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Background: Palmitic acid is a saturated fatty acid known to cause lipotoxicity in cells.

Results: Palmitic acid induces autophagy, which is independent of mTOR regulation.

Conclusion: Palmitic acid-mediated autophagy is regulated via PKC-« and acts as a cell survival mechanism.

Significance: Our data reveal a novel mechanism underlying free fatty acid-mediated autophagy and suggest the importance of

autophagy in bioactivity of fatty acids.

Lipotoxicity refers to the cytotoxic effects of excess fat accu-
mulation in cells and has been implicated as one of the contrib-
uting factors to diseases like obesity, diabetes, and non-alco-
holic fatty liver. In this study we sought to examine effects of
palmitic acid (PA) and oleic acid, two of the common dietary
fatty acids on the autophagic process. We found that PA, but not
oleic acid, was able to cause an increase in autophagic flux, evi-
denced by LC3-II accumulation and formation of GFP-LC3
puncta. Notably, PA-induced autophagy was found to be inde-
pendent of mTOR regulation. Next, in search of the mechanism
mediating PA-induced autophagy, we found increased levels of
diacylglycerol species and protein kinase C (PKC) activation in
PA-treated cells. More importantly, inhibition of classical PKC
isoforms (PKC-a) was able to effectively suppress PA-induced
autophagy. Finally, we showed that inhibition of autophagy sen-
sitized the cells to PA-induced apoptosis, suggesting the pro-
survival function of autophagy induced by PA. Taken together,
results from this study reveal a novel mechanism underlying free
fatty acid-mediated autophagy. Furthermore, the pro-survival
function of autophagy suggests modulation of autophagy as a
potential therapeutic strategy in protection of cells against lipo-
toxicity and lipid-related metabolic diseases.

Autophagy is an evolutionarily conserved and highly regu-
lated process whereby intracellular membranes are rearranged
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to sequester cargo or organelles from the cytoplasm before
delivery of the double membrane vesicles called autophago-
somes to the lysosomes for degradation (1, 2). This process is
essential for maintaining the cellular hemostasis by preventing
accumulation of damaged proteins and organelles and helps
to sustain metabolism during nutrient deprivation. Recent
advances in autophagy studies have also shown that dysregula-
tion of autophagy is implicated in major diseases like cancer
and neurodegenerative disorders (3). Autophagy is controlled
by a group of autophagy-related genes (A TG genes) that control
several sequential steps of the autophagic process, including
induction, autophagosome nucleation and elogation, autopha-
gosome docking and fusion with the lysosome, and finally
autophagic body breakdown and release of the contents back
into the cytosol (4). The serine/threonine-protein kinase mam-
malian target of rapamycin (mTOR)* has been identified as a
key regulatory protein involved in the induction of autophagy
upstream of ATG proteins. In mammalian cells it is known that
the initiation process of autophagy depends on a complex con-
sisting of ULK1 (ATG1 homologue), ATG13, and FIP2000 pro-
teins downstream of mTOR. This particular complex is acti-
vated with the suppression of mTOR under nutrient-depletion
conditions or with mTOR inhibitors (5, 6).

Lipotoxicity refers to excessive accumulation of lipid in non-
adipose tissues/cells like hepatocytes, pancreatic cells, and
muscle fibers, which leads to loss of cellular functions and
finally cell death (7). This phenomenon has been shown in
many studies where the excessive levels of serum-free fatty
acids (FFA) lead to development of insulin resistance in skeletal
muscle (8) and death of mouse myocardiocytes that could lead
to heart failure (9). As a result, lipotoxicity has been hypothe-

“The abbreviations used are: mTOR, mammalian target of rapamycin; FFA,
serum-free fatty acid; PA, palmitic acid; OA, oleic acid; CQ, chloroquine
diphosphate; EBSS, Earle’s balanced salt solution; TPA, 12-O-tetradecano-
ylphorbol-13-acetate; MEF, mouse embryonic fibroblast; Pl, propidium
iodide; TAG, triacylglycerol; p70S6K, p70 S6 kinase; FB1, fumonisin B1; DAG,
diacylglycerol; DGAT, diacylglycerol acyltransferase.
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sized to be the underlying cause of diseases associated with
excess lipid accumulation in the body, such as obesity and dia-
betes (7, 10). High levels of lipid accumulate intracellularly
probably due to an imbalance between the levels of FEA import/
synthesis and utilization. Excess fatty acids are normally ester-
ified and stored as lipid droplets that can be utilized when bro-
ken down by cellular lipases. Notably non-adipose tissues have
limited storage capacity for lipid droplets. Therefore, it is
believed that excessive uptake of FFA may overwhelm the cell
capacity to store and utilize lipid droplets, eventually leading to
damage of cellular function and cell death (11).

At present there is accumulating evidence suggesting that
autophagy is involved in the physiological and pathological
responses of cells to lipid stimulation. For example, autophagy
is able to regulate the intracellular levels of lipid droplets in
tissues like the liver (12). Other studies have also shown the
importance of autophagy in response to non-physiological lipid
levels where the autophagic process is required to maintain
insulin sensitivity and reduce the levels of endoplasmic reticu-
lum stress during onset of obesity in the hepatocytes (13). Stud-
ies in other cell types like pancreatic B-cells have also identified
that autophagy plays a role in the maintenance of normal islet
morphology and function like insulin secretion especially in
mice given a high fat diet (14). Conversely, the loss of autophagy
led to development of an insulin-resistant state in the mice and
also loss of pancreatic cells function (14). On the other hand,
there are still a number of issues regarding autophagy induction
by lipid stimulation that remain unresolved. There have been
conflicting reports whether FFA stimulation can induce or
inhibit autophagy in cells (12, 14—16). Moreover, the signaling
pathway linking FFA stimulation to autophagy induction and
the physiological role of autophagy in response to FFA also
remain to be determined. Therefore, in this study we systemat-
ically tested the autophagic responses and the underlying
mechanisms induced by the two most common saturated and
unsaturated dietary fatty acids, palmitic acid (PA, C16:0) and
oleic acid (OA, C18:1) in our experimental system of lipotoxic-
ity. Here, we first found induction of autophagy by PA, but not
by OA. Second, we identified a novel signaling pathway involv-
ing PKC-a independent of mTOR. Finally, such autophagy was
found to serve as a survival mechanism to counter the lipotoxic
effects of excessive FFA stimulation. Our study thus suggests
that modulation of autophagy can serve as a potential therapeu-
tic strategy in diseases caused by lipotoxic effects of FFA.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—BAPTA-AM, chloroquine di-
phosphate (CQ), doxycycline, Earle’s balanced salt solution
(EBSS), 12-O-tetradecanoylphorbol-13-acetate (TPA), rapa-
mycin, myriocin, fumonisin Bl, anti-LC3, and anti-tubulin
antibodies were purchased from Sigma. PA, OA, and essentially
fatty acid-free bovine serum albumin (BSA) were also pur-
chased from Sigma, and both fatty acids were conjugated to the
fatty acid-free albumin as described previously (17). Anti-Atg5-
Atgl2 antibodies were purchased from Nanotools. Anti-PKC-«
was from BD Transduction Laboratories. Anti-Atg7 antibody
was obtained from ProSci, whereas anti-phosphotyrosine anti-
body Clone 4G10 and anti-phospho-PKC-« antibodies were
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obtained from Millipore. All other antibodies were obtained
from Cell Signaling. The PKC chemical inhibitors GF109203X,
G066976, and Rottlerin were purchased from Calbiochem.

Cells and Cell Culture—Mouse embryonic fibroblasts
(MEFs) and HepG2 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM, from Sigma) containing 10% fetal
bovine serum (HyClone) and 1% penicillin/streptomycin
(Invitrogen) (defined as full medium in this study) in a 5% CO,
atmosphere at 37 °C. The wild-type (WT) and Atg5 knock-out
(KO) MEFs and the Tet-off Atg5 MEFs were provided by Dr. N.
Misushima (Tokyo Medical and Dental University) (18). In
most of the experiments, cells were treated with 0.25 mm PA or
OA in high glucose, serum-free DMEM for 4 h unless otherwise
stated.

Immunoprecipitation and Immunoblotting—Immunoblot-
ting analysis was performed following standard procedures.
The cells were lysed in M2 lysis buffer: 20 mm Tris, pH 7, 0.5%
Nonidet P-40, 250 mm NaCl, 3 mm EDTA, 3 mm EGTA, 2 mm
dithiothreitol, phosphatase inhibitor mixture (Pierce), and the
protease inhibitor mixture (Roche Applied Science). An equal
amount of protein for each sample was resolved on SDS-PAGE
gel and transferred onto polyvinylidene difluoride membrane
(Bio-Rad). After it was blocked with 5% nonfat milk, the mem-
brane was probed with the designated first and second antibod-
ies and subsequently developed with the enhanced chemilumi-
nescence method (Pierce) and visualized by a Kodak Image
Station 440CF (Eastman Kodak Co.). The immunoprecipita-
tion assay was performed as described. Briefly, cells after treat-
ment were lysed for 30 min in radioimmunoprecipitation assay
buffer: 50 mm Tris HCI, pH 8.0,150 mMm NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, phosphatase inhibitor
mixture (Pierce), and protease inhibitor mixture. Cell lysates
containing the same amount of protein were incubated with 1
pg of antibody and mixed overnight at 4 °C. After incubation
overnight, 30 ul of Sepharose protein A/G-agarose beads were
added to the cell lysates and mixed for 4 h at 4 °C. After incu-
bation, the beads were washed extensively with radioimmuno-
precipitation assay buffer five times, and the immunoprecipi-
tated proteins were eluted by boiling for 5 min in sample buffer
(Bio-Rad) before being resolved on SDS-PAGE gel and trans-
ferred onto polyvinylidene difluoride membrane (Bio-Rad) for
Western blotting. Quantification results for the Western blots
were obtained using the Kodak 1D 4.5.1 software.

Sample Processing and Imaging for Transmission Electron
Microscopy—MEFs were seeded on four-chambered coverglass
(NUNC Lab-tek Chambered Coverglass System) at a density of
2 X 10* cells/ml. After the respective treatments for 4 h, cells
were fixed with 2.5% glutaraldehyde and washed three times
with 1X phosphate buffer saline (PBS). Subsequently, post-fix-
ation with 1% osmium tetroxide was performed followed by
dehydration with ascending series of alcohol before being
embedded in araldite for 24 h. Ultrathin sections of 99-nm
thickness were cut with a glass knife on the Reichert Ultracut E
ultramicrotome, mounted onto copper grids, and double-
stained with uranyl acetate and lead citrate. Images were
acquired using the JEOL JEMI1010 transmission electron
microscope at voltage level of 100.0 KeV.
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Confocal Microscopy—Cells were seeded to a coverglass slide
chamber (NUNC Lab-tek Chambered Coverglass System and
after the designated treatments, the cells were examined under
a confocal microscope (Olympus Fluoview 2000). GFP-LC3
puncta in the cells were quantified by counting the number in
cells as described previously (19). Briefly, the GFP-LC3 puncta
were manually counted under the confocal microscope. 30 cells
were randomly selected from each treatment to calculate the
average number of GFP-LC3 puncta per cell. The data shown
were from one representative experiment of three independent
repeats.

Detection of Cell Death—Flow cytometry was used to deter-
mine the cell viability using the live cell propidium iodide (PI)
exclusion test, as previously described (20). In brief, cells were
trypsinized at the end of the experiments. Cells were washed
once with PBS and resuspended in PBS containing 1 mg of
PI/ml. The levels of PI incorporation were quantified by flow
cytometry using a FACSCalibur flow cytometer. Cell size was
evaluated by forward-angle light scattering. PI-negative cells
with normal size were considered to be live cells. Morphologi-
cal changes of treated cells under phase-contrast microscope
were also observed to detect cell death after treatment.

Analysis of Lipids Using High Performance Liquid Chroma-
tography/Mass Spectrometry—An Agilent high performance
liquid chromatography (HPLC) 1200 system coupled with an
Applied Biosystem Triple Quadrupole/Ion Trap mass spec-
trometer (3200Qtrap) was used to quantitate individual phos-
pholipids. HPLC conditions: Luna 3-pum silica column (inner
diameter 150 X 2.0 mm); mobile phase A, chloroform:metha-
nol:ammonium hydroxide, 89.5:10:0.5; mobile phase, chloro-
form:methanol:ammonium hydroxide:water, 55:39:0.5:5.5;
flow rate, 300 ul/min; 5% B for 3 min, then linearly switched to
30% B in 24 min and maintained for 5 min and then linearly
changed to 70% B in 5 min and maintained for 7 min. Then the
composition of the mobile phase was returned to the original
ratio over 5 min and maintained for 6 min before the next sam-
ple was analyzed. Multiple reaction monitoring transitions for
individual glycerolphospholipid species and sphingolipids were
set up at different elution stages for LC-MS analysis (21, 22).
Levels of individual lipid levels were quantified using spiked
internal standards. Neutral lipids were analyzed using a sensi-

FIGURE 1. PA but not OA induces autophagy. A, MEFs were treated with PA
(0.25 mm) conjugated to fatty acid free BSA for the different time points as
indicated. Cells treated with BSA acted as the control. FM, full medium
(DMEM) with 10% FBS. After treatments, cell lysates were collected and sub-
ject to Western blot. B, MEFs were treated with PA (0.25 mm) for the indicated
time points with or without the addition of CQ (10 um). C, MEFs were treated
with BSA control (panel a), PA (0.25 mm, panel b), OA (0.25 mm, panel ¢), or EBSS
(panel d) for 4 h before being processed, and cellularimages were then taken
using an electron microscope at 2,500 X and 40,000X magnification. D, WT
and Atg5 KO MEFs were treated various concentrations of PA for 4 h. Treat-
ment with EBSS was used as a positive control. £, Atg5 Tet-off MEFs stably
expressing GFP-LC3 were treated with PA (0.25 mm) for 4 h, and GFP-LC3
puncta formation was observed using confocal microscopy. Atg5 protein
expression was inhibited in the cells cultured with doxycycline (DOX) for 4
days and resulted in the loss of autophagic activity. The number of GFP-LC3
puncta/cell were also counted and presented (**, p < 0.01, student’s t test). F,
MEFs were treated with either BSA control, PA (0.25 mm) or OA (0.25 mm) for
4 h with or without the addition of CQ. Cells were also treated for the same
time with EBSS and the mTOR inhibitor, rapamycin (20 nw), as the positive
controls for induction of autophagy.
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tive HPLC/electrospray ionization/multiple reaction monitor-
ing method modified from a previous method (22). Triacylglyc-
erol (TAGs) were calculated as relative contents to the spiked
d5-TAG 48:0 internal standard (CDN isotopes), whereas DAGs
were quantified using 4ME 16:0 diether DG (Avanti) as an
internal standard.

Transient Small Interfering RNA (siRNA) Transfection—The
nonspecific siRNA oligonucleotides and siRNA oligonucleo-
tides targeting mouse and human Atg7 and PKC-a (ON-TAR-
GETplus SMARTpool™) were obtained from Dharmacon
(Lafayette, CO). The siRNAs was transfected into either MEFs
or HepG2 cells using the DharmaFECT 4 transfection reagent
according to the manufacturer’s protocol.

Statistics—The numeric results are expressed as the mean =
S.D. from at least three independent experiments. The signifi-
cance level was set at p < 0.05 using Student’s ¢ test.

RESULTS

PA, but Not OA, Induces Autophagy—Recent studies have
shown that saturated fatty acids such as PA are more cytotoxic
compared with unsaturated fatty acids, such as OA (23). How-
ever, it is not known whether autophagy is involved in the cyto-
toxic effect of fatty acids. Here we first tested autophagy level in
cells treated with PA. As shown in Fig. 14, treatment of MEFs
with PA resulted in a significant increase in the levels of LC3-1I
for up to 24 h in comparison to the control cells treated with
fatty acid-free BSA. To measure the autophagic flux in cells
treated with PA, we used CQ to block lysosomal function and
the late degradation stage of autophagy (24). With the addition
of CQ, we were able to observe a further increase of LC3-1I level
in PA-treated cells at the various time points (Fig. 1B), thus
clearly suggesting that PA is able to induce autophagy flux in
MEFs.

To further confirm the observation that PA treatment does
indeed induce autophagy in the MEFs, transmission electron
microscopy studies were performed on MEFs under various
treatments. As shown in Fig. 1C, autophagosome-like vacuoles
were hardly seen in BSA-treated control cells (panel A). In con-
trast, we observed an increase in the formation of autophago-
some-like structures containing cytosolic contents in the PA-
treated MEFs after 4 h (panel C, panel b, white arrows). Similar
autophagosome-like vacuoles containing cytosolic contents
were also observed in MEFs treated with EBSS as a positive
control (Fig. 1C, panel d, white arrows). However, no autopha-
gosome-like vacuoles containing cytosolic contents were
observed in MEFs treated with OA for 4 h (Fig. 1C, panel d),
suggesting that OA treatment was not able to induce
autophagy.

Next, we examined whether PA-induced autophagy is depen-
dent on the essential Atg proteins such as Atg5. As shown in
Fig. 1D, no LC3-II was observed in the Atg5 KO MEFs. Similar
changes were also found in starved cells treated in EBSS. There-
fore, it is believed that PA-induced autophagy is dependent on
the canonical autophagy induction machinery. Moreover, we
used the inducible Atg5 deletion system with stable expression
of GFP-LC3 (18) to further test PA-induced autophagy. As
shown in Fig. 1E, there is significant increase of GFP-LC3
puncta in PA-treated cells without the addition of doxycycline.
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FIGURE 2. PA-induced autophagy is independent of the mTOR signaling
pathway. A, MEFs were treated with BSA control or PA (0.25 mwm) for various
time points as indicated. Cell lysates were collected and subject to Western
blot. FM, full medium. B, MEFs were treated with BSA control or PA (0.25 mm)
for 4 hin full medium. Cells were also treated with EBSS and the mTOR inhib-
itor, rapamycin (20 nm), for 4 h as positive controls. CQ (10 um) was added to
the treated cells for measuring autophagic flux.

Consistently, the addition of CQ further enhanced both the size
and the number of such puncta. Similar to the results in Fig. 1D,
deletion of Atg5 by the addition of doxycycline abolished the
effect of PA on GFP-LC3 puncta formation.

Finally, we compared the effect of PA with the effect of unsat-
urated fatty acid, OA on autophagic flux in MEFs. As shown in
Fig. 1F, treatment of the MEFs with similar concentrations of
OA for 4 h did not cause significant increase in LC3-II conver-
sion even with the presence of CQ, whereas PA together with
other known autophagy inducers (EBSS and rapamycin) was
able to cause an evident increase in the autophagic flux. Similar
observations were also observed in other cell types such as the
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ceramide levels of cells from the various treatments were calculated by normalizing to the ceramide levels of the cells treated with BSA. Data were presented
as the means = S.D. of three independent experiments. B, MEFs were treated with BSA control or PA (0.25 mwm) for 4 h with or without the presence of either
myriocin (1 um) or FB1 (10 wM) to inhibit ceramide production in the cells. CQ (10 um) was also added to the treated cells to observe the changes in the
autophagic flux. FM, full medium. C, Atg5 Tet-off MEFs stably expressing GFP-LC3 were treated with either BSA control or PA (0.25 mm) for 4 h with or without
the presence of FB1 (10 um), and GFP-LC3 puncta formation was observed using confocal microscopy. The number of GFP-LC3 puncta/cell were also counted

and presented. **, p < 0.01, Student’s t test.

HepG2 cells, in which treatment with PA significantly
enhanced autophagic flux level, whereas OA treatment did not
result in any further increase in the autophagic flux when com-
pared with the BSA-treated control cells (supplemental Fig.
1A). Taken together, results from this part of our study confirm
that PA, but not OA, is capable of inducing autophagic
responses.

PA-induced Autophagy Is Independent of mTOR Signaling
Pathway—The mTOR signaling pathway has been well estab-
lished as the key negative regulator of the autophagic process (1,
25). Therefore, we next investigated the role of the mTOR sig-
naling pathway in PA-induced autophagy. The p70 S6 kinase
(p70S6K) protein is a direct substrate of mTOR, and its phos-
phorylation status can be used as an indicator of the activity of
the mTOR pathway (26). When MEFs were treated with PA in

14368 JOURNAL OF BIOLOGICAL CHEMISTRY

FBS-free medium, there was a marked reduction of the
p-p70S6K level and the addition of BSA or PA failed to affect
the level of p-p70S6K especially at the earlier time points (Fig.
2A). Interestingly, PA increased the p-p70S6K level at later time
points (12 and 24 h). The same trend was also observed for the
direct substrate of p70S6K, the S6 ribosomal protein (Fig. 24),
indicating the possibility that PA may activate mTOR with pro-
longed treatment.

To confirm the above observations, MEFs were treated with
PA in full medium, which contains 10% FBS. As shown in Fig.
2B, treatment with PA for 4 h led to an increased level of LC3-1I
conversion, and the addition of the lysosomal inhibitor CQ fur-
ther enhanced the LC3-II level, indicating an increase in
autophagic flux in PA-treated cells. Consistently, PA failed to
reduce the phosphorylation level of p70S6K and S6 ribosomal
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proteins (Fig. 2B). As expected, common inducers of autophagy
like EBSS and rapamycin were able to completely inhibit the
mTOR signaling pathway observed by the complete loss of
p70S6K and S6 ribosomal protein phosphorylation (Fig. 2B).
Consistently, when the HepG2 cells were treated with PA in full
medium containing 10% FBS for 4 h, an increase in autophagic
flux was also observed with no inhibition of the mTOR signal-
ing pathway (supplemental Fig. 1B). Such results enforced the
observation that induction of autophagy by PA is independent
of the mTOR signaling pathway.

Accumulation of Intracellular Ceramide Is Not Related to
PA-induced Autophagy—Ceramides belong to the class of lip-
ids known as sphingolipids, and the accumulation of intracel-
lular ceramides have been linked to the progression of diseases
like obesity and other metabolic diseases (27). Furthermore,
recent studies have also shown that short chain ceramides were
able to induce autophagy in a variety of cancer cell lines (28, 29).
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Therefore, we next investigated whether ceramides are
involved in PA-induced autophagy. Here we first measured the
levels of intracellular ceramides in cells treated with different
types of FFA. Treatment with PA for 4 h resulted in an increase
of ceramides by about 1.4-fold compared with the cells treated
with BSA control, whereas a marginable increase was found in
OA-treated cells (Fig. 3A4). To test the effect of intracellular
ceramides on PA-induced autophagy, cells were treated with
the chemical inhibitor of serine palmitoyltransferase, myri-
ocin, or the inhibitor of sphingosine N-acyltransferase fumo-
nisin B1 (FB1) as both of them are known to inhibit ceramide
production in cells (28, 29). The addition of myriocin or FB1
to PA-treated cells did not change the autophagic flux level
observed with LC3-II conversion (Fig. 3B). Furthermore, the
addition of FB1 also failed to reduce the formation of GFP-
LC3 puncta formed in PA-treated cells with or without the
presence of CQ (Fig. 3C). These results suggest that accumu-
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lation of endogenous ceramides is not related to PA-induced
autophagy.

PA, but Not OA, Induces Accumulation of Intracellular
Diacylglycerol—After excluding the involvement of ceramides,
we next measured the levels of other lipid metabolites upon PA
and OA stimulation, including DAG and TAG. Both DAG and
TAG are glycerolipids, with different number of fatty acid mol-
ecules linked to the glycerol molecule. When taken by cells,
excess FFAs can be converted into their respective acyl-CoA
derivatives (30). These acyl-CoA derivatives can then be incor-
porated and stored in the cells as neutral lipids like DAG and
TAG (23, 31). Thus, we would expect that the levels of DAG and
TAG will increase substantially during PA or OA treatment.
MEFs were, therefore, treated with either BSA as control or
0.125 and 0.25 mm of either PA (Fig. 4A4) or OA (Fig.4B) for 1,2,
and 4 h. We then measured the relative levels of DAG and TAG
accumulation in the treated cells. Indeed, we observed that
treatment with either PA or OA resulted in a dose- and time-
dependent increase in the relative levels of DAG and TAG com-
pared with BSA-treated control cells (Fig. 4A, left panel). Fur-
thermore, although TAG levels in the PA-treated cells also
increased significantly at treatment times up to 4 h, we
observed that the rate of increase in the TAG level was not
proportional to that of DAG with 0.25 mm of PA treatment (Fig.
4A, right panel).

On the other hand, in cells treated with different concentra-
tions of OA, there was no significant accumulation of DAG (Fig.
4B, left panel). Instead, we observed a significant time and dose-
dependent increase in TAG accumulation in the cells treated
with OA (Fig. 4B, right panel). Similar results were also
observed in HepG2 cells treated with PA and OA. Only PA
treated HepG2 cells had significantly increased DAG accumu-
lation by up to 4 h of treatment, but this was not seen in OA-
treated HepG2 cells (supplemental Fig. 2). PA treatment also
resulted in a significant increase in TAG levels by 4 h (supple-
mental Fig. 2A, right panel), although the magnitude of increase
was smaller than OA-treated HepG2 cells. (supplemental Fig.
2B, right panel). Previous studies have suggested that the
enzyme responsible for the conversion of DAG to TAG, diacyl-
glycerol acyltransferase (DGAT), has a higher specificity for
fatty acyl-CoAs that contain the 18C:1 chain derived from OA
compared with other fatty acyl-CoAs that have the 16C:0 chain
coming from PA (31, 32). Therefore, such a substrate specificity
by DGAT could well explain our data that in the OA-treated
cells, the TAG level increased more evidently than that of DAG
(Fig. 4B), whereas in cells treated with PA the accumulation of
DAG was more significant than that of TAG (Fig. 44).

Inhibition of Protein Kinase C Inhibits Autophagy Induction
Caused by PA Treatment—Because significant accumulation of
DAG was observed in PA, but not in OA-treated cells, we then
investigated the signaling pathways associated with DAG accu-
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mulation in cells. One of the well known signaling pathways
activated by DAG is the PKC family, where DAG serves as a
natural agonist to recruit PKC proteins to membrane for acti-
vation (33). There are essentially 3 classes of PKC family com-
prising a total of 10 PKC isozymes in the mammalian system:
classical, novel, and atypical PKCs (34). Here we made use of
different chemical inhibitors that target all PKCs or specific
classes of PKC to investigate the involvement of PKC in PA-in-
duced autophagy. First, GF109203X, a general PKC inhibitor,
was able to markedly reduce LC3-II level in cells treated with
PA with or without the presence of CQ (Fig. 54), suggesting
that inhibition of PKC signaling pathway impairs PA-induced
autophagy. Next, we tested the effects of G66976 and Rottlerin,
which inhibit the classical and novel classes of PKC, respec-
tively. As shown in Fig. 5B, left panel), the classical PKC inhib-
itor G66976 was found to reduce the LC3-II level in PA-treated
cells, similar to the effect of GF109203X. In contrast, the addi-
tion of the novel PKC inhibitor Rottlerin failed to suppress the
autophagic flux induced by PA (Fig. 5B, right panel). We further
confirmed the effect of G66976 by examining the changes of
GFP-LC3 puncta formation in the MEFs with stable expression
of GFP-LC3 (Fig. 5C). Similar results were obtained with
HepG2 cells when they were treated with PA in the presence of
G066976 as well (supplemental Fig. 1C). All these findings indi-
cate a possibility that the classical PKC is implicated in PA-in-
duced autophagy. Activation of the classical class of PKC mem-
bers requires both calcium ions (Ca’") and DAG (34);
therefore, we tried to investigate whether PA-induced
autophagy is sensitive to the loss of free intracellular Ca®" ions
in the cells. To this end, we made use of BAPTA-AM, an intra-
cellular Ca2™ ion chelator (35). As expected, the addition of
BAPTA-AM resulted in an overall decrease in autophagic flux
observed in the PA-treated cells (Fig. 5D), suggesting that the
free intracellular Ca2* ions are involved in PA-induced
autophagy. Overall, the results from this part of our study sup-
port the notion that the classical group of PKC is implicated in
PA-induced autophagy via enhanced intracellular level of DAG
and calcium ions.

PKC-a Is Involved in Induction of Autophagy in PA-treated
Cells—After establishing the role of classical PKCs in PA-in-
duced autophagy, we then tried to identify the member of PKC
within the classical group responsible for autophagy induction
in PA-treated cells. As shown in Fig. 64, there was enhanced
phosphorylated PKC-a« in PA-treated cells compared to the
BSA-treated control group, whereas no evident changes were
found in OA-treated cells. As expected, a similar increase was
also found in cells treated with TPA, the positive control that is
known to activate members of the PKC family including PKC-a
(36). To support the results obtained above, we further exam-
ined PKC-a activation by measuring the phosphorylation levels
of tyrosine residues from immune-precipitated PKC-a pro-

FIGURE 5. PA-induced autophagy requires the activation of PKC family. A, MEFs were treated with BSA control or PA (0.25 mm) for 4 h with or without the
presence of the general PKC inhibitor GF109203X (1 um). CQ (10 um) was added to the treated cells to determine the levels of autophagic flux. FM, full medium.
B, MEFs were treated with BSA control or PA (0.25 mm) for 4 h with or without the presence of either the classical PKC inhibitor G66976 (1 um) (left panel) or the
novel PKC inhibitor, rottlerin (10 um) (right panel). CQ (10 um) was added to the treated cells to determine the levels of autophagic flux. C, Atg5 Tet-off MEFs
stably expressing GFP-LC3 were treated with either BSA control or PA (0.25 mm) for 4 h with or without the presence of classical PKC inhibitor G66976 (1 um),
and GFP-LC3 puncta formation was observed using confocal microscopy. The number of GFP-LC3 puncta/cell were also counted and presented (**, p < 0.01,
Student'’s t test). D, MEFs were treated with BSA control or PA (0.25 mm) for 4 h with or without the presence of BAPTA-AM (10 um).
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FIGURE 6. Activation of PKC-« is required for PA-induced autophagy.
A, MEFs were treated with BSA control, PA (0.25 mm), or OA (0.25 mm) for 4 h,
and activation status of PKC-a was observed using immunoblotting. Cells
treated with TPA (100 nm) for 20 min were used as a positive control. The
respective lane intensity was quantified using Kodak Imaging Software as a
-fold change to the BSA control treatment. B, MEFs were treated with BSA
control, PA (0.25 mm), or OA (0.25 mm) for 4 h, and PKC-a was then immuno-
precipitated (/P) and blotted for levels of phosphorylated tyrosine as another
indicator of PKC-« activation. TPA (100 nm) was added to the cells for 20 min to
act as a positive control. The respective lane intensity was quantified using
Kodak Imaging Software as a -fold change to the BSA control treatment.
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teins. As shown in Fig. 6B, we observed that PKC-« tyrosine
phosphorylation level was significantly increased after PA stim-
ulation compared with the BSA control cells, similar to the
TPA-treated cells. Consistently, PA has a much stronger effect
than OA in enhancing the PKC-« tyrosine phosphorylation
level (Fig. 6B). Finally, siRNA knockdown of PKC-« was carried
out to confirm the involvement of PKC-a in PA-induced
autophagy. When cells with PKC-a knocked down were treated
with PA for 4 h, there was a decrease in the levels of LC3-II
and autophagic flux compared with the PA-treated cells that
were given scrambled siRNA as control (Fig. 6C). Thus, data
presented in this part of our study clearly demonstrate that
PKC-a activation is involved as the upstream signal for the
induction of autophagy in cells stimulated with PA.
Autophagy Is Important Cell Survival Mechanism for Cells
against Lipotoxicity Caused by PA—In this part of our study we
aimed to investigate the physiological relevance of autophagy
induced by PA. Recent studies have shown that PA possesses
cytotoxic properties and many non-adipose cells are killed by
long term treatment of PA (23, 37). Using phase-contrast
microscopy, we observed that treatment with PA up to 24 h
resulted in a significant increase in the number of dead cells as
compared with the BSA-treated control cells (Fig. 7A). This
observation was further validated using the Pl live cell exclusion
assay coupled with flow cytometry as shown in Fig. 7, B and C.
Notably, the addition of CQ markedly enhanced cell death
induced by PA in both assays (Fig. 7, A—C). The addition of CQ
to the BSA control cells for up to 24 h did not induce any sig-
nificant decrease in cell viability, suggesting that CQ alone is
not cytotoxic to the cells (Fig. 7C). Similar results were also
observed when HepG2 cells were subjected to the same assays
(supplemental Fig. 3, A and B). Because CQ is known to block
autophagy by suppressing the lysosomal function, such findings
thus indicate that PA-induced autophagy may serve as a pro-
survival function to protect against PA-mediated lipotoxicity.
To further confirm that autophagy plays a cell survival role in
response to PA, we compared PA-induced cell death between
WT and Atg5 KO MEFs. As shown in Fig. 7D, there were higher
levels of caspase 3 and poly(ADP-ribose) polymerase cleavage
in Atgh KO MEFs compared to the WT MEFs, suggesting the
possibility that autophagy is important for cell survival in times
of lipotoxic stress. We further confirmed this observation by
knocking down Atg7 using Atg7 siRNA in MEFs. As shown in
Fig. 7E, Atg7 knockdown led to (i) complete suppression of
LC3-II conversion induced by PA and (ii) significant increase of
apoptotic cell death, shown by an increase of both caspase 3 and
poly(ADP-ribose) polymerase cleavage, which are well estab-
lished markers of apoptosis. Similar results were also observed
in HepG2 cells when Atg7 was knocked down (supplemental
Fig. 3C), further supporting our conclusion that autophagy is a
pro-cell survival mechanism in during lipotoxic stress.
Because our earlier data establish the role of PKC-« in PA-
induced autophagy, we next investigated whether PKC-«

C, PKC-a in MEFs was knocked down with PKC-a siRNA, whereas the control
cells were knocked down with scramble siRNA as described. The cells were
then treated with either BSA control or PA (0.25 mwm) for 4 h with or without
the presence of CQ (10 um).
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knockdown would affect the lipotoxicity of PA. It was found
that PKC-a knockdown first reduced the LC3-II protein level,
consistent with the earlier findings that the general and classical
PKC inhibitors are capable of inhibiting PA-induced autophagy
(Fig. 5, A--C). More importantly, PKC-a knockdown also mark-
edly enhanced both caspase 3 and poly(ADP-ribose) polymer-
ase cleavage, thus further supporting the pro-survival function
of autophagy induced by PA (Fig. 7F). Interestingly, we also
observed that reduction of the LC3-II level in PKC-a knock-
down was not as effective as Atg7 knockdown in suppression of
autophagy (LC3-II conversion), whereas the sensitization on
PA-induced apoptosis (caspase 3 and poly(ADP-ribose) polym-
erase cleavage) was similar or even stronger (Fig. 7, E and F).
Such a discrepancy suggests the possibility that PKC-a may also
mediate other pro-survival mechanisms in addition to
autophagy to protect against PA-induced cytotoxicity.

DISCUSSION

Lipotoxicity has been thought to be the main contributor to
the progression of various diseases associated with excess lipid
accumulation in the body, such as obesity and diabetes (7, 10).
On the other hand, the autophagic process has been well doc-
umented as a cell survival mechanism and implicated in several
disease models such as cancer and neurodegenerative diseases
(3, 38). At present, autophagy has been shown to be able to
regulate lipid metabolism (12), but little is known about
whether lipids like FFA can regulate autophagic activity. In this
study we provide evidence that autophagy can be induced by
the saturated fatty acid, PA, but not by the unsaturated fatty
acid, OA. Furthermore, we showed that autophagy induction
by PA is independent of mTOR activity. Instead PA-induced
autophagy is mediated by a novel signaling pathway involving
PKC-a, most probably via enhanced intracellular level of DAG
produced from PA. We also presented evidence suggesting that
autophagy plays a pro-survival function to protect against PA-
mediated lipotoxicity. Our findings are generally consistent
with earlier reports that FFA such as PA is capable of inducing
autophagy in pancreatic B-cells (14, 15). On the other hand, it
has been reported that both PA and OA treatment prevented
fusion of autophagosome and lysosome and thus inhibited
autophagy (16). Another recently published paper also reported
that only OA but not PA was capable of inducing autophagy in
hepatocytes (39). It is believed that the conflicting results could
be attributed to factors such as the cell types used, whether the
model used is in vivo or in vitro, the concentration and duration
of FFA treatment, and the ratio of conjugated BSA to FFA used.

In this study we attempted to identify the molecular mecha-
nisms underlying PA-induced autophagy, with several impor-
tant findings. First, we exclude the involvement of ceramides in
PA-induced autophagy, as the inhibition of ceramide synthesis

by myriocin or FB1 is unable to block autophagy (Fig. 3, B and
C). Previous reports have shown that treatment with C, and C,
ceramides are able to induce autophagy in human cancer cells
via inhibition of Akt and mTOR activity (28, 29). One possible
explanation for this discrepancy is the fact that the type of cer-
amides used in their study is different from those accumulated
in PA-treated cells. In our study the type of ceramide metabo-
lites found in PA-treated cells consisted of mainly the Cer(d18:
1/16:0) (N-(palmitoyl)-ceramide) species (data not shown).
Our finding is indeed consistent with an earlier report that cer-
amide accumulation only plays a nominal role in affecting cel-
lular homeostasis observed in cells treated with PA (37).

The second important finding in our study is that PA-in-
duced autophagy is mTOR-independent, as PA fails to inhibit
mTOR activity in cells cultured under full medium (Fig. 2B and
supplemental Fig. 1B), and it may even activate mTOR in cells
under starvation (Fig. 24). It is known that high levels of FFA
lead to constant activation of mTOR activity, a process related
to the development of diseases such as diabetes and obesity
(40). Furthermore, it has also been reported that PA has the
ability to induce activation of mTOR via another member of the
PKC family, PKC-6 (41). Taken together, it is obvious that PA-
induced autophagy is not mediated via suppression of mTOR
activity.

Then how does PA induce autophagy when mTOR activity is
not impaired? Members of the PKC family such as PKC-6 and
PKC-6 have been reported to be involved in autophagy induc-
tion under different conditions (35, 42). In this study we have
identified a member of the classical PKC family, PKC-q, as an
important mediator in PA-induced autophagy based on the fol-
lowing observations: (i) general and typical PKC inhibitors are
able to block PA-induced autophagy (Fig. 5 and supplemental
Fig. 1C), (ii) PA, but not OA, induces PKC-« activation (Fig. 6),
and (iii) siRNA knockdown of PKC-a significantly reduced PA-
induced autophagy (Fig. 7F). Our results indicate the impor-
tance of intracellular DAG as the main stimulus for induction of
autophagy via the activation of PKC-q, based on the common
understanding that DAG is required for activation of classical
PKC (33) and also our observation of an increase of DAG levels
in cells treated by PA, not by OA (Fig. 44). Previous studies have
demonstrated that DGAT, the enzyme responsible for conver-
sion of DAG to TAG, has a higher specificity for the 18C:1-CoA
substrate derived from OA compared with the 16C:0-CoA sub-
strate derived from PA (31, 32), and this could be the reason
why OA treatment resulted in a more significant increase in
total TAG levels but much lesser accumulation of DAG com-
pared with PA (Fig. 4 and supplemental Fig. 2).

However, it should also be noted that there have been 2 iso-
forms of DGAT enzymes identified in mammalian cells, namely

FIGURE 7. Autophagy acts as a cell survival mechanism against lipotoxicity caused by PA. A, cell morphology was observed under a phase contrast
microscopy (X200) of MEFs treated with either BSA control or PA (0.25 mwm) for 24 h with or without the presence of CQ (10 um). B, shown are representative
dot-plots of flow cytometry data of the Pl exclusion test. MEFs were treated as described in panel A. C, quantification of the cell viability data from panel B is
shown. Data were presented as the means = S.D. of three independent experiments. *, p < 0.05; **, p < 0.01, Student's t test). D, WT and Atg5 KO MEFs were
treated with either BSA control or PA (0.25 mw) for the indicated time points. PARP, poly(ADP-ribose) polymerase. E, Atg7 was knocked down with Atg7 siRNA,
and the cells were treated with either BSA control or PA (0.25 mm) for the indicated time points. F, PKC-a was knocked down with PKC-« siRNA, and the cells
were treated with either BSA control or PA (0.25 mwm) for the indicated time points. G, shown is a summary of the proposed signaling pathways involved in
PA-mediated autophagy and its pro-survival role in PA-induced apoptosis and lipotoxicity. ROS, reactive oxygen species.
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DGAT1 and DGAT?2 (30). Although both enzymes contribute
to TAG synthesis, there may still be functional difference
between the two as Dgatl ~/~ mice are resistant to diet-induced
obesity (43), whereas Dgat2 '~ mice die shortly after birth (44).
At present, we have some preliminary results showing that
DGAT-1 knocked-down was able to promote autophagy in
OA-treated cells (data not shown). This indicates that accumu-
lation of intracellular DAG does play a role in activating the
autophagic process. More studies will need to be carried out in
the future to explore the role of the two respective DGAT
enzymes in regulating both DAG and TAG levels in response to
exogenous FFA challenge.

Results from this study also raise an interesting possibility
that DAG accumulation in the cells has undesirable effects on
the cellular homeostasis and the induction of autophagy via
PKC activation may serve the purpose of alleviating such
adverse effects. The activation of various members of the PKC
family by accumulation of intracellular DAG induced by PA
treatment has been well studied (45—47). Moreover, there is
evidence suggesting that DAG-mediated PKC-6 function plays
a critical role in mammalian antibacterial autophagy (48).
These may also help us to understand the fact that lack of DAG
accumulation in OA-treated cells did not lead to PKC activa-
tion and thus no autophagy induction. Such a hypothesis is also
supported by an earlier study that increased TAG accumulation
and decreased levels of DAG in cells by overexpression of
DGATT1 helped to prevent cell death caused by PA treatment
(23). At present, how PKC mediates autophagy independent of
mTOR is still largely unknown. Therefore, studying the molec-
ular mechanism underlying PKC-regulated autophagy and
identification of the downstream molecular targets of PKC
would be very important topics for future studies.

After establishing the role of DAG-PKC in PA-mediated
autophagy, we next examined the role of autophagy in PA-me-
diated lipotoxicity. The cytotoxicity of common dietary long
chain saturated FFAs like PA has been well established (23, 37).
Several factors like increased ROS production (49) and induc-
tion of endoplasmic reticulum stress (50) have been implicated
in lipotoxicity. On the other hand, it has been well established
that autophagy generally serves as an important cell survival
mechanism under various stress conditions, such as starvation,
oxidative stress, and DNA damage (3). Data from this study also
reveal that PA-induced autophagy plays a pro-survival func-
tion, and suppression of autophagy by either CQ (Fig. 7, A-C,
and supplemental Fig. 3, A-C) or knockdown of Atg7 (Fig.
7E and supplemental Fig. 3C) markedly enhanced PA-induced
apoptosis. At present, it is still not clear how autophagy protects
against PA-mediated cell death. One possibility remaining to be
tested is that autophagy is involved in degrading and clearing
the accumulated DAG from the cells via lipases that are present
in the lysosomes. An earlier study has shown that autophagy
plays an important role in lipid metabolism (12) in cells by
affecting the intracellular levels of TAG in the cells, and thus it
is possible that autophagy can also play a role in regulation of
intracellular levels of DAG to promote cell survival in times of
exogenous FFA stress.

Taken together, as summarized in Fig. 7G, here we reveal a
novel mechanism in regulating PA-induced autophagy; PA pro-
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motes the accumulation of intracellular DAG, which in turn
activates PKC-a as an upstream signaling mechanism for
autophagy. Moreover, such inducible autophagy plays an
important pro-survival role in mitigating PA-induced apopto-
sis and lipotoxicity.
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