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Besides the secretion of fatty acids, lipolytic stimulation of
adipocytes results in the secretion of triglyceride-rich extra-
cellular vesicles and some free proteins (e.g., fatty acid bind-
ing protein 4) that, in sum, affect adipose homeostasis aswell
as the development of metabolic disease. At themechanistic
level, lipolytic signals activate p53 in an adipose triglyceride
lipase–dependent manner, and pharmacologic inhibition of
p53 attenuates adipocyte-derived extracellular vesicle (AdEV)
protein and FABP4 secretion.Mass spectrometry analyses of
the lipolytic secretome identified proteins involved in glucose
and fatty acid metabolism, translation, chaperone activities,
and redox control. Consistent with a role for p53 in adipocyte
protein secretion, activation of p53 by the MDM2 antagonist
nutlin potentiated AdEV particles and non-AdEV protein se-
cretion fromcultured 3T3-L1 orOP9 adipocyteswhile the lev-
els of FABP4 andAdEVproteinswere significantly reduced in
serum from p532/2 mice compared with wild-type controls.
The genotoxin doxorubicin increased AdEV protein and
FABP4 secretion in a p53-dependent manner and DNA
repair–depletedERCC12/D–haploinsufficientmiceexpressed
elevated p53 in adipose depots, along with significantly in-
creased serum FABP4. In sum, these data suggest that lipo-
lytic signals, and cellular stressors such as DNA damage,
facilitate AdEV protein and FABP4 secretion by adipocytes in
a p53-dependentmanner.

Adipose tissue serves as a central node in energy metabolism
and regulates whole-body homeostasis (1,2). Mechanistically,
adipose tissue functions as an endocrine organ and secretes
many adipokines, lipokines, and hormones in response to

varying physiological conditions and metabolic disorders (3).
Indeed, different secretomes can be produced by adipocytes
responding to physiological stimuli such as nutrient abun-
dance, nutrient deprivation, or inflammation (4).

Adipocyte-derived extracellular vesicles (AdEVs) are small
extracellular vesicles with a diameter of 50–150 nm that con-
tain a variety of cargo, including proteins, lipids, mRNA, or-
ganelles, and miRNA, that can serve as intercellular and
interorgan communication vehicles (5,6). Adipocytes release
vesicles depending on changes in the metabolic state(s) of the
organism. For example, obesity results in increased vesicle se-
cretion specifically from adipocytes, and not from other cell
types in adipose tissue (7). Characterization of the secreted
AdEVs have revealed two subtypes of vesicles, small and large,
with overlapping but also unique associated proteins (8).
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• This study was undertaken to discover mechanism(s)
leading to regulated protein secretion by adipocytes.

• We tested the hypothesis that TP53/p53 is required
for regulated protein secretion.
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such as nutrient deprivation and/or DNA damage.

• These studies may provide a mechanistic link among
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Adipocyte extracellular vesicles are triglyceride rich such that
they stay suspended upon ultracentrifugation (9).

Released AdEVs play an active role in communication be-
tween cells within adipose, including immune and endothe-
lial cells, as well as to signal more distant cells or organs.
More specifically, AdEVs have been demonstrated to in-
crease M1 macrophages, resulting in enhanced inflamma-
tion and insulin resistance. Additionally, recent studies have
shown that mitochondrial stress stimulates release of a pop-
ulation of adipocyte-derived vesicles that contain damaged
mitochondria (10,11). These AdEVs induced oxidative stress
in cardiomyocytes and, through hormesis, protect the heart
from additional ischemic injury (12). In response to lipolysis,
a pathway that is increased with obesity-induced insulin re-
sistance, adipocytes secrete proteins that lack a classic secre-
tion signal and thus use a mechanism distinct from the
conventional endoplasmic reticulum–Golgi secretory system
(13,14), including such proteins as nicotinamide phosphori-
bosyl transferase, FABP4, and FABP5 (15,16). This secretion
is dependent on adipose triglyceride lipase (ATGL), sirtuin 1,
and monounsaturated fatty acids, and require some, but not
all, autophagic components (16). Secreted forms of FABP4
and FABP5 are not associated to any extent with the se-
creted AdEVs. FABP4 belongs to a multigene family of fatty
acid–binding proteins that function in lipid trafficking and
intracellularly signaling (17,18). FABP4-null mice are pro-
tected from obesity-dependent metabolic dysfunction such
as type 2 diabetes, asthma, inflammation, and certain types
of cancers (17,19–21).

Herein, we provide findings demonstrating that in adi-
pocytes, p53 facilitates AdEV and protein secretion in re-
sponse to nutrient restriction–associated lipolytic stimuli
and/or DNA damage.

RESEARCH DESIGN AND METHODS

Reagents and Chemicals
Forskolin (FSK; catalog no. 66575-29-9), ATGListatin (here-
after, ASTAT) (catalog no. SML1075), 8-bromo-cAMP (8-Br-
cAMP; catalog no. B7880), and Iso (catalog no. 51-30-9) were
purchased from Sigma-Aldrich. Torin1 (catalog no. S2827),
rapamycin (catalog no. S1039), nutlin (catalog no. S8059),
and doxorubicin (DOXO; catalog no. S1208) were purchased
from Selleckchem.

Animal Studies
TP53-null animals were obtained from Jackson Laboratory
(mouse stock no. 002101) and housed in specific pathogen-
free animal-care facilities at the University of Minnesota
Twin Cities. All experiments were approved by and per-
formed in accordance with the relevant guidelines and regu-
lations from the University of Minnesota Institutional
Animal Care and Use Committee (protocol 2201-39748A).

