
UC Berkeley
UC Berkeley Previously Published Works

Title
Novel role of dynamin‐related‐protein 1 in dynamics of ER‐lipid droplets in adipose tissue

Permalink
https://escholarship.org/uc/item/18s771pp

Journal
The FASEB Journal, 34(6)

ISSN
0892-6638

Authors
Li, Xin
Yang, Li
Mao, Zhengmei
et al.

Publication Date
2020-06-01

DOI
10.1096/fj.201903100rr
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/18s771pp
https://escholarship.org/uc/item/18s771pp#author
https://escholarship.org
http://www.cdlib.org/


Novel role of dynamin-related-protein 1 in dynamics of ER-lipid 
droplets in adipose tissue

Xin Li1, Li Yang1, Zhengmei Mao2, Xueyang Pan3, Yueshui Zhao1, Xue Gu1, Kristin Eckel-
Mahan1,4, Zhongyuan Zuo5,6,7,8,9, Qiang Tong10, Sean M. Hartig11, Xiaodong Cheng4,12, 
Guangwei Du4, David D. Moore11, Hugo J. Bellen5,6,7,8,9, Hiromi Sesaki13, Kai Sun1,4

1Center for Metabolic and Degenerative Diseases, the Brown Foundation Institute of Molecular 
Medicine for the Prevention of Human Diseases, University of Texas Health Science Center at 
Houston, Houston, TX, USA

2Microscopy Core, the Brown Foundation Institute of Molecular Medicine for the Prevention of 
Human Diseases, University of Texas Health Science Center at Houston, Houston, TX, USA

3Department of Genetics, Cell Biology and Development, University of Minnesota, Minneapolis, 
MN, USA

4Department of Integrative Biology and Pharmacology, Graduate Program in Cell and Regulatory 
Biology, Graduate School of Biomedical Sciences, University of Texas Health Science Center at 
Houston, Houston, TX, USA

5Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, USA

6Jan and Dan Duncan Neurological Research Institute, Texas Children’s Hospital, Houston, TX, 
USA

7Howard Hughes Medical Institute, Baylor College of Medicine, Houston, TX, USA

8Program in Developmental Biology, Baylor College of Medicine, Houston, TX, USA

9Department of Neuroscience, Baylor College of Medicine, Houston, TX, USA

10Children’s Nutrition Research Center, Baylor College of Medicine, Houston, TX, USA

11Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA

12Texas Therapeutics Institute, the Brown Foundation Institute of Molecular Medicine for the 
Prevention of Human Diseases, University of Texas Health Science Center at Houston, Houston, 
TX, USA

Correspondence: Kai Sun, Center for Metabolic and Degenerative Diseases, the Brown Foundation Institute of Molecular Medicine 
for the Prevention of Human Diseases, University of Texas Health Science Center at Houston, 1825 Pressler ST, Houston TX 77030, 
TX, USA. kai.sun@uth.tmc.edu.
AUTHOR CONTRIBUTIONS
Designed research, K. Sun, H.J. Bellen; Performed research, X. Li, L. Yang, Z. Zuo, Z. Mao, X. Pan, Y. Zhao, X. Gu, K. Eckel-
Mahan, Q. Tong, S.M. Hartig, X. Cheng, G. Du, D.D. Moore, H. Sesaki, K. Sun; Contributed new reagents, X. Cheng, H. Sesaki; 
Writing-Original Draft, K. Sun, X. Li; Writing-Review & Editing, K. Eckel-Mahan, Q. Tong, S.M. Hartig, X. Cheng, G. Du, D.D. 
Moore, H. Sesaki; Resources, H. Sesaki, X. Cheng, G. Du, K. Sun.

CONFLICT OF INTEREST
The authors declare no competing interests.

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the Supporting Information section.

HHS Public Access
Author manuscript
FASEB J. Author manuscript; available in PMC 2020 July 06.

Published in final edited form as:
FASEB J. 2020 June ; 34(6): 8265–8282. doi:10.1096/fj.201903100RR.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13Department of Cell Biology, Johns Hopkins University School of Medicine, Baltimore, MD, USA

Abstract

Dynamin-Related-Protein 1 (DRP1) critically regulates mitochondrial and peroxisomal fission in 

multicellular organisms. However, the impact of DRP1 on other organelles, especially its direct 

influence on ER functions remains largely unclear. Here, we report that DRP1 translocates to 

endoplasmic reticulum (ER) in response to β-adrenergic stimulation. To further investigate the 

function of DRP1 on ER-lipid droplet (LD) dynamics and the metabolic subsequences, we 

generated an adipose tissue-specific DRP1 knockout model (Adipo-Drp1flx/flx). We found that the 

LDs in adipose tissues of Adipo-Drp1flx/flx mice exhibited more unilocular morphology with 

larger sizes, and formed less multilocular structures upon cold exposure. Mechanistically, we 

discovered that abnormal LD morphology occurs because newly generated micro-LDs fail to 

dissociate from the ER due to DRP1 ablation. Conversely, the ER retention of LDs can be rescued 

by the overexpressed DRP1 in the adipocytes. The alteration of LD dynamics, combined with 

abnormal mitochondrial and autophagy functions in adipose tissue, ultimately lead to 

abnormalities in lipid metabolism in Adipo-Drp1flx/flx mice.

Keywords

energy expenditure; ER retention; LD budding; LD morphology; lipolysis

1 | INTRODUCTION

Dynamin-related protein 1 (DRP1) is a member of the dynamin superfamily of proteins. It 

contains prototype dynamin family domains including a large GTPase region needed for 

vesicle budding.1,2 DRP1 is essential for embryonic development and synapse formation,3,4 

and it also plays a central role in both mitochondrial and peroxisomal distribution and fission 

processes.5–9 A recent study further showed DRP1 alone exerts direct membrane fission 

function on mitochondria and peroxisomes without assistance of any other dynamins, 

demonstrating DRP1 possesses membrane constricting and tethering abilities.10 However, 

no reports define its role in the regulation of other organelles, such as the endoplasmic 

reticulum (ER) and ER-lipid droplet (LD) complex. Given that mitochondria and ER have 

physical communication via the mitochondria-fussed ER membrane, it is reasonable to 

assume that DRP1 plays an essential role in physiological and pathological processes, such 

as ER stress and energy metabolism on ER.11,12 To support the hypothesis, oligomers of 

DRP1 has been reported to distribute on ER.13 However, the signaling pathways that 

regulate ER translocalization of DRP1 and the potential function of ER-located DRP1 

remain to be investigated.

LDs are organelles that formed and released from ER. They exist in most multicellular 

organisms and play key roles in energy metabolism.14 LDs are composed of a neutral lipid 

core mainly consisting of triglycerides (TG) and a phospholipid monolayer membrane 

surrounded by multiple proteins.14–16 LDs provide fuels for the essential cellular activities. 

