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Abstract Dynamin-related protein 1 (DRP1) plays
crucial roles in mitochondrial and peroxisome
fission. However, the mechanisms underlying the
functional regulation of DRP1 in adipose tissue dur-
ing obesity remain unclear. To elucidate the meta-
bolic and pathological significance of diminished
DRP1 in obese adipose tissue, we utilized adipose
tissue–specific DRP1 KOmice challenged with a high-
fat diet. We observed significant metabolic dysregu-
lations in the KO mice. Mechanistically, DRP1 exerts
multifaceted functions in mitochondrial dynamics
and endoplasmic reticulum (ER)-lipid droplet cross-
talk in normal mice. Loss of function of DRP1 resul-
ted in abnormally giant mitochondrial shapes,
distorted mitochondrial membrane structure, and
disrupted cristae architecture. Meanwhile, DRP1
deficiency induced the retention of nascent lipid
droplets in ER, leading to perturbed overall lipid
dynamics in the KO mice. Collectively, dysregulation
of the dynamics of mitochondria, ER, and lipid
droplets contributes to whole-body metabolic disor-
ders, as evidenced by perturbations in energy
metabolites. Our findings demonstrate that DRP1
plays diverse and critical roles in regulating energy
metabolism within adipose tissue during the pro-
gression of obesity.
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Overnutrition combined with a sedentary lifestyle is
a major contributor to the global increase in obesity
prevalence and its associated metabolic derangements.
Adipose tissue acts as a storage place for excess calories
and can expand significantly in response to over-
nutrition (1). However, unhealthy expansion of adipose
tissue can lead to dysfunctional adipose tissue that
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secretes abnormal hormones, lipids, and adipokines (2).
This can cause local inflammation and fibrosis, ulti-
mately resulting in the development of metabolic dis-
eases such as type 2 diabetes, cardiovascular diseases,
nonalcoholic fatty liver disease, and certain types of
cancer (2–4).

There are two types of adipose tissue: white (WAT)
and brown adipose tissue (BAT) (1). While BAT was
once thought to only be present in rodent animal
models and infant humans, multiple studies show that
normal BAT activity is crucial for systemic metabo-
lisms, such as fatty acid oxidation and diet-induced
thermogenesis (5). This is because BAT mitochondria
are highly condensed with uncoupling protein 1 (UCP1),
a thermogenic factor (5). The term “browning” of adi-
pose tissue describes the dynamic and reversible trans-
formation of WAT into a more BAT-like appearance
and function, at the gene, protein, and phenotypic
levels. It is worth noting that various strategies,
including cold exposure and physical activity, can
induce the "browning" of WAT, and can be harnessed
as a way to combat obesity (6). Conversely, during the
development of diet-induced obesity, nutritional
stresses may cause the "whitening" of BAT. This is
characterized by larger and more unilocular lipid
droplets, as well as impaired mitochondrial function (7).

The structure of mitochondria is tightly associated
with the energy balance between demand and supply,
and the mitochondrial life cycle plays a crucial role in
maintaining the organellar components in a healthy
state, including proper bioenergetic adaptation, heat
generation, and ATP production (6, 8). Mitochondrial
dynamics include fission, fusion, and mitophagy, which
are regulated by complex molecular mechanisms
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involving multiple factors (8, 9). Among all the mito-
chondrial dynamic factors, dynamin-related protein 1
(DRP1) is a classic mitochondrial fission factor that,
depending on the level of fission/fusion and physio-
logical/pathological conditions, can play dual roles in
protecting or impairing cellular functions in multiple
tissues/organs (10–14). Importantly, these dynamics
have been implicated in obesity, aging, and metabolic
diseases (14–17). Particularly, obesity disrupts mito-
chondrial dynamics by interfering with the balance
between fission and fusion, leading to muscle atrophy
and sarcopenia (18, 19).

In addition to mitochondrial fission, DRP1 plays
multifaceted functions on dynamic remodeling of
other organelles, such as peroxisome fission and
neuronal cell endocytosis (20, 21). The peroxisome
function is dependent on its constricting and severing
ability, and the GTPase activity is key for its fussogenic
function (20). Recent studies have shown that DRP1
translocates onto the endoplasmic reticulum (ER) in
response to different cell stimuli (22, 23). Specifically,
DRP1 is phosphorylated at Ser 616 by PKA under
transient β-adrenergic stimulation, and this phosphor-
ylation event facilitates its translocalization onto ER
(23). Interestingly, DRP1 enhances mitophagy and is
involved in alternative mitophagy during long-term
high-fat diet (HFD) conditions in cardiomyocytes. This
process also requires phosphorylation of DRP1 at
Ser616, which leads to its translocation onto the ER
membrane, where it interacts with protein factors
involved in alternative mitophagy (14).

Despite extensive studies on the regulation of DRP1's
function inothermetabolically active tissues like the liver,
muscle, and cardiovascular system, its regulation in
response tonutritional stress inbothWATandBAT isnot
yet fully understood. In the current study, we observed
the changes in DRP1 and other mitochondria fusion/
fission factors during diet-induced obesity. We used an
adipose tissue specific DRP1 KOmousemodel to study its
critical role in regulating the function of mitochondria,
ER, and lipid droplets, and the underlying mechanisms.
Additionally, we further characterized and evaluated the
metabolic consequences that arise in the absence ofDRP1
in combination with diet-induced obesity. Our findings
emphasize the significant roles of DRP1 in organelle
communication and metabolic adaptation under diet-
induced nutritional stress conditions.
MATERIALS AND METHODS

Animal and diet-induced obesity study
The animal experiments conducted in this study were

reviewed and approved by the Animal Welfare Committee of
the University of Texas Health Science Center at Houston
(AWC-21-0019). The mice used in the experiments were
housed in the animal facility under a 12-h light-dark cycle at
22 ± 1◦C. They had access to water and were fed with a
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regular diet unless otherwise specified. Two strains of mice,
C57BL/6J (Strain # 000664) and Adipoq-Cre (Strain # 010803),
were purchased from The Jackson Laboratory. Drp1 flox/
flox mouse was generated by Dr Hiromi Sesaki at the Uni-
versity of Johns Hopkins. To generate adipocyte-specific Drp1
knockout (Adipoq-Cre; Drp1flox/flox, referred to as KO)
mice, the Adipoq-Cre strain was crossed with Drp1 flox/flox
strain. The Drp1flox/flox mice from the littermates were
used as controls and from here on referred to as WT. For the
diet-induced obesity study, 8-week-old male mice were fed by
a HFD (60 kcal% fat, D12492i, Research Diets) for 10 weeks.

Measurement of body weights and body
composition

For the diet-induced obesity study, the bodyweights of the
HFD-fed mice were meticulously monitored on a weekly basis
over the course of 10 weeks. At the initiation and conclusion
of the HFD regimen, their body composition—encompassing
total body mass, fat mass, and lean mass—was assessed using
an Echo 3-in-1 nuclear magnetic resonance minispec MRI
instrument manufactured by EchoMRI in Houston, TX.

Glucose tolerance test and insulin tolerance test
The glucose tolerance test and insulin tolerance test (ITT)

were performed according to the protocol as previously
described (24). For glucose tolerance test, the mice were not
fed for 6 h before receiving an injection of glucose (2.5 g/kg
of body weight) via intraperitoneal injection. For the ITT, the
mice were not fed for 4 h before receiving an injection of
insulin (0.75 unit/kg of body weight for lean mice and 1 unit/
kg of body weight for obese mice) via intraperitoneal injec-
tion. Blood was collected by cutting off 1 mm of the tail tip at
the indicated time points and the blood glucose level was
measured by glucose m strips.

Cell culture
All cells were cultured at 37◦C in a 5% CO2 atmosphere in

a Thermo Forma incubator. The stromal vascular fraction
(SVF) derived from adipose tissue was obtained and
cultured following the procedure outlined in previous study
(25). Briefly, adipose tissue was obtained from 8-week-old
male mice and minced on ice. The minced tissue was then
digested in collagenase solution (0.8 mg/ml collagenase type
I, 2.5 mg/ml dispase, 2 mM CaCl2 in Hank’s balanced salt
solution) at 37◦C with gentle agitation for 30 min. The
digestion solution was neutralized using complete growth
medium (DMEM supplemented with 10% fetal bovine serum,
antibiotic-antimycotic, and 10 mM Hepes) and passed
through a 70 μm strainer to remove any undigested tissue
debris. The resulting cell solution was centrifuged at 500 g at
4◦C for 15 min to pellet the SVF which was resuspended in
the complete growth medium and directly plated into the
experimental vessels. Once the SVF was cultured to
confluence, the growth medium was changed to brown in-
duction medium (growth medium supplemented with 1 mM
dexamethasone, 5 g/ml insulin, 0.5 mM 3-isobutyl-1-
methylxanthine, 5 μM rosiglitazone, and 1 nM 3,5,3′-triiodo-
thyronine) for 2 days, followed by differentiation medium
(growth medium with 5 g/ml insulin and 1 nM 3,5,3′-triio-
dothyronine) for 5 more days. The DRP1 KO efficiency of
the differentiated adipocyte was verified by Western blot.

