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A Mammalian Target of Rapamycin-
Perilipin 3 (mTORC1-Plin3) Pathway 
is essential to Activate Lipophagy and 
Protects Against Hepatosteatosis
Marina Garcia-Macia ,1-4 Adrián Santos-Ledo,5 Jack Leslie,1 Hannah L. Paish,1 Amy L. Collins,1 Rebecca S. Scott,1,6 
Abigail Watson,6 Rachel A. Burgoyne,1 Steve White,7 Jeremy French,7 John Hammond,7 Lee A. Borthwick,1 Jelena Mann,1 
Juan P. Bolaños,2-4 Viktor I. Korolchuk,8 Fiona Oakley,1 and Derek A. Mann1

BACKGROUND AND AIMS: NAFLD is the most com-
mon hepatic pathology in western countries and no treatment 
is currently available. NAFLD is characterized by the aberrant 
hepatocellular accumulation of fatty acids in the form of lipid 
droplets (LDs). Recently, it was shown that liver LD deg-
radation occurs through a process termed lipophagy, a form 
of autophagy. However, the molecular mechanisms govern-
ing liver lipophagy are elusive. Here, we aimed to ascertain 
the key molecular players that regulate hepatic lipophagy and 
their importance in NAFLD.

APPROACH AND RESULTS: We analyzed the formation 
and degradation of LD in vitro (fibroblasts and primary mouse 
hepatocytes), in vivo and ex vivo (mouse and human liver slices) 
and focused on the role of the autophagy master regulator mam-
malian target of rapamycin complex (mTORC) 1 and the LD 
coating protein perilipin (Plin) 3 in these processes. We show 
that the autophagy machinery is recruited to the LD on he-
patic overload of oleic acid in all experimental settings. This led 
to activation of lipophagy, a process that was abolished by Plin3 
knockdown using RNA interference. Furthermore, Plin3 directly 
interacted with the autophagy proteins focal adhesion interaction 
protein 200 KDa and autophagy-related 16L, suggesting that 

Plin3 functions as a docking protein or is involved in autophago-
some formation to activate lipophagy. Finally, we show that 
mTORC1 phosphorylated Plin3 to promote LD degradation.

CONCLUSIONS: These results reveal that mTORC1 reg-
ulates liver lipophagy through a mechanism dependent on 
Plin3 phosphorylation. We propose that stimulating this path-
way can enhance lipophagy in hepatocytes to help protect the 
liver from lipid-mediated toxicity, thus offering a therapeutic 
strategy in NAFLD. (Hepatology 2021;74:3441-3459).

Caloric excess and sedentary lifestyle have 
led to a global epidemic of obesity and 
metabolic syndrome, and in association 

with these conditions up to one third of the pop-
ulation develop NAFLD.(1) NAFLD is the most 
frequent liver pathology in western countries(1) 
and in some individuals may progress to advanced 
severe fibrosis, cirrhosis, and cancer.(1) At present 
there are no clinically effective pharmacological 
treatments to prevent or ameliorate NAFLD or 
its progression to chronic liver disease.

Abbreviations: AAV, adeno-associated virus; Abca1, ATP-binding cassette transporter A1; ATG, autophagy-related; CMA, chaperon-mediated 
autophagy; Fip200, focal adhesion interaction protein 200 KDa; GTPase, guanosine triphosphatase; HFD, high-fat diet; iNOS, inducible nitric 
oxide synthase; Lamp, lysosomal-associated membrane protein; LC3, microtubule-associated protein 1A/1B-light chain 3; LD, lipid droplet; NLR, 
nucleotide-binding domain leucine-rich repeat; mTOR, mammalian target of rapamycin; mTORC, mammalian target of rapamycin complex; NIH-
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NAFLD is characteristically associated with the 
accumulation of intracellular lipid droplets (LDs) 
within hepatocytes which if unchecked results in lipo-
toxicity and liver damage.(2) LDs are dynamic met-
abolic stations,(3) formed by a core of neutral lipids 
surrounded by a phospholipid membrane and proteins 
which includes members of the lipid sequestering per-
ilipin (Plin) family. Plins coat LDs and help to con-
trol their biogenesis, stabilization, and prevent their 
degradation.(4) Plin2 and Plin3 are both expressed 
in hepatocytes,(4) which gives them the potential to 
influence hepatic lipid metabolism and NAFLD.(3)

LD catabolism can be initiated downstream of two 
distinct stimuli: nutrient deprivation and acute LD 
overload. Both scenarios have in common an increase 
in autophagy activity.(5,6) Autophagy is the cellular 
clearing and recycling program that degrades unwanted 
cytoplasmic content within lysosomes.(6,7) To date, two 
mechanisms for LD degradation through autophagy 
have been described. One involves chaperone-mediated 

autophagy (CMA) where the LD perilipin Plin2 and 
probably also Plin3 binds to the lysosome protein 
lysosomal-associated membrane protein (Lamp) 2a and 
mediates LD uncoating before autophagosome engulf-
ment.(3,8) The other involves macroautophagy (hereafter 
autophagy) where LDs are engulfed in the cytoplasm 
and delivered to the lysosome through autophagosome–
lysosome fusion. This latter type of autophagy is called 
lipophagy.(6) Selective autophagic degradation of cel-
lular organelles is mediated by specific receptor pro-
teins.(9) However, to our knowledge, specific receptors 
for lipophagy remain unknown. From the LD-resident 
proteins, small guanosine triphosphatases (GTPases) of 
the Ras-associated binding protein family may poten-
tially assist with the recruitment of the autophagic 
machinery to the LD,(10) but Plins are the only proteins 
specific to LDs.(3) Efficient lipophagy requires phos-
phorylation and subsequent degradation of Plin2 and 
Plin3.(8) Interestingly, Plin3 is found in CMA-deficient 
lysosomes in the fed state which indicates a distinct 
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degradation pathway and function for Plin3 compared 
with Plin2 which is only found in CMA-proficient 
lysosomes.(3)

The key cellular sensor of nutrients is the mamma-
lian target of rapamycin (mTOR).(11) mTOR is the cat-
alytic subunit of two distinct complexes, called mTOR 
complex (mTORC) 1 and mTORC2. These two com-
plexes have unique protein components and respond 
to different cellular signaling events with distinct out-
comes.(11) In nutrient replete conditions mTORC1 
promotes cellular anabolism whilst suppressing auto-
phagy. mTORC1 also promotes formation of LDs.(12) 
Interestingly, simultaneously with mTOR activation, 
high levels of nutrients including lipids serve to acti-
vate lipophagy and to prevent hepatic lipotoxicity.(6) 
The exact mechanisms behind these seemingly contra-
dictory observations remain unresolved. To address this 
latter issue, we have emulated acute lipid overload with 
oleic acid (OA) treatment and high-fat diet (HFD 
feeding) in different experimental models (in vitro, ex 
vivo, and in vivo) and analyzed mechanisms allowing 
for simultaneous activation of mTOR and lipophagy.

Here, we identify phosphorylated Plin3 as a protein 
required for lipophagy after acute lipid overload, and 
mTOR as the kinase responsible for this phosphory-
lation. Our findings provide an important insight into 
the mechanisms of energy utilization in the liver and 
identify potential targets for the selective degradation 
of LDs which may lead to future therapeutic inter-
ventions in NAFLD.

Materials and Methods
MICE

Mice were housed in pathogen-free conditions and 
kept under standard conditions with a 12-hour day/
night cycle and access to food and water ad libitum.

Male C57BL/6 mice were used for hepato-
cyte isolation (n  =  5) and precision-cut liver slices 
(PCLS), generated from Plin3 knockdown mouse 
livers (n = 3 per experimental condition). Adenoviral 
mediated shRNA delivery was used to target the 
epithelial cells of the liver. C57BL/6 mice received 
a single intravenous tail vein injection of 1  ×  1011 
genome copies of adeno-associated virus (AAV) 
8-GFP-U6-m-M6PRBP1-shRNA to knockdown 
Plin3 levels. Control mice received an equal dose of 

AAV8-GFP-U6-m-null-shRNA. Animal experi-
ments were approved by the Newcastle Ethical Review 
Committee and performed under a UK Home Office 
license in accordance with the Animal Research: 
Reporting of In Vivo Experiments guidelines.

In vivo experiments: male C57BL/6 mice (n = 5 
per experimental condition) were fed with regular 
chow (Teklad global, Envigo, Indianapolis, IN) or 
HFD (D12451, Brogaarden Korn & Foderstoff, 
Denmark) for 4  weeks. Mice were subjected to an 
overnight starvation before harvesting. Animal pro-
cedures we performed according to the European 
Union Directive 86/609/EEC and Recommendation 
2007/526/EC, regarding the protection of animals 
used for experimental and other scientific purposes, 
enforced in Spanish legislation under the direc-
tive RD1201/2005. All protocols were approved 
by the Bioethics Committee of the University of 
Salamanca.

ISOLATION OF LD FRACTIONS
For the isolation of LDs from cultured cells, a 

modified method of Brasaemle(13) was used. Cells 
were homogenized in LD buffer (2 0mM Tris/Cl 
at pH 7.4 and 1mM EDTA with phosphatase and 
protease inhibitors) and centrifuged at 1,000× g for 
10  minutes at 4°C. Supernatants were mixed with 
OptiPrep to obtain a suspension of 30%, which was 
placed in ultracentrifugation tubes (SW40 tubes; 
Beckman Coulter GmbH, Germany). This bottom 
layer was overlaid with 20% and 10% OptiPrep mix-
tures in LD buffer and finally with LD buffer sup-
plemented with phosphatase and protease inhibitors. 
The gradients were centrifuged for 3 hours at 4°C and 
40,000 rpm (SW40TI rotor). LD layers on top of the 
gradient were collected. This fraction was delipidated 
using methanol washes and solubilized in 2% SDS for 
immunoblotting.

LD fraction from mouse liver was isolated as 
described.(6) Glyceraldehyde 3-phosphate dehydroge-
nase was used to exclude cytosolic contamination and 
ponceau was used as a loading control.(14)

HUMAN LIVER TISSUE
Normal control human liver tissue was collected 

from patients undergoing surgical resections and 
obtained under full ethical approval (H10/H0906/41 
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and CEPA biobank 17/NE/0070) and used subject 
to patients’ written consent. No donor organs were 
obtain for executed prisoners or other institutional-
ized persons.

PRECISION CUT SLICES
Mouse and human liver tissue slices were processed 

and maintained as described.(15)

DRUG TREATMENTS
Cells were treated for 6 hours with 0.25 mM OA 

to induce the formation of LDs.(14)

To measure the effect of mTORC1 inhibition 
on lipophagy, cells were pretreated with rapamy-
cin (20  μM) before OA treatment for 1  hour. HFD 
fed mice were injected with rapamycin (4 mg/kg) IP 
before overnight starvation, some mice receive lyso-
somal inhibitors 2 hours before harvest.

To test mitochondrial use of lipids, cells were pre-
treated for 12 hours with Etomoxir (carnitine palmi-
toyltransferase 1a inhibitor, 100 μM).

AUTOPHAGIC MEASUREMENTS
We measured autophagy flux to quantify autoph-

agy activity as described.(14) Briefly, accumulation of 
autophagy substrates, microtubule-associated pro-
tein 1A/1B-light chain 3 (LC3)-II or p62, or other 
substrates, e.g., Plin3, in the presence of inhibitors of 
lysosomal proteolysis (ammonium chloride [20 mM] 
and leupeptin [100 μM]) reflects autophagy activity. 
Cells were cultured with or without lysosomal inhibi-
tors for 2 hours (4 hours after OA treatment) follow-
ing which, cells were collected, lysed and subjected to 
immunoblotting for LC3-II or p62. Autophagy flux 
was calculated by subtracting the densitometric value 
of inhibitor-untreated LC3-II or p62 from the corre-
sponding inhibitor-treated values.

BIOENERGETICS
Oxygen consumption rates of National Institutes 

of Health Swiss mouse embryo fibroblast (NIH-3T3) 
cells and hepatocytes were measured in real-time 
in an XF96 Extracellular Flux Analyzer (Seahorse 
Bioscience, Billerica, MA). Details are described in 
the Supporting Information.

STATISTICAL ANALYSIS
Data are represented as mean  ±  SEM and are 

from a minimum of three independent experiments 
unless otherwise stated. Graphpad prism was used 
to perform ANOVA with a Tukey’s post hoc test. 
*P < 0.05, **P < 0.01, or ***P < 0.001 and #P < 0.05, 
##P  < 0.01, and ###P  < 0.001 was considered statisti-
cally significant.

Results
OA TREATMENT INDUCES 
LIPOPHAGY AND SELECTIVE 
DEGRADATION OF PLIN3

Cells treated with fatty acids emulate the lipid over-
load characteristic of the postprandial state and can be 
used to simulate disease conditions synonymous with 
those found in NAFLD.(16,17) OA treatment was cho-
sen as it induces LD formation.(18,19) Autophagy is also 
triggered following OA treatment,(5) as OA increased 
LC3 flux (Supporting Fig. S1A). First, we asked if OA-
triggered autophagy promoted selective degradation 
of LDs. NIH-3T3 fibroblasts or primary hepatocytes 
were cultured with OA and treated with or without 
lysosomal inhibitors before determination of autophagy 
flux. Autophagic flux (the dynamic process of autoph-
agy) is monitored by western blot analysis of compo-
nents of the autophagic machinery in the presence and 
absence of lysosomal degradation inhibitors. The differ-
ence in the levels of autophagy proteins LC3-II or p62 
between the two conditions is directly proportionate to 
the flux through the autophagy pathway.(20) Western 
blot and immunofluorescence colocalization were there-
fore used as complementary approaches to analyze auto-
phagic events in LDs (or “lipophagy” Fig. 1A). Proteins 
involved in autophagy initiation (focal adhesion inter-
action protein 200 KDa [Fip200], autophagy-related 
[Atg] 16L, and Beclin1) were detected in LDs after 
OA treatment and were increased after blocking lyso-
somal fusion (Fig. 1B). LC3-II and Lamp1 accumu-
lated in LDs further indicating induction of lipophagy 
in response to OA (Fig. 1B). Plin3 was barely detectable 
in LDs but became abundant after lysosomal inhibition, 
this suggesting Plin3 is a preferential target for lyso-
somal degradation when compared with Plin2 which 
was readily detected in LDs in both the presence and 
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FIG. 1. OA treatment induces lipophagy and selective degradation of Plin3. (A) Depiction of the methodological approach: 0.25 mM OA 
treatment induces LD formation in primary hepatocytes and NIH-3T3 cells. Lipophagy is analyzed by immunofluorescence and western 
blotting in homogenates and isolated LDs. (B) Autophagy pathway proteins and Plins expression in total homogenates and LD isolations 
from NIH-3T3 cells after 6 hours of OA treatment with or without lysosomal inhibitors (Lys inh: 20 mM ammonium chloride and 100 μM 
leupeptin) to test autophagy flux. (C) Total homogenates and LDs from NIH-3T3 cells were subjected to Phos-tag gel electrophoresis and 
immunoblotted for Plin3. Black arrowhead: P-Plin3; white arrowhead: Plin3. (D) LC3 and Lamp1 (magenta) recruitment to LDs (green) 
in the OA-treated primary hepatocytes (quantified in the histograms). (E) Plin3 (magenta) recruitment to LDs (green) (quantified in the 
histogram). (F) Plin3 recruitment to LDs in OA-treated NIH-3T3 cells and after blocking autophagy using Atg7 knockdown. Scale bar: 
20 μm. Data are mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (differences caused by lysosomal inhibitors treatment), ##P < 0.01 and 
###P < 0.001 (differences caused by treatment). Fifty cells were analyzed from three experiments for each condition.
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absence of lysosomal inhibitors (Fig. 1B and Supporting 
Fig. S1B). Plin3 degradation depends on its phosphory-
lation status, this enabling the autophagic machinery to 
access LDs.(3) Lysosome inhibition was associated with 

an increase in the phosphorylated form of Plin3 (upper 
band) in LDs (Fig. 1C).

We next co-stained hepatocytes with LC3 and 
Lamp1 antibodies (Fig. 1D) together with 4,4-difl
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uoro-4-bora-3a,4a-diaza-s-indacene (BODIPY), a 
dye for neutral lipids in LDs. Colocalization of LC3 
and Lamp1 with LDs was increased in OA-treated 
hepatocytes (Fig. 1D; P < 0.01) and a further modest 
increase was seen on exposure to lysosomal inhibitors 
(Fig. 1D; P < 0.001). A similar pattern was observed 
for Plin3 colocalization with LDs (Fig. 1E; P < 0.01) 
and lysosomal marker Lamp1(Supporting Fig. S1C; 
P  <  0.001). Knockdown of an essential autophagy 
protein Atg7 (Supporting Fig. S1D) also enhanced 
Plin3 accumulation at the LD surface of OA-treated 
NIH-3T3 cells (Fig. 1F; P  <  0.001) supporting the 
concept of Plin3 as a selective cargo for OA-induced 
lipophagy. Based on these data, we conclude that lipid 
overload induces lipophagy and the selective degrada-
tion of Plin3.

PLIN3 MAY PROMOTE 
RECRUITMENT OF AUTOPHAGY 
MACHINERY TO LDS

Targeted knockdown of Plin3 had no effect 
on expression of the autophagy core machinery 
(Supporting Fig. S2A). However, autophagic flux of 
LD-associated LC3-II and Lamp1 was disrupted in 
Plin3 silenced NIH-3T3 cells (Fig. 2A). Treatment 
of cells with OA and lysosomal inhibitors increased 
the colocalization of LC3 and Lamp1 with the LDs 
(Supporting Fig. S2B). Recruitment of these proteins 
to LDs was strongly suppressed in Plin3 silenced cells 
(Supporting Fig. 2B; P < 0.01). Triglycerides increased 
after OA treatment but to a greater extent in Plin3 
knockdown cells compared with controls. However, 
when control cells were treated with lysosomal inhib-
itors, triglycerides were elevated to levels comparable 
with those of Plin3 knockdown cells (Supporting 

Fig.  S2C; P  <  0.01). Hence, Plin3 is required for 
lipophagy and the control of triglyceride turnover in 
response to lipid loading.

To further confirm Plin3 as a component of the 
LD autophagy machinery, we probed for Fip200 and 
Atg16L in the immunoprecipitated endogenous Plin3 
fractions. The association of these proteins with Plin3 
increased following OA treatment (Supporting Fig. 
S2D), this being suggestive of Plin3 physically asso-
ciating with the autophagy machinery in response to 
lipid loading. Treatment with the mTOR inhibitor 
rapamycin suppressed these interactions. These data 
were confirmed in vivo using liver homogenates from 
mice fed regular chow or HFD. Immunoprecipitation 
experiments showed that Plin3 interacts with mTOR 
as well as Fip200 and Atg16L (Supporting Fig. S2E). 
Immunofluorescence analysis of mTOR and Plin3 
revealed that these proteins also colocalize in a man-
ner that is accentuated by treatment with OA and 
lysosomal inhibitors (Supporting Fig. S3A). Fip200 
is recruited to the sites of autophagosome biogenesis, 
preceding and facilitating the recruitment of other Atg 
proteins such as Beclin1.(21) We were thus interested 
to determine if Plin3 influences these interactions. To 
this end, endogenous Fip200 pulldowns were examined 
using cells cultured with or without OA treatment and 
Plin3 silencing. The interaction of Fip200 and Beclin1 
was increased after OA treatment; however, the inter-
action was suppressed in Plin3 silenced NIH-3T3 cells 
(Fig. 2B). Recruitment of the lipases ATGL and HSL 
to LDs were similar between control and Plin3 silenced 
cells confirming that the classical lipolysis pathways 
remained intact (Supporting Fig. S3B,C). These results 
indicate a crucial role for Plin3 either in the recruit-
ment of autophagic machinery to LDs or in the forma-
tion of the autophagosome in the LD.

FIG. 2. Plin3 docks autophagy machinery to LDs. (A) Autophagy pathway proteins and Plin3 expression in total homogenates and LD 
isolations from NIH-3T3 cells silenced with Plin3 small interfering RNA (siRNA) or Scramble (control [Ctrl]) siRNA after 6 hours 
of 0.25 mM OA treatment with or without lysosomal inhibitors (Lys inh: 20 mM ammonium chloride and 100 μM leupeptin) to test 
autophagy/lipophagy flux. (B) Immunoprecipitation of Fip200 in NIH-3T3 cells without and with OA treatment and Plin3 silenced 
cells treated with OA showing binding between Fip200 and Beclin1. (C) Depiction of the methodological approach: liver slices from 
AAV8-shCtrl or AAV8-shPlin3 mice are treated with or without 0.25 mM OA for 24 hours, then slices were treated with or without 
Lys inh (20 mM ammonium chloride and 100 μM leupeptin) for 2 hours. (D) Triglyceride levels, expressed in nanomoles/micrograms 
of protein, in the Plin3 knockdown and control liver slices treated without or with 0.25 mM OA and treated without or with lysosomal 
inhibitors. (E) Recruitment of LC3 or Lamp1 (magenta) to LDs (green) in the Plin3 knockdown and control liver slices treated without 
or with OA (quantified in the histograms). (F) Levels of Abca1 and inflammatory proteins in total homogenates from Plin3 knockdown 
and control liver slices treated without or with OA (densitometry in the histograms). Scale bar: 50 μm. Bars are mean ± SEM. *P < 0.05 
and ***P < 0.001 (differences caused by lysosomal inhibitors treatment), #P < 0.05, ##P < 0.01, and ###P < 0.001 (differences caused by 
treatment). Fifty cells were analyzed from three experiments for each condition.
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We next asked if Plin3 is involved in control of 
the inflammatory response to lipid challenge. To 
this end, PCLS were generated from mice in which 
hepatocyte-selective depletion of Plin3 was achieved 
using an AAV8-shPlin3 (Fig. 2C). Successful knock-
down of Plin3 was confirmed by immunofluores-
cence and western blotting (Supporting Fig. S3D). 
OA increased triglycerides levels in PCLS but to a 
greater extent when Plin3 expression was suppressed 
(Fig. 2D; P  <  0.05). Lysosomal inhibition of OA-
treated control-AAV PCLS enhanced triglycerides 
to levels seen in Plin3 deficient PCLS treated with 
OA (Fig. 2D). Hence, suppressing Plin3 or blocking 
autophagy has a similar impact on lipid turnover sup-
porting a role for Plin3 as a lipophagy regulator. As 
anticipated, LC3 or Lamp1 (magenta) recruitment to 
LD (green) was increased in control PCLS exposed 
to OA, but not in Plin3 knockdown PCLS (Fig. 2E; 
P  <  0.001). Loss of Plin3 had no effect on expres-
sion of the hepatic macroautophagy core machinery 
or tissue function (Supporting Fig. S3E,F). The ATP-
binding cassette transporter A1 (Abca1) mediates the 
rate-limiting step of HDL biogenesis and suppresses 
inflammation.(22) Abca1 expression was induced in 
OA-treated PCLS in a Plin3-dependent manner (Fig. 
2F; P < 0.05). This indicates defective lipid handling 
in Plin3 deficient hepatocytes, which in turn may pro-
mote inflammation. Phospho-p65 (p-p65), a marker 
of active NF-κB signaling, increased in OA-treated 
PCLS generated from Plin3 knockdown mice when 
compared with controls (Fig. 2F; P < 0.05). Elevated 
expression of p-p65 was accompanied by increases in 
the proinflammatory mediators inducible nitric oxide 
synthase (iNos), nucleotide-binding domain leucine-
rich repeat, nucleotide-binding domain and leucine-
rich repeat containing family pyrin domain containing 
3 (Nlrp3), and IL-1β (Fig. 2F; P < 0.01). We conclude 
that hepatocellular Plin3 is required to maintain lipid 
processing and liver homeostasis in the fed state.

MTORC1 ASSOCIATES WITH LDS
Overfeeding and lipid overload activate mTORC1, 

as confirmed by phosphorylation of S6 (Supporting Fig. 
S4A).(23) Total and phosphorylated mTOR (Ser2448) 
were increased in LDs on blockade of lysosomal activ-
ity (Fig. 3A). Regulatory-associated protein of mTOR 
subunit of mTORC1 slightly increased in LDs after 
treatment with lysosomal inhibitors, whereas mTORC2 

component Rictor was unchanged (Fig. 3A). Similarly, 
Ras homolog enriched in brain (Rheb), the master 
activator of mTORC1 was increased in LDs of lyso-
somal inhibitor-treated cells (Fig. 3A). Activation of 
mTORC1 requires its recruitment to the surface of the 
lysosome mediated by recombination activating gene 
(Rag) GTPases, Rag A/B or Rag C/D.(24) These pro-
teins were also found in LD fractions, thus accounting 
for all the key components of mTORC1 complex, more-
over RagA and RagB accumulated in LDs on block-
ade of lysosomal function, this suggesting they may be 
degraded during lipophagy (Fig. 3A). Of note, tuberous 
sclerosis (TSC) 1, an mTOR inhibitor, was absent in 
LDs. These data support the presence of the machinery 
required for mTORC1 activation in LDs and reveals an 
unexpected subcellular localization for mTORC1.

In agreement with western blot data, mTOR colo-
calization with LDs in hepatocytes after OA treat-
ment was further increased after blocking lysosomal 
function (Fig. 3B; P < 0.001). mTOR was also accu-
mulated in LDs of OA-treated NIH-3T3 cells follow-
ing Atg7 knockdown and at a level equivalent to that 
observed on the treatment with lysosomal inhibitors 
(Fig. 3C; P < 0.05). Together these data indicate that 
mTORC1 is present on LDs, potentially anchored 
to their surface by Rag GTPases. Active, phosphory-
lated mTOR is present on LDs consistently with the 
presence of its master activator Rheb. Interestingly, 
components of mTORC1 in LDs appear to undergo 
lysosomal degradation mediated by autophagy.

ROLE OF PLIN3 IN LIPOPHAGY IS 
CONTROLLED BY MTORC1

We next asked if there is a functional relationship 
between mTORC1 and Plin3 in LDs of OA-treated 
cells by either inhibiting mTOR with rapamycin 
(hepatocytes) or silencing mTORC1(NIH-3T3) 
(Fig. 4A). Suppression of mTOR was confirmed 
by inhibition of phosphorylation of its downstream 
target S6 kinase which in control cells was robustly 
induced by OA (Supporting Fig. S4A,B). p-mTOR 
was barely detectable in LDs after rapamycin treat-
ment (Fig. 4B). Similarly, rapamycin decreased Rheb 
in LDs and suppressed OA-induced LD accumu-
lation of Atg16L, Beclin 1 and Fip200 (Fig. 4B). 
LC3-II and Lamp1 recruitment to LDs was also 
inhibited by rapamycin (Fig. 4B). This disturbance of 
the autophagy machinery in LDs was corroborated 
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by colocalization analyses (Fig. 4C; Supporting Fig. 
S4C). From these data, we would expect overac-
tivation of mTOR to enhance mobilization of the 
autophagic machinery to LDs, this was confirmed 

in NIH-3T3 cells depleted of the mTOR inhibitor 
TSC1 which displayed elevated pS6 and increased 
accumulation of LC3 in LDs (Supporting Fig. S4D). 
Conversely, rapamycin treatment or mTOR silencing 

FIG. 3. mTORC1 machinery is present in LDs. (A) Levels of mTOR pathway proteins: phosphorylated mTOR (p-mTOR), mTOR, 
regulatory-associated protein of mTOR (Raptor), Rheb, RagA, B, and C, Rictor, and Tsc1 in total homogenates and LD isolations from 
NIH-3T3 cells at 6 hours of 0.25 mM OA treatment without and with lysosomal inhibitors (Lys inh: 20 mM ammonium chloride and 
100 μM leupeptin). (B) mTOR (magenta) recruitment to LDs (green) in the OA-treated primary hepatocytes without and with lysosomal 
inhibitors (quantified in the histogram). (C) mTOR recruitment in Atg7 silenced and OA-treated NIH-3T3 cells (quantified in the 
histogram). Scale bar: 20 μm. Bars are mean ± SEM. *P < 0.05 and ***P < 0.001 (differences caused by lysosomal inhibitors treatment), 
#P < 0.05 and ###P < 0.001 (differences caused by treatment). Fifty cells analyzed from three experiments for each condition.
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enhanced Plin3 accumulation on LDs and blocked 
autophagic flux (Fig. 4C; P  <  0.05; Supporting 
Fig. S4C). Rapamycin also stimulated triglyceride 

accumulation (Fig. 4D; P  <  0.001) indicating that 
disruption of mTOR abrogates the autophagic 
lipid flux induced by OA. We then determined 
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involvement of mTORC1 in Plin3-mediated 
recruitment of autophagy machinery to LDs. Both 
Fip200 and Atg16L were co-precipitated with Plin3 
on LDs formed in the liver of mice fed regular chow 
or HFD and these interactions were suppressed in 
rapamycin treated mice (Fig. 4E) and in isolated 
LDs from OA-treated cells (Supporting Fig. S4E). 
Finally, mTORC1 inhibition reduced the levels of 
phosphorylated Plin3 and the flux effect was abol-
ished (Supporting Fig. S4F). We conclude that Plin3 
phosphorylation by mTOR is a key event in docking 
the autophagic machinery to LDs during lipophagy.

INHIBITION OF MTORC1-PLIN3 
AXIS SUPPRESSES FUELING OF 
THE MITOCHONDRIA BY FATTY 
ACIDS

OA-treated primary hepatocytes displayed higher 
mitochondrial and maximal respiration than when 
cultured under basal conditions (Fig. 5A). As antici-
pated, this effect was suppressed by the fatty acid oxi-
dation inhibitor etomoxir. Repression of respiration 
was also observed on treatment with lysosomal inhib-
itors or rapamycin, the later confirming that mTOR is 
required for lipophagy. Similar effects were observed 
in NIH-3T3 cells where we additionally tested the 
effects of knockdown of Plin3 (Fig. 5B). Relative to 
scramble control, Plin3-depleted cells failed to increase 
respiration in response to OA loading. To corroborate 
these findings, we also demonstrated repressive effects 
of lysosomal inhibitors, rapamycin and Plin3 knock-
down on ATP production (Fig. 5C). Of note, cellu-
lar proliferation was not affected by the inhibitors or 
Plin3 knockdown (Supporting Fig. S5). We conclude 
that the mTOR-Plin3 axis is crucial for mobilization 
of fat for energy generation.

RAPAMYCIN TREATMENT INDUCES 
INFLAMMATORY AND FIBROTIC 
FEATURES IN MICE ON HFD

To address the pathological implications of the 
mTORC1-Plin3 axis in vivo, we fed mice with reg-
ular chow or HFD for a month before an overnight 
fasting to induce a lipophagic response. Rapamycin 
was administered immediately before overnight star-
vation in the HFD group to suppress mTOR. Mice 
in each group were also treated either with or with-
out lysosomal inhibitors at 2 hours before harvest 
(Supporting Fig. S6A). Efficacy of rapamycin in 
HFD fed mice was confirmed by a reduction in S6 
phosphorylation and stimulation of autophagic flux 
(Supporting Fig. S6B,C). Consistent with in vitro 
observations, mTOR and the autophagic proteins 
Lamp1, ATG16L, Beclin1, and LC3 II were less 
abundant in LD isolated from the livers of HFD fed 
mice treated with rapamycin, and autophagic flux was 
abolished (Supporting Fig. S6D). Plin3 phosphoryla-
tion in the LD fraction was increased in the livers of 
chow and HFD fed mice after lysosomal inhibition 
but absent in rapamycin treated animals (Supporting 
Fig. S6E). HFD was associated with increased num-
ber and size of hepatic LDs compared with chow 
diet (Fig. 6A; P  <  0.001, and Supporting Fig. S7A). 
Rapamycin treatment further increased LD size 
indicative of impaired lipid metabolism in the absence 
of mTOR activity. Lysosomal lipid flux quantified by 
the accumulation of triglycerides (TGs) on lysosomal 
blockade, is a physiological measure of the autophagic 
degradation of LDs. Regular chow and HFD mice 
showed a significant lipid flux when treated with lyso-
somal inhibitors, indicating active degradation of LDs 
through autophagy (Fig. 6B; P  <  0.001). However, 
rapamycin prevented lipophagy and abrogated the 

FIG. 4. The role of Plin3 on LDs is controlled by mTORC1 activity. (A) Depiction of the methodological approach: 20 μM rapamycin 
was added 1 hour before the induction of LD formation by 0.25 mM OA treatment. Lipophagy is tested as previously described. (B) 
Autophagy and mTORC1 pathway protein levels in total homogenates and LD isolations from NIH-3T3 cell at 6 hours of OA treatment 
with and without 20 μM rapamycin pretreatment. (C) LC3, Lamp1, and Plin3 (magenta) recruitment to LDs (green) in hepatocytes 
treated for 6 hours with OA without and with 20 μM rapamycin pretreatment (quantified in the right column histograms). (D) Triglyceride 
levels in the hepatocytes pretreated or not with 20 μM rapamycin, without or with 0.25 mM OA and treated without or with lysosomal 
inhibitors (Lys inh: 20 mM ammonium chloride and 100 μM leupeptin), results are expressed in nanomoles/micrograms of protein. (E) 
Binding between Plin3 and the autophagy initiator proteins Fip200, Atg16L, and mTOR assessed by the coimmunoprecipitation with 
liver LDs endogenous Plin3 from regular chow, HFD, and rapamycin-treated HFD-fed mice. Scale bar: 20 μm. Bars are mean ± SEM. 
*P < 0.05, **P < 0.01, and ***P < 0.001 (differences caused by lysosomal inhibitors treatment), ##P < 0.01, and ###P < 0.001 (differences 
caused by treatment). Fifty cells analyzed from three experiments for each condition.
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flux leading to an accumulation of TGs (Fig. 6B; 
P  <  0.01). Collectively, these data confirm that the 
mTORC1-Plin3 pathway is preserved in vivo and is 
required for hepatic lipid homeostasis.

Abca1 expression was suppressed in the rapamy-
cin treated mouse livers (Fig. 6C; P < 0.05), indicative 

of defective lipid handling which was reflected by a 
reduction in serum fatty acid levels (Supporting Fig. 
S7B; P  <  0.001). To gain insight into the potential 
pathological implications for the mTORC1-Plin3 axis 
in our model, inflammatory mediators were quanti-
fied. Phospho-p65 (active canonical NF-κB pathway) 

FIG. 5. Lipophagy produces fuel for mitochondria which is inhibited on mTORC1 inactivation. (A) Mitochondrial respiration and 
maximal respiration, expressed by oxygen consumption rate (picomole/minute), in primary hepatocytes under basal condition and after 
6 hours of 0.25 mM OA treatment with and without etomoxir (100 nM), rapamycin pretreatment (20 μM), or lysosomal inhibitors 
(Lys inh: 20 mM ammonium chloride and 100 μM leupeptin). (B) Respiration of control and maximal respiration, expressed by oxygen 
consumption rate (picomole/minute), in small interfering scrambled RNA (siScramble) control or Plin3-silenced NIH-3T3 cells under 
basal condition and after 6 hours of 0.25 mM OA treatment with and without etomoxir (100 nM) or lysosomal inhibitors pretreatment. 
(C) ATP production in hepatocytes in response to OA treatment, with or without etomoxir, lysosomal inhibitors, or rapamycin (left graph) 
or in siScramble control NIH-3T3 or Plin3 silenced NIH-3T3 cell with or without 0.25 mM OA treatment with or without etomoxir 
(100 nM) or lysosomal inhibitors pretreatment. Bars are mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (differences caused by 
lysosomal inhibitors treatment), #P < 0.05, ##P < 0.01, and ###P < 0.001 (differences caused by treatment).
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FIG. 6. Rapamycin treatment induces inflammatory and fibrotic features. (A) LDs size expressed as pixel2 and LD numbers expressed 
as LDs/nucleus in liver slices from regular chow, HFD, and 4 mg/kg rapamycin-treated HFD-fed mice. (B) Liver triglycerides in regular 
chow, HFD, and rapamycin-treated HFD-fed mice expressed by milligrams/deciliters. (C) Levels of Abca1 and (D) inflammatory proteins 
expression in total homogenates from all conditions (quantified in the histograms). (E, F) Expression of the inflammatory genes (TNFα, 
IL-6, IL-1β, and iNos) and fibrogenic genes, TIMP1, alpha smooth muscle actin (αSMA), and type IA1 collagen (Col1A1), expression 
from all conditions. Scale bar: 50 μm. Bars are mean ± SEM. ***P < 0.001 (differences caused by lysosomal inhibitors treatment), #P < 0.05, 
##P < 0.01, and ###P < 0.001 (differences caused by treatment/diet) (n = 5 mice for each treatment).
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increased in the rapamycin treated livers compared 
with the regular chow-fed mice (Fig. 6D,E; P < 0.05). 
NF-κB target genes: iNos, Nlrp3 and IL-1β showed 
the highest expression in the rapamycin treated mice. 
IL-1β increase was only significant for its precursor 
(pro-IL-1β) (Fig. 6D,E; P  <  0.05-0.001). To confirm 
the inflammatory response caused by rapamycin, we 
analyzed other markers such as tumor necrosis factor 
α (TNFα), IL-6, IL-1β and iNos through qRT-PCR. 
Only IL-6 was induced by HFD feeding, but expres-
sion of all inflammatory markers was increased when 
rapamycin was administered in combination with HFD 
(Fig. 6F; P  <  0.05). Persistent inflammation can drive 
fibrogenesis, which in turn promotes the net deposition 
and maturation of fibril-forming collagen-rich extracel-
lular matrix, inducing liver fibrosis,(25) a common patho-
logic process associated with most chronic liver diseases 
including hepatic steatosis. Fibrogenic genes α-smooth 
muscle actin, type IA1 collagen were elevated in HFD 
mice livers (Fig. 6F; P < 0.05), as reported(26) and were 
further induced by rapamycin. Tissue inhibitor of metal-
loproteinase 1 (TIMP1) was not significantly increased 
in HFD mouse tissues but was induced on rapamycin 
treatment (Fig. 6F; P  <  0.01-0.001). Finally, we mea-
sured serum aspartate aminotransferase (AST) levels 
(Supporting Fig. S7C), which were unaffected follow-
ing one month of HFD diet; however, the combination 
of HFD and rapamycin treatment modestly increased 
AST levels (Supporting Fig. S7C; P < 0.05). Therefore, 
both inflammatory and fibrogenic hallmarks increase on 
rapamycin treatment in the context of an HFD which 
underlies the relevance of the Plin3-mTORC1 axis to 
prevent lipid-mediated liver pathology.

MTORC1 INHIBITION IN HUMAN 
LIVER SLICES DRIVES FAT 
ACCUMULATION

Excised human liver tissues were processed to 
generate PCLS cultures in which the role of the 

mTORC1-Plin3 pathway could be determined in 
the context of intact human liver tissue(27) Liver 
slices were exposed to all previously stated treat-
ments (Fig. 7A). Tissue function, as determined by 
albumin production, was not significantly affected by 
addition of OA, rapamycin or lysosomal inhibition 
(Supporting Fig. S8A). The efficacy of rapamycin 
on PCLS was confirmed by a reduction in S6 phos-
phorylation (Supporting Fig. S8B). OA treatment 
increased autophagy activity along with enhanced 
LC3, p62 and PLIN3 flux (Fig. 7B,C; P  <  0.05). 
Whilst the LC3 and p62 flux was increased by 
rapamycin, PLIN3 flux was suppressed, indicative 
of defective lipophagy (Fig. 7B,C; P  <  0.001). The 
volume of LDs was analyzed by the quantification 
of BODIPY and data confirmed that OA treatment 
increased LD volume (Fig. 7D; P < 0.05). Consistent 
with the block of PLIN3 degradation by rapamycin, 
mTORC1 inhibition also stimulated an accumula-
tion of LDs (Fig. 7D; P < 0.001). Furthermore, IL-8 
and TIMP1 proteins were detected in the media of 
PCLS at significantly increased levels after rapamycin 
treatment indicative of a proinflammatory and pro-
fibrogenic state (Supporting Fig. S8C,D; P < 0.001). 
Colocalization of LC3, LAMP1 and of mTOR with 
LDs, as measured by immunofluorescence, increased 
in hepatocytes following OA treatment (Fig. 7E,F; 
P  < 0.001, P  < 0.05, respectively), and this was fur-
ther increased when lysosomal activity was blocked. 
The colocalization of LC3 and LAMP1 with LDs 
was prevented by rapamycin (Fig. 7E,F; P  <  0.05), 
this confirming inhibition of lipophagy. Similarly, 
recruitment of PLIN3 to LDs was enhanced fol-
lowing OA treatment and further increased by lyso-
somal inhibitors (Fig. 7E,F; P < 0.05). Akin to our 
cell culture and in vivo studies, rapamycin treatment 
promoted a strong accumulation of PLIN3 on LDs 
(Fig. 7F; P < 0.001), supporting our hypothesis that 
mTORC1-PLIN3 axis plays a key role in the pro-
cess of lipophagy in human liver.

FIG. 7. Rapamycin treatment in human liver slices drives fat accumulation. (A) Depiction of the methodological approach: human liver 
slices are pretreated with or without 20 μM rapamycin for 1 hour before the 0.25 mM OA treatment, and then slices are treated with or 
without lysosomal inhibitors (Lys inh: 20 mM ammonium chloride and 100 μM leupeptin). (B, C) Levels of autophagy proteins and Plins 
in total homogenates from all the conditions. Black arrow LC3 II expression. Graphs show Net LC3-II, p62 and Plin3 flux. (D) Volume of 
LDs expressed as millimeters cubed (measure from LD staining in green) from all conditions. (E, F) Recruitment of LC3, Lamp1, or mTOR 
(magenta) to LDs (green) in the slices from all conditions (see E, quantified in F). Scale bar: 20 μm. Bars are mean ± SEM. *P < 0.05 and 
***P < 0.001 (differences caused by lysosomal inhibitors treatment), #P < 0.05, ##P < 0.01, and ###P < 0.001 (differences caused by treatment).
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Discussion
Several groups have attempted to modulate 

mTORC1 signaling as a treatment for insulin resis-
tance in obesity. However, mTORC1 inhibitors, such 
as rapamycin, produce adverse side effects including 
hyperlipidaemia and activation of gluconeogenesis 
in the liver.(28) Furthermore, around 55% of patients 
with posttransplant livers treated with rapamycin also 
develop hyperlipidaemia and have an increased risk 
of cardiovascular disease.(29) The reasons for these 
clinical side effects are largely unknown. mTORC1 
is implicated in lipogenesis(30) and in diet-induced 
hepatic steatosis in mice(31); however, its precise con-
tribution to hepatic lipid metabolism remains to be 
fully elucidated. Although rapamycin treatment has 
been shown to reduce lipid hepatic synthesis,(28) it 
also impairs lipid storage and catabolism in adipose 
tissue.(28) Thus, lipid disbalance caused by mTORC1 
inhibition is more likely to be due to defective lipid 
degradation rather than increased synthesis. Our 
experiments aimed to elucidate the molecular mecha-
nism by which mTORC1 is relevant to lipid metabo-
lism and to clarify the different components involved 
in it, using complementary approaches: in vitro, in 
vivo, and ex vivo.

Several studies have shown the connection between 
mTORC1 and peroxisome proliferator-activated 
receptor gamma with respect to stimulation of lipid 
uptake and adipogenesis by fat cells,(32) which may 
explain some of the deleterious effects of mTORC1 
inhibitors. Recently, it has been reported that cold 
exposure activates mTORC1 in brown fat tissue and 
that its inhibition with rapamycin blocks the ther-
mogenic program,(33) these observations suggesting 
an important role for mTORC1 in lipid degradation. 
However, by increasing autophagy activity, rapamycin 
treatment may be playing beneficial role in hepatic 
lipid homeostasis.(34) Our experiments dissect how 
mTORC1 inhibition does not result in increased 
autophagic degradation of LDs. On the contrary, 
rapamycin impairs autophagic degradation of lipids. 
Lipophagy plays an important role in fat utiliza-
tion, oxygen consumption and energy production.(6) 
Suppression of mTORC1 by rapamycin also signifi-
cantly reduced ATP generation through fatty acid oxi-
dation. Therefore, the mTORC1 function identified 
in our study may help to explain clinical observations 
of hyperlipidemia in response to mTORC1 inhibitors.

HFD-induced steatosis is a commonly used in 
vivo model for inducing NAFLD in mice and which 
requires at least 3 months of HFD feeding to develop 
features of the disease.(35) In order to favor LD accu-
mulation before the onset of fatty liver and/or steato-
hepatitis, and to explore the relevance of mTORC1 
for the development of fatty liver disease, we fed our 
mice for one month only. Over this shorter period, 
HFD activated NF-κB which was associated with 
a modest stimulation of IL-6 expression. However, 
HFD in combination with rapamycin treatment 
resulted in several inflammatory effectors being highly 
up-regulated. Decreased Abca1 expression in rapamy-
cin treated animals established a connection between 
lipid handling and inflammation.(36) Unresolved 
inflammation leads to fibrosis(37) and obesity is also 
closely related.(37) Addition of rapamycin was also 
able to increase the expression of TIMP1, which is an 
important profibrogenic molecule that has diagnostic 
value in distinguishing patients with fibrosis when 
they already have NAFLD.(26)

Human PCLS are becoming an indispensable tool 
in liver research and drug development bridging over 
the animal-human translational gap.(15,38) Using this 
approach, we replicated the main conclusions that 
were obtained in monolayer in vitro experiments and 
with in vivo mouse experiments. Noticeably, rapamy-
cin increased lipid accumulation in the PCLS, which 
has been also reported in livers from transplants when 
rapamycin was used as an immunosuppressant.(39) 
Hence, the pharmacological inhibition of mTORC1 
can impact on quality of life of patients who have 
undergone transplant, with a higher risk from NAFLD 
and cardiovascular diseases.(29,39) Further studies will 
be necessary to show the specific contribution of the 
Plin3-mTORC1 axis that we have described here in 
this clinically relevant scenario.

Plin3 is important for LD maturation(40) and has 
been suggested as a biomarker for the early stages 
of NAFLD.(4) We report here that Plin3 is a crucial 
regulator of lipophagy (Fig. 8). Specifically, Plin3 is 
required for the recruitment of protein components 
of the autophagy machinery and for their assembly 
within the LD in response to lipid loading. Protein 
sequence suggests that Plin3 might not contain a 
putative LC3 interacting region (LIR) to mediate 
its direct binding to LC3,(41) but other noncanon-
ical autophagy receptors lacking LIR have recently 
been described. For example, cell-cycle progression 
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gene 1 binds to FIP200 instead of LC3 to promote 
endoplasmic reticulum autophagy in the pancreas.(42) 
Similarly, our Plin3 pulldowns revealed its strong 
association with autophagy initiator proteins. Fip200 
is a crucial player in the initiation of autophagy and, 
together with Atg16L1, may also be involved in later 
stages of autophagosome formation.(43) Interaction 
of FIP200 with Beclin1 was also affected by Plin3 
silencing, further supporting its importance for auto-
phagic degradation of LDs.(44) We also report that 
Plin3 regulates the assembly of autophagic complexes 
on LD, which is dependent on mTORC1. In silico 
analysis supports mTOR as a candidate kinase for 
Plin3 phosphorylation (http://www.phosp​honet.ca/), 
as does our own data showing that treatment with 
rapamycin inhibits Plin3 phosphorylation, although it 
remains to be established whether Plin3 is a direct tar-
get for mTOR kinase. Besides, Plin3 and mTORC1 
are also found interacting on the LD surface. Of 
note, mTOR is hyperactivated during overfeeding.(23) 
Moreover, phosphorylated mTOR is found in LDs, 
together with the key proteins required for mTORC1 

activation. Therefore, the mTORC1 pathway is active 
on LDs and through its regulation of Plin3 phosphor-
ylation defines a cellular function for mTORC1 in 
lipid metabolism and energy production.

In summary, the functional link we have estab-
lished between Plin3 and mTOR in lipophagy (Fig. 
8) and its inhibition by rapamycin reveals a mecha-
nism through which the mTOR axis regulates LD 
metabolism to suppress the inflammatory and fibro-
genic features of NASH. Our demonstration that the 
mTORC1-Plin3 pathway is active in human PCLS 
and is required for lipophagy offers an exciting ex vivo 
model to further interrogate the role of mTORC1-
Plin3 in hepatosteatosis and to determine its potential 
as a target for the prevention of NAFLD and other 
lipid-related pathologies.
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FIG. 8. Proposed model where phosphorylated Plin3 acts as a docking protein for lipophagy machinery. OA treatment activates mTORC1 
activity to either directly or indirectly phosphorylate Plin3 at LDs. Phosphorylated Plin3 binds the autophagosome formation machinery 
(FIP200 and ATG16L) to induce lipophagy. The autophagic machinery mobilizes LDs to lysosomes, which generate fatty acids used for 
energy production by the mitochondria.
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