, PPARy, FABP4, Akt, phospho-Ser*’?
Akt, GSK-3p, phospho-Ser9 GSK-3p, ubiquitin, and p-actin
form Cell Signaling Technology (Danvers, MA); anti-Drpl
from Novus Biologicals (Littleton CO); antibodies against
PARL, LC3B and Atgl4 from GenTex (Irvine, CA); antibodies
against PINK1, VDAC and Parkin from Abcam (San
Francisco, CA); mouse recombinant IL-4 from Millipore
(Temecula, CA); Mdivi-1 from Enzo Life Sciences; ECL
reagent from Calbiochem (Merck Millipore, Billerica, MA);
3-isobutyl-methylxanthine (IBMX), dexamethasone (Dex),
and insulin from Sigma (St. Louis, MO); protein A/G beads,
Trizol Reagent and Applied Biosystems SYBR Green Realtime
PCR Master Mix from Life Technology (Carlsbad, CA); PARL
small hairpin RNA (shRNA, TRCN0000351849: 5'-GCTGTCAACG
TTCAGTCATT-3') and pLKO.1-hairpin vector from the RNAi
Consortium, Academia Sinica.

2.2. Cell Culture, Adipogenesis of 3T3-L1 Cells and Oil
Red O Staining

3T3-L1 preadipocytes were maintained in DMEM containing
10% calf serum (Hyclone Laboratories, South Logan, Utah)
as previously described [22]. After reaching confluence for
2-days, 3T3-L1 cells (designated day 0) were induced to
differentiate by addition of a standard cocktail (MDI)
composed of 0.5 mM IBMX, 1 uM Dex, and 10 pg/ml insulin
in 10% FBS for 2 days. The cells were then cultured in
DMEM supplemented with 10% FBS and 5 pg/ml insulin.
The medium was replaced by fresh medium every two
days. For IL-4 and Mdivi-1 experiments, cells were allowed
to differentiate under the exposure of either 10 ng/ml IL-4
or 50 uM Mdivi-1. Oil-Red O staining was performed as
described. For quantification, the dye was eluted by adding
100% isopropanol and the extracts were determined by
measuring the absorbance at 490 nm.

2.3. Western Blot Analysis and Immunoprecipitation Assay

Cell lysates were prepared in RIPA buffer containing
protease inhibitors as described previously [22,23]. Cell
extracts were subjected to SDS-PAGE, transferred to PVDF
membrane and blotted with specific primary antibodies. For
detection, membranes were incubated with secondary
antibodies (Merck Millipore, Billerica, MA) for 1h, and
results were visualized with ECL regent and quantified by
Labscan software. For immunoprecipitation assay, 500 pg
cell lysates were incubated with 1 pg specific primary
overnight at 4 °C and captured by protein A/G agarose for
2 h. After washing with RIPA buffer, immunoprecipitates
were eluted in sample buffer, denatured, and subjected to
Western blotting as described.
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2.4. RT- PCR

Total RNA was isolated by TRIzol reagent according to the
manufacturer’s instructions. About 2 ug of total RNA was
reversed transcribed with Improm-II Reverse Transcription
Kit (Promega, Madison, WI);total cellular RNA was extracted
using TRIzol reagents. Briefly, cDNA was synthesized using
total RNA (5 pg), oligo dT primer (200 pmol), and 5x MMLV RT.
The synthesized ¢cDNA was amplified in SuperRed mix
(TOOLS Life Science Reagent) using target sequence-specific
PCR primers. All RT-PCR reactions were carried out with initial
95 °C denaturation for 5 min and the following thermocycles:
95 °C denaturation for 1 min, annealing for 1 min and 72 °C
extension for 1 min. PCR products were separated by electro-
phoresis and visualized using an ultraviolet transilluminator.
Quantitative results were presented as the mean of three
independent experiments. The following primers were used
for detection of the gene expression: PINK1 (5-GATGCA
CTGCCTATGAGCACTT-3', 5'-AGAGGTCCACAGAGCTGATTCC
-3’), PARL (5- CCTATAAGAACACTCGTGAAGCC-3, 5'-CCAGT
CAGCTTTTATGCCATC-3'), and GADPH (5'-AACCACAGTCCA
TGCCATCAC-3’, 5'- TCCACCACCCTGTTGCTGTA-3).

2.5. Cell Fractionation and Mitochondrial Isolation

Cells were harvested after 5 min treatment with trypsine-EDTA
(0.05% trypsin and 0.02% EDTA). Cells were harvested and
homogenized with mitochondria isolation buffer (225 mM
mannitol, 75 mM sucrose and 2 mM K,HPO,, pH 7.2; BioChain
Institute) by Dounce homogenizer. Homogenates were subjected
to sequential differential centrifugation at 600 g for 10 min, and
by 12,000 g for 15 min at 4 °C to collect the cytosol supernatant
and the intact mitochondria in the sediment. The mitochondrial
pellet was resuspended in lysis buffer (with 0.25% SDS, protease
inhibitors, and PMSF) to harvest mitochondrial proteins. Effi-
ciency of cell fractionation was analyzed by immunoblotting
with VDAC1 and actin.

2.6. Immunofluorescence

Cells were plated on glass coverslips in tissue culture plates and
allowed to grow for 24 h. Mitochondria were first stained by
mitotracker red CMXRos (Invitrogen) for 3 min at 37 °C. Then
the cells were fixed with 3.7% formaldehyde for 15 min and
permeabilized with 0.2% triton X-100 for 15 min at room
temperature. The cells were then blocked with 5% BSA for
60 min at room temperature, followed by incubation with the
specific primary antibody overnight at 4 °C, then goat anti-
rabbit IgG conjugated DyLight™594(Jackson ImmunoResearch
Laboratories, PA) was and incubated for 1 h at room tempera-
ture. Cells were then mounted with GEL/MOUNT containing
DAPI (Molecular Probes, Eugene). The images were taken by
ZEISS LSM 700 confocal fluorescence microscope system using
63X objective len.

2.7.  PARL Knockdown
The PARL was knocked down in 2-day postconfluent cells by

lentiviral transduction of PARL- or control- shRNA constructs
in pLKO.1-hairpin vector with 8 pg/mL polybrene reagent for

24 h. The medium was then replaced with DMEM supple-
mented with 10% calf serum, and the cells were incubated for
another 24 h and induced into differentiation in the presence
of puromycin. PARL mRNA and protein were analyzed as
described to evaluate the efficiency of PARL knockdown.

2.8. Mitochondrial Membrane Potential

Mitochondrial membrane potential was analyzed using the
cationic fluorescent dye JC-1 (5 uM; Bio Vision, Milpitas, CA).
Cells were stained with fluorescence JC-1 dye at indicated time
and observed by Zeiss LSM700 confocal microscopy. The
monomer JC-1 showed green fluorescence (low membrane
potential), while the aggregates showed red fluorescence (normal
membrane potential).

2.9.  Animal Experiments

Four-week-old male C57BL/6 mice were randomly divided to
3 groups: (1) WT mice were fed with standard Chow diet for
13 weeks; (2) HFD (high-fat diet) mice were fed with HFD for
13 weeks to induce insulin resistance; (3) HFD + STZ mice
were fed with HFD for 13 weeks and received streptozotocin
(STZ) injection (50 mg/kg; Sigma-Aldrich, St Louis, MO) for 3
times during the 9th week to induce diabetic onset. The ob/ob
and db/db mice were fed with standard Chow diet for
14 weeks. Protein extracts from the harvested primary
epididymal fat tissues were obtained by homogenizing the
tissues using T-PER tissue protein extraction reagent (Pierce,
Rockford, IL) supplied with phosphatase and protease
inhibitors (Roche, Indianapolis, IN), then subjected to western
analysis. Animal protocols were reviewed and approved by
the Institutional Animal Care and Use Committee, National
Yang-Ming University, with all the methods carried out in
accordance with the approved guidelines.

2.10. Quantification of Glucose Uptake and Intracellular
ATP Contents

Glucose uptake assay was performed after cells were incubated
with glucose-free DMEM for 8 h. Cells were fed with 250 pmol/L 2-
[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)Jamino]-2-deoxy-D-glucose
(2-NBDG; Cayman Chemical, Ann Arbor, Michigan) in the
presence (INS) or absence (Mock) of insulin pre-treatment
(100 nM for 30 min). Cellular 2-NBDG uptake was terminated
after 10 min by adding ice-cold DMEM containing 10 mM glucose.
Cells were washed with ice-cold PBS and lysed, and intracellular
fluorescence intensity was measured (485/540 nm, Infinite 200).
Intracellular ATP content was analyzed by Single Addition
Luminescence ATP Detection Assay System (PerkinElmer ®,
Sigma) according to the manufacturer’s instructions. In brief,
cells were lysed by 100 pL 1X lysis buffer containing luciferase
and D-luciferin, then ATP content was measured by Infinite® 200
PRO (Tecan).

2.11.  Statistical Analysis
Each experiment was carried out at least three times. Results

were presented as mean + S.E.M. and the significant difference
between groups was analyzed by two-tailed unpaired Student
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t-test or one-way ANOVA using SPSS software. Statistical
difference was defined as p < 0.05 for all tests.

3. Results
3.1. PINK1 Undergoes Proteolysis During Adipogenesis

PINK1 expression was temporally examined during the differen-
tiation process of 3T3-L1 pre-adipocytes to evaluate the roles of
PINK1 in adipogenesis. Important genes mediating adipogenesis,
including CCAAT/enhancer binding protein-a (C/EBPw), peroxi-
some proliferator-activated receptor-y (PPARy) and FABP4, were
also analyzed. PINK1 mRNA was significantly increased about 2
folds in the differentiated cells (Fig. 1A). Intriguingly, full-length
PINK1 (f-PINK1, 66 kDa) was detected in pre-adipocytes (day 0)
but barely detectable after day 2; while smaller PINK1 fragments
(s-PINK1, 55 kDa) were increasing along with the differentiation
(Fig. 1B). The results suggest that f-PINK1 may undergo
proteolysis to smaller fragments which are then accumulated
during adipogenesis.

The above data imply that PINK1 proteolysis is coupled to
adipogenesis. Therefore, PINK1 processing is likely to be
abolished once the differentiation is blocked. Interleukin-4
(IL-4) is known to promote insulin sensitivity and suppresses
adipocyte differentiation [22,23], we then tested if PINK1
processing was reversed by IL-4 treatment. Lipid contents
were reduced about 40% (Fig. 1C) and PPARy (Fig. 1D) was also
decreased under IL-4 exposure. Notably, f-PINK1 was detectable
on day 8 and s-PINK1 fragments were decreased in the presence
of IL-4. It suggests that inhibiting adipogenesis hampers PINK1
proteolysis. Therefore, PINK1 expression pattern is coupled
with the process of adipocyte differentiation.

3.2 Coupling of Mitochondria Dynamics and PINK1
Alterations in Adipogenesis

We next examined the alterations of mitochondrial morphology
for exploring the correlation between PINK1 expression pattern
and mitochondrial dynamics in adipogenesis. Microscopic
images revealed that the initial filamentous mitochondria on
day O turned into puncta on day 8 (upper panel, Fig. 1E), with
their numbers and membrane potential remarkably decreased
in mature adipocytes (Fig. 1F). The results indicate that
mitochondria undergo dramatic changes from high-membrane
potential filamentous network in pre-adipocytes to fragmented

forms with low membrane potential and declined mass in
mature adipocytes.

We subsequently examined the possible coupling of mito-
chondrial alterations and PINK1 expression pattern during
adipogenesis in the presence of mitochondria fission inhibitor,
Mdivi-1 [24]. Most of the mitochondria on day 8 remained
filamentous morphology when mitochondrial fission was re-
pressed by Mdivi-1 exposure (lower panel, Fig. 1E). The lipid
contents in Mdivi-1-treated cells decreased about 50% (Fig. 1G).
Therefore, differentiation is suppressed once mitochondrial
mass cannot be reduced by fission. Meanwhile, PINK1 expression
pattern was also reversed by Mdivi-1: f-PINK1 was accumulated
and s-PINK1 was markedly decreased under Mdivi-1 exposure
(Fig. 1H). Accordingly, PINK1 processing and mitochondrial
fission are coupled each other, which is required for pre-
adipocytes to fully differentiate into mature adipocytes.

3.3.  Autophagy Activity is Decreasing in Adipogenesis

Autophagy is important for cell to keep survive under unfavorable
conditions [25]. In the late stage of autophagy, LC3B-II accumu-
lates at the surface of autophagosome to execute autophagic
activity for clearing damaged and/or dysfunctional organelles
[26]. Autophagy is also implicated in adipogenesis since
differentiation is disrupted in autophagy-deficient pre-adipocytes.
We next analyzed if temporal alteration(s) of autophagy activity
was involved in adipogenesis.

Both LC3B-II/LC3B-1 ratio and Atgl4 were significantly
decreasing during adipogenic process (Fig. 2A), which were
reversed by Mdivi-1 treatment (Fig. 2B). LC3B-1I was abundantly
dispersed in cytoplasm and co-localized with the filamentous
mitochondria on day 0 (Fig. 2C), whereas, it was significantly
decreased on day 8. It indicates that although autophagy is
highly active in cells under the pressure of confluency before
the initiation of adipogenesis, it is rapidly down-regulated once
the cells are released from confluency and allowed to differen-
tiate. In addition, autophagy activity is decreasing accompanied
with the progression of differentiation.

3.4. PARL-Mediated PINK1 Processing in Early Stage is
Required for Adipogenesis

PINK1 is extensively studied in neural cells based on it
association to PD. Under normal condition, PINK1 is cleaved by
mitochondrial protease presenilin-associated rhomboid-like
protein (PARL) [27], then translocated to cytoplasm and targeted

Fig. 1 - Coupling of PINK1 expression and mitochondria dynamics in adipogenesis. 3T3-L1 pre-adipocytes were allowed to undergo
differentiation, then PINK1 expression and adipogenesis efficiency were analyzed. (A) Total RNA was isolated from 3T3-L1 cells on day
0 (undifferentiated) and day 8 (differentiated). PINK1 mRNA was analyzed by real-time PCR. Gene expression was normalized to 18s
IRNA. (B) PINK1, Parkin and adipogenic markers were examined by Western blotting at the timed indicated during differentiation.
(C) Cells were induced into mature adipocytes in the absence (control) or presence of IL-4 (10 ng/ml) treatment and subjected to Oil-Red
O staining (left panel). Quantification of Oil-Red O staining results was shown in the right panel. (D) Westem blotting analysis showing
the patterns of PINK1 and PPARYy expression during 3T3-L1 differentiation. (E) Mitochondrial morphology of cells at day 0 and 8 in the
absence (DMSO) or presence of Midvi-1 was examined by confocal microscopy with mitotracker red staining. The inserts were the
enlarged images showing mitochondria morphology. (F) Mitochondrial membrane potential during adipogenesis was analyzed using
the cationic fluorescent dye JC-1 (5 pM). The monomer JC-1 showed green fluorescence (loss membrane potential), while the
aggregates showed red fluorescence (normal membrane potential). Nucleus was labeled using DAPI (blue), scale bar represent 10 um.
The morphological alternations were disrupted by Mdivi-1. (G-H) Adipogenesis and PINK1 proteolysis were attenuated by Mdivi-1.
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picture of the second row was phase contrast image.

for degradation by proteasome [11]. In mitochondria with
low membrane potential, PINK1 recruits Parkin to mediate
mitophagy for eliminating dysfunctional/damaged mitochon-
dria [28-30]. It was of interest for us to investigate if the scenario
of PARL-PINK1-Parkin system in controlling mitochondrial
dynamics of neural cells was applied to adipocyte differentiation.

PARL mRNA and protein were significantly increasing
along with the differentiation (Fig. 3 A&B); intriguingly, the
decreased f-PINK1 on day 2 coincided with the increased
PARL (Fig. 3C). The temporal alterations of PARL and PINK
were inhibited by Mdivi-1, with f-PINK1 remained detected
on day 8 (Fig. 3C). It suggests that PINK1 is processed by
PARL in pre-adipocytes. Furthermore, PARL-PINK1 associa-
tion was detected in day 04 (Fig. 3D). It supports that f-PINK1
is cleaved by PARL in mitochondria at the early phase, and
the produced s-PINK1 then accumulates during adipogenesis
(Figs. 1B & 3C).

To further verify the roles of PARL-PINK1 interaction in
adipogenesis, adipogenic efficiency, PINK1 alternations and
mitochondria depletion were temporally analyzed by PARL
knockdown. When PARL expression was successfully inhibited
(Fig. 3E), alterations of PINK1 expression were apparently
blocked (Fig. 3F). Notably, {-PINK1 was detected throughout
the entire process and only trace amounts of s-PINK1 were
generated. PPARy, C/EBPa and FABP4 were almost entirely
inhibited (Fig. 3F), leading to nearly aborted adipogenesis
(Fig. 3G). The above results reveal that f-PINK1 processing by
PARL in mitochondria is required for adipogenesis.

Additionally, the expression of PARL and PINK1 was
temporally examined both in the pre-adipocytes undergoing
differentiation (0-8 day) and in mature adipocytes (8-12 day).
PARL and s-PINK1 were increasing in the adipogenic process
and remained high-level expression in mature adipocytes
(Fig. 3H). The mitochondria fragmentation-mediated dynamin-
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related protein-1 (Drpl) [31] was also increasing accompanied
with the progression of adipogenesis and remained at high level
in mature adipocytes (Fig. 3H). The results suggest that, in
addition to be required for adipocyte differentiation, PARL and
Drpl are necessary to maintain low mitochondrial mass in
mature adipocytes for ensuring minimal energy consumption.

3.5. PARL-Processed PINK1 Mediates Parkin Degradation
in Late Adipogenesis

In contrary to PARL and PINK1 alterations, levels of Parkin were
peaked on day 0 and gradually decreasing during differentiation
(Figs. 1B and 3C). The decreasing Parkin expression pattern was
suppressed by Mdivi-1 (Fig. 3C) and abolished by PARL silencing
(Fig. 3F).

The subcellular distribution of PINK1 and Parkin were
subsequently investigated. Parkin mainly localized in cytosol
throughout the differentiation, only trace amount of Parkin
was detected in mitochondria on day 0 (Fig. 4A). Meanwhile,
f-PINK1 was detected in mitochondria on day 0, and s-PINK1
was increasing in both cytosol and mitochondria (Fig. 4A).
Notably, reciprocal alteration of s-PINK1 and Parkin in cytosol
was identified. It implies that after being processed by PARL
during day 0-4, s-PINK1 translocates and accumulates in
cytoplasm. The increasing s-PINK1 is correlated to the decreasing
Parkin during adipogenesis.

Next, PINK1 and Parkin interaction was analyzed by co-
immuoprecipitation. Fig. 4B showed that s-PINK1 was associated
with Parkin during the late stage of differentiation. Notably, a
laddering Parkin signal was detected, which implied that the
precipitated Parkin was conjugated with ubiquitin (Ub). There-
fore, whether Parkin was ubiquitinated (Ub-) during adipogen-
esis was tested to verify this speculation. Ub-proteins were first
immunoprecipitated in the presence or absence of MG132,
followed by probing PINK1, Parkin or Ub with immunoblotting.
Fig. 4C indicated that the Ub-proteins were first diminished
at early stage (04 day), then rapidly increasing and peaked on
day 6. Both s-PINK1 and Parkin were ubiquitinated. Particularly,
Ub-Parkin was greatly increased during differentiation while
MG132 inhibited the decreasing of Parkin (Fig. 4D), which
indicated that Ub-Parkin was degraded by proteosome.

Taking the above data together (Fig. 4E), we suggest that the
increased PARL interacts with and cleaves f-PINK1 at early stage
(day 0-4). Then the proteolytic s-PINK1 translocates from
mitochondria to cytoplasm, accumulates and associates with
Parkin at late stage (after day 4). The PINK1-Parkin complex is
ubiquitinated, leading to Parkin degradation by proteosome.
Given that Parkin degradation inhibits mitophagy, we suggest
that mitophagy activity is gradually reduced at late stage of
differentiation. Notably, PARL knockdown blocks PPARy and
aborts adipogenesis. Therefore, the PARL-PINK1-Parkin system
is required to ensure the proceeding of adipogenesis.

3.6. GSK-3p Induced Drp1-Mediated Mitochondrial Fission
in Late Adipogenesis

PINK1 and Parkin mutations result in mitophagy deficiency
and elevated Drpl expression [31]. Recent evidence suggests
that Drpl is activated by GSK-3p, therefore, we inferred
that Drpl may be up-regulated by PINK1-dependent Parkin

degradation at late stage of adipogenesis. Accordingly, the
expression of Drp1l and its regulating molecules, including Akt
and GSK-3p, was investigated.

Fig. 5A showed that p-Akt was decreasing while p-GSK-3p
was increased at early stage, peaked on day 4 then decreasing
thereafter. Drpl was significantly increasing since day 4,
whereas, the major mitochondria fusion effector mitofusion-1
(MFN1) was increasing during day 04 then decreased. Micro-
scopic images showed that mitochondria mass was increased
during day 0-4 probably due to MFN1 mediated-elongation,
then Drpl was abundantly dispersed in cytoplasm and co-
localized with mitochondria after day 4 to mediate mitochon-
drial fragmentation (Fig. 5B). Therefore, the filamentous mito-
chondria network turned into puncta in day 5-6, with most of
them cleared on day 8. Interestingly, the increasing Drp1 during
adipogenesis was also abolished by PARL shRNA (Fig. 3F).
Furthermore, the expression pattern of p-Akt, p-GSK-3p and
Drp1 (Fig. 5C), as well as the mitochondrial phenotype (Fig. 5D)
were all attenuated by Mdivi-1 by which the mitochondrial
fission was impaired. The above results indicate that Drp-1-
mediated mitochondrial fission is critical and required for
adipocyte differentiation.

The above data indicate that GSK-3p activity is up-regulated
after day 4 when p-Akt is decreased, which corresponds to the
timeframe of Parkin degradation, MFN and Drp1 alterations, and
mitochondrial morphological changes during adipogenesis. All
the identified sequential events and finely-tuned machinery
are disturbed once the adipogenesis is hindered by Mdivi-1 or
blocked by PARL shRNA.

3.7.  Alteration of Energy Metabolism During Adipogenesis

The major function of adipocytes is the body energy reservoir.
As mitochondrial mass is greatly diminished by GSK-3p-
activated Drpl-mediated fission at late adipogenic stage, it
was intriguing to monitor cellular glucose uptake ability for
elucidating metabolic alterations during adipogenic process.
Under the control condition, the insulin-triggered glucose
uptake was peaked on day 4 and decreased thereafter at late
stage (DMSO INS, Fig. 6A). In the presence of Mdivi-1, glucose
uptake also peaked on day 4 but remained high until day 8
(Mdivi-1 INS, Fig. 6A). During adipose differentiation, GLUT4 is
progressively expressed while GLUT1 shows no apparent
change [32]. Accordingly, difference between the measures of
Mock and INS treatments was estimated to analyze the GLUT4-
specific glucose uptake triggered by insulin. In parallel to the
total amounts of glucose uptake in Fig. 6A, the alterations of
insulin-dependent GLUT4-responsible glucose uptake in adi-
pogenesis was also peaked on day 4, and decreased thereafter
(Fig. 6B). Likewise, the markedly reduced GLUT4-specific
glucose uptake was attenuated by Mdivi-1 exposure (Fig. 6C).

The intracellular ATP contents were also measured to
monitor energy status during adipogenesis. In consistent with
the glucose uptake ability and mitochondrial dynamics, ATP
contents was increasing at early stage (day 0-4), and plunged
at the late stage to minimal levels on day 8 (DMSO, Fig. 6D). As
anticipated, the decreasing ATP contents at late stage were
sequestered by Mdivi-1 (DMSO, Fig. 6D).

These results demonstrate that mitochondrial changes are
coordinated with glucose uptake ability and ATP contents
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during adipogenesis. Collectively, we suggest that the alter-
ations of energy metabolism pattern during adipogenesis aim
to minimize energy consumption for achieving the morpho-
logical and functional characteristics of mature adipocytes.

3.8. PARL and PINK1 Expression are Correlated With
Obese and Diabetic Status

We next examined the in vivo expression profile of Drpl,
PARL and PINK1 to probe possible correlation between these
proteins with obesity and diabetes. Epididymal adipose
tissues were harvested from diet-induced obese (HFD) mice,
genetic-deficiency obese mice (ob/ob and db/db), and diabetic
mice (HFD + STZ). The results showed that f-PINK1 was only
faintly probed in WT mice (Fig. 7), and expression profiles of
PARL and s-PINK1 were very similar. Interestingly, PARL and
s-PINK1 were greatly decreased in all the obese mice models
while they were highly expressed in diabetic HFD + STZ mice.
No significant difference of Drp1l levels among mice groups
was observed although the Drpl was relatively higher in
HFD + STZ mice.

These data strongly suggest that PARL and PINK1 are not
only correlated with obesity, but also very likely participate in
the diabetic pathogenesis and progression.