Cell Culture and Differentiation
3T3-L1 cells were maintained as fibroblastic preadipocytes
and differentiated to mature adipocytes as described

previously (16). OP9 preadipocytes were grown and main-
tained in a-minimum essential medium (a-MEM) with 20%
FBS and differentiated with a-MEM containing 0.2% FBS,
175 nmol/L insulin, 900mmol/L oleate bound to albumin (4:1
oleate to albumin) for 48 h. Differentiated OP9 cells were
maintained ina-MEM containing 0.2% FBS until used.

To generate p53-silenced 3T3-L1 cells, 3T3-L1 cells were
transduced with a pLKO.1-based shRNA lentivirus for p53
(sense, CGCGCCATGGCCATCTACA) using a recombinant
lentivirus packaged from HEK293FT cells. Lentivirus tar-
geting green fluorescent protein (sense, AACGTACGCG-
GAATACTTCGA) was used as a control.

Antibodies
The following antibodies were used in this study: anti–acetyl-
p53 (catalog no. 06-758,Millipore), anti-p53 (2524, Cell Signal-
ing), anti-actin (ABT1485, Sigma), anti-NAMPT (MAB4044,
R&D Systems), anti–phospho-p53 (9284, Cell Signaling),
anti–phospho-S6 ribosomal protein (Ser 240/244) (5364S,
Cell Signaling), anti–phospho-S6 ribosomal protein (Ser
235/236) (4858S, Cell Signaling), anti-S6 ribosomal protein
(2317S, Cell Signaling), anti-histone H3 (ab10799, Abcam),
anti-CD63 (sc-15363, Santa Cruz), anti-TSG101 (sc-7964,
Santa Cruz), anti-gH2AX (NB100–384, Novus), anti-GPR94
(2104T, Cell Signaling), and anti-CD81 (ab109201, Abcam).

Mass Spectrometry
Methods linked to mass spectrometry identification of se-
creted proteins are found in the Supplementary Materials.

AdEV Purification and Size Analysis
AdEVs were isolated using the Total AdEV Isolation kit
(catalog no. 4478359, Invitrogen) according to manufac-
turer’s instructions. For size analysis, AdEVs were analyzed
for size abundance distribution via optical imaging (Nano-
sight LM-10). We recorded five videos of 45 s for each sam-
ple, and data analysis was performed with NTA 1.1
software. Data are presented as the average and SD of five
video recordings.

Electron Microscopy of AdEV
We applied 3 mL AdEV to formvar and carbon-coated copper
grids (catalog no. FCF200-CU, EMS) and allowed to air dry.
Grids were washed three times with water, incubated at
room temperature for 3 min, and then 3 mL 1% phospho-
tungstic acid, pH 7.0 (EMS, catalog no. 19500) dissolved in
water was applied to the grid. After 3 min, most of the phos-
photungstic acid was removed by blotting with filter paper,
and the remaining was allowed to air dry. Images were ac-
quired using a JEOL14001 transmission electron micro-
scope operating at 80 kV, and a Gatan Orius 820 camera.

p53 Activity Determination
p53 DNA binding activity was measured using the p53
Transcription Factor Assay Kit (catalog no. 600020, Cay-
man) according to the manufacturer’s directions.
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RNA Purification and RT-PCR
Adipocytes were washed twice in cold PBS and total RNA was
isolated by TRIzol reagent (catalog no. 15596018, Invitrogen)
and 1 mg total RNA was reverse transcribed into cDNA using
iScript (catalog no. 1708840, Bio-Rad), following the manu-
facturer’s instruction. Transcription factor II E was used as an
internal control to normalize expression. The following pri-
mers were used: transcription factor II E forward 50- CAAG
GCTTTAGGGGACCAGATAC-30, transcription factor II E re-
verse 50-CATCCATTGACTCCACAGTGACAC-30; P16 forward
50- GAACTCTTTCGGTCGTACCC-30, p16 reverse 50- CGAATC-
TGCACCGTAGTTGA-30; P21 forward 50- GGTTCCTTGCCACTT-
CTT-30, p21 reverse 50- GAGTCGGGATATTACGGTTG-30; BAX
forward 50- AGGATGCGTCCACCAAGAAGCT-30, BAX reverse
50- TCCGTGTCCACGTCAGCAATCA-30; BCL2 forward 50- CCT-
GTGGATGACTGAGTACCTG’-30, BCL2 reverse 50- AGCCAGGA-
GAAATCAAACAGAGG-30; Angptl4 forward 50- GGAGATCCC-
CAAGGCGAGTT-30, Angptl4 reverse 50- CAATTGGCTTCCTCGG-
TTCC-30; CXCL2 forward 50- CTCCTTTCCAGGTCAGTTAGC-30,
CXCL2 reverse 50- CAGAAGTCATAGCCACTCTCAA-30; IGFBP7
forward 50- GAGAAGGCCATCACCCAGGTCAGC-30, IGFBP7 re-
verse 50- GGATCCCGATGACCTCACAGCTCAAG-30; and PAI-1
forward 50- AGGATCGAGGTAAACGAGAGC-30, PAI-1 reverse 50-
GCGGGCTGAGATGACAAA-30.

Statistical Analysis
Statistical significance was determined using an unpaired,
two-tailed Student’s t test. All data in this article are ex-
pressed as mean ± SEM. Data presented have a sample
size of three unless otherwise mentioned. Individual ex-
periments were repeated at least three times.

Data and Resource Availability
All primary data and resources are available upon request.

RESULTS

Lipolysis Stimulates FABP4 and Vesicle Secretion
Previous studies showed that FABP4 secretion from adipo-
cytes requires nutrient deprivation, lipolytic agonists, ATGL,
and sirtuin 1 (15,16). To characterize the extent of lipolytic-
dependent protein secretion, cultured adipocytes treated
with the lipolytic stimulators, FSK, Iso, or Br-cAMP were
evaluated for fatty acid release. Each of these treatments re-
sulted in increased fatty acid secretion, whereas the ATGL
inhibitor ASTAT significantly decreased basal lipid efflux
(Fig. 1A). As previously shown, FSK treatment increased
FABP4 and NAMPT secretion but did not lead to elevated
DNA damage, as shown by unaltered gH2AX (Fig. 1B). Sur-
prisingly, lipolytic activation resulted in secretion of vesicles,
including the exosomal markers, CD63, TSG101, and CD81
(Fig. 1B). As a control, GRP94, an endoplasmic reticulum
protein, was not present in the secreted exosomes. To
further characterize the secretion of exosomes, nanoparti-
cle tracking was used to determine the size and quantity of
these vesicles. FSK stimulation resulted in approximately a
twofold increase in vesicle release (Fig. 1C), and size analyses

indicated a modest increase in the vesicles approximately
100 nm in diameter and a larger increase in vesicles approxi-
mately 130 nm in diameter (Fig. 1D). Furthermore, we eval-
uated the secreted vesicles by transmission electron
microscopy, using a negative stain. Results showed vesicles
with sizes consistent with the nanoparticle tracking analyses
(Fig. 1E).

Concurrent with fatty acid and vesicle release, we also
evaluated the protein content released from adipocytes af-
ter lipolytic stimulation. Coomassie-stained SDS-PAGE
gels revealed a dramatic increase in the number of pro-
teins secreted from adipocytes upon lipolytic stimulation
of cultured 3T3-L1 adipocytes, as well as from primary
murine adipocytes, with the total protein staining pattern
appearing similar in both cultured and primary adipocyte
cell models (Fig. 1F). The majority of secreted proteins
from FSK-treated white adipose tissue (WAT) explants
were found to remain in the supernatant after ultracentri-
fugation at 100,000g because few were detectable in the
pellet fraction as assessed by a Coomassie-stained gel
(Fig. 1G). Comparison by the protein compositional analy-
sis (Fig. 1G) of the relative number of AdEV particles se-
creted after FSK stimulation (Fig. 1D) suggests that a
major function of lipolytic stimulation of adipocytes is to
load free and AdEV proteins into the secretory system.

To more fully characterize the proteins secreted by adipo-
cytes in response to FSK stimulation, total secreted proteins
from 3T3-L1 adipocytes were subjected to compositional
analyses using mass spectrometry (Supplementary Table 1).
A total of 289 unique proteins were identified (false discov-
ery rate,<1%), of which 93% did not contain a classic secre-
tion signal (Fig. 1H), consistent with an unconventional
secretory mechanism. Analyses of the secreted proteins indi-
cated that these proteins reside in the many subcellular loca-
tions and are involved in glucose and fatty acid metabolic
pathways as well as protein translation, cytoskeleton, chap-
erone functions, and redox processes (Fig. 1H).

Lipolysis Activates AdEV and FABP4 Secretion
Through a p53-Dependent Pathway
Najt et al. (22) showed that monounsaturated fatty acids
produced by ATGL-dependent hydrolysis allosterically acti-
vate SIRT1, leading to deacetylation of protein targets.
Moreover, Wang et al. (23) revealed that in adipocytes, p53
can be upregulated by nutrient starvation independently of
senescence, apoptosis, or cell-death pathways. To assess if
p53 plays a role in the nutritional stress–activated protein
secretion system, we measured p53 activity in lipolytically
activated 3T3-L1 adipocytes. As shown in Fig. 2A, p53
DNA–binding activity was significantly increased in re-
sponse to Iso and Br-cAMP treatment, whereas ASTAT had
no effect on basal p53 activity. Consistent with increased
p53 transcriptional activity, the mRNA levels of the canoni-
cal p53 transcriptional targets BAX, BCL2, p16, and p21
were significantly increased in response to Iso treatment, an
effect that was negated in the presence of ASTAT (Fig. 2B).
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Figure 1—FSK stimulates protein secretion.A: Differentiated 3T3-L1 adipocytes were treatedwith DMSO, 10mmol/L FSK, 10mmol/L Iso, 1mmol/L
8-Br-cAMP (cAMP in the figure) or 15 mmol/L ATGL inhibitor (ASTAT) for 4 h. Free fatty acid (FFA) levels in cell culture medium were measured and
quantified by colorimetric assay.B: Differentiated 3T3-L1 adipocytes were treated with DMSOor 20mmol/L FSK for 4 h.Whole-cell lysates were har-
vested, and equal amounts of intracellular protein underwent SDS-PAGE for Western blot analyses. For the secreted proteins, equal volumes of cell
culturemediumwere loaded forWestern blot analyses (NAMPT and FABP4). For the AdEVmarkers CD63, TSG101, andCD81, AdEVswere pelleted
from equal volumes of cell culture medium, using the Total AdEV isolation reagent (catalog no. 4478359, Invitrogen). Subsequently, the pellets were
lysed and resuspended into equal volume of RIPA buffer before analyses via Western blots. C and D: Differentiated 3T3-L1 adipocytes were treated
with DMSO or FSK for 4 h and Nanosight analyses (see experiment details in Research Design and Methods) was used to quantify particle numbers
(C) and AdEV particle size (D). E: 3T3-L1 adipocytes were treated with FSK for 4 h and AdEVs were pelleted using the Total AdEV isolation reagent.
The AdEVs were negatively stained andmounted on a grid for transmission electronmicroscopy (46). F: Mouse primary and 3T3-L1 adipocytes were
treated with FSK or Iso for 2 h and equivalent volumes were analyzed on SDS-PAGE and stained with Coomassie protein stain. G: C57Bl/6J mice
were sacrificed and WAT was minced and washed. The explants were incubated in Krebs Ringer Bicarbonate Hepes (KRH) buffer with 10 mmol/L
FSK for 2 h. Themediumwas recovered and ultracentrifuged at 100,000g for 1 h. The pellet was resuspended in the same volume of KRH. Equivalent
volumes total protein (T), soluble (S), and pellet (P) were separated by SDS-PAGE and stained with Coomassie stain. Epi, epididymal; Ing, inguinal.
H: Analyses of themass spectrometry results of total FSK-dependent protein secretion, including percentage with classic secretion signals, subcellu-
lar locations, and functional pathways. Results represent themean ± SEM. *P< 0.05. EV, extracellular vesicle.
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Figure 2—Lipolysis activates FABP4 and AdEV secretion through a p53-dependent pathway. A: Differentiated 3T3-L1 adipocytes were treated
with DMSO, 10 mmol/L Iso, 1 mmol/L Br-cAMP, or 15 mmol/L ASTAT for 4 h. p53 Activity was measured using the p53 transcriptional factor
assay kit (catalog no. 600020, Cayman) and the results were normalized to the concentration of whole-cell lysate protein. B: Differentiated
3T3-L1 adipocytes were pretreated with DMSO or 15 mmol/L ASTAT for 2 h, followed by DMSO or 10 mmol/L Iso for 4 h. RNA was purified and
p53 transcriptional targets expression were measured by qRT-PCR. C: Differentiated 3T3-L1 adipocytes were treated with DMSO, 10 mmol/L
Iso, or 1 mmol/L Br-cAMP for 4 h. Total protein was harvested and acetyl-p53, phospho-p53, total p53, actin, and histone H3 were measured by
immunoblot analyses by loading equivalent protein. D: Differentiated 3T3-L1 adipocytes were pretreated with DMSO or 20 mmol/L PFT for 2 h,
then were treated with DMSO or 20 mmol/L FSK for an additional 2 h. Western blot analyses were used to measure intracellular NAMPT, FABP4,
and actin levels, as well as secreted protein levels (NAMPT, FABP4, CD63, and TSG101) in the cell culture medium. E: Genetic knockdown of
p53 (shp53) and control (shGFP) were made in 3T3-L1 cell lines by lentiviral transduction. The cells were treated with 20 mmol/L FSK for 4 h.
Western blot analyses were used to measure intracellular p53, NAMPT, FABP4, and actin levels, as well as secreted protein levels (NAMPT,
FABP4, CD63, and TSG101) in the cell culturemedium. In all these experiments, the intracellular lysate was prepared from harvesting whole cells,
and equal amounts of intracellular protein were loaded onto SDS-PAGE gels for immunoblots. For secreted samples, equal volumes of cell cul-
ture medium were used. For the AdEV markers CD63 and TSG101, AdEVs were pelleted from an equal volume of the cell culture medium, using
a total AdEV isolation reagent (catalog no. 4478359, Invitrogen). The pellets were lysed and resuspended into an equal volume of RIPA buffer. F:
Quantification of the protein secretion in p53 knockdown shown inD. All results represent the mean ± SEM. *P< 0.05, **P< 0.01.
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Recently, Huang et al. (24) have shown that in macro-
phages, fatty acids derived from either intracellular triglycer-
ide hydrolysis or the de novo pathway could activate SIRT1
leading to the deacetylation of p53. To determine if p53 was
similarly regulated in adipocytes, we evaluated p53 acetylation
after lipolytic activation. Figure 2C reveals that concomitant
with lipolytic stimulation, p53 is deacetylated. Deacetylation
of p53 is typically considered inhibitory toward transcriptional
control, yet our results suggested activation of p53 DNA–
binding activity (Fig. 2A). This suggested that additional, possi-
bly covalent, modifications of p53 may be occurring coincident
with nutritional stress. To that end, we assessed the phosphor-
ylation status of p53 at Ser15 after Iso or Br-cAMP administra-
tion. Fig. 2C shows that while acetylation decreases with
lipolytic stimulation, phosphorylation of p53 at Ser15 was
largely unaffected, suggesting that other, unidentified pro-
cesses increase p53 activity after lipolytic stimulation.

To further assess if p53 plays a role in lipolytic-dependent
protein secretion in adipocytes, differentiated 3T3-L1 adi-
pocytes were pretreated with the p53 inhibitor pifithrin-a
(PFT) for 2 h followed by FSK stimulation. Consistent
with previous results (16), FSK treatment alone signifi-
cantly increased protein secretion from adipocytes, as
shown by release of FABP4 (non-AdEV), CD63, TSG101,
and NAMPT (AdEV resident proteins). However, inhibi-
tion of p53 activity by PFT significantly reduced FSK-
stimulated FABP4 and AdEV secretion (CD63, TSG101,
and NAMPT) (Fig. 2D). As a complimentary strategy to
chemical inhibition, we tested a genetic model using sta-
bly silenced p53. Silencing of p53 in 3T3-L1 adipocytes re-
sulted in cells with markedly diminished secretion of
exosomal or nonexosomal protein after FSK treatment
(Fig. 2E and 2F). Together, these data suggest that loss of

p53 activity or reduction in p53 abundance significantly
diminishes FABP4 and AdEV secretion (CD63, TSG101,
and NAMPT) from adipocytes.

Previous studies have shown that FABP4 is secreted
largely by adipocytes (16) and that the circulating level of
FABP4 represents a function linked to fat cells and not
macrophages. Because of this, we evaluated the level of
serum FABP4 from p53-null mice as an indicator of adi-
pocyte secretion. Figure 3A shows that the circulating
level of FABP4 was significantly reduced in whole-body,
p53-null male mice serum compared with that of wild-
type littermates. Consistent with a role for p53 in AdEV
secretion, the number of exosomal particles was signifi-
cantly reduced in p53-null male mice serum compared
with that of wild-type controls, although the size of the
AdEVs was not significantly altered (Fig. 3B). Overall, our
data suggest that activation of p53 facilitates FABP4 and
AdEV protein secretion in both cultured adipocytes and in
adipose tissue from experimental mice.

To further assess the role of p53 in adipocyte protein secre-
tion, we used a gain-of-function strategy evaluating whether a
small-molecule p53 activator would lead to protein secretion
independent of the upstream lipolytic dependence. Nutlin is
anMDM2 inhibitor functioning as a p53 activator (25). When
differentiated 3T3-L1 adipocytes were treated with nutlin, the
secretion of FABP4 and AdEVs (CD63, TSG101, and NAMPT)
were significantly increased (Fig. 4A). To further determine
whether nutlin activation of p53 increased the secretion of
the complex pool of proteins seen in lipolytically induced
adipocyte protein secretion, we evaluated the nutlin-induced
secretedmaterial using Coomassie-stained SDS-PAGE. The re-
sults show that proteins ofmany sizes are increased upon nut-
lin treatment (Fig. 4B). As an indication of the effectiveness of

Figure 3—FABP4 and AdEV protein secretion from adipocytes is decreased in p53-null mice. A: ELISA was used to measure FABP4 levels
in 8-week-old, male, wild-type (WT) or p53-null mice serum. Serum from p53-null mice (obtained at 6 P.M. during the light phase) was eval-
uated for FABP4 levels. B: AdEVs were pelleted, purified from an equal volume of mouse serum from 8-week-old, male, WT or p53-null
mice and resuspended in 1 mL PBS for analyses. AdEV size and amounts were measured by Nanosight analysis (see experiment details in
Research Design and Methods). All results represent the mean ± SEM. **P < 0.01, ***P< 0.001. EV, extracellular vesicle.
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nutlin treatment, themRNA levels of canonical p53 transcrip-
tional targets BAX and p21 were also significantly increased
(Fig. 4C). To ensure that the regulation of secretion by p53
was not system specific, we repeated the nutlin treatment in
OP9 (26) adipocytes and similarly found that FABP4 and
AdEV secretion (CD63, TSG101, and NAMPT) were markedly
increased (Fig. 4D). Interestingly, in response to nutlin treat-
ment, although the number of exosomal particles was

elevated threefold, the diameter of the AdEVs was markedly
reduced (Fig. 4E).

DNA Damage Facilitates FABP4 and AdEV Protein
Secretion From Adipocytes
As a master transcriptional regulator of the cellular stress re-
sponse, p53 is canonically activated through DNA damage
(27,28), increasing either p53 protein expression and/or

Figure 4—p53 facilitates FABP4 and AdEV protein secretion from adipocytes. A: Differentiated 3T3-L1 adipocytes were treated with
DMSO or 10 mmol/L nutlin for 48 h. Western blot analysis was used to measure intracellular levels of the proteins p53, NAMPT,
FABP4, and actin levels, as well as secreted protein level (NAMPT, FABP4, CD63, and TSG101) in the cell culture medium. B: Differ-
entiated 3T3-L1 adipocytes were treated with DMSO or 10 mmol/L nutlin for 24 h. Equivalent volumes of culture medium were ana-
lyzed on SDS-PAGE gels and proteins were stained with Coomassie protein stain. C: Differentiated 3T3-L1 adipocytes were treated
with DMSO or 10 mmol/L nutlin for 48 h. RNA was purified and expression of p53 transcriptional targets was measured by qRT-PCR.
D: Differentiated OP9 adipocytes were treated with DMSO or 10 mmol/L nutlin for 24 h. Western blot analysis was used to measure in-
tracellular protein p53, NAMPT, FABP4, and actin levels, as well as secreted protein level (NAMPT, FABP4, CD63, and TSG101) in
the cell culture medium, as in A. E: Differentiated 3T3-L1 adipocytes were treated with DMSO or 10 mmol/L nutlin for 48 h. AdEVs
were pelleted, purified from equal volume of cell culture medium from different treatment, and resuspended in 1 mL PBS for future
analysis. AdEV size and amounts were measured by Nanosight analysis (see experiment details in Research Design and Methods).
All results represent the mean ± SEM. *P < 0.05, **P < 0.01. EV, extracellular vesicle.
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p53 DNA–binding activity. To assess if DNA damage in adi-
pocytes, a terminally differentiated nongrowing cell, would
activate p53, 3T3-L1 adipocytes were treated with the DNA-
damage inducer DOXO and secretion was evaluated. As
shown in Fig. 5A, DOXO treatment stimulated FABP4 and
AdEV secretion coincident with induction of gH2AX. As a
positive control for DNA damage, p53 protein levels were in-
creased with DOXO treatment (Fig. 5A). Similar to the
results with nutlin activation of p53, DOXO treatment re-
sulted in secretion of more AdEVs, but their average diame-
ter was markedly reduced (Fig. 5B).

To further assess whether DOXO-induced protein secre-
tion in 3T3-L1 adipocytes upregulated p53 activity, the
mRNA levels of the canonical p53 transcriptional targets
BAX, BCL2, p16, and p21 were measured. Figure 5C shows
that some (p16 and BAX; a trend for p21) were increased in
response to DOXO treatment. Additionally, when OP9 adi-
pocytes were treated with DOXO, AdEV particle secretion
was also increased. In contrast, pretreatment with the p53
inhibitor PFT resulted in attenuated DOXO-stimulated
AdEV secretion, implicating the p53-dependence of DNA-
damage-induced protein secretion (Fig. 5D). It is well known
that DOXO is an inducer of senescence (29). However, the
adipocyte protein secretion pathway is an acute process, occur-
ring with hours of treatment, whereas senescence is a slower
process, typically occurring over the course of 1–3 weeks. To
evaluate if protein secretion induced by DOXO treatment was
linked to senescence-associated protein secretion, markers of
senescence were monitored. For this, b-galactosidase activity
and additional markers of senescence were measured (30,31).
Importantly, b-galactosidase activity was not increased with
DOXO treatment, expression of one senescence-associated
gene was unchanged (CXCL2), one was increased (IGFBP7),
and two others (Angptl4 and Pai1) were downregulated
(Supplementary Fig. 1). As such, although DOXO is a senes-
cence inducer in some systems, under the acute experimental
conditions used here, activation of cellular senescence is un-
linked to AdEV secretion.

To compare genotoxic DNA damage with genetic potenti-
ation, ERCC1 haploinsufficient mice were used. ERCC1-XPF
is an endonuclease that plays a vital role in all three major
DNA repair processes (i.e., nucleotide excision repair, inter-
strand cross-link repair, double strand break repair) (32,33).
Although ERCC1-XPF–null mice are embryonic lethal,
ERCC1�/D–haploinsufficient animals exhibit markedly
reduced DNA repair and increased genomic DNA damage,
thus serving as a model for age-related pathophysiologies
(32,33). Potentiated DNA damage upregulates p53 (34) and,
as shown in Fig. 6A, the level of circulating FABP4 was signifi-
cantly increased in the serum from whole-body ERCC1�/D

male mice as compared with the wild type. Surprisingly, there
was no significant difference in the level of circulating FABP4
level in the serum of female ERCC1�/D mice (Fig. 6A), which
suggests that sex differences might also play an important
role in the adipocyte unconventional secretion process. The
sex difference in circulating FABP4 was likely not due to the

level of lipolysis in adipose tissue, because the levels of circu-
lating free fatty acids were not different betweenmale and fe-
male ERCC1�/D samples (Fig. 6B). Consistent with DNA
damage resulting in activated p53, the protein expression of
p53 was increased in both depots of ERCC1�/D male mice,
but surprisingly, the gH2AX level was only increased in the
visceral fat tissue (Fig. 6C). Furthermore, the mRNA level of
the canonical p53 transcriptional targets BCL2 and BAX were
significantly increased in the visceral but not the subcutane-
ous adipose tissue depot of ERCC1�/D male mice, as com-
pared with the wild-type controls (Fig. 6D). Overall, these
data suggest that DNA damage facilitates protein secretion in
a p53-dependent manner in adipocytes.

The p53 Downstream Target mTOR Links Nutrient
Sensing to Adipocyte Protein Secretion
Previous studies have shown that FABP4 secretion from adi-
pocytes is dependent on some, but not all, components of
autophagy and, in particular, the ULK1 kinase complex (16).
The mammalian target of rapamycin (mTOR) is one of the
major sensors of nutrient starvation and is a crucial negative
regulator of autophagy (35,36). Treatment of 3T3-L1 adipo-
cytes with the p53 activator nutlin (Fig. 7A) or the DNA-
damage agent DOXO (Fig. 7B) reduced mTOR activity as
assessed by phosphorylation of S6 (Ser 235/236 and 240/244)
and concomitantly increased protein secretion (Fig. 4A, 5A).
Similarly, when 3T3-L1 adipocytes were treated with phar-
macological inhibitors of mTOR (torin or rapamycin),
FABP4 and AdEV secretion (CD63, TSG101, and NAMPT)
was significantly increased (Fig. 7C). In this case, the num-
ber of secreted exosomal particles was increased, whereas
the size of AdEVs was unaffected by mTOR inhibition
(Fig. 7D). Overall, these data suggest that mTOR serves
as a regulatory target of p53 linking its nutrient-sensing
function to control of autophagy and secretion.

DISCUSSION

Adipose tissue secretes numerous paracrine and endocrine
factors, including cytokines, hormones, extracellular vesicles,
signaling lipids, and adipokines in response to hormonal or
nutritional cues (3). Obesity has been identified as a major
risk factor for the development of several cancers, including
breast, colorectal, and pancreatic (21). Elevated circulating
levels of FABP4 have been demonstrated in women with
breast cancer as compared with healthy control individuals
(37,38), and elevated expression of FABP4 is also signifi-
cantly correlated with recurrence and disease-free survival; in
mouse models, tumor progression is significantly decreased
in whole-body FABP4 knockouts (37,39).

Adipocyte release of AdEVs has been noted by several
groups (8,40), revealing that adipocytes can release a vari-
ety of sizes of vesicles, with some up to 1,500 nm, and in-
cluding whole mitochondria (8,11,12). Our nanoparticle
analyses only profiled smaller vesicles (<600 nm). The
studies reported herein demonstrate that release of these
AdEVs is regulated by lipolysis in a time frame equivalent
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Figure 5—DNA damage facilitates FABP4 and AdEV protein secretion from adipocytes in a p53-dependent manner. A: Differentiated 3T3-
L1 adipocytes were treated with DMSO or 10 mmol/L DOXO for 24 h. Western blot analysis was used to measure intracellular levels of the
proteins gH2AX, p53, NAMPT, FABP4, and actin, as well as secreted protein level (NAMPT, FABP4, CD63, and TSG101) in the cell culture
medium. For the intracellular lysate, whole-cell lysates were harvested for each condition and equal amounts of intracellular protein were
loaded to Western blots. For the secreted samples, equal volumes of cell culture medium were loaded onto Western blots. For the AdEV
markers CD63 and TSG101, AdEVs were pelleted from an equal volume of cell culture medium, using the Total AdEV isolation reagent. The
pellets were lysed and resuspended into an equal volume of RIPA buffer before loading toWestern blots. B: Differentiated 3T3-L1 adipocytes
were treated with DMSO or 10 mmol/L DOXO for 24 h. AdEVs were pelleted from an equal volume of cell culture medium and resuspended in
1 mL PBS for future analyses. AdEV size and amounts were measured by Nanosight analyses (see experiment details in Research Design
andMethods).C: Differentiated 3T3-L1 adipocytes were treated with DMSO or 10 mmol/L DOXO for 24 h. The RNAwas purified and p53 tran-
scriptional targets expression was measured by qRT-PCR. D: Differentiated OP9 adipocytes were pretreated with DMSO or 20 mmol/L PFT for
2 h, then treated with DMSO or 10 mmol/L DOXO for 24 h. AdEVs were pelleted, purified from equal volume of cell culture medium from different
treatment, and resuspended in 1 mL PBS for analysis. AdEV size and amounts were measured by Nanosight analysis (see experiment details in
Research Design andMethods). All results represent the mean ± SEM. *P< 0.05, **P< 0.01, ***P< 0.001. EV, extracellular vesicle.
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to that for lipolysis-regulated fatty acid release. Unexpect-
edly, 3T3-L1 adipocytes release AdEV particles basally (no
lipolytic stimulation), although these are largely devoid of
significant protein content. Upon stimulation, the release of

AdEV particles only increased twofold, whereas released
protein content was dramatically increased. It is unclear
what other molecules are contained in these AdEVs, such as
miRNA, organelles, DNA, or lipids. Similar to the work by

Figure 6—DNA damage facilitates FABP4 and AdEV protein secretion from adipocytes in ERCC1�/D mice. A: FABP4 levels were quantified in
20-week-old male and female wild-type (WT) or ERCC1�/D mice serum using an ELISA assay. Equal amounts of serum were used for the ELISA.
B: Levels of serum free fatty acids (FFAs) in 20-week-old male and femaleWT or ERCC1�/D mice were measured and quantified by colorimetric as-
say. Equal volumes of serum were used for the measurements. C: Visceral (EWAT) and subcutaneous adipose tissue (SubQ) were harvest from
16-week-old male WT and ERCC1�/D mice. Whole-cell lysates were harvested, and Western blots were performed to measure p53, actin,
and gH2AX in 16-week-old male WT and ERCC1�/D mice. D: EWAT and SubQ were harvested from 16-week-old male WT and ERCC1�/D

mice. The RNA was purified and expression of p53 transcriptional targets was measured by qRT-PCR. All results represent the mean ± SEM.
*P< 0.05, **P< 0.01.
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Flaherty et al. (9), who characterized triglyceride-containing
AdEVs from adipose tissue and their uptake by resident
macrophages, vesicles isolated from lipolytically stimulated
3T3-L1 or murine adipose tissue cannot be collected via ul-
tracentrifugation. In contrast to our work, secretion of
AdEVs from Lep ob/ob mice did not require ATGL, and the

particles are generally smaller in diameter than those se-
creted from 3T3-L1 or OP9 adipocytes (9). Further work
will be necessary to assess the different metabolic and pro-
cedural conditions affecting AdEV secretion and properties.

Previous work by Durcin et al. (8) identified that, basally,
3T3-L1 adipocytes secrete two size classes of extracellular

Figure 7—mTOR is inhibited by p53 and further inhibits FABP4 and AdEV protein secretion from adipocytes. A: Differentiated 3T3-L1 adi-
pocytes were treated with DMSO or 10 mmol/L nutlin for 48 h. Western blot analyses were used to measure intracellular phospho-S6 (Ser
240/244), phospho-S6 (Ser 235/236), S6, and actin levels. B: Differentiated 3T3-L1 adipocytes were treated with DMSO or 10 mmol/L
DOXO for 24 h. Western blot analyses were used to measure intracellular Ser 240/244, Ser 235/236, S6, and actin levels. C: Differentiated
3T3-L1 adipocytes were treated with torin and rapamycin for 24 h. Western blot analyses were used to measure intracellular protein Ser
240/244, Ser 235/236, S6, NAMPT, FABP4, and actin levels, as well as secreted protein levels (NAMPT, FABP4, CD63, and TSG101) in
the cell culture medium. For the intracellular lysate, whole-cell lysates were harvested for each condition and equal amounts of intracellular
protein were loaded to Western blots. For the secretion analyses, equal volumes of cell culture medium were loaded onto Western blots.
For the AdEV markers CD63 and TSG101, AdEVs were pelleted from equal volumes of cell culture medium by using Total AdEV isolation
reagent. The pellets were lysed and resuspended in equal volumes of RIPA buffer before loading onto Western blots. D: Differentiated
3T3-L1 adipocytes were treated with torin and rapamycin for 24 h. AdEVs were pelleted, purified from an equal volume of cell culture me-
dium from different treatments, and resuspended in 1 mL PBS for future analyses. AdEV size and amounts were measured by Nanosight
analyses. All results represent the mean ± SEM. *P< 0.05, **P< 0.01. EV, extracellular vesicle.
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vesicles that have similar protein composition but vary
markedly in their phospholipid and cholesterol content.
Even though the data reported by Durcin et al. (8) relied on
centrifugation preparations and longer collection times, we
identified many of the same proteins in our lipolytic de-
pendent secretion samples (Supplementary Table 1). Re-
cent published data have shown that adipocytes and other
cell types release whole mitochondria (11,12). Some of
these are composed of oxidized mitochondria that, after re-
lease, become degraded by macrophages (11). In brown adi-
pocytes, uptake and metabolism of AdEVs is necessary to
allow efficient thermogenesis (41). An alternative rationale
for mitochondria release has been proposed that suggests
secreted mitochondria support the survival of metabolically
compromised cells (11) and that adipocytes secrete func-
tional mitochondria as a mechanism for cellular homeosta-
sis. Figure 1G shows that the adipocyte lipolytic secretome
contains many proteins annotated as mitochondrial. It is
not clear if this represents active or inactive mitochondrial
content or secretion of mitochondrial proteins devoid of
membranes.

Importantly, the work reported herein focuses on the
role of p53 in hormone-stimulated protein or AdEV secre-
tion. Our studies provide a more detailed molecular mecha-
nism of how DNA damage or nutrient deprivation (lipolysis)
promotes AdEV and protein secretion, including increased
p53 DNA–binding activity that leads to increased adipocyte
AdEV and protein secretion. Consistent with this, Wang
et al. (23) reported that p53 expression and activity can be
markedly upregulated by nutrient starvation but was un-
linked to cell senescence, apoptosis, or any death-related
p53 canonical pathway. Najt et al. (22) have shown that lipo-
lytically released fatty acids, specifically monounsaturated
fatty acids, allosterically activate SIRT1, leading to down-
stream protein deacetylation. Consistent with this model,
Huang et al. (24) showed that inmacrophages, monounsatu-
rated fatty acids decreased p53 acetylation, DNA binding,
and transcriptional activity. Paradoxically, the activation of
lipolysis in adipocytes is associated with increased expres-
sion of p53 target genes (namely, BAX, BCL2, p16, and p21)
implying other mechanisms linked to triglyceride hydrolysis
may activate p53. Our studies suggest that nutrient stress is
an activating signal for p53 in adipocytes and that this pro-
cess may be independent of p53 phosphorylation at Ser15
(Fig. 2C). There may be other unappreciated phosphoryla-
tions and modifications of p53 that influence DNA binding
activity as well.

Activation of p53 by lipolytic agents or pharmacologi-
cally with nutlin increased AdEV and protein secretion.
Consistent with this, inhibition of p53 via silencing or ge-
netic loss resulted in attenuated secretion (Fig. 2E and 2F).
Interestingly, although FABP4 is largely secreted by fat
cells, the total number of circulating extracellular vesicles
was decreased in serum from whole-body p53-null mice,
implying that either adipocytes are a major secretory sys-
tem for circulating vesicles or p53 plays a fundamental role

in vesicular secretion in other cells as well. Consistent with
this, oncogenic p53mutations upregulate the tumor secretome
in a number of systems, leading to p53-dependent delivery
of miRNAs and other signaling molecules within the tumor
microenvironment.

p53 Activation after DNA damage similarly increased
AdEV and protein secretion. This was revealed using either
chemical (DOXO) or genetic (ERCC1�/D) potentiation. In
cultured OP9 adipocytes, activation of AdEV secretion by
DOXO was attenuated by the p53 inhibitor PFT. In 3T3-L1
adipocytes, DOXO activated p53-dependent gene expres-
sion and increased protein and AdEV particle secretion. Us-
ing the ERCC1 haploinsufficient mouse system, activation
of p53 (42) resulted in increased circulating FABP4. Inter-
estingly, ERCC1�/D mice have markedly reduced body fat
and have reduced lipolysis and circulating fatty acids, yet
increased protein secretion, suggesting that even though li-
polysis is diminished in this system, the activation of p53
by DNA damage potentiates secretion.

Interestingly, both lipolysis and DNA damage lead to acti-
vation of p53. We have shown that a lipolytic stimulus does
not lead to increased DNA damage as monitored by gH2AX
foci. Moreover, fasting does not cause DNA damage; it in-
creases DNA repair (43). It should be noted that although
acute lipolysis does not cause DNA damage, chronic DNA
damage can increase lipolysis. As such, the acute regulatory
events studied here suggest that the activation of p53 from
lipolysis and DNA damage are independent.

Prior work by Josephrajan et al. (16) revealed that
FABP4 secretion required components of the ULK1 au-
tophagy complex, including ULK1, FIP200, and Beclin1/
ATG6. The ULK1 complex is negatively regulated by
mTORC1 such that during nutrient availability, mTORC1-
dependent phosphorylation restricts autophagic flux. As
shown in Fig. 7, inhibition of mTORC1 using rapamycin
or torin similarly potentiated protein and AdEV secretion
in both 3T3-L1 and OP9 adipocytes. This implies that not
only does nutrient starvation increase AdEV secretion but
nutrient abundance and insulin attenuate AdEV secretion,
making adipocyte secretion a highly dynamic process.

TP53-derived cancers are correlated with adipocyte lipol-
ysis. Kang et al. (44) generated a p53 R178C knock-in
mouse modeling the human TP53 R181C mutation charac-
terized by Li-Fraumeni syndrome. This mouse has a lean
phenotype and increased adipocyte lipolysis. In general, p53
promotes fatty acid oxidation and plays a significant role in
the expression of genes linked to mitochondrial lipid
metabolism, including Lipin1, peroxisomal carnitine
O-octanoyltransferase, carnitine palmitoyltransferase,
acyl-CoA dehydrogenase, and malonyl-CoA decarboxylase
(reviewed by Laubach et al. (45)). Several cancers (e.g., ovar-
ian cancer, pancreatic cancer) use fatty acids as major fuels;
therefore, it is likely that during oncogenic lipolysis, not
only are fatty acids released by adipocytes but also protein
and extracellular vesicles. TP53 gain-of-function mutations
that diminish interaction with MDM2 and result in
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increased p53 levels may potentiate AdEV secretion, whereas
loss-of-function mutations in p53 would be anticipated to
attenuate AdEV secretion. Future work will test this
hypothesis.
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