HeLa cells were obtained from American Tissue Culture
Collection and cultured in complete DMEM media. The DRP1



KO HeLa cell line was generated using CRISPR/Cas9 KO
plasmid (Santa Cruz, sc-400459) and the single-cell colony was
selected by GFP marker that coexpressed in the CRISPR/Cas9
KO plasmid. The DRP1 KO efficiency of the single-cell colony
was tested by Western blot.
Isolation of mitochondria
Mitochondria were isolated from the BAT of normal chow

diet fed mice. The fresh BAT was minced into pieces and
homogenized in cold MSHE buffer (70 mM sucrose, 210 mM
mannitol, 5 mM Hepes, and 1 mM EDTA) containing 4% fatty
acid–free BSA. The lysate was centrifuged at 800 g at 4◦C for
10 min to remove intact cells and cell debris. Then, the su-
pernatant was subjected to a second centrifugation at 8000 g at
4◦C for 15 min to pellet the mitochondria. The mitochondria
pellet was then resuspended in MAS-1 buffer (70 mM sucrose,
220 mM mannitol, 5 mM K2PO4, 5 mM MgCl2, 2 mM Hepes,
1 mM EGTA, and 0.2% fatty acid–free BSA, at pH 7.2) for
further analysis. The protein concentration of the isolated
mitochondria was determined using a BCA kit from Thermo
Fisher Scientific.
Measurement of mitochondrial respiration
The Seahorse XFe24 Analyzer from Agilent Technologies

was used to determine the oxygen consumption rate (OCR) ac-
cording to the manufacturer's protocols. After a 7-day differ-
entiation period, adipocytes derived fromSVFwere subjected to
the Cell Mito Stress Test (MST). For the Cell MST, XF DMEM
supplemented with 10 mM glucose, 2 mM glutamine, and 1 mM
pyruvate was used as the assay medium and 2 μM oligomycin,
2 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone,
and 5 μM rotenone/15 μM antimycin A were subsequently
injected into the wells. In addition, 100 μM BSA-conjugated pal-
mitic acid (PA) was added to the assay medium 2 h before the
MST analysis and was present during the test. To measure the
degree of coupling in isolated mitochondria, 5 μg/well mito-
chondria were coated into the XF24 cell culture microplate by
centrifugation 2,000 g at 4◦C for 20min inMAS-1 buffer. MAS-1
buffer supplementedwith 10mMsuccinatewasused as the assay
buffer, and4mMADP,2μMoligomycin,4μMcarbonyl cyanide-
p-trifluoromethoxyphenylhydrazone, and 4 μM antimycin A
were subsequently injected into thewells. The key parameters of
mitochondrial respirationwere generated in the SeahorseWave
software.
Metabolic substrate assay in mitochondria
The method used to determine mitochondrial substrate

metabolism was followed according to the instructions in the
MitoPlate S-1 Assay kit (Cat. #14105, Biolog), which has been
described in a previous study (26). To perform the assay, 20 μg of
freshly isolated mitochondria were mixed with Redox Dye and
then added to the wells of the MitoPlate S-1 that had been pre-
coated with diverse mitochondrial substrates. The addition of
electrons from the mitochondrial electron transport chain
caused the RedoxDye to turn purple. The plate was then placed
in the Cytation 5 Cell Imaging Reader (Agilent) at 37◦C and the
rate of purple color development was recorded at A 590 for 4 h.
The MitoPlateS-1 96-well plate was pre-coated with a set of
diverse substrates (supplemental Figs. S4A and S6), including
glucose, fatty acids, and amino acids, which can be utilized by
mitochondria respiration.Thegenerationofenergy-richNADH
or flavin adenine dinucleotide (FADH2) by the mitochondria
reduces the redox dye and brings about a color change that can
beread.Functionalmitochondriawere isolated fromtheBATof
WT and KO mice, and loaded to the MitoPateS-1 plate to incu-
bate at 37◦C. By monitoring the real-time color change and
comparing the color-changing rate between WT and KO mito-
chondria, substrate preference was determined.

ER extraction
The ER was isolated from BAT by using the ER Isolation Kit

(Cat. # ER0100, Sigma-Aldrich). The process involved homoge-
nizing 0.5 g of the tissue in 2 ml of 1x isotonic extraction buffer
and sequentially centrifuging the samples at 1,000 g to remove
cell debris, followed by centrifuging at 12,000 g to remove
mitochondria. After that, the clear supernatant fraction and the
top lipid layer were collected and subjected to ultracentrifuga-
tion at 100,000 g for 1 h. The resulting ERpellet was suspended in
600 μl of isotonic extraction buffer for further analysis.

Biochemical tests
Serum nonesterified FFA levels were measured using the

FFA assay kit (Cat. # EFFA-100, BioAssay Systems). Triglyc-
eride (TG) levels in serum, tissue, and ER were measured with
the TG assay kit (Cat. # ab65336, Abcam). Serum samples were
collected from 6-h fasted mice, while tissues and ER samples
were prepared as per the manufacturer's instructions. The TG
level in tissues and ER was normalized to the sample protein
concentration.

Tracking lipid droplet formation and ER labeling
Tracking the nascent lipid droplet dynamics in ER has been

previously described (23). Briefly, BODIPY FLC12 (green
fluorescent–labeled C12 FFAs) (at a final concentration of
5 μM, Cat. #D3822, Invitrogen) and ER-tracker red (at a final
concentration of 1 μM, Cat. #E34250, Invitrogen) were used to
label cells and tissues. Fresh adipose tissue explants were
stained with BODIPY-C12 for 30 min and then labeled with
ER-tracker red in HBSS buffer for 1 h. Images of adipose
tissues were acquired using a Leica TCS SP5 Confocal Laser
Scanning Microscope. HeLa cells were stained with BODIPY-
C12 in complete growth medium for 10 min, washed with PBS
twice, and then labeled with ER-tracker red in HBSS buffer
for 30 min. After that, the cells were fixed and imaged using
Nikon nSIM super-resolution microscopy.

Quantitative-PCR analysis
Quantitative-PCR (qPCR) analysis was previously described

(25). To summarize, total RNA was extracted using TRIzol
reagent (Thermo Fisher Scientific, Cat. #15596026) and Illus-
tra RNA spin Mini Kit (Cat. #25050072, GE Healthcare Life
Sciences). Then, 1 μg of total RNA was reverse-transcribed
into cDNAs with RevertAid Reverse Transcription Kit (Cat.
#K1691, Thermo Fisher Scientific). qPCR was performed on a
Bio-Rad CFX96 system (Bio-Rad Laboratories). The results
were calculated using the 2-ΔΔCt method and normalized by
endogenous b-actin. Sequences of the used primers are pre-
viously described or listed in supplemental Fig. S7.

Western blot
The preparations of tissue samples have been previously

described (25). The protein samples were separated using an
SDS gel and transferred onto PVDF membranes. The mem-
branes were then blocked with 5% BSA in 1 × Tris-buffered
saline with Tween 20 (TBST). After that, the membranes were
Mechanisms of Drp1 function in fat 3



incubated with primary antibodies in 1% BSA in 1 × TBST at
4◦C overnight. The blots were probed with IR-Dye 800CW or
680RD secondary antibodies (LI-COR) and then visualized
with the Odyssey Imaging System (LI-COR) after being
washed three times with 1 × TBST. Anti-β-ACTIN antibody
was used to control for equal loading. The following anti-
bodies were used: Drp1 (Abcam, ab18274), p-DRP1 (Ser600/
637) (#4867, Cell Signaling Technology), HSL (#4107, Cell
Signaling Technology), PLIN3 (#ab47639, Abcam), PLIN1
(#ab61682, Abcam,), BIP (#PA1-014A, Thermo Fisher Scienti-
fic,), ATGL (#sc-36527, Santa Cruz Biotechnology), CGI58
(#sc-365278, Santa Cruz Biotechnology), β-ACTIN (#61256, BD
Biosciences), and UCP1 (#ab10983, Abcam).
Immunofluorescent staining
The process of preparing paraffin slides was previously

described in a report by Zhao et al. in 2016 (25). To prepare the
sections of subcutaneous WAT (sWAT) and BAT, they were
first deparaffinized and permeabilized for 10 min in PBS
containing 0.2% Triton ×-100. After three washes with PBS,
the sections were incubated in sodium citrate buffer at 95◦C
for 30 min to retrieve antigens. Following this, the sections
were blocked using 5% BSA in 1x PBST (1 × PBS containing
0.1% Tween 20) at room temperature for 1 h and then incu-
bated with primary antibodies overnight at 4◦C. After
washing three times with 1x PBST, the sections were incu-
bated with fluorescent signal–conjugated secondary anti-
bodies at room temperature for 1 h. The sections were then
washed three times with 1 × PBST and rinsed with double
distilled water before being mounted with Diamond Antifade
Mountant (Cat. #P36970, Thermo Fisher Scientific) for im-
aging using confocal microscopy.
Transmission electron microscopy
Transmission electron microscopy (TEM) was performed

using the BATs from the normal chow diet (NCD)-fed mice.
The mice were anesthetized and perfused with 4% para-
formaldehyde (PFA) in 1 × PBS, 2% glutaraldehyde in 0.1 M
sodium cacodylate (pH 7.2). Then, the BAT was dissected, cut
into small pieces, and fixed in 4% PFA, 2% glutaraldehyde in
0.1 M sodium cacodylate (pH 7.2) for 48 h, followed by a
secondary fixation in 1% OsO4 for 2 h. Subsequently, the
tissue samples were dehydrated in graded ethanol/propylene
oxide series and embedded in Embed-812 resin (Electron
Microscopy Science, PA) for 72 h. After being cured in the
blocks, the sample blocks were sectioned using a Leica UC7
microtome followed by staining with 1% uranyl acetate and
2.5% lead citrate. The images were acquired using a JEOL JEM
1010 transmission electron microscope with an AMT XR-16
mid-mount 16-megapixel camera. For HeLa cells, the cells
were fixed in 4% PFA, 2% glutaraldehyde in 0.1 M sodium
cacodylate (pH 7.2) for 48 h, followed by a secondary fixation
in 1% OsO4 for 2 h. Then, they were processed with same next
steps as above.

Quantification of ER-lipid droplet colocalization. ImageJ soft-
ware was used to analyze lipid droplets based on particle
selection, by setting specific parameters for particle size
and circularity. The size of the dots was set to 200–500, and
circularity discrimination was set to 0.50–1.00. The outline
selection and exclude on edges functions were used to
summarize the particle count. Colocalized dots were
counted manually, and the colocalization ratio was
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calculated by dividing the number of colocalized dots by
the total number of dots.

Metabolomic analyses of mouse whole blood
samples

Polar metabolites were extracted from mouse whole blood
samples using ice-cold 80/20 (v/v) methanol/water with 0.1%
ammoniumhydroxide. Extracts were centrifuged at 17,000 g for
5 min at 4◦C, and supernatants were transferred to clean tubes,
followed by evaporation to dryness under nitrogen. Dried ex-
tracts were reconstituted in deionized water, and 10 μl was
injected for analysis by ion chromatography-mass spectrometry.
Ion chromatography mobile phase A (MPA; weak) was water,
andmobile phase B (MPB; strong) was water containing 100mM
KOH.AThermoScientificDionex ICS-6000+ system includeda
Thermo IonPac AS11 column (4 μm particle size, 250 × 2 mm)
with columnheated at 35◦C. The autosampler traywas chilled to
4◦C. The mobile phase flow rate was 360 μl/min, and the
gradient elution program was: 0–5 min, 1% MPB; 5–25 min, 1%–

35% MPB; 25–39 min, 35–99% MPB; 39–49 min, 99% MPB; and
49%–50%, 99%–1% MPB. The total run time was 50 min. Meth-
anol was delivered by an external pump and combined with the
eluent via a low dead volume mixing tee. Data were acquired
using a Thermo Orbitrap IQ-× Tribrid Mass Spectrometer un-
der ESI negative ionization mode.

For carnitine analysis, the same samples were analyzed by
hydrophilic interaction liquid chromatography tandem mass
spectrometry. MPA was 95/5 (v/v) water/acetonitrile contain-
ing 20 mM ammonium acetate and 20 mM ammonium hy-
droxide and MPB was acetonitrile. A Thermo Vanquish LC
system included a Xbridge BEH Amide column (3.5 μm particle
size, 100 × 4.6 mm) with column compartment kept at 30◦C.
The autosampler tray was chilled to 4◦C. The mobile phase
flow rate was 300 μl/min, and the gradient elution program
was 0–3 min, 85% MPB; 3–10 min, 85%–30% MPB; 10–20 min,
30%–2% MPB; 20–25 min, 2% MPB; and 26–30 min, 2%–85%
MPB. The total run time was 30 min. Data were acquired using
a Thermo Orbitrap Exploris 240 Mass Spectrometer under ESI
positive ionization mode at a resolution of 240,000.

For CoA analysis, the same samples were analyzed by C30-
MS using a Thermo Vanquish LC system containing a
Thermo Accucore C30, 250 × 2.1 mm column with 2.6 μm
particle size. MPA was 5 mM ammonium acetate. MPB was
methanol. The flow rate was 150 μl/min (at 35◦C), and the
gradient conditions were initial 5% MPB, increased to 95%
MPB at 5.5 min, held at 95% MPB for 9 min, returned to initial
conditions, and equilibrated for 5 min. The total run time was
20 min. Data were acquired using a Thermo Orbitrap Exploris
240 mass spectrometer under ESI positive ionization mode at
a resolution of 240,000.

All raw data files were imported into Thermo Trace Finder
5.1 software for analysis, and the relative metabolite levels of
metabolites were normalized by blood volume or total peak
intensity.

Untargeted lipidomics analysis
Ten microliters of serum sample was used for untargeted

lipidomics analysis. Serum samples were extracted by adding
100 μl of ice-cold ethanol containing 1% 10 mM butylated
hydroxytoluene and 2% Avanti SPLASH® LIPIDOMIX®
Mass Spec Standard. The samples were vortexed for 10 min,
placed on ice for 10 min, and centrifuged at 17,000 g for
10 min at 4◦C. The supernatants were then collected for LC-
MS analysis. MPA was 40:60 acetonitrile: water with 0.1%



formic acid and 10 mM ammonium formate. MPB was 90:9:1
isopropanol:acetonitrile: water with 0.1% formic acid and
10 mM ammonium formate. The chromatographic method
included a Thermo Fisher Scientific Accucore C30 column
(2.6 μm, 150 × 2.1 mm) maintained at 40◦C, a mobile phase flow
rate of 0.200 ml/min, an autosampler tray chilling at 8◦C, and
a gradient elution program as follows 0–3 min, 30% MPB;
3–13 min, 30–43% MPB; 13.1–33 min, 50%–70% MPB;
33–48 min, 70%–99% MPB; 48–55 min, 99% MPB; and
55.1–60 min, 30% MPB. The injection volume was 10 μl. A
Thermo Fisher Scientific Orbitrap Fusion Lumos Tribrid
mass spectrometer with heated electrospray ionization source
was operated in data-dependent acquisition mode, in both
positive and negative ionization modes, with scan ranges of
150–1500 m/z. An Orbitrap resolution of 240,000 (full width at
half maximum) was used for MS1 acquisition and spray
voltages of 3,600 and −2900 V were used for positive and
negative ionization modes, respectively. Vaporizer and ion
transfer tube temperatures were set at 275◦C and 300◦C,
respectively. The sheath, auxiliary, and sweep gas pressures
were 35, 10, and 0 (arbitrary units), respectively. For MS2 and
MS3 fragmentation, a hybridized higher-energy collisional
dissociation/collision-induced dissociation approach was used.
Data were analyzed using Thermo Scientific Lipid-Search
software (version 5.1) and R scripts written in house.
Statistical analysis
The data is presented as Mean ± SEM. Statistical analyses

were performed using GraphPad Prism 9 software (GraphPad
Software Inc.). The statistical differences were analyzed using
a two-tailed Student’s t test or one-way ANOVA, followed by
Tukey's post hoc test for multiple groups. A P value less than
0.05 was considered statistically significant.
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RESULTS

DRP1 and other mitochondrial fission/fusion
factors are dynamically regulated in adipose tissue
during diet-induced obesity development

In this study, we investigated the role of DRP1 in
metabolic regulation in adipose tissue during obesity.
We first examined the dynamic changes in its total and
phosphorylated protein levels in adipose tissues. We
conducted experiments using WT C57/BL6 mice fed a
HFD for 10 weeks and analyzed the protein levels of
DRP1 in various adipose tissues. The results showed a
significant decrease in both phosphorylated and total
levels of DRP1 in sWAT and BAT of mice fed the HFD,
in comparison to their littermate controls fed a NCD
(Fig. 1A, B). Of note, the decrease in phosphorylation is
attributed to a decrease in the total protein levels under
both diet conditions. qPCR results further confirmed a
significant downregulation of the mRNA level of the
Drp1 gene under the HFD feeding condition in WAT,
while revealing a downregulation trend in BAT
(Fig. 1C–E). Intriguingly, other mitochondrial fission/
fusion factors, such as Opa1, Mff, Mfn1/2, and Fis1 also
showed divergent regulations on mRNA levels in the
HFD-induced obese adipose tissues. Among them, Mff
was significantly downregulated, and other factors did
not show significant changes (Fig. 1C–E). In summary,
these findings highlight the impact of HFD on DRP1
protein levels and gene expression in different adipose
tissues, suggesting a potential link between DRP1-
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induced mitochondrial dysfunction and obesity-related
metabolic changes.

DRP1 KO in adipose tissue leads to impaired glucose
and lipid metabolism

To address the specific role of DRP1 in adipose tissue
remodeling under various metabolic conditions, we
created an adipose tissue–specific Drp1 KO mouse
model (referred to as Drp1 fat tissue specific KO or KO)
0 15 30 60 120 180
0

200

400

600

800

Time (min)

G
lu

co
se

(m
g/

dL
)

*

*

*

WT KO
0

200

400

600

800

1000

FFA in serum

nm
ol

/μ
L

*

0 wk 10 wk
0.0

0.1

0.2

0.3

0.4

0.5

Fa
t m

as
s

(%
of

BW
)

WT KO
0

50000

100000

150000

AU
C

*

A B
WT
KO

WT HFD
KO HFD

GTT

WT KO
0.0

0.5

1.0

1.5

2.0

2.5

Triglyceride in serum

nm
ol

/μ
L

APN

WT KO

Serum

75

LMW HM
0

50

100

150

R
el

at
iv

e
de

ns
ity

**HMW

LMW
25

kDa

F
t

(%
fB

W
)

A B

H

L

   I

D    E

Fig. 2. DRP1 knockout in adipose tissue leads to impaired glucose
Adipoq-Cre; Drp1flox/flox (KO); and their Drp1flox/flox WT littermates duri
for fat and lean mass of WT and KO mice before and after HFD f
(GTT) with the area under the curve (AUC) in HFD-fed WT and KO
in HFD-fed WT and KOmice (n = 5/group). (H, I) The levels of FFA
mice (n = 4/group). (J) The levels of triglyceride in the liver of HFD
the serum of HFD-fed WT and KOmice (n = 4/group). (L) Represen
of adiponectin (APN) in the serum of HFD-fed WT and KO mice (
DRP1, dynamin-related protein 1; HFD, high-fat diet.

6 J. Lipid Res. (2024) 65(9) 100633
by crossing the adiponectin-Cre strain with the Drp1fl/fl

strain (23). In this study, we subjected both KOmice and
their littermate controls (refer to as WT) to a HFD for
10 weeks. Throughout the HFD feeding period, we
monitored the changes in body weights and body
composition of KO mice. Surprisingly, we observed no
significant alterations in either body weight or body
composition when compared to the WT controls
(Fig. 2A–C). However, the KO mice exhibited severely
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impaired glucose tolerance and insulin sensitivity, as
evidenced by an intraperitoneal glucose tolerance test,
and an ITT (Fig. 2D–G). Importantly, these changes in
glucose tolerance were not observed in lean KO mice
when fed by an NCD (supplemental Fig. S1A–D). This
unexpected finding under HFD highlights the crucial
involvement of DRP1 in glucose metabolism regulation
within adipose tissue, even in the absence of significant
changes in body weight or composition.

To further investigate the metabolic consequences
resulting from the loss of function of DRP1 in adipose
tissue, we evaluated the circulating levels of lipids and
metabolism-related cytokines/hormones. Our results
revealed a significant increase in the levels of FFAs in
serum (Fig. 2H), while the level of TGs remained un-
changed (Fig. 2I). Additionally, we observed a trend of
elevated TG levels in the livers of HFD-fed KO mice
(Fig. 2J). Notably, there was a substantial reduction in
adiponectin levels (both high molecular and low mo-
lecular adiponectin), and an increase in leptin levels in
serum of the HFD-fed KOmice (Fig. 2K, L). Of note, we
did not observe the changes outlined above in the
chow-diet fed KO mice (supplemental Fig. S2B–F).

Deficiency of DRP1 induces “whitening” of BAT
during obesity

To determine the impact of DRP1 ablation on the
morphology of adipose tissue and other metabolic tis-
sues, we conducted histological investigations. We
observed that sWAT and epididymal WAT in KO mice
exhibited similar fat masses as in the control mice. In
contrast, BAT was significantly larger in the KO mice
(Fig. 3A, B). Notably, this effect was more pronounced
under HFD conditions (Fig. 3B). H&E staining revealed
that although the size of adipocytes in WAT did not
differ significantly in the KO mice, BAT exhibited a
notable "whitening" effect, characterized by much
larger unilocular lipid droplets. Remarkably, this effect
was more prominent under HFD feeding conditions
(Fig. 3C and supplemental Fig. S2A). Moreover, the sizes
of lipid droplets did not show significant differences in
WAT, even under HFD feeding condition (Fig. 3D–H).
Notably, we did not observe more severe lipid accu-
mulation in other metabolic tissues, such as the liver,
skeletal muscles, and pancreas in the KO mice (Fig. 3C).

DRP1 KO in adipose tissue causes unique
morphological changes of mitochondria in BAT

Given the direct role of DRP1 in regulating mito-
chondrial fission, we purified mitochondria from the
KO adipose tissue for functional assays. Upon pooling
mitochondria isolated from the BAT of KO and WT
mice, we observed that the KO BAT mitochondrial
pellet was considerably smaller, indicating a reduced
mitochondrial quantity (Fig. 4A). Intriguingly, the co-
lor of the WT samples was dark brown, whereas the
pellets collected from the KO BAT exhibited a
noticeably lighter, paler color (Fig. 4A, B). We further
determined the mitochondrial density in the tissue by
immunofluorescent staining with anti-Tom20, a spe-
cific antibody that recognizes the mitochondrial
marker protein Tom20 (27). We found that under both
HFD and NCD conditions, the BAT showed significant
less density of mitochondria in the KO group (Fig. 4C,
D). We conducted a study to examine the morpho-
logical changes in brown adipocytes isolated from KO
and WT mice using TEM. Our imaging results from
TEM showed that adipocytes in the KO BAT had
fewer but much larger mitochondria (Fig. 4E, F under
higher magnification). Upon further inspection, we
found that the mitochondria in the KO cells displayed
abnormal shapes. Specifically, some adopted an irreg-
ular pod-like structure, and others presented with
other irregular shapes, with most displaying compro-
mised ultrastructure, including impaired membrane
structure (Fig. 4F). Intriguingly, the architecture of the
cristae was also distorted, displaying lower inner
membrane density within the mitochondria of the KO
cells (Fig. 4F, arrows pointing to the affected area).
Quantitative analysis revealed that although the total
number of mitochondria decreased (Fig. 4G), the
overall area of mitochondria in the cells increased
with higher frequency of bigger mitochondria
(Fig. 4H, I). Abnormal mitochondrial shapes in the KO
cells were further evident from the decreased circu-
larity and roundness (refer to Fig. 4J, K). We next
examined the regulation of other mitochondrial dy-
namic regulators, including Fis1, Mff, and Opa1. Unex-
pectedly, we did not detect significant changes in the
expression levels of these factors except for Opa1 in
KO adipocytes (Fig. 4L). We also did not observe sig-
nificant changes in mitochondrial biogenesis–related
genes, such as Tfam, Pgc1α, and Nrf1 (Fig. 4M). Howev-
er, the thermogenic genes, including Prdm16 and Ucp1,
were dramatically downregulated in the KO brown
adipocytes (Fig. 4M, N). In agreement, we observed
reduced protein levels of UCP1 in the KO brown adi-
pocytes (Fig. 4O), suggesting decreased thermogenesis
in BAT.

Deletion of DRP1 in adipose tissue results in
reduced FFA uptake, β-oxidation, and energy
production

A key function of mitochondria is to oxidize FFA to
produce energy via β-oxidation and oxidative phos-
phorylation (28). We thus investigated the key factors
involved in the transportation and utilization of FFA in
mitochondria in the KO adipocytes. Our results
revealed that Cpt1, the key enzyme that control the rate
of FFA uptake by mitochondria (29), was significantly
upregulated on mRNA level (Fig. 4P). However, Cpt2,
along with the FFA binding protein 4 (Fabp4) (29), were
significantly downregulated in the BAT of KO mice
fed on HFD (Fig. 4P). Interestingly, scavenger receptor,
a rate-limiting fatty acid and coenzyme update factor in
BAT (30), did not exhibit significant changes in the KO
Mechanisms of Drp1 function in fat 7
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Fig. 3. DRP1 knockout in adipose tissue induces “whitening” of BAT. (A) Representative images of fresh adipose tissues and liver
collected from NCD-fed WT and KO mice. (B) Representative images of fresh adipose tissues and liver collected from HFD-fed WT
and KO mice. (C) Representative H&E staining of sWAT, eWAT, BAT, liver, muscle, and pancreas collected from the WT and KO
mice fed by HFD. (D–G) Quantification of the adipocyte numbers and sizes in the sWAT and eWAT collected from the WT and KO
mice fed by HFD. BAT, brown adipose tissue; DRP1, dynamin-related protein 1; eWAT, epididymal WAT; HFD, high-fat diet; NCD,
normal chow diet; sWAT, subcutaneous WAT.
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Fig. 4. DRP1 knockout in adipose tissue causes unique morphological and pathological changes in BAT. (A) Images of isolated
mitochondrial pellets from one entire BAT of WT and KO fed on NCD (representative of 6 mice/group). (B) Images of isolated
mitochondrial pellets from one entire BAT of WT and KO fed on HFD (representative of 5 mice/group). (C) IF staining of TOM20
in the BAT of NCD-fed WT and KO mice. Scale bar = 100 μm. (D) IF staining of TOM20 and UCP1 in the BAT of WT and KO mice
after HFD feeding. Scale bar = 100 μm. (E) Transmission electron microscope (TEM) images of BAT in theWT and KOmice. (F) High
magnification for TEM images of BAT in the WT and KO mice. Scale bar in (E, F) = 2 μm. (G–K) Morphometric quantification of
mitochondria for the TEM analysis in (E). (L) qPCR analysis of the mitochondrial dynamic–related genes in the BAT of HFD-fed WT
and KO mice (n = 4/group). (M, N) qPCR analysis of the mitochondrial function and biogenesis-related genes in the BAT of HFD-
fed WT and KO mice (n = 4/group). (O) Representative Western blots and densitometric analysis of UCP1 in the BAT of HFD-fed
WT and KO mice (n = 3/group). (P) qPCR analysis of the fatty acid metabolism–related genes in the BAT of HFD-fed WT and KO
mice (n = 4/group). (Q) Representative Western blots and densitometric analysis of CPT1, CPT2, and UCP1 in the BAT of HFD-fed
WT and KO mice (n = 3/group). (R) Representative western blots and densitometric analysis of oxidative phosphorylation
(OXPHOS) protein complexes in the BAT of HFD-fed WT and KO mice (n = 3/group). *P < 0.05, **P < 0.01, and ***P < 0.001,
unpaired Student’s t test. (S) Oxygen consumption rate (OCR) for Mitochondrial Stress Test (MST) of the differentiated adipocytes
of WT and KO mice. BSA-conjugated palmitic acid (PA, 100 μM) was added to the assay medium 2 h before the MST (n = 5). (T)

Mechanisms of Drp1 function in fat 9



Fig. 4. Continued.
mice (Fig. 4P). Paradoxically, the protein levels of CPT1,
together with other factors, including CPT2, FABP4
were dramatically decreased in the KO BAT (Fig. 4Q),
Parameters for mitochondrial respiratory based on data for the O
followed by Turkey’s post hoc test. (U, V) OCR for electronic coupli
KO mice fed on NCD (n = 11/group). ***P < 0.001, unpaired Stude
mitochondria in the presence of several mitochondrial substrates. M
NCD. BAT, brown adipose tissue; DRP1, dynamin-related protein 1;
diet; qPCR, quantitative-PCR; UCP1,uncoupling protein 1.
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reflecting some unknown posttranslational modifica-
tion might further regulate CPT1 levels. We further
examined the changes in oxidative-phosphorylation
CR in (T). *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA
ng assay of the isolated mitochondria from the BAT of WT and
nt’s t test for (W). (W) Kinetics of electron transport of isolated
itochondria were isolated from the BAT of WT and KO fed on
HFD, high-fat diet; IF, immunofluorescent; NCD, normal chow



and found decreased levels of NDUFBS (CI), UQCRC2
(CIII), and MTCO1 (CIV) in the BAT of the KO mice
fed on HFD (Fig. 4R). Moreover, we observed that un-
der NCD, only CI was dramatically reduced in the KO
mice (supplemental Fig. S3B), suggesting that nutri-
tional stress under HFD further impaired oxidative
phosphorylation and energy production in the adipo-
cytes depleted of DRP1.

DRP1 deficiency has a profound impact on
metabolic function and dysfunction of
mitochondria in adipocytes

To investigate the effect of DRP1 deficiency on
mitochondrial function, we conducted Seahorse XF
analysis on mature adipocytes that were differentiated
from the isolated SVF of WT and KO mice. Seahorse
XF assay was performed on day 7 of differentiation
conditions. We observed a significant difference in
mitochondrial respiration between the WT and KO
adipocytes. The KO adipocytes showed dramatically
impaired mitochondrial respiration, as reflected by the
greatly reduced overall OCR (Fig. 4S). Particularly, the
KO adipocytes demonstrated a reduced basal and
maximal respiration capacity trend, as well as signifi-
cantly decreased nonmitochondrial respiration, ATP
production, and spare respiration capacity (Fig. 4T). To
mimic the HFD effect, we added BSA-conjugated PA
to the cell culture media for the Seahorse XF assay. We
found that the respiration capacity of KO adipocytes
was impaired in the presence of PA (Fig. 4S). However,
the amount of reduction of respiration capacity,
especially the basal and maximal respiration rate, was
much more dramatic in KO adipocytes (Fig. 4T), sug-
gesting lipid stress worsened the impaired mitochon-
drial function in the DRP1-deficient adipocytes. Of
cause, it remains possible that PA might have direct
effect on mitochondrial membrane fluidity and po-
tential, which further influence the functional out-
comes in vitro. To gain insights into the in vivo
mitochondria function, we isolated the mitochondria
from the BAT of WT and KO mice and performed
Seahorse XF analysis. We observed declined OCR in
the isolated BAT mitochondria from the KO mice
(Fig. 4U, V), which is in line with the results from the
whole-cell analysis.

To investigate the substrate preference of the mito-
chondria, we added isolated BAT mitochondria of WT
and KO mice into the MitoPlateS-1, which was pre-
coated with diverse NADH or FADH2-producing sub-
strates (supplemental Fig. S6) and subsequently
monitored the electron-flow visualized by color reac-
tion of redox dye secondary to reduction (supplemental
Fig. S4A). We found that the metabolic rate of FADH-
producing substrates (glycerol-PO4) was increased,
while the metabolic rates of NADH2-producing sub-
strates (pyruvic acids, keto-glutaric acid, acetyl-
carnitine + malic acid, and pyruvic acid + malic acid)
were decreased in KO mitochondria (Fig. 4W and
supplemental Fig. S4B), suggesting an overall impaired
mitochondrial function and increased glycolysis func-
tion in the KO BAT.

Loss of function of DRP1 leads to retention of
nascent lipid droplets on ER

In addition to its established fission function on
mitochondria, our recent findings reveal that DRP1
translocates onto the ER, participating in the release of
nascent lipid droplets into the cytosol, ultimately
forming mature lipid droplets (23). This discovery was
made under conditions of β-adrenergic stimulation (23).
Here, our study delved into the multifaceted functions
of DRP1 in regulating ER-lipid droplet dynamics dur-
ing HFD feeding. Histological examination (H&E
staining) illustrated the presence of larger and uniloc-
ular lipid droplets in the cytosol in the BAT (Fig. 3C).
Surprisingly, mature lipid droplet surface markers,
including PLIN1 and PLIN5, showed no significant
differences between WT and KO BAT (Fig. 5A).
However, the dynamic regulator of lipid droplets,
CIDEA, exhibited reduced levels in the KO BAT
(Fig. 5A). Notably, the nascent lipid droplet marker
PLIN2 significantly increased in the KO BAT (Fig. 5A).
Expression of the lipid droplet-associated lipase, Atgl,
was downregulated in the KO BAT (Fig. 5B). Consis-
tently, the protein levels of CGI58-mediated ATGL-
HSL lipolysis factors, including ATGL levels, the
p-HSL/HSL ratio, and CGI58, exhibited reductions or a
trend toward reduction (Fig. 5C). CES1D, a recently
identified lipid droplet targeting lipase (31–33), also
displayed reduced levels in the KO BAT (Fig. 5C). Key
lipogenesis factors, such as Acc1/2, Fasn, and Scd1, were
downregulated in the KO BAT (Fig. 5D), further
emphasizing the profound impact of DRP1 on lipid
droplet dynamics.

Lipid accumulation and aberrant lipid metabolism
may lead to ER stress (34–36). We confirmed an in-
crease in the ER stress marker BIP protein in the KO
BAT by immunofluorescence staining, while the
Western blotting result only reflected a slight increase
(Fig. 5E, F). qPCR results indicated a marked upregu-
lation of Xbp1 mRNA levels in the KO BAT (Fig. 5G).
Moreover, autophagy and mitophagy was suppressed in
the KO BAT, evidenced by an increased ratio of LC3II/
I, as well as decreased levels of Parkin and Pink, the
markers of mitophagy (Fig. 5H).

A direct indication of ER lipid retention is the sub-
stantial elevation in the total level of TG in the ER of
the KO BAT (Fig. 5I). We further designed an experi-
ment to visualize ER retention of nascent lipid droplets
in KO BAT. We monitored the formation of Bodipy-
C12–labeled nascent lipid droplets within the ER of
BAT (23). Consistent with our previous observations
during β-adrenergic stimulation, we identified pro-
nounced ER structural changes in the KO sWAT
(Fig. 5J). Furthermore, an increase in the yellow merged
area between the ER and lipid droplets was observed,
Mechanisms of Drp1 function in fat 11



Fig. 5. Loss of function of DRP1 leads to retention of nascent lipid droplets on ER. (A) Representative western blots and densi-
tometric analysis of lipid droplet–related proteins in the BAT of HFD-fed WT and KO mice (n = 3/group). (B) qPCR analysis of the
lipolysis-related genes in the BAT of HFD-fed WT and KO mice (n = 4/group). (C) Representative Western blots and densitometric
analysis of lipases and related proteins in the BAT of WT and KO mice fed on HFD (n = 3/group). (D) qPCR analysis of lipogenesis-
related genes in the BAT of WT and KO mice fed on HFD (n = 4/group). (E) Representative Western blots and densitometric
analysis of BIP in the BAT of WT and KO mice fed on HFD (n = 3/group). (F) Representative immunofluorescent staining of BIP in
the BAT of WT and KO mice after HFD feeding (Scale bars: 100 μm). (G) qPCR analysis of the Xbp1 in the BAT of WT and KO mice
fed on HFD (n = 4/group). (H) Representative Western blots and densitometric analysis of LC3-I/II, Parkin, and Pink in the BAT of
WT and KO mice fed on HFD (n = 3/group). Bottom panel shows quantitation of the band densities. (I) TG levels in the ER isolated
from BAT of the WT and KO mice fed on HFD. The TG levels were normalized to protein concentrations (n = 4/group). (J)

12 J. Lipid Res. (2024) 65(9) 100633



Costaining of BODIPY-C12 and ER-tracker in the sWAT explants from WT and KO mice fed on HFD. The yellow colocalization
effect was pointed by the white arrows. The right panel indicates the quantification of the colocalized LDs with ER. (K) Costaining of
BODIPY-C12 and ER-tracker in the WT and DRP1−/− HeLa cells. (L, M) Transmission electron microscope images of WT and DRP1−/−

KO HeLa cells. (N) qPCR analysis of the ER stress–related genes in WT and DRP1−/− HeLa cells (n = 6). (O) Representative Western
blots of DRP1, OXPHOS, ER stress–related proteins in WT, and DRP1−/− HeLa cells (n = 3/group). *P < 0.05, **P < 0.01, and
***P < 0.001, unpaired Student’s t test. (P) H2O2 measurement in the WT and DRP1−/− HeLa cells (n = 6/group). BAT, brown adipose
tissue; DRP1, dynamin-related protein 1; ER, endoplasmic reticulum; HFD, high-fat diet; H2O2, hydrogen peroxide; OXPHOS,
oxidative phosphorylation; qPCR, quantitative-PCR; sWAT, subcutaneous WAT; TG, triglyceride.

Fig. 5. Continued.
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suggesting an enhanced ER retention effect in the KO
white adipocytes (Fig. 5J, pointed by the white arrows).

We extended our analysis to DRP1 KO HeLa cells to
provide a clearer manifestation of these effects. These
cells naturally exhibit smaller lipid droplets and higher
ER density than adipocytes. In HeLa cells, we
confirmed the ER retention of nascent lipid droplets in
the absence of DRP1. Notably, we not only observed ER-
retained lipid droplets indicated by the yellow area
within the ER but also found an increased yellow
merged area between the formed lipid droplets (green)
and the ER (red) (Fig. 5K, pointed by the white arrows,
quantified yellow areas were shown in the right panel).
The TEM examination further revealed that the lipid
droplets in the KO cells are much larger (Fig. 5L, M,
panel M presents the zoomed in effect). More strikingly,
we observed significantly more nascent lipid droplets
stuck with the ER in the KO cells (Fig. 5M, arrows
pointed in the right panel), suggesting the ER retention
of the lipid droplets at the absence of DRP1 in the cells.
As anticipated, we detected upregulation of ER stress-
related factors, including Atf4, Bip, Chop, and Xbp1 in
KO HeLa cells (Fig. 5N). At the protein level, we
observed increased levels or a trending increase in
uXBP1 and ATF6 in KO cells (Fig. 5O). Of note, we
detected reduced levels of mitochondrial complex I
and III in the KO cells (Fig. 5O). The total hydrogen
peroxide level also increased, further corroborating the
other evidence of overall ER stress conditions in the KO
cells (Fig. 5P).

The loss of function of DRP1 in adipocytes induces a
unique alteration in the circulating metabolomic
profile

Given the multifaceted role of DRP1 in mitochon-
drial energy production and lipid dynamics on the ER,
we conducted a comprehensive investigation into its
combined effects on whole-body energy metabolism.
Metabolomic analyses were performed on whole blood
samples collected from both KO and WT mice under
NCD and HFD feeding conditions. The heat maps
illustrate the alterations in circulating metabolites un-
der these dietary conditions (Fig. 6A, B). Notably,
various isoforms of ketone bodies (2-hydroxybutyric
acid, 3-hydroxybutyric acid, and 2-ketobutyric acid)
were elevated in KO mice under both diet conditions,
consistent with impaired insulin sensitivity in these
mice (Fig. 6A, B).

The most pronounced changes were observed in the
overall decrease of metabolites involved in purine and
pyrimidine metabolism. Specifically, under normal
chow feeding conditions, metabolites such as pyridoxal
5′-phosphate, ureidosuccinic acid, and uric acid were
reduced, while under HFD feeding, pyruvic acid, UTP,
and inosine exhibited decreased levels (Fig. 6A, B). We
found that the levels of free carnitine, acetyl-carnitine
and succinyl-carnitine downtrended in the KO under
both NCD and HFD conditions (Fig. 6C). Additionally,
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acetyl-CoA and succinyl-CoA levels were dramatically
reduced in KO mice under HFD conditions, with a
noticeable downtrend observed under NCD feeding
(Fig. 6D).

Pathway analysis further highlighted purine meta-
bolism as the major downregulated pathway in KO
mice under NCD, and this downregulation was
further enhanced under HFD conditions (Fig. 6E, blue
color highlighted). Further detailed analysis of
metabolite changes revealed specific molecules
(highlighted in blue) that exhibited altered levels in
KO mice. Notably, CTP, inosine, dATP, and dCTP
showed a decreasing trend in KO mice under chow
diet, with significantly reduced levels under HFD
(supplemental Fig. S5A). Another crucial category of
metabolites related to mitochondrial energy balance
is the vitamin B group, known for their involvement
in the regulation of energy balance from proteins,
sugars, and fats (supplemental Fig. S5A). Metabolomic
analysis indicated a decreasing trend in vitamin B2
levels in KO mice under NCD condition, which
diminished under HFD feeding (supplemental
Fig. S5B). Furthermore, vitamin B5 and B6 exhibited
significant decreases in KO mice under NCD feeding,
with only a trend of decrease detected in the HFD
feeding groups (supplemental Fig. S5C). These diver-
gent effects reflect the complexity of diet regulation
in KO mice.

To further characterize the consequence of loss of
function of DRP1 in lipid metabolism, we performed
lipidomic analysis on the serum of KO and the WT
mice upon HFD feeding. The clustering analysis
revealed a distinct modulation of the lipid profile in the
serum of KO mice. Particularly, the volcano plot, which
visualizes the statistical significance and magnitude of
changes in lipid species, identified a substantial number
of lipids that were significantly altered based on a P
value threshold of <0.05 and a fold change threshold of
1.5 (Fig. 6E). Interestingly, the fold change analysis in-
dicates that a large proportion of the significantly
altered lipids were enriched in the KO serum, with fold
increases exceeding 1.5, suggesting that the DRP1 defi-
ciency in adipose tissue leads to an accumulation of
different lipids in circulation (Fig. 6F). Intriguingly, not
all the lipid species increased their levels in KO serum.
Indeed, some of them, especially phosphatidylcholine
with different lengths were reduced (Fig. 6G). However,
we do observe dramatic increase of most of TG and
some of the DG in the KO group (Fig. 6H). In summary,
these findings highlight the importance of DRP1 in
regulating lipid homeostasis, and its absence may
disrupt the normal balance of lipid synthesis, degrada-
tion, and transportation.

Loss of function of DRP1 triggers local
inflammation in obese adipose tissue

Metabolic dysregulation may further impact adipose
tissue remodeling, leading to proinflammatory



Fig. 6. Loss of function of DRP1 in adipocytes results in profound metabolomic and lipidomic profiles in circulation. (A, B)
Metabolomics analysis on the whole blood collected from WT and KO mice fed on NCD or HFD. The significantly different me-
tabolites of WT and KO mice fed on NCD (A) or fed on HFD (B). (C) Carnitine, acetyl-carnitine, and succinyl-carnitine levels in the
whole blood of WT and KO mice fed on NCD or HFD. (D) Acetyl-CoA and succinyl-CoA levels in the whole blood of WT and KO
mice fed on NCD or HFD. (E) Lipidomic analysis of the sera collected from WT and KO mice upon HFD feeding for 10 weeks. The
volcano plot analysis visualizes the statistical significance and magnitude of changes in lipid species (a P value of <0.05 and a fold
change threshold of 1.5). (F) The fold change ratio between KO andWT indicates a large proportion of lipid species were enriched in
the KO serum. (G) Heat map for comparisons of different lipid species between WT and KO groups. (H) Heat map for comparisons
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Fig. 6. Continued.
microenvironment in adipose tissue (37). We thus
analyzed the levels of local inflammation and fibrosis
in the KO mice. Mac2 staining revealed a significant
accumulation of macrophages in the BAT under NCD
feeding, while the effect is enhanced under HFD
feeding (Fig. 7A, B). The accumulated macrophages in
the BAT were of the proinflammatory state, as
demonstrated by the immunofluorescent staining by
proinflammatory marker CD68 (38) (Fig. 7C). We
further detected more macrophage accumulation in
the epididymal WAT and sWAT in the KO mice under
HFD feeding conditions (Fig. 7D). Consistent with the
histological findings, qPCR results demonstrated sig-
nificant upregulation of proinflammatory genes,
including Il-1β, Il-6, and Tnfα, in the BAT of KO mice
of different lipid species, highlighting TG and DG between WT and
versus. WT (under HFD), one-way ANOVA followed by Turkey’s po
dynamin-related protein 1; HFD, high-fat diet; NCD, normal chow
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fed with HFD (Fig. 7E), indicating that the loss of
function of DRP1 leads to proinflammatory unhealthy
expansion of adipose tissue in the KO mice (37).

DISCUSSION

DRP1 plays a crucial role in mitochondrial fission
across various tissues, proving particularly significant in
age-related diseases such as obesity, type-2 diabetes,
neuronal degenerative diseases, and cancer. Its impact
on mitochondrial biogenesis, mitophagy, and essential
cellular processes like proliferation, differentiation,
and apoptosis is well established. Nevertheless, the un-
derlying mechanisms regulating these processes war-
rant further exploration (39, 40). Notably, DRP1's role
KO groups. *P < 0.05, **P < 0.01, ***P < 0.001, and #P < 0.05. KO
st hoc test. BAT, brown adipose tissue; DG, diacylglycerols; DRP1,
diet.
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has been extensively studied in metabolic tissues such
as the skeletal muscle, heart, blood vessels, and liver
(14–16, 41–43). Based on these studies, its impact on
mitochondrial dynamics and functional regulations
varies across different tissues, displaying tissue-specific
effects. In skeletal muscles, DRP1 deficiency induces
functionally abnormal mitochondria, reduced muscle
mass and even animal death (16). In cardiomyocytes, it
has a profound effect on mitochondrial functional
regulation and the dynamics of the mitochondria-ER
membrane (14). Loss of function of DRP1 in heart has
been linked to cardiomyocyte apoptosis,
cardiomyopathy, and heart failure (41, 44). Paradoxi-
cally, disruption of DRP1 in liver protected mice from
obesity induced metabolic deterioration, which is
related to ameliorated ER stress in hepatocytes (45).
These distinct actions of DRP1 highlight the intricate
tissue-specific mechanisms that govern mitochondrial
dynamics and function. Despite the wealth of reports
about DRP1 in various organs and tissues, the function
and regulation of DRP1 in adipose tissue, especially
under diet-induced obesity conditions, has not been
thoroughly investigated yet. In this study, we discovered
that the total levels of DRP1 were decreased in response
Mechanisms of Drp1 function in fat 17



to nutritional stress in adipose tissues, including WAT
and BAT. Importantly, other mitochondrial dynamic
factors, such as RalA, Opa1, Mff, Mfn2, and Fis1 also
exhibited changes in the whole process, demonstrating
the tight regulation of mitochondria biogenesis and
dynamics in response to nutritional stresses. Our find-
ings are in line with previous findings about their key
functions in mitochondrial energy balance (46–51).
Based on these reports, we believe that these factors or
co-factors also affect lipid droplet dynamics. However,
given the facts that they do not directly translocate onto
ER, we think that their influence on ER-lipid droplet
dynamics is mediated through mitochondrial regula-
tion, representing an indirect effect. Since both we and
others have observed correlations between changes in
these factors under various physiological/pathological
conditions, it will be crucial to further elucidate the
potential crosstalk among them in the dynamic regu-
lation of mitochondria, the ER, and lipid droplets.

To mimic the loss of function of DRP1 during obesity
in adipose tissue, we generated an adipose tissue-
specific DRP1 KO mouse model. We observed that
under NCD conditions, the KO mice appear to exhibit
normal characteristics when compared to the WT mice.
This stands in stark contrast to the phenotype observed
with the deletion of the Drp1 gene in other tissues and
organs, including skeletal muscles, the cardiovascular
system, and the liver (14–16, 41–43). For instance, the
constitutive knockout of DRP1 specifically in muscle
tissue decelerates growth and can even lead to animal
death (16). In our study, we noted that the adipose tissue
specific KO mice are much more sensitive to cold
exposure (23). More surprisingly, the adipose tissue
specific KOmice did not exhibit significant weight gain
compared to their littermate control WT mice when
exposed to an HFD. However, the KO mice exhibited
impaired glucose tolerance and reduced insulin sensi-
tivity in response to nutritional stress. The most notable
pathological alteration observed was the "whitening" of
BAT, even preceding HFD feeding. Our investigation
thus focused on elucidating the distinctive morpho-
logical and pathological changes in the BAT of the KO
mice. Remarkably, the mitochondria in the KO BAT
displayed abnormal enlargement and structural alter-
ations in the cristae. This morphological aberration not
only directly disrupted proper mitochondrial OCR but
also led to reduced FFA uptake, impaired β-oxidation,
and compromised energy electron chain function and
oxidative phosphorylation. Significantly, DRP1 defi-
ciency contributed to the retention of nascent lipid
droplets on ER, resulting in abnormal lipid droplet
dynamics, as well as perturbed ER structure and stress.
The cumulative defects of DRP1 on mitochondria and
ER-lipid droplet interfaces ultimately induced pro-
found changes in the circulating metabolite profile.
One notable alteration was the diminished purine and
pyrimidine metabolism, leading to a lower total level of
energy metabolism in the KO mice. These findings
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underscore the intricate interplay between DRP1
regulation, mitochondrial dynamics, ER function, and
lipid metabolism, thus shedding light on the complex
molecular mechanisms underlying the observed meta-
bolic disturbances in the context of DRP1 deficiency in
adipose tissue. Notably, recent findings suggest that
during obesity, other factors, such as RalA, may pro-
mote DRP1 function (49). This gain-of-function regu-
lation could further cause mitochondrial
fragmentation and dysfunction (49). Intriguingly, in
our study, a complete loss of DRP1 function also leads
to dysfunctional regulation of mitochondria. These
results clearly suggest that proper fission function of
DRP1 is required for normal mitochondrial functions,
while malfunction of DRP1 may induce pathological
overfission of mitochondria, causing organelle
fragmentation.

Since DRP1 levels dramatically decreased in both
WAT and BAT during obesity, we propose that the
adipose tissue–specific DRP1 KO mouse is an appro-
priate model to investigate the metabolic implications
of DRP1 deficiency under such a nutritionally stressed
condition. Remarkably, the most notable morphological
alteration observed is the "whitening" of BAT, and all
the metabolic consequences align with this phenotype.
It is widely established that while the primary function
of WAT is lipid storage, BAT uniquely plays a pivotal
role in energy expenditure by oxidizing lipids to fuel
thermogenesis (1, 52, 53). Given that DRP1's function
involves mitochondrial fission, the observed patholog-
ical changes are reasonably associated with its defi-
ciency. Unexpectedly, the KO mice did not experience
significant body weight gain, even when subjected to a
HFD, suggesting the compensatory effects of other
metabolic tissues/organs in response to the defective
mitochondrial function in the adipose tissue. We also
noted that HFD exposure led to significantly impaired
insulin sensitivity in the KO mice. Additionally, the KO
mice displayed abnormal lipid metabolism and dysre-
gulation of adipokines and cytokines, all contributing to
an overall proinflammatory state in the KOmice under
HFD conditions.

Balance of fission and fusion is a crucial process that
regulates mitochondrial function in response to various
cellular stimuli (54, 55). Loss of DRP1 during this pro-
cess induces significant morphological and functional
changes in different types of cells (54). Here, we found
that in the BAT, crude extracts of mitochondria
revealed notable differences. It is well recognized that
normal mitochondria extracts exhibit a yellowish or
brownish color (56). As expected, the mitochondria
isolated from WT BAT were yellowish and brownish in
color. Interestingly, KO mitochondria were lower in
density and appeared lighter or whiter in color, under
both normal chow and HFD conditions. The lighter
color in KO mitochondria suggests important abnor-
malities, indicating a deficiency in essential components
such as functional iron within the inner and outer



membranes of the mitochondria. Further study is
needed to elucidate the molecular meaning behind the
color differences between KO and WT mitochondria.

TEM provided additional insights into the abnormal
structure and size of KO BAT mitochondria. Unlike the
regular shape and normal ultrastructure of WT mito-
chondria, KO BAT mitochondria appeared abnormally
giant with heterogeneous structural changes. Some
adopted a pod-like structure, and others exhibited
irregular shapes, with most displaying compromised
ultrastructure, including the membrane organization.
Notably, the cristae in KO mitochondria showed
impaired structure, with less folds and lower density,
indicative of potential dysregulation of essential en-
zymes in the inner membrane, including key enzymes
involved in lipid metabolism, oxidative phosphoryla-
tion (OXPHOS), and energy balance (57–59). These
observations align with findings of lipid dysregulation
and impaired energy production in KO BAT. As evi-
dence of these issues, we noted a reduced level of UCP1,
indicating compromised thermogenesis in the KO BAT.
Additionally, CPT1/2, OXPHOS complexes, and other
FFA oxidation enzymes presented at decreased levels,
implying impaired lipid oxidation and energy produc-
tion in the KO BAT.

Our Seahorse XF tests further confirmed impaired
mitochondrial functions in both brown adipocytes
differentiated from SVF and isolated BAT mitochon-
dria. Notably, in differentiated brown adipocytes, the
addition of PA FFA to mimic HFD-induced nutritional
stress resulted in more severe mitochondrial func-
tional damage, as evidenced by changes in OCR at
different time intervals. This observation aligns with
the more pronounced metabolic phenotype observed
in HFD-fed KO mice. Intriguingly, in vitro substrate
assays on isolated mitochondria revealed that KO
mitochondria lost the ability to uptake substrates for
NADH production. This corresponds with the signifi-
cantly reduced OXPHOS complex I in KO BAT,
responsible for electron transport and generation of
proton gradient across the inner membrane (60).
Remarkably, we observed a notable increase in the
uptake of glycerol-PO4 by the KO mitochondria; this
substrate was the only one which demonstrated this
enhanced uptake by the KO mitochondria. It is estab-
lished that the glycerol-3-phosphate shuttle is a vital
pathway for forming FADH2 in the mitochondrial
matrix, with glycolysis contributing to the production
of glycerol-phosphate. While the effects of DRP1
activation on glycolysis have been reported differently
(61–63), here, our data suggested that that the KO
mitochondria may preferentially utilize the by-
products of glycolysis for energy production.

In addition to its typical translocation to mitochon-
dria and peroxisomes, DRP1 has been reported to
translocate to the ER. In this context, it performs sig-
nificant functions, both with and without its GTPase
activity, across various tissues (22, 23, 44, 64).
Specifically, we have recently uncovered that under
acute β-adrenergic stimulation conditions, DRP1 trans-
located to the interface of ER-lipid droplets in adipo-
cytes (both sWAT and BAT). In this context, it plays a
pivotal role in the initiation of nascent lipid droplet
biogenesis originating from the ER (23). In this study,
we further revealed that DRP1 exerts the same function
under chronic diet–induced obesity conditions. By
knocking out DRP1 in adipocytes, we noted that more
nascent lipid droplets get stuck in the ER lumen, and
the preexisting lipid droplets become larger and
remain tethered to the ER surface. These findings
suggest that fission by DRP1 is a fundamental molecu-
lar event that regulates the dissociation of lipid droplets
from the ER to release into the cytosol under different
cell stimuli. As a demonstration, we observed the same
effect in DRP1 KO HeLa cells. Since HeLa cells natu-
rally have denser ER and relatively smaller lipid drop-
lets than adipocytes, we were able to achieve higher-
resolution imaging with clearer indication that DRP1
is required in the lipid droplet dissociation from the ER.
Importantly, we also found that the lipid droplet
lipolysis-related factors and enzymes, such as CGI58
and its mediated ATGL-HSL axis (65–67), were down-
regulated on mRNA levels, or decreased on protein
levels, suggesting abnormal lipid droplet dynamics in
response to the loss of function of DRP1. On the other
hand, the nascent lipid droplet marker, Plin2, exhibited
a significant upregulation, suggesting the accumulation
of perpetually immature or younger lipid droplets
without undergoing the typical maturation processes.
The observed ER-lipid droplet phenotype closely re-
sembles that reported in the context of loss of function
of Seipin (68–72), implying potential shared mecha-
nisms between DRP1 and seipin during the lipid droplet
dissociation process. However, a comprehensive un-
derstanding of the detailed molecular and cellular
mechanisms involved remains to be elucidated.

Given the profound impact of DRP1 on the regula-
tion of both mitochondria and ER-lipid droplets, we
proposed that the observed metabolic phenotype,
characterized by impaired insulin sensitivity, abnormal
lipid metabolism, and disrupted energy expenditure,
arises from the combined effects of mitochondrial
dysregulation and deranged ER-lipid droplet dynamics.
To further explore the multifaceted functions of DRP1
in non–cell autonomous whole-body metabolism, we
conducted an unbiased metabolomic analysis of circu-
lating metabolites in whole blood collected from KO
and WT mice. Our analysis revealed dysregulation in
numerous factors that serve as key nodes of glucose
and lipid metabolism, or are involved in the overall
metabolic flexibility, including acetyl-carnitine, succi-
nyl-carnitine, free carnitine, acetyl-CoA, and succinyl-
CoA (73, 74), aligning with DRP1's roles in both
mitochondria and ER-lipid droplets. Notably, we
observed a substantial impairment in the purine and
pyrimidine metabolism pathways in the KO groups,
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with the degree of impairment exacerbated under HFD
condition. Previous studies have established the critical
roles of purine and pyrimidine metabolites, including
key molecules like uric acid in energy balance. Dis-
ruptions in their levels may compromise overall energy
homeostasis, leading to severe cellular pathological
changes, including cell apoptosis (75–77). Metabolites
from purine and pyrimidine pathways, including uric
acid play a vital role in providing cells with the neces-
sary energy and cofactors for cell survival and prolif-
eration (76, 77). Importantly, recent research has
provided deeper understanding on how purine meta-
bolism may contribute to cancer progression, revealing
a novel perspective on cellular purine regulation (78).
Particularly, under conditions of high purine demand,
de novo purine biosynthetic enzymes cluster near
mitochondria and microtubules to synthesize the
necessary initial and intermediate molecules for
continued production. Additionally, purines can be
incorporated into complex biomolecules and serve as
cofactors, such as NAD and coenzyme A. These
fundamental processes utilize glycolytic and citric acid
cycle intermediates for NADPH production (79). Our
findings align with these reports, as evidenced by the
decreased levels of NADPH observed in the KO tissue
samples, providing further insight into the intricate
interplay between DRP1, purine metabolism, and
cellular energetics. Of note, another mitochondrial
fission/fusion factor, Opa1, has been reported to pro-
mote adipocyte browning via regulation of urea cycle
metabolites (46). The mechanisms between mitochon-
drial fission/fusion and purine/pyrimidine metabo-
lisms need further investigation.

Interestingly, we observed decreased levels of
vitamin B family factors in the KO groups. It is widely
acknowledged that the vitamin B family plays a crucial
role in regulating essential enzymes within mitochon-
dria, influencing various aspects of protein, glucose,
and lipid metabolism (80). Thus, maintaining a balanced
pool of vitamin B constituents is vital for normal
mitochondrial function and energy homeostasis (81). In
our study, we noted a reduction in circulating vitamin B
in KO mice, indicating potential impairment in mito-
chondrial energy balance. However, the specific
mechanisms underlying the decreased circulating
vitamin Bs require further investigation.

The lipidomic analysis of DRP1 KO mice has
revealed a distinct lipid profile in the KO serum, sug-
gesting that DRP1, as a key protein involved in
mitochondria-ER-lipid droplet dynamics, plays a sig-
nificant role in whole-body lipid metabolism. Absence
of DRP1 in adipose tissue may not only disrupt the
normal balance between lipid synthesis and degrada-
tion in these organelles, but also affect the nascent lipid
droplet release from the ER. Consequently, the whole
lipid profile in the body changes significantly. Further
investigation into the specific classes and functions of
the enriched lipid species may provide valuable insights
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into the mechanic link between mitochondria, ER, and
lipid droplets (82).

Lipid disorders and mitochondrial dysfunction have
been associated with localized inflammation in adipose
tissue (83–85). Consistent with this paradigm, we
observed an elevated level of macrophage accumulation
in the adipose tissues of KO mice. Intriguingly, we
identified an even higher level of local inflammation in
the BAT than the WATs. The presented qPCR results
reflected polarization of macrophages to proin-
flammatory state in response to nutritional stresses in the
KO BAT. Given the crucial role of BAT as a significant
energy expenditure organ, the heightened inflamma-
tion within BAT may contribute to a systemic reduction
in energy balance, thereby exacerbating whole-body
metabolic dysregulations. This aligns with our observa-
tions in the KOmice, particularly under HFD conditions.

In conclusion, our study delineates the multifaceted
functions of DRP1 in regulating the dynamics of
mitochondria, ER, and lipid droplets. The dysregulation
of these functions may contribute to systemic metabolic
disorders. Although detailed mechanistic studies are
imperative, our investigation sheds light on a novel
aspect of DRP1 in a tissue-specific manner within adi-
pose tissue, opening avenues for innovative strategies in
addressing obesity and related metabolic diseases.
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