Due to essential metabolic functions of the organelle, tremendous efforts have been made to 

understand LD biogenesis, composition, assembly, and its dynamic maintenance.17–19 
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Recent studies suggest LDs are highly dynamic and multiple protein components on the LD 

surface tightly regulate LD generation, degradation, and mobilization.16,18,20–23 Due to the 

critical metabolic functions of LDs, their life cycle receives significant attention.18 It is well 

accepted that LDs bud primarily from endoplasmic reticulum (ER).24 Therefore, the 

biogenesis of cytosolic LDs comprises important regulated steps including dissociation of 

neutral lipid droplets from ER.19 Even though some proteins have been identified to 

contribute to the budding of LDs from the ER membranes,25–33 other critical factors that 

govern dynamics of ER-LDs remain poorly characterized.18,33,34

Here, we demonstrate that DRP1 translocates onto ER in adipocytes in response to β-

adrenergic stimulation. Protein Kinase A (PKA) pathway is responsible for the process. We 

further reveal that DRP1 facilitates LD budding from the ER, and hence, new cytosolic LD 

formation. Deficiency of DRP1 in adipose tissue causes ER retention of LDs, which triggers 

ER stress and abnormal autophagy. Lack of nascent LDs from ER leads to abnormal 

morphology of preexisting LDs in cytosol and impaired lipolysis in the DRP1-deficient 

adipocytes. These pathological changes, together with mitochondrial dysfunction in adipose 

tissue ultimately cause defective whole-body energy expenditure in Adipo-Drp1flx/flx mice.

2 | MATERIALS AND METHODS

2.1 | Animal

All the animal experiments were reviewed and approved by the Animal Welfare Committee 

of University of Texas Health Science Center at Houston (Animal protocol number: 

AWC-18-0057). Mice were housed in animal facility under 12-hour light-dark cycle at 22 ± 

1°C. The mice had ad libitum access to water and regular chow diet, unless indicated 

otherwise. C57BL/6J (Stock 000664) and Adiponectin-Cre (Stock 010803) were purchased 

from The Jackson Laboratory. Drp1 floxed mouse (Drp1flx/flx) was described previously.3 

Adipose tissues-specific DRP1 knockout (Adipo-Drp1flx/flx) mice were generated by 

crossing the lines of Adiponectin-Cre and Drp1flx/flx. For the cold exposure assay, male mice 

were housed individually in 6°C chamber without bedding and diets. The rectal temperatures 

were measured every 2 hours during the process.

2.2 | Body composition

The total body mass, fat mass, and lean mass of mice were measured by an Echo 3-in-1 

nuclear magnetic resonance Minispec magnetic resonance imaging (MRI) instrument 

(EchoMRI, Houston, TX).

2.3 | Metabolic cage study

Indirect calorimetry analysis was achieved in TSE metabolic chambers (TSE Systems, 

Chesterfield, MO). Male mice were individually housed in chamber with ad libitum access 

to water and regular chow diet under 12-hour light/dark cycle. After acclimation in 

chambers for 1 day, the mice were injected with 1 mg/kg body weight of β3 agonist 

CL-316,243. Metabolic profiles, including O2 consumption (mL/kg/h), CO2 generation 

(mL/kg/h), heat generation (kcal/kg/h), respiratory exchange rate (RER; VCO2/VO2), food 
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intake (g), and movements (counts), were continuously recorded before and after injection. 

The data of 3-hour period before and after injection were used for statistical analysis.

2.4 | Cell culture

Adipose tissue-derived stromal vascular fraction (SVF) was isolated and cultured as 

described previously.35,36 Briefly, subcutaneous adipose tissue (sWAT) or brown adipose 

tissue (BAT) from male mice were dissected, minced, and then, transferred into 10 mL of 

digestion buffer (1 mg/mL of Collagenase/Dispase in Hank’s Balanced Salt Solution, 3 mM 

of CaCl2, pH 7.4) in 37°C water bath with gentle agitation for 1 hour. Then, the digestion 

solution was neutralized by 10 mL of DMEM and the digested tissues were strained through 

70 μm strainer, followed by centrifuged at 500× g at 4°C for 15 minutes. The cell pellets 

were re-suspended in 2 mL of growth medium (DMEM supplemented with 10% of fetal 

bovine serum, 1× Antibiotic-Antimycotic, and 10 mM of HEPES), and plated in 6-well 

plates and cultured in a humidified atmosphere of 5% of CO2 at 37°C. After 48 hours, the 

cells were washed with warm PBS to remove hematocytes and cell debris and replenished 

with new growth medium. When growing to 70% confluence, the cells were split and re-

plated into final experimental vessels. For adipocyte differentiation, the growth medium was 

changed into white adipocyte induction medium (growth medium with 1 M of 

dexamethasone, 5 g/mL of insulin, and 0.5 mM of 3-isobutyl-1- methylxanthine, 5 μM 

rosiglitazone, and 1 nM of 3,5,3′-triiodothyronine) for 2 days, and then, changed into 

differentiation medium (growth medium with 5 g/mL of insulin and 1 nM of 3,5,3′-
triiodothyronine) for 5 more days. Mouse fibroblast 3T3–L1 cells were purchased from 

American Type Culture Collection (ATCC) and maintained in DEME supplemented with 

10% of fetal calf serum and 1× Antibiotic-Antimycotic. When the 3T3–L1 cells were 

cultured to 100% confluence, the medium was replaced with white adipocyte induction 

medium for 2 days and differentiation medium for 5 more days as described above.

2.5 | Lentivirus production and adipocyte infection

The lentivirus was produced and amplified as described previously.37 Briefly, a 10-cm dish 

of 80% confluent HEK293T cells were co-transfected with 8 μg of transfer plasmid(pLV-

GFP or pLV-GFP-Drp1), 6 μg of psPAX2, and 4 μg of pMD2.G using 50 μL of iMFectin 

Poly DNA Transfection Reagent for 6 hours. Then, the medium was changed into virus 

collecting medium (DMEM with 10% of FBS and 1% of BSA) and harvested after 

incubation for 48 hours. The harvested medium was then centrifuged at 5000 rpm for 10 

minutes at 4°C to pellet the cell debris, followed by filtering through the 0.45 μm low 

protein binding filter and concentrating by using Lenti-X Concentrator. The concentrated 

virus was re-suspended in PBS and stored in −80°C for future use. For adipocyte infection, 

the virus and polybrene (final concentration 8 μg/mL) were added into SVF cells upon day 2 

induction for the white adipocyte differentiation. After 24 hours, the virus-containing 

medium was changed to normal differentiation medium and kept for 5 more days.

2.6 | Endoplasmic reticulum (ER) extraction

ER was extracted following the manufacturer’s instruction (Sigma-Aldrich, ER0100). 

Briefly, 0.5 gram of adipose tissues were homogenized in 2 mL of 1× isotonic extraction 

buffer and sequentially centrifuged at speed of 1000× g to remove cell debris as well as 
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nuclear, and then, centrifuged at 12 000× g to remove mitochondria. The clear supernatant 

fraction, together with the top lipid layer was carefully collected and subjected to 

ultracentrifuging at speed of 100 000× g for 1 hour to isolate ER. The supernatant was 

discarded and the ER pellet on the bottom was sufficiently suspended in 600 μL of isotonic 

extraction buffer and subjected to analysis.

2.7 | Measurement of Oxygen Consumption Rate (OCR) by Seahorse

Oxygen consumption rates (OCR) of brown adipose tissue were measured at 37°C using a 

Seahorse XFe24 Analyzer (Agilent Technologies) as described previously.35 Briefly, brown 

adipose tissues were dissected immediately from the sacrificed mice, minced into small 

pieces, and kept in washing medium (DMEM with 25 mM of glucose, pH 7.4) until analysis. 

Approximately 5 mg tissues were placed into the well of Islet Capture Microplate (Agilent), 

covered with screen, and washed twice with assay medium (Seahorse base media with 1 mM 

of pyruvate, 2 mM of glutamine, and 25 mM of glucose). Immediately after washing, the 

tissues were incubated in 500 μL assay medium and transferred to Seahorse XFe24 to record 

the OCR at different time points. The following compounds with indicated doses were used 

to assess mitochondrial respiration function: 30 μM of oligomycin, 8 μM of carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and a mixture of 5 μM of rotenone 

and 15 μM of antimycin A. The parameters including basal respiration, ATP generation, and 

proton leak were automatically calculated by the Seahorse Wave software.

2.8 | Pulse-chase labeling of nascent LDs

For regular LD and/or ER staining, approximately 1 cubic millimeter adipose explants were 

collected immediately from the sacrificed mice and incubated in 96-well plates filled with 

200 μL of incubation medium in a humidified atmosphere containing 5% of CO2 at 37°C. At 

indicated time points, ER-tracker Green (Thermo Fisher Scientific, Cat. # E34251, final 

working concentration of 1 μM) or BODIPY 493/503 (Thermo Fisher Scientific, Cat. 

#D3922, final working concentration of 5 μg/mL) was added to the medium (DMEM with 

10 mM of HEPES), respectively. BODIPY-C12 has a chain-length approximately equivalent 

to that of an 18-carbon fatty acid, which has been broadly used for real-time tracking of lipid 

synthesis.38 To dynamically measure the uptake and storage of lipids into LDs, BODIPY 

558/568-C12 (Thermo Fisher Scientific, Cat. #D3835, final working concentration of 5 μM) 

was applied for the immunofluorescent pulse-chase experiment. Specifically, explants were 

first incubated in the BODIPY-C12 containing-medium for 10 minutes. Then, the BODIPY-

C12 was quickly removed. Upon washing with warm PBS three times, the tissues were 

incubated with the ER-tracker containing-medium for 1 or 2 more hours. For the pulse-

chasing staining upon functional blocking of mitochondria, 1 mm3-sized explants were 

incubated in the medium containing BODIPY-C12, 5 μM of Rotenone (mitochondrial 

respiration complex I inhibitor), and 15 μM of Antimycin A (mitochondrial respiration 

complex III inhibitor) for 10 minutes. Then, the BODIPY-C12 was washed off and the 

tissues were incubated in the medium containing ER-tracker, 5 μM of Rotenone 

(mitochondrial respiration complex I inhibitor) and 15 μM of Antimycin A (mitochondrial 

respiration complex III inhibitor) for 2 hours. After washed for 3 times with PBS, the 

explants were fixed in 4% of paraformaldehyde for 30 minutes, and then, washed 3 times 

with PBS, followed by observation with Leica TCS SP5 Confocal Laser Scanning 
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Microscope. Meanwhile, to confirm the functional blockage of mitochondria with the 

inhibitors, the oxygen consumption rate (ORC) of these explants were monitored by 

Seahorse XFe24 Analyzer (Agilent Technologies). The LD localization and LD-ER 

colocalization were visualized by confocal microscopy. The quantification analysis of the 

colocalization was obtained by analyzing the Pearson’s correlation coefficient (PCC) with 

COLOC 2 plugin software in Image J.39

2.9 | Measurements of levels of glycerol, free fatty acids, and triglyceride

Glycerol levels in serum and tissues were measured by a kit following the manufacturer’s 

instruction (BioAssay Systems, Cat. #EGLY-200). Briefly, 10 μL of serum or 10 μL clear 

supernatant from 50 mg tissue samples homogenized in 200 μL of PBS were used for the 

analysis. Free fatty acid levels in serum and tissues were measured following the 

manufacturer’s instruction (BioAssay Systems, Cat. #EFFA-100). Briefly, 10 μL of serum or 

10 μL clear supernatant from 50 mg tissue samples homogenized in 200 μL of PBS were 

used for the analysis. Triglyceride levels in ER fraction were measured following the 

manufacturer’s instruction (Abcam Cat. #65336). About 50 μL of ER fraction with 5% of 

NP-40 was used for analysis.

2.10 | Quantitative-PCR (Q-PCR) analysis

Q-PCR analysis has been described previously.36 In brief, total RNAs were isolated using 

TRIzol reagent (Thermo Fisher Scientific, Cat. #15596026) and illustra RNAspin Mini Kit 

(GE Healthcare Life Sciences, Cat. #25050072). About 1 μg of total RNAs were reverse-

transcribed into cDNAs with RevertAid Reverse Transcription Kit (Thermo Fisher 

Scientific, Cat. #K1691). Q-PCR was carried out on Bio-Rad CFX96 system (Bio-Rad 

Laboratories). Results were calculated using the 2−ΔΔCt method36 and normalized by 

endogenous 18s RNAs. The following primers are used: 18s-F: 5′-
AAGTCCCTGCCCTTTGTACACA-3′, 18s-R: 5′-GATCCGAGGGCCTCACTAAAC-3′; 
Ucp1-F: 5′-CAACTTGGAGGAAGAGATACTGAACA T-3′, Ucp1-R: 5′-
TTTGGTTGGTTTTATTC GTGGTC-3′20; Chop-F: 5′-CTCGCTCTCCAGATTC 

CAGTC-3′, Chop-R: 5′-CTTCATGCGTT GCTTCCCA-3′; Xbp1-s-F: 5′-
GGTCTGCTGAGTCCG CAGCAG-3′, Xbp1-s-R: 5′-AGGCT TGGTGTATACATGG-3′.

2.11 | Western blotting (WB) analysis

Preparation of tissue samples has been described previously.40 The protein samples were 

separated by SDS-gel, transferred onto methanol pre-wet-PVDF membranes. The 

membranes were rinsed with 1 X TBST and blocked with 5% of fat-free milk in 1 X TBST 

containing 0.1% of Tween-20, followed by being incubated with primary antibodies 

(containing 1% of fat-free milk) at 4°C overnight. After 3 times washing with 1XTBST, the 

blots were probed with IRDye 800 CW or 680 RD secondary antibodies (LI-COR) and 

visualized with Odyssey Imaging System (LI-COR). Equal loading was controlled by using 

anti-Tubulin or anti- β-Actin antibodies. ER fraction proteins were extracted with the 

Endoplasmic Reticulum Isolation Kit (Sigma) according to the manufacturer’s protocol. 

Equal loading was controlled by using anti-KDEL antibody. The following antibodies were 

used for WB analysis: DRP1 (abcam, ab18274), pDRP1 (Ser600/637) (Cell Signaling 

Technology, 4867), KDEL (abcam, ab12223), COXIV (Cell Signaling Technology, 4850), 
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TOM20 (Cell Signaling Technology, 42406), PDI (Invitrogen, MA3–019), ERK1/2 (Cell 

Signaling Technology, 9102), PLIN3 (abcam, ab47639), PLIN1 (abcam, ab61682), BIP 

(ThermoFisher Scientific, PA1–014A), HSL (Cell Signaling Technology, 4107); pHSL 

(Ser660) (Cell Signaling Technology, 4126); ATGL (Santa Cruz Biotechnology, sc-36527), 

CGI58 (Santa Cruz Biotechnology, sc-365278), β-ACTIN (BD Biosciences, 61256), and 

UCP1 (abcam, ab10983).

2.12 | Immunofluorescent (IF) histology

The preparation of paraffin slides was reported previously.36 The sections of sWAT and BAT 

were deparaffinized and permeabilized in PBS containing 0.2% of Triton X-100 for 10 

minutes. After washing 3 times with PBS, the sections were incubated in sodium citrate 

buffer at 95°C for 30 minutes for antigen retrieval. Then, the sections were blocked with 

SEA BLOCK Blocking Buffer (Thermo Fisher Scientific, Cat. #37527) at room temperature 

for 1 hour and incubated with indicated primary antibodies (1:100 ~ 200 diluted in blocking 

buffer, refer to the WB analysis section for the antibody information) at 4°C overnight. After 

3 time washing with 1 X PBST (PBS containing 0.1% of Tween 20), the sections were 

incubated with indicated fluorescent signal-conjugated secondary antibodies (1:100 diluted 

in blocking buffer) at room temperature for 1 hour. Then, the sections were washed with 1 X 

PBST 3 times and rinsed with double distilled water before mounted with ProLong Diamond 

Antifade Mountant (Thermo Fisher Scientific, Cat. #P36970) for imaging by confocal 

microscopy.

2.13 | Statistical analysis

All data were represented as Mean ± SEM. Statistical analyses were performed by using 

Graph Pad Prism 8 software (Graph Pad Software Inc). An unpaired Student’s t test was 

used for statistical significance analysis when two groups were compared. One-way analysis 

of variance (ANOVA) was use for the comparisons among multiple groups. The statistical 

differences were analyzed by Student’s t test. A P-value less than .05 was considered to be 

statistically significant.

3 | RESULTS

3.1 | DRP1 translocates to ER and ER-LD interface in adipose tissue upon β-adrenergic 
stimulation

To investigate DRP1 recruitment onto ER upon cold stimulation, we purified ER fraction 

from the brown adipose tissue (BAT) of cold exposed mice and their littermate controls at 

room temperature. Western blotting (WB) revealed more DRP1 in ER fraction from the cold 

exposed mice (Figure 1A, top panel). More importantly, WB further indicated significant 

more pDRP1 (phosphorylated DRP1 at Serine 600) on ER (Figure 1A, second panel). The 

equal loadings were verified by the ER marker proteins, KDEL and PDI (protein disulfide 

isomerase) (Figure 1A). Quantification of the band densities for DRP1 and pDRP1 by Image 

J further confirmed the results (Figure 1B). No mitochondria proteins such as COXIV and 

TOM20, as well as cytoplasmic protein ERK1/2 were detected (Figure 1A), indicating that 

the ER fraction was purely isolated without contaminations of mitochondrial or cytoplasmic 

proteins. Of note, similar mitochondrial targeting by the pDRP1 has been reported 
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previously.41 To identify the signaling pathway(s) that triggers the ER translocalization of 

DRP1, we treated the differentiated 3T3–L1 cells with isoproterenol (ISO) at the presence or 

absence of PKA-specific inhibitor PKI and detected the co-localization of DRP1 and ER 

marker protein KDEL. The immunofluorescent staining (IF) with anti-DRP1 antibody 

revealed that DRP1 formed puncta-structures and these puncta-structures exhibited increased 

co-localization with KDEL upon ISO treatment (Figure 1C, middle panel). Importantly, 

treatment by PKI significantly blocked the co-localization (Figure 1C, bottom panel). 

Pearson’s correlation coefficient (PCC) analysis for colocalization quantification performed 

in Image J further confirmed the results (Figure 1D).39 The IF staining on subcutaneous 

white adipose tissue (sWAT) of the cold exposed mice revealed similar ER targeting effect of 

DRP1 (Figure 1E). Intriguingly, in addition to ER, we further observed DRP1 co-localized 

with both KDEL and LD marker perilipin-1 (PLIN1) (arrows in Figure 1E), suggesting the 

translocalization of DRP1 at the interface of ER-LDs in response to cold stimulation. In 

summary, these data demonstrate that DRP1 is recruited to ER and exhibits unique 

localization on ER-LD interface upon β3-adrenergic stimulation. Further study on Immuno-

Electron Microscopy with specific anti-DRP1 would be able to further confirm our findings 

about ER translocalization of DRP1.

3.2 | Adipose tissue-specific DRP1 knockout mice exhibit unusually large LDs in 
adipocytes

To investigate how DRP1 impacts ER, LDs, and other organelles in adipose tissue in vivo, 

we generated a conditional, adipocyte-specific DRP1 knockout mouse model (Adipo-

Drp1flx/flx) by breeding the Drp1 floxed strain3 with the Adiponectin-Cre strain (Figure 2A). 

In the Adipo-Drp1flx/flx mice, DRP1 was efficiently ablated in different adipose tissues, 

including BAT and sWAT, but remained unchanged in other tissues, such as the liver (Figure 

2B). Compared to their littermate controls, Adipo-Drp1flx/flx mice did not exhibit significant 

differences in body weight and body composition (Figure S1A,B). Based on data showing 

altered DRP1 localization upon β-adrenergic stimulation (refer to Figure 1), we cold-

challenged Adipo-Drp1flx/flx mice at 6°C for 6 hours and harvested tissues for analyses. The 

BAT of Adipo-Drp1flx/flx mice exhibited a pale color with larger tissue-size when compared 

with the controls (Figure 2C, top panel). The WATs (subcutaneous and epididymal, sWAT 

and eWAT) of Adipo-Drp1flx/flx mice also showed pale color but the tissue sizes and tissue 

weights did not show dramatic differences from controls (Figure 2C, middle & bottom 

panels, Figure S1C). H&E staining indicated significantly larger and unilocular LDs in BAT 

of Adipo-Drp1flx/flx mice when compared with the controls (Figure 2D, left panels). Similar 

morphological differences were also found in sWAT but not in eWAT and liver (Figure 2D). 

Of note, multilocular LDs, which were frequently found in the BAT and sWAT of controls 

upon cold stimulation, were barely detectable in Adipo-Drp1flx/flx mice (Figure 2D). 

BODIPY staining revealed unilocular and larger LDs in the BAT of Adipo-Drp1flx/flx mice 

(Figure 2E). The quantitative analysis of the numbers and sizes further confirmed that the 

BAT of Adipo-Drp1flx/flx mice contained larger but less LDs (Figure 2F,G). No 

morphological difference was detected in the liver (Figure S1D,E). Of note, these 

morphological changes in the adipose tissues of Adipo-Drp1flx/flx mice were relatively mild 

in room temperature (RT) housing condition (Figure S1F,G).
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3.3 | Deficiency of DRP1 causes abnormal retention of nascent micro-LDs in ER in 
adipose tissue

Cytosolic LDs bud from ER monolayer leaflets.42–44 In order to study the effect of DRP1 on 

dynamics of LD formation in ER, we pulse-chased fresh sWAT explants from cold-exposed 

Adipo-Drp1flx/flx and control mice with fluorescent labeled long-chain fatty acid BODIPY-

C12 (red)38 followed by co-staining with ER tracker (green) (Figure 3A). The results 

revealed significantly more micro florescent-fatty acid-incorporated LDs accumulated in the 

ER of sWAT from Adipo-Drp1flx/flx mice, as indicated by not only more yellow color in ER, 

but also more visible tiny red droplets in the merged bottom panel (Figure 3B). Arrows in 

the enlarged panel highlight this phenomenon (Figure 3B, quantification was shown in 

Figure 3C). A more dramatic difference between the groups was observed in an experiment 

with continuous chasing for 2 hours (Figure 3D–F). The ER retention of micro-LDs in the 

sWAT of Adipo-Drp1flx/flx mice was confirmed by higher magnification of the confocal 

images (Figure 3G). The arrows indicate the massive accumulation of micro-LDs in ER in 

the sWAT of Adipo-Drp1flx/flx mice (Figure 3G). Of note, we observed robust morphological 

changes of the ER in the sWAT of the knockout mice upon cold exposure, further suggesting 

the ER stress caused by LD retention.45 To rule out the mitochondrial effect on the LD 

retention in ER, the same experiment with BODIPY-C12 incubation was done with 

simultaneous inhibition of mitochondrial respiration by Rotenone and Antimycin A (Figure 

3H). Interestingly, although mitochondrial respiration was efficiently inhibited in both 

groups as confirmed by Seahorse Assay (Figure 3I), the ER retention of LDs was still 

exclusively visible in the sWAT of Adipo-Drp1flx/flx mice, but not in the controls (Figure 3J, 

quantification was shown in Figure 3K), suggesting impaired mitochondrial function was 

not involved in the process.

Previous studies demonstrated micro-LDs formed on the ER are surrounded by both 

perilipin-2 (PLIN2) and perilipin-3 (PLIN3) while the mature LDs are sealed predominantly 

by PLIN1.46,47 The newly formed LDs are released into cytosol where they merge with the 

preexisting LDs. We thus tracked the number of new LDs and cytosolic LDs by co-staining 

with anti-PLIN1 and anti-PLIN3 antibodies. The result showed significant amounts of 

micro-LDs with both stains (as indicated by the yellow color in the merged image) in the 

BAT of control mice upon cold stimulation, while no such effect was detected in Adipo-

Drp1flx/flx mice (Figure 4A, quantification of the colocalization was shown in Figure 4B), 

suggesting less LD merging in the knockout adipocytes. WB result further revealed that 

level of PLIN2 was dramatically increased in ER fraction isolated from sWAT of Adipo-

Drp1flx/flx mice (Figure 4C, quantification of band densities was shown in Figure 4D). 

Importantly, the Triacylglycerol (TAG) levels were also dramatically increased in ER 

(Figure 4E), indicating the extensive ER lipid retaining in Adipo-Drp1flx/flx mice. Similar 

ER retention effect of nascent micro-LDs was observed in the adipocytes differentiated from 

the stromal-vascular fraction (SVF) isolated from the sWAT of Adipo-Drp1flx/flx mice 

(Figures 4F and S2). Importantly, the retention can be rescued by overexpressing wild-type 

DRP1 (Figure 4F, bottom panel). Quantification of ER retention by Image J further 

confirmed the results (Figure 4G). Collectively, our results demonstrate deficiency of DRP1 

leads to massive ER retention of nascent micro-LDs upon β-adrenergic stimulation.
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3.4 | Deficiency of DRP1 triggers ER stress as well as abnormal mitochondria and 
autophagy in adipose tissue

We next detected whether the LD retention leads to other pathological changes in ER. 

Intriguingly, deficiency of DRP1 further induced ER stress, as indicated by increased levels 

of the ER stress marker protein BIP in the BAT of Adipo-Drp1flx/flx mice upon cold 

exposure (Figure 5A, quantification of the band density was shown in Figure 5B). Of note, 

the same changes were found even under the RT condition (Figure S3A). Gene expression 

profiling also suggests that ER stress gene Chop and Xbp1-s were also dramatically 

upregulated in the BAT of Adipo-Drp1flx/flx mice (Figure 5C).

Since Drp1 plays essential roles in mitochondrial fission and their overall functions,2,8–10 we 

investigated the potential adverse effect of Drp1 deficiency on mitochondrial morphology 

and function in adipose tissues. Electron microscopy (EM) revealed that mitochondria in the 

BAT of Adipo-Drp1flx/flx mice were longer and larger in size (Figure S3B). Seahorse assay 

further revealed reduced oxygen consumption rate (OCR) in the BAT of Adipo-Drp1flx/flx 

mice at different time windows (Figure S3C,D), suggesting impaired mitochondria function 

upon Drp1 depletion. Abnormal mitochondria and ER-LDs might further induce pathologies 

associated with autophagy.48–51 We subsequently tested whether adipose tissues from 

Adipo-Drp1flx/flx mice exhibited compromised autophagosome accumulation. Intriguingly, 

IF staining with anti-LC3 (a marker of autophagosome) showed significantly more 

autophagosome formation (Figure 5D) in BAT of Adipo-Drp1flx/flx mice. LC3 

immunoblotting further indicated dramatically increased total LC3 and LC3-II in the BAT of 

cold exposed Adipo-Drp1flx/flx mice (Figure 5E,F), confirming autophagosome formation in 

the tissue. Similar effect was also found at RT (Figure S3E). Taken together, our results 

clearly suggest that Drp1 deficiency in adipose tissue induces abnormal LD formation, ER 

stress, mitochondrial dysfunction, and autophagosome formation.

3.5 | Adipose tissue-specific deletion of Drp1 causes decreased lipolysis and unhealthy 
adipocytes

Given DRP1 loss-of-function significantly affected the morphology of essential organelles 

including LDs, mitochondria, and ER, we sought to investigate the metabolic phenotype of 

Adipo-Drp1flx/flx mice. Analysis of hormone sensitive lipase (HSL) by WB indicated 

phosphorylated HSL levels were decreased, while the total HSL levels did not change 

significantly in the sWAT and BAT of Adipo-Drp1flx/flx mice upon cold exposure (Figure 

6A,C). Protein levels of other lipolytic factors, such as ATGL, CGI58, and PLIN1 were also 

dramatically decreased or exhibited a trend of decrease (Figure 6A,C, quantification of the 

band densities were shown in Figure 6B,D, respectively). As the result, glycerol levels in 

circulation as well as in sWAT and BAT were significantly decreased (Figure 6E,F). 

Moreover, the free fatty acid level in BAT was also significantly decreased (Figure 6G). 

Interestingly, circulating levels of adiponectin were slightly but significantly decreased 

(Figure S4A, quantitation of the band densities was shown in Figure S4B), suggesting the 

existence of unhealthy adipocytes in the Adipo-Drp1flx/flx mice. Collectively, ablation of 

DRP1 in adipose tissue leads to decreased lipolysis and causes unhealthy adipocytes.
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3.6 | Adipose tissue-specific deletion of Drp1 leads to impaired thermogenesis and 
decreased energy expenditure

Since lipolysis in adipose tissue is essential for systemic energy metabolism, we next 

determined the effects on thermogenic program in Adipo-Drp1flx/flx mice. WB revealed 

dramatically decreased UCP1 level in both BAT and sWAT (Figures 7A and S5A, 

quantification of the band densities were shown in Figures 7B and S5B, respectively). The 

result was further confirmed by IF with specific anti-UCP1 in BAT and sWAT (Figures 7C 

and S5C). As expected, the Adipo-Drp1flx/flx mice significantly lost the ability to defend 

their body temperature upon cold exposure (Figure 7D). Furthermore, indirect calorimetry 

studies revealed that Adipo-Drp1flx/flx mice exhibited resistance to β-adrenergic agonist 

CL-316,243 injection as reflected by lower O2 consumption (Figure 7E,F), lower CO2 

production (Figure 7G,H) as well as decreased heat generation (Figure 7I,J). Of note, the 

RER showed no difference between the groups (Figure S5D,E). In summary, adipose tissue-

specific knockout of Drp1 leads to impaired thermogenesis and significantly decreased 

energy expenditure.

As the result of our study, we proposed the following working model (Figure 7K): In 

response to β-adrenergic stimulation, DRP1 is recruited to the ER and facilitates the nascent 

micro-LD dissociate from the ER (Figure 7K, left) through PKA activation. Subsequently, 

new LDs may physically contact the preexisting cytosolic LDs and share a neutral lipid pool. 

Deficiency of DRP1 in adipose tissue blocks the release of new micro-LDs from ER, which 

leads to abnormal accumulation of LDs in ER and ER stress. Meanwhile, in the cytoplasm, 

due to lack of new micro-LDs, the preexisting LDs accumulate more neutral lipids that 

further leads to larger unilocular LDs (Figure 7K, right).

4 | DISCUSSION

As a key component of mitochondrial division factors, DRP1 has been extensively studied 

on cellular level in different tissues. However, its functions in adipose tissue remain unclear. 

Here, we report for the first time that DRP1 plays an essential role in energy balance in 

adipose tissue. Specifically, we found that DRP1 not only targets mitochondria to regulate 

their fissions, but also translocates onto ER surface in response to stimulation of β-

adrenergic signaling. Of note, even though we conform that Drp1 exerts membrane fission 

capacity in mitochondria as previous report,10 we did not observe its direct fission function 

on cytosolic LDs (data not shown). By using a new adipose tissue-specific Drp1 knockout 

mouse model (Adipo-Drp1flx/flx), we report that lack of DRP1 in adipose tissue leads to not 

only abnormal mitochondria, but also the dysregulation of the dynamics of ER-LDs and 

autophagy. Combined, all of the dysfunctions on organelle level eventually cause impaired 

thermogenesis and energy expenditure in the whole-body. The observed deficiencies can be 

restored by re-expressing DRP1 in the knockout adipocytes.

Our study demonstrates an essential role of DRP1 in the dynamics of ER-LDs. Even though 

it has been well accepted that DRP1 exerts membrane fission capacity in mitochondria and 

peroxisomes,10,41 to date no reports have revealed its function on LD budding from ER. In 

this study, we found DRP1 targets ER and facilitate LD budding from ER. Our results 

further suggest that PKA-dependent phosphorylation on DRP1 Serine 600 might play 
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critical role for the translocalization onto ER. Importantly, the same phosphorylation on 

Serine 600 by PKA has been found to cause DRP1 mitochondrial targeting where it exerts 

the fission function.41 Whether ER-targeted DRP1 exerts direct fission function on the 

nascent LDs needs further investigations. On the contrary, another dynamin family member 

Optic Atrophy 1(OPA1) has been reported to target LDs and function as an anchor to recruit 

PKA onto the droplets. The LD-associated PKA phosphorylates and activates classic lipases, 

which enhance lipolysis of the lipids.23 In our study, we found that deficiency of DRP1 in 

adipocytes leads to decreased lipolysis. It remains a possibility that DRP1 also possesses 

similar lipolytic function as OPA1 on cytosolic LDs via PKA pathway.

Mitochondria and ER have close contacts and the physical proximity has been demonstrated 

to be tied to lipid transfer on ER.52 At the meantime, ER has been shown to be required for 

the initiation of mitochondrial fission by DRP1.53 ER-associated proteins, such as Mff, Fis1, 

MiD49, and MiD51 function as receptors to mediate the process.13,54 A recent finding 

further demonstrates that ER-associated protein degradation (ERAD) regulates directly the 

dynamics of mitochondria.55 Here, we report that DRP1 translocates onto ER and facilitate 

dissociation of newly formed LDs from ER. Lack of DRP1 causes retention of newly formed 

LDs in ER. Meanwhile without proper function of DRP1, mitochondria also exhibited 

abnormal morphology and function. Our findings, together with aforementioned reports, 

raise an important question whether the DRP1 function on dynamics of ER-LDs is 

mitochondria-dependent or independent. Intriguingly, a previous study reveals that the 

dominant-negative DRP1 mutants pathologically alter the ER membrane structure.56 This 

finding supports a notion that DRP1 may directly regulate the dissociation of the LDs from 

ER via changing the dynamics of ER membrane. Nevertheless, the detailed mechanism 

governing the budding of micro-LDs from ER membranes warrants further studied. 

Moreover, the potential receptor(s) on ER for DRP1 recruitment in response to activation of 

PKA signaling need to be identified.

DRP1 plays an essential role in dynamics of mitochondrial division.6,57 A recent study 

further demonstrates that DRP1 has both membrane constricting and severing capabilities 

and functions independently on mitochondria fission.10 Here, we confirm its dominant effect 

on mitochondrial fission in adipocytes. Ablation of Drp1 leads to larger mitochondria with 

less numbers, suggesting a faulty fission process without DRP1. Seahorse results reveal a 

significant decrease of OCR, which are in line with the observed abnormal morphology of 

the mitochondria in the knockout adipocytes. The impaired mitochondrial morphology and 

function may partially explain the reason that the Adipo-Drp1flx/flx mice exhibited severely 

impaired thermogenesis and dramatically decreased energy expenditure.

Intriguingly, in addition to the adverse effects on fission of mitochondria and the dynamics 

of ER-LD that we report here, deletion of DRP1 also causes ER stress and dysregulation of 

autophagy in adipose tissue. We assume that the observed ER stress is induced directly by 

the accumulation of LDs in ER in the context of lack of DRP1. To support our hypothesis, 

previous studies revealed that accumulation of LDs always links to ER stress in mammals.
58–61 The enhanced autophagosome formation that we observed might be triggered by both 

mitochondrial dysfunction and ER stress. Therefore, the systemically metabolic effects, 
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including decreased lipolysis, impaired thermogenesis, and energy expenditure are a 

collective effect of all the dysregulations of the multiple organelles.

In conclusion, our study reveals the crucial roles of DRP1 in regulation of energy 

metabolism on the level of multiple organelles in adipose tissue and highlights the potential 

of DRP1 as a novel factor to treat obesity and obesity-related metabolic disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
DRP1 translocates onto ER and ER-LD interface in adipose tissue upon β-adrenergic 

stimulation. A, Western blotting (WB) analysis of DRP1 and pDRP1 (at Ser600 in human, 

Ser616 in mouse) protein levels in endoplasmic reticulum (ER) fraction isolated from the 

brown adipose tissue (BAT) of cold exposed or control mice housed at room temperature 

(RT). KDEL and PDI (ER marker proteins) were used as loading control for ER fraction 

proteins. COX IV and TOM20 (mitochondrial proteins) were used to verify no 

mitochondrial contamination in the samples, ERK1/2 was used to verify no cytoplasmic 

protein contamination (n = 3 per group for each experiment, representative of three 

experiments). B, Quantification of band intensity for DRP1 and pDPR1 in (A). The data 

were normalized to the intensity of KDEL (n = 3, data are represented as mean ± SEM, 
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Student’s t test, *P < .05, **P < .01). C, Co-immunofluorescence (IF) staining with anti-

DRP1 and anti-KDEL antibodies in differentiated 3T3–L1 cells. The cells were treated with 

isoproterenol (ISO) at the presence or absence of PKA inhibitor PKI (Representative of 6 

fields from one experiment, which was performed in triplicate). D, Pearson’s correlation 

coefficient (PCC) for colocalization of DRP1 and KDEL in (C) (n = 6, data are represented 

as mean ± SEM, One-way analysis of variance (ANOVA), **P < .01, ***P < .001). E, Co-IF 

staining with anti-DRP1, anti-KDEL, and anti-Perilipin-1 (PLIN1) (lipid droplet marker 

protein) antibodies in the subcutaneous white adipose tissue (sWAT) from cold exposed 

mice. Arrows indicate the merged signals (puncta with white color) of three channels of red, 

green, and blue (Representative of 6 fields, experiments were repeated for 3 times)
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FIGURE 2. 
Adipose tissue-specific Drp1 knockout mice exhibit unusually large LDs in adipocytes upon 

cold exposure. A, Schematic representation of adipocyte-specific DRP1 knockout (Adipo-

Drp1flx/flx) mouse model. B, Western blotting analysis of DRP1 and Tubulin protein levels 

in the brown adipose tissue (BAT), sWAT, and liver from Adipo-Drp1flx/flx mice (KO) and 

their littermate controls (WT). Tubulin was used as the loading control (n = 6 per group, the 

sample loaded in each lane contains pooled samples from three mice, representative of three 

trials).C, Images of the BAT, sWAT, and epididymal white adipose tissue (eWAT) from 

Adipo-Drp1flx/flx mice (KO) and their littermate controls (WT) after cold exposure 

(Representative of six mice). D, H&E staining for the BAT, sWAT, eWAT, and liver from 

Adipo-Drp1flx/flx and their littermate control mice after cold exposure (Representative of 5 

Li et al. Page 19

FASEB J. Author manuscript; available in PMC 2020 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fields of the samples from six mice per group). E, BODIPY staining of lipid droplets (LDs) 

and bright filed images in the BAT explants from Adipo-Drp1flx/flx mice and their littermate 

controls after cold exposure. F, Quantification of lipid droplet number in (E) (n = 5, data are 

represented as mean ± SEM, Student’s t test, **P < .01). G, Quantification and distribution 

of lipid droplet size in (E) (n = 5, data are represented as mean ± SEM, Student’s t test, *P 
< .05, **P < .01, ***P < .001)
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FIGURE 3. 
Deficiency of DRP1 causes abnormal retention of nascent micro-LDs in ER in adipose 

tissue. A, Pulse-chase Co-staining of BODIPY-C12 (red) and ER tracker (green) in the sWAT 

explants from Adipo-Drp1flx/flx mice (KO) and their littermate controls (WT) after cold 

exposure. Pulse-chase staining was applied as indicated: The fresh sWAT explants were 

incubated within BODIPY-C12 medium for 10 minutes (pulse-phase) followed by washing 

and incubated in BODIPY-C12 free medium for 1 hour (chase-phase). The explants were 

labeled with ER tracker simultaneously during the chase-phase. B, Co-staining images as 

described in (A). Arrows in the KO inlay merge panel indicate lipid retention (yellow 

signal). C, Pearson’s correlation coefficient (PCC) for colocalization of BODIPY-C12 and 

ER-tracker in (B) (Representative images of three trials are shown. The PCC of 5 fields were 
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analyzed and presented as mean ± SEM, Student’s t test, *P < .05). D, Pulse-chase co-

staining of BODIPY-C12 (red) and ER tracker (green) in the sWAT explants from Adipo-

Drp1flx/flx mice and their littermate controls after cold exposure. The fresh sWAT explants 

were incubated within BODIPY-C12 medium for 10 minutes (pulse-phase) followed by 

incubation in BODIPY-C12 free medium for 2 hours (chase-phase). The explants were 

labeled with ER tracker simultaneously during the chase-phase. E, Co-staining images as 

described in (D). Arrows in the KO inlay merge panel indicate lipid retention (yellow 

signal). F, Pearson’s correlation coefficient (PCC) for colocalization of BODIPY-C12 and 

ER-tracker in (E) (Representative images of three trials are shown. The PCC of 5 fields were 

analyzed and represented as mean ± SEM, Student’s t test, ***P < .001). G, A highlighted 

co-staining images from Adipo-Drp1flx/flx mice of (E). H, Pulse-chase co-staining of 

BODIPY-C12 (red) and ER tracker (green) in the presence of mitochondrial respiration 

inhibitors in the sWAT explants from Adipo-Drp1flx/flx mice and their littermate controls 

after cold exposure. The explants were incubated with BODIPY-C12, rotenone, and 

Antimycin A for 10 minutes followed by incubation in BODIPY-C12 free medium 

containing ER-tracker, rotenone, and Antimycin A for 2 hour. I, Oxygen consumption rate 

(OCR) of the explants indicating the suppressed mitochondrial respiration after inhibitor 

treatment (n = 3, the data are represented as mean ± SEM. Rot: Rotenone, AMA: Antimycin 

A). J, Co-staining images as described in (I). K, Pearson’s correlation coefficient (PCC) for 

colocalization of BODIPY-C12 and ER-tracker in (J) (The PCC of 5 fields were analyzed 

and represented as mean ± SEM, Student’s t test, ***P < .001)
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FIGURE 4. 
Deficiency of DRP1 causes abnormal retention of nascent micro-LDs in ER in adipose 

tissue. A, Co-IF staining with anti-Perilipin-3 (PLIN3, green) and anti-PLIN1 (red) 

antibodies in the BAT from Adipo-Drp1flx/flx mice and their littermate controls after cold 

exposure. Yellow signals in the merged panel indicate merging of the newly formed LDs 

with the preexisting LDs in the cytosol. B, Pearson’s correlation coefficient (PCC) for 

colocalization of PLIN3 and PLIN1 in (A) (Representative of three trials is shown. The PCC 

of 5 fields were analyzed and presented as mean ± SEM, Student’s t test, *P < .05). C, 

Western blotting analysis of PLIN2 and KDEL protein levels in ER fraction isolated from 

the BAT of Adipo-Drp1flx/flx mice and their littermate controls after cold exposure. D, 

Quantification of relative band intensity for PLIN2 (normalized to KDEL) in (C) (n = 3 per 
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group for each experiment, representative of three trials is shown. The data are represented 

as mean ± SEM, Student’s t test, *P < .05). E, Triacylglycerol (TAG) levels in the ER 

fraction of the adipose tissues from Adipo-Drp1flx/flx mice and their littermate controls. TAG 

levels were normalized to protein concentration (n = 3 per group for each experiment, which 

were performed in triplicate, data are represented as mean ± SEM, Student’s t test, ***P 
< .001). F, Co-staining of BODIPY-C12 (red) and ER-tracker (green) in primary adipocytes 

differentiated from SVF of Adipo-Drp1flx/flx mice and their littermate controls. Cells were 

infected with lentivirus expressing GFP or DRP1-GFP during differentiation. The cells were 

stained with BODIPY-C12 for 10 minutes and chased in BODIPY-C12 free medium for 1 

hour. The cells were stained with ER-tracker during the 1 hour chase phase. G, Pearson’s 

correlation coefficient (PCC) for the colocalization of BODIPY-C12 and ER-tracker in (F) 

(Representative of three trials are shown. The PCC of 5 fields were analyzed and represented 

as mean ± SEM, One-way analysis of variance (ANOVA), *P < .05, **P < .01, no 

significant difference between the first and the last group)
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FIGURE 5. 
Deficiency of DRP1 triggers ER stress and autophagy in adipose tissue. A, Western blotting 

analysis of BIP (ER stress marker protein) and β-Actin (as loading control) protein levels in 

the BAT from Adipo-Drp1flx/flx mice and their littermate controls after cold exposure. B, 

Quantification of relative band intensity for BIP (normalized to β-Actin) in (A) (n = 6 per 

group, the sample loaded in each lane contains pooled samples from three mice, 

representative of three trials. The data are represented as mean ± SEM, Student’s t test, *P 
< .05). C, Q-PCR analysis of the mRNA levels for Chop and Splice-Xbp1s (Xbp1-s) (ER 

stress related genes) in the BAT from Adipo-Drp1flx/flx mice and their littermate controls 

after cold exposure (n = 5 per group, data are represented as mean ± SEM, Student’s t test, 

***P < .001). D, IF staining with anti-LC3 antibody in the BAT from Adipo-Drp1flx/flx mice 
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and their littermate controls after cold exposure (Representative of three trials are shown). E, 

Western blotting analysis of LC3-I/II and β-Actin protein levels in the BAT of Adipo-

Drp1flx/flx mice and their littermate controls after cold exposure. F, Quantification of relative 

band intensity for LC3-II (normalized to β-Actin) in (E) (n = 6 per group, each lane contains 

pooled samples from three mice, representative of three trials. The data are represented as 

mean ± SEM, Student’s t test, *P < .05)
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FIGURE 6. 
Adipose tissue-specific deletion of DRP1 causes decreased lipolysis and unhealthy 

adipocytes. A, Western blotting analysis of the protein levels for lipolysis-related proteins, 

including pHSL (Ser660), HSL, ATGL, CGI58, and PLIN1 in the sWAT from Adipo-

Drp1flx/flx mice and their littermate controls after cold exposure. β-Actin is used as the 

loading control. B, Quantification of relative band intensity (normalized to β-Actin) in (A) 

(n = 6 per group, the sample loaded in each lane contains pooled samples from two mice, 

representative of three trials. The data are represented as mean ± SEM, Student’s t test, *P 
< .05, **P < .01). C, Western blotting (WB) analysis of the protein levels for lipolysis-

related proteins, including pHSL (Ser660), HSL, ATGL, CGI58, and PLIN1 in the BAT 

from Adipo-Drp1flx/flx mice and their littermate controls after cold exposure. β-Actin is used 

as the loading control. D, Quantification of relative band intensity (normalized to β-Actin) in 

(C) (n = 6 per group, representative of three trials. The data are represented as mean ± SEM, 

Student’s t test, *P < .05). E, Glycerol levels in the serum of Adipo-Drp1flx/flx mice and their 

littermate controls after cold exposure (n = 6 per group, representative of three trials, data 
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are represented as mean ± SEM, Student’s t test, ***P < .001). F, Glycerol levels in the 

sWAT and BAT from Adipo-Drp1flx/flx mice and their littermate controls after cold exposure 

(n = 6 per group, representative of three trials, data are represented as mean ± SEM., 

Student’s t test, **P < .01, ***P < .001). G, Free fatty acid (FFA) levels in the sWAT and 

BAT from Adipo-Drp1flx/flx mice and their littermate controls after cold exposure (n = 6 per 

group, representative of three trials, data are represented as mean ± SEM, Student’s t test, 

**P < .01)
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FIGURE 7. 
Adipose tissue-specific deletion of DRP1 leads to impaired thermogenesis and decreased 

energy expenditure. A, Western blotting (WB) analysis of UCP1 protein levels the BAT of 

Adipo-Drp1flx/flx mice and their littermate controls after cold exposure. B, Quantification of 

relative band intensity (normalized to β-Actin) in (A) (n = 6 per group, representative of 

three trials. The data are represented as mean ± SEM, Student’s t test, ***P < .001). C, IF 

staining with anti-UCP1 antibody in the BAT from Adipo-Drp1flx/flx mice and their 

littermate controls after cold exposure (Representative of three trials are shown). D, Body 

temperature of Adipo-Drp1flx/flx mice and their littermate controls during cold exposure at 

6°C (n = 12 per group, data are represented as mean ± SEM, Student’s t test, ***P < .001). 

E, O2 consumption for indirect calorimetry analysis of Adipo-Drp1flx/flx mice and their 
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littermate controls upon treatment of β3 agonist CL-316,243 (n = 3~5 per group, data are 

represented as mean ± SEM). F, The average of 3-hour O2 consumption before and after 

CL-316,243 treatment for each mouse is shown (n = 3~5, Student’s t test, ***P < .001). G, 

CO2 production for indirect calorimetry analysis of Adipo-Drp1flx/flx mice and their 

littermate controls upon treatment of β3 agonist CL-316,243 (n = 3~5 per group, data are 

represented as mean ± SEM). H, The average of 3-hour CO2 production before and after 

CL-316,243 treatment for each mouse is shown (n = 3~5, Student’s t test, *P < .05). I, Heat 

generation for indirect calorimetry analysis of Adipo-Drp1flx/flx mice and their littermate 

controls upon treatment of β3 agonist CL-316,243 (n = 3~5 per group, data are represented 

as mean ± SEM). J, The average of 3-hour heat generation before and after CL-316,243 

treatment for each mouse is shown (n = 3~5, Student’s t test, **P < .01). K, Working model: 

based on the results, we propose the following working model: DRP1 may target ER-LD 

interface and facilitate the micro-LD dissociation from ER (left). The new LDs may 

physically contact the preexisting cytosolic LDs and share the neutral lipids with them. 

Deficiency of DRP1 in adipose tissue blocks proper dissociation of nascent micro-LDs from 

ER, which further causes abnormal accumulation of LDs in ER and hence ER stress. In the 

cytoplasm, due to lack of new small LDs, the preexisting LDs accumulate more neutral 

lipids, which eventually leads to larger unilocular LDs (right). cLD: cytosolic lipid droplet; 

mLD: micro lipid droplet. TAG: triacylglycerol
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