4, Discussion

Understanding adipogenesis is increasingly important as adipo-
genesis determines the adipose reservoir which modulates body
energy metabolism through adipokines. It is feasible to develop
adipogenesis-intervening strategies for manipulating whole-

body energy intake/expenditure to cope with the obesity
epidemics. Although the participation of PINK1-Parkin in
maintaining mitochondrial homeostasis in neural cells and
its association with PD are extensively elucidated, the
molecular events behind mitochondrial dynamics during
adipogenesis have never been revealed. In this context, it is
of great interest for us to explore the PARL-PINK1-Parkin
workflow and mitochondrial remodeling during adipogene-
sis. Our results uncover that PARL-PINK1-Parkin system is
required for successful proceeding of physiological adipocyte
differentiation.

A PARL-PINK1-Parkin working model in adipogenesis is
proposed (Fig. 8A). First of all, the pre-adipocytes facing
confluency stress may undergo autophagy before the initiation
of adipogenesis. The entire adipogenic process is dissected into 3
stages according to the participation of PARL-PINK1-Parkin
system. (1) Once the cells are released from confluency and
switched to differentiation, f-PINK1 is subjected to PARL
cleavage to generate s-PINK1 at early stage of differentiation
(04 day). Increasing PARL cleavage events lead to s-PINK1
accumulation in mitochondria. At this stage, mitochondrial
mass is increased probably due to MFN1-mediated elongation
for generating ambient energy to meet the demands for cellular
remodeling. (2) At the second stage of adipogenesis (5-6 day),
s-PINK1 persistently accumulates in mitochondria and trans-
locates into cytoplasm to mediate Parkin degradation. Mito-
chondria are fragmented by Drpl-mediated fission, and cleared
by autophagy to reduce their mass. (3) At the late stage of
adipogenesis (7-8 day), only residual autophagy is remained
when most of mitochondria have been eliminated. In addition,
the expression of PARL and Drpl remain high in the terminal
differentiated adipocytes, which may aim at maintaining low
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mitochondrial mass in mature adipocytes. The mitochondria
clearance and high-level PARL/Drpl expression maintain
energy consumption of mature adipocytes at the minimal
levels for storing energy.

Hence, the operation of PARL-PINK1-Parkin system is
coordinated with mitochondrial changes and energy me-
tabolism during adipogenesis. We suggest that excess
mitochondria are subjected to Drpl-mediated fission and
cleared by autophagy, with only residual autophagy activ-
ity remaining in late stage of differentiation. Interestingly,
PARL-silencing inhibits PPARy and aborts adipogenesis,
which demonstrates the pivotal role of PARL-PINK1-Parkin
system in adipogenesis.

PARL is identified as a candidate gene for insulin resistance
and T2DM [33], its genetic variation contributes to earlier
diabetic onset and increased susceptibility to diabetic compli-
cations. However, whether PARL is associated with T2DM is still
controversial with conflicting results [34]. Our results support
and may elucidate the rationale for PARL as T2DM susceptible
gene since PARL may determine, at least in part, the mass of
adipose reservoir which is correlated with obesity. Particularly,
our animal study results show significant correlation between
PARL and the diabetic status (Fig. 7), which strongly suggests
that PARL-PINK1-Parkin system participate in diabetic patho-
genesis and/or disease progression.

The results regarding lower levels of PARL and PINK1 in
adipose tissue from obese animal models (Fig. 7) seem to be
contradictory to the higher PARL and PINK1 expression in
mature adipocytes (Fig. 3H). We suggest that the differential

status of adipocytes in the cell and animal model should be able
to explain these observations. In cell model, the alterations and
profiles of PARL-PINK1-Parkin are continuously monitored to
illustrate the participation of the system in the entire process of
adipocyte differentiation model. Whereas, in animal model,
PARL and PINK1 levels represent the cross-sectional outcome
after the animals have become obese with long-term HFD or
diabetic onset. Therefore, results from the cell model demon-
strate the involvement of PARL-PINK1-Parkin in the progression
of adipocyte differentiation, while the animal data reflect the
events in the expanded and enlarged adipose tissues. Notably,
the findings that PARL is significantly correlated with obese and
diabetic status provide strong molecular evidence deciphering
the previous report that PARL is a candidate gene for insulin
resistance and T2DM [33].

The present study provides another evidence of PARL-
PINK1-Parkin system regulating mitochondrial dynamics
and glucose metabolism through insulin signaling. PINK1 is
identified as a target gene activated by tumor suppressor
phosphate and tensin homologue deleted on chromosome 10
(PTEN) [35]. PTEN down-regulates PI3K functions for activating
Akt, and thereby modulates insulin signaling and glucose
metabolism [15,16]. The activation of GSK-3p by PARL-PINK1-
Parkin system in our study echoes the previous report that
suppressing PARL in healthy myotubes lowers mitochondrial
mass and insulin-stimulated glycogen synthesis [36]. Given
Parkin is the downstream effector of PINK1, it is logical that
PARL-PINK1-Parkin system also functions through PI3K/Akt
signaling pathway.
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Accumulating evidence reports the association of mitophagy
with metabolic abnormalities in insulin-secreting p-cell, insulin-
targeting cells and diabetic complications. Mitochondrial func-
tion is impaired during insulin resistance that progresses to
metabolic disorder [37-39]. In p-cells, Parkin deficiency leads
to lower mitochondrial membrane potential and insulin
expression/secretion, while mitochondrial fragmentation and
ROS production are increased [40]. Low mitochondrial mass
in skeletal muscle is associated with insulin resistance and
obesity [41,42]. The study group concludes that skeletal muscle
inflexibility plays a major role in causing insulin resistance
[43,44]. Our study supports and addresses the underlying
mechanism for the finding that mice with mitochondria
degradation deficiency exhibit reduced adiposity, resistance to
diet-induced obesity, and increased insulin sensitivity [45].
Given our results demonstrating that PARL-PINK1-Parkin
system is required for adipogenesis and mediates energy
metabolism via Akt-GSK-3p, it is logical to assume that
imbalance in mitochondrial dynamics can result in defects
associated with energy metabolism and insulin resistance.

This study also agrees with numerous epidemiological and
biochemical evidence which indicate a link between T2DM and
PD, and may explain the rationale behind. Parkin is suggested to
modulate PI3K/Akt pathway in neurons since active Akt is
significantly suppressed in heads of Parkin-deficient drosophila
[46]. Besides, neurotoxin-induced apoptosis of dopaminergic
neurons is prevented by introducing a membrane-targeting
constitutively active Akt in brain [47]. Huang et al. recently
reported that impaired long-term memory in db/db mice is
restored by modulating Drp1 through inhibiting GSK3p activity
[48], which points to the involvement of mitochondria in
diabetes-induced synaptic dysfunction. Additionally, metformin
exerts neuro-protective effect on PD via Parkin restoration [49].

Nevertheless, data from this study are not able to fully
explain the consistent accumulation of Ub-s-PINK1 at late stage
of adipogenesis. PINK1 is known to be rapidly degraded by
proteosome after binding to Parkin. We speculate that Hsp90
may stabilize cytosolic s-PINK and lead to PINK1 accumulation
at late stage of adipogenesis since stability of cytosolic PINK1
requires chaperone Hsp90 activity [50]. However, this
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speculation needs further study to confirm. Besides, several
putative binding sites of transcriptional factors involved in
adipogenesis and metabolism, such as C/EBPa and C/EBPp,
were identified on PINK1 promoter (Fig. 8B, analyzed by
TIFBIND). We hypothesized that a subtle loop between adipo-
genesis and PARL-PINK1-Parkin system may be finely orches-
trated for maintaining metabolic homeostasis to meet the
changing cellular demands. This clue further supports the
convergence between insulin signaling and PARL-PINK1-Parkin
system in adipocytes to address the linkage between PD and
T2DM comorbidity.

5. Conclusions

This study identifies the novel role of PARL-PINK1-Parkin
system in adipogenesis. As obese individuals is susceptible to
insulin resistance and multiple metabolic disorders, under-
standing adipocyte behaviors offers a great opportunity to
tackle the obesity associated metabolic abnormalities and
disorders. Our findings not only address the sequential events
directed by PARL-PINK1-Parkin system in adipogenesis and
energy metabolism, but also shed light on the convergence of
neurodegenerative and metabolic diseases. Hopefully, this

study provides substantial information for supporting the
possibility of developing novel therapeutic strategies for neural
and/or metabolic diseases by intervening and manipulating the
size/reservoir of adipose tissue.
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