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Abstract
Lipotoxicity, which is triggered when cells are exposed to elevated levels of free fatty acids, involves
cell dysfunction and apoptosis and is emerging as an underlying factor contributing to various
pathological conditions including disorders of the central nervous system and diabetes. We have
shown that palmitic acid (PA)-induced lipotoxicity (PA-LTx) in nerve growth factor-differentiated
PC12 (NGFDPC12) cells is linked to an augmented state of cellular oxidative stress (ASCOS) and
apoptosis, and that these events are inhibited by docosahexanoic acid (DHA). The mechanisms of
PA-LTx in nerve cells are not well understood, but our previous findings indicate that it involves
ROS generation, mitochondrial membrane permeabilization (MMP), and caspase activation. The
present study used nerve growth factor differentiated PC12 cells (NGFDPC12 cells) and found that
lysosomal membrane permeabilization (LMP) is an early event during PA-induced lipotoxicity that
precedes MMP and apoptosis. Cathepsin L, but not cathepsin B, is an important contributor in this
process since its pharmacological inhibition significantly attenuated LMP, MMP, and apoptosis. In
addition, co-treatment of NGFDPC12 cells undergoing lipotoxicity with DHA significantly reduced
LMP, suggesting that DHA acts by antagonizing upstream signals leading to lysosomal dysfunction.
These results suggest that LMP is a key early mediator of lipotoxicity, and underscore the value of
interventions targeting upstream signals leading to LMP for the treatment of pathological conditions
associated with lipotoxicity.
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1. Introduction
Lipotoxicity is caused when non-adipose cells are exposed to chronic elevation of free fatty
acids, and is believed to play an important role in the development of diabetes, cardiomyopathy,
and nonalcoholic fatty liver disease (Gomez-Lechon et al., 2007; Saunders et al., 2008; Unger,
2008). Of potential significance is that lipotoxicity exacerbates cellular damage associated with
traumatic injuries in the nervous system (CNS) and neurological disorders (Adibhatla and
Hatcher, 2008). Further, acute brain injury caused by stroke or trauma generates high levels of
free fatty acid as a consequence of the degradation of membrane phospholipids by activated
intracellular phospholipases, which can result in cellular lipid overload (Farooqui and
Horrocks, 1998). This pathological accumulation of FFA may be sustained from days to weeks,
and can pose a serious threat to normal cellular homeostasis (Cooper, 1985; Farooqui and
Horrocks, 2006). In addition to stimulated phospholipid hydrolysis, abnormally high
intracellular lipid concentration could also result from dysregulation of FFA/lipid metabolism
due to an unbalance between uptake and utilization of FFA as in the case of a high fat diet or
other metabolic conditions. The lipotoxicity hypothesis suggests that this high fat diet may be
responsible for the development of type 2 diabetes (Unger and Orci, 2001). We have previously
shown that saturated fatty acid overload triggers a series of events that leads to apoptosis in
NGFDPC12 and primary cortical cells (Ulloth et al., 2003; Almaguel et al., 2009). The
mechanisms by which FFA induce apoptosis are not fully identified yet and are expected to be
cell type-dependent due to intrinsic differences in lipid metabolism. However, FFA
overloading has been associated with reactive oxygen species (ROS) generation (Listenberger
et al., 2001), de novo ceramide synthesis (Shimabukuro et al., 1998), nitric oxide production
(Kumar and Das, 1993), and mitochondrial dysfunction (Maestre et al., 2003).

During the past decade, the mitochondria has been established as the central hub of cellular
life and death decisions (Kroemer et al., 2007). Two main pathways of caspase-dependent
apoptotic cell death have been characterized, the extrinsic and intrinsic pathways (Logue and
Martin, 2008), and mitochondria plays a critical role in orchestrating both pathways. The
intrinsic pathway is initiated as a result of various stress signals, such as ROS, UV radiation,
hypoxia, endoplasmic reticulum stress, serum starvation, and cytotoxic drugs. Key events in
this pathway are mitochondrial membrane permeabilization (MMP), followed by release of
cytochrome C (cyt-C) and other pro-apoptotic effectors, and subsequent activation of initiator
caspase-9 and effector caspases-3, and -7 (Kroemer et al., 2007; Logue and Martin, 2008). The
extrinsic pathway is initiated by extracellular signals through the interaction of death receptors
with ligands such as Fas, TNF, and TRAIL, leading to activation of initiation caspases-8, and
-10, and effector caspases-3, -6, and -7 (Logue and Martin, 2008). Crosstalk between both
pathways is mediated by caspase-8-induced cleavage of Bid into tBid, which provokes the
release of cytochrome c from the mitochondria by stimulating the oligomerization of Bak and/
or Bax to form channels in the mitochondrial outer membrane, leading to MMP and apoptosis
(Logue and Martin, 2008).

More recently, the lysosomes have emerged as a second hub for orchestrating cellular life and
death decisions. Induction of lysosomal membrane permeabilization (LMP) by agents such as
ROS, sphingosine, and FFA is associated with both caspase-dependent and independent cell
death, and involves the release of cathepsins B, D, and L, which retain their activity at neutral
pH in the cytosol (Boya et al., 2003; Kirkegaard and Jaattela, 2009). These proteases contribute
to cell death by activating effectors such as mitochondria-associated proteins, caspases,
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apoptosis-inducing factor (AIF), or by directly cleaving nuclear and cytoplasmic factors (Boya
et al., 2003; Kirkegaard and Jaattela, 2009). Cathepsins have been implicated in CNS apoptosis
following ischemia or during neurodegenerative processes. For instance, cathepsin B released
from compromised lysosomes into the cytoplasm was crucial for the post-ischemic neuronal
death in vivo (Seyfried et al., 1997: Yamashima et al., 1998), and in vitro studies suggested
that this process was dependent on NMDA-mediated calcium influx and ROS production
(Windelborn and Lipton, 2008). Cathepsin L was also identified as an important mediator of
the ß-amyloid protein-induced apoptosis in cultured cortical neurons (Boland and Campbell,
2004). Of particular interest is that lysosomal destablization was evident in FFA-induced
hepatic apoptosis (Feldstein et al., 2004; Wu et al., 2008).

We have reported previously that exposure of nerve growth factor-differentiated PC12
(NGFDPC12) cells to palmitic acid (PA)/BSA (2:1 ratio) triggers apoptotic cell death via both
intrinsic and extrinsic pathways (Almaguel et al., 2009; Ulloth et al., 2003). PA-induced
lipotoxicity correlates with early ROS generation concomitant with upregulation of Fas
receptor, Fas ligand and BNIP3 mRNAs, followed by MMP, and activation of caspases-3 and
-8, ultimately leading to cleavage of intracellular substrates such as lamin B and PARP
(Almaguel et al., 2009; Ulloth et al., 2003). As part of an ongoing investigation of the specific
mechanisms by which FFA induce caspase independent neuronal cell death, we provide
evidence in this study for the involvement of the lysosomal apoptotic pathway in PA-induced
lipotoxicity. Further, we also show that docosahexaenoic acid (DHA) rescues NGFDPC12
cells from PA-induced lipotoxicity by decreasing LMP.

2. Results
2.1. PA induces lysosomal and mitochondrial membrane permeabilization in NGFDPC12
cells

Treatment of NGFDPC12 cells with PA/BSA at 2:1 ratio for 24 h resulted in 80% loss of cell
viability (Fig. 1A). The nuclear morphology of PA-treated cells was characteristic of apoptotic
cell death (Fig. 1B). We investigated how early PA triggers MMP, using the JC-1 flow
cytometry assay. Fig. 2A shows that non-treated control NGFDPC12 cells displayed only a
7% decrease in FL2 red fluorescence (R2) compared to 9%, 8%, 20% and 53% decreases in
cells undergoing PA-induced lipotoxicity for 3, 6, 9 and 12 h, respectively. These results
suggest that PA induced MMP approximately 9 h after exposure. We also determined the PA-
mediated LMP in the same time-dependent manner, using the acridine orange (AO) flow
cytometry assay. Fig. 2B illustrates that non-treated control NGFDPC12 cells displayed only
a 5% decrease in FL3 red fluorescence (R2). Surprisingly, a dramatic decrease (19%) was
observed as early as 3 h after PA exposure. Decreases in FL3 red fluorescence (R2) of 24%,
44% and 90% were observed in cells undergoing PA-induced lipotoxicity for 6, 9 and 12 h,
respectively. Therefore, PA induced both MMP and LMP in NGFDPC12 cells, with LMP
preceding MMP.

2.2. Inhibition of Cathepsin L reverses PA-induced loss of viability and LMP in NGFDPC12
cells

To further characterize the lysosomal dysfunction in PA-induced lipotoxicity, we used specific
inhibitors for cathepsin L (CTL-I) and cathepsin B (CTB-I). As shown in Fig. 3A, inhibition
of cathepsin L with 25 and 50 μM of CTL-I significantly attenuated PA-induced lipotoxicity.
However, at higher concentrations (100 μM) CTL-I appeared to exacerbate PA-induced cell
death, most likely due to its toxicity. On the other hand, CTB-I, used at concentrations ranging
from 50 to 200 μM not only failed to protect against PA-induced NGFDPC12 cell death but
appeared to exacerbate cell death, even through such toxicity was not observed in other
experimental systems (Li et al., 2008;Newman et al., 2009). These results implicated cathepsin
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L, but not cathepsin B, in PA-induced lipotoxicity in NGFDPC12 cells. Cathepsin D inhibitor
(pepstatin A) was also examined in similar experiments and did not show significant protective
effect (data not shown) suggesting that cathepsin D may not be involved in PA-mediated
lipotoxicity in NGFDPC12 cells under the conditions described in this study.

To further confirm a role for cathepsin L in PA-induced lipotoxicity, the activity of this protease
in NGFDPC12 cells was analyzed using the Magic Red fluorogenic substrate. As expected,
control untreated cells displayed punctuate fluorescence confined to the cytoplasm, typical of
intact lysosomes (Fig. 4A). After exposure to PA, fluorescence was diffused within the dead
cells (Fig. 4A, merged panel with yellow arrows), indicating leakage of cathepsin L into the
cytosolic compartment. Consistent with the results presented in Fig. 3A, CTL-I (25 μM)
prevented PA-induced LMP. The protective effect of CTL-I was also examined by AO flow
cytometric assay. As shown in Fig. 4B, non-treated control NGFDPC12 cells displayed only
a 14% decrease in FL3 red fluorescence compared to a 66% decrease in PA-treated cells and
28% in cells treated with PA in the presence of CTL-I (25 μM).

2.3. Inhibition of Cathepsin L reverses PA-induced MMP and apoptosis in NGFDPC12 cells
The results presented above indicated that LMP precedes MMP in PA-induced lipotoxicity,
and implicated cathepsin L in this cell death process. To further examine the role of cathepsin
L in PA-induced lipotoxicity, we examined if inhibition of this protease with CTL-I could
reverse MMP in PA-treated NGFDPC12 cells. Fig. 5A shows that PA elicited a nine-fold
increase of MMP and that CTL-I (25 μM) significantly reduced this effect. In addition, PA-
induced apoptosis in NGFDPC12 cells was abolished by CTL-I (25 μM), as determined by the
reduction in Annexin V binding to externalized phosphatidylserine (Fig. 5B), and apoptotic
nuclear morphology (Fig. 5C) in cells treated with PA in the presence of CTL-I. Taken together,
the above results indicated that LMP is an early event in PA-induced lipotoxicity of
NGFDPC12 cells that is followed by the release of active cathepsin L, which in turn acts as an
upstream mediator of the apoptotic process.

2.4. DHA protects NGFDPC12 cells from PA-induced lipotoxicity by attenuating LMP
In a previous report we showed that DHA protects NGFDPC12 cells from PA-induced
mitochondrial disruption and apoptosis (Almaguel et al., 2009). We sought to determine the
effect of DHA on PA-induced LMP in NGFDPC12 cells. As shown in Fig. 6A, control,
untreated NGFDPC12 cells displayed AO staining associated with intact lysosomes, i.e. red
fluorescence corresponding to lysosomes and green fluorescence in other cellular
compartments. However, cells exposed to PA for 24 h underwent LMP, as indicated by the
observed strong yellow fluorescence. Co-incubation of cells with DHA and PA prevented
lipotoxicity and LMP, as evidenced by the red and green fluorescence (Fig. 6A). Using AO
flow cytometric assay, we performed a quantitative analysis of lysosomal membrane integrity
after treating NGFDPC12 cells with PA for 12 and 24 h, in the absence and presence of DHA.
PA induced 1.7 and 3 fold increases of LMP at 12 and 24 h respectively (Fig. 6B). DHA, as
well as CTL-I, were able to reduce the LMP to levels comparable to those seen in control cells
(Fig. 6B).

3. Discussion
In previous studies we have demonstrated that PA-LTx in NGFDPC12 cells occurs via both
caspase-dependent and independent cell death pathways and that DHA can be protective
(Ulloth et al., 2003; Almaguel et al., 2009). The present study shows that: (1) lysosomal and
mitochondrial dysfunction are prominent events in lipotoxicity induced by PA/BSA at 2:1 ratio,
and LMP occurred prior to MMP; (2) cathepsin L seems to mediate the PA-LTx apoptosis
since cathepsin L inhibitor prevented downstream apoptotic events such as MMP,
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phosphatidylserine externalization, and nuclear condensation and fragmentation; and (3)
treatment with DHA stabilizes lysosomal membranes and protects NGFDPC12 cells from PA-
LTx. These observations suggest the existence of a lysosomal-mitochondrial crosstalk
associated with PA-LTx cell death.

Pathology associated with traumatic brain injury (TBI) is primarily caused by transient global
ischemia and subsequent secondary damage occurring hours to days after the primary injury
(Conti et al., 1998; Cooper, 1985). This second phase of TBI shows prominent release of
excitatory amino acids, increased intracellular Ca2+ levels, phospholipid degradation, local
FFA accumulation, lactic acid accumulation, free radical formation, and lipid peroxidation
(Newcomb et al., 1999) and current research is focused in evaluating the respective contribution
to tissue damage and recovery. For instance, there is strong correlation between the magnitude
of FFAs accumulation and the severity of tissue injury (Bazan et al., 1971; Dhillon et al.,
1999; Zhang and Sun, 1995), which suggest that this increase can be a reliable marker of
secondary brain injury. FFA accumulation is most likely by the action of phospholipase-A2
(PLA-2), which is activated by increased intracellular Ca2+, and phospholipase C (PLC), which
is activated by excitatory amino acids (Farooqui and Horrocks, 1998).

Exposing NGFPC12 cells to high levels of saturated FFA (i.e., PA and stearic acid) is more
damaging than unsaturated FFA (i.e., arachidonic acid and oleic acid) (Ulloth et al., 2003), a
phenomenon that has been also observed in other cell types, and differential reincorporation
of FFA into membrane phospholipids has been proposed to play an important role (Rabin et
al., 1998; Tone et al., 1987; El-Assaad et al., 2003; Hardy et al., 2003; Li et al., 2008). Further,
unesterified PA, as a precursor of de novo ceramide synthesis, may act at least partially via
ceramide-dependent or -independent pathways (Listenberger et al., 2003; Shimabukuro et al.,
1998).

In agreement with the LMC observed during apoptosis reported by others (Li et al., 2008; Zhao
et al., 2003), the present study shows that LMP is an upstream early event in PA-LTx and cell
death in NGFDPC12 cells. The release of cathepsin L from disrupted lysosomes appeared to
be required for subsequent MMP, since inhibition of cathepsin L, but not cathepsin B, prevented
subsequent MMP and apoptosis. This LMC during PA-LTx is likely to be mediated by cleavage
of Bid, which is a known substrate of cathepsins B, D, and L in different cell models (Blomgran
et al., 2007; Cirman et al., 2004). Interestingly, anti-apoptotic mitochondrial proteins such as
Bcl-2, Bcl-xL and Mcl-1 are degraded by lysosomal cathepsins, which, combined with
cathepsin-mediated Bid activation, can trigger MMP and apoptosis (Droga-Mazovec et al.,
2008). Cathepsins D and L have also been shown to directly activate caspase-8 in some cell
models (Baumgartner et al., 2007; Conus et al., 2008), which may result in Bid cleavage. Our
current and previous results indicate that PA-LTx in NGFDPC12 cells is cathepsin L-dependent
and involves the activation of caspase-8 (Ulloth et al., 2003). Therefore, we hypothesize that
early lysosomal disruption during PA-LTx leads to cathepsin L leakage, which in turn may
directly cleave Bid to activate the intrinsic apoptotic pathway. Alternatively, cathepsin L may
activate caspase-8, which in turns cleaves and activates Bid.

PA-LTx in NGFDPC12 cell death involves a caspase-independent pathway, as evidenced by
the observation that inhibition of caspase activity with the pan-caspase inhibitor z-VAD did
not prevent cell death (Ulloth et al., 2003). Interestingly, LMP and cathepsins release have
been shown to mediate both caspase-dependent and -independent cell death (Chen et al.,
2005; Feldstein et al., 2006; Zhao et al., 2003). Also significant is that cathepsins can mediate
the activation of PLA2, which may trigger damage to mitochondrial and lysosomal membranes
(Zhao et al., 2001). Furthermore, overactive PLA2 can induce FFA release and accumulation,
thus contributing to lipotoxicity (Farooqui and Horrocks, 2006).
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Our previous studies indicated an increase of ROS, Fas-R, Fas-L, and Bnip3 during the early
stages of PA-induced lipotoxicity in NGFDPC12 cells (Almaguel et al., 2009; Ulloth et al.,
2003). In addition to exhibiting classic nuclear apoptotic structural features, PA-LTx also
induced cleavage of PARP into the 85 kD apoptotic signature cleavage fragment generated by
caspase-3, and not the 50 kD fragment associated with necrotic cell death (Ulloth et al.,
2003). These observations suggest that LMP can be induced through different pathways. For
instance, ROS-induced LMP can lead to cell damage and apoptosis (Dare et al., 2001; Ostenfeld
et al., 2005; Yeung et al., 2006) and ROS-dependent LMP and cathepsin release causes
ischemic damage in the rat hippocampal slice after oxygen-glucose deprivation (Windelborn
and Lipton, 2008). LMP was also observed in Jurkat T-cells shortly after treatment with
H2O2, and an intralysosomal iron-catalyzed oxidative reaction was presumed to be responsible
for the LMP since an iron chelator specifically directed into lysosomes was able to reduce
lysosomal leakage (Brunk and Svensson 1999; Antunes et al., 2001). Cathepsins leaked from
partially ruptured lysosomes cause downstream MMP and stimulate more ROS generation,
which in turn triggers further lysosomal damage (Ghavami et al., 2008; Li et al., 2008).
Lysosomal destabilization was also observed in apoptosis induced by the death receptor
pathway (Brunk and Svensson, 1999; Nagaraj et al., 2007; Werneburg et al., 2004). In a
hepatocyte model, activation of TNF receptors led to activation of caspase 8 and release of
cathepsin B, which in turn induced cytochrome C release from mitochondria (Guicciardi et al.,
2000). Additional and even stronger activation of caspase 8 occured after induction of MMP,
generating a feedback loop causing further LMP and exacerbation of apoptosis (Baumgartner
et al., 2007; Guicciardi et al., 2000). Bax, a pro-apoptotic member of the Bcl-2 family, is well
recognized for its pore formation activity, which is responsible for MMP (Qian et al., 2008).
PA was shown to activate and translocate Bax to lysosomes, leading to LMP and subsequent
cell death (Feldstein et al., 2006). Since this activation/translocation of Bax is independent of
cathepsin B, Bax could be responsible for initial events leading to LMP.

DHA, the major n-3 polyunsaturated fatty acid in the brain, is critical for normal nervous system
development and exerts neuroprotective effect in various neuronal injury models (Kaur et al.,
2008). DHA protects NGFDPC12 cells from PA-induced lipotoxicity (Almaguel et al., 2009)
but the mechanism remains to be elucidated. The present study shows that co-treatment of cells
with DHA and PA led to a marked decrease in LMP. As a highly unsaturated fatty acid, the
neuroprotective effect of DHA may be attributed to its free radical scavenging capacity (Bas
et al., 2007; Shimazawa et al., 2009). Interestingly, our previous data did not show signficant
attenuation of ROS by DHA (Almaguel et al., 2009). This is an area of interest to the field and
our data is consistent with findings reporting that treatment of human fibroblasts with DHA
increased ROS while simultaneously inducing a strong antioxidant response as evident by the
upregulation of the activities of antioxidant enzymes gamma-glutamyl-cysteinyl ligase and
glutathione reductase (Arab et al., 2006). Alternativelly, DHA can exert protective actions
through DHA-derived metabolites such as Neuroprotectin D1 has been shown to protect human
retinal pigment epithelial cells from oxidative stress-induced cell death (Mukherjee et al.,
2004). Although our studies did not examine Neuroprotectin D1 effects, we do not rule out a
potential neuroprotective role during PA-induced lipotoxiciy. Additional ways by which DHA
could lead to neuroprotection is by stabilizing lysosomal membranes and altering their fluidity
following incorporation into the cell membrane (Hulbert and Else, 1999 ; Valentine and
Valentine, 2004), or by preventing PA-induced lipotoxicity by channeling excess of PA into
triglyceride pools and away from pathways leading to apoptosis (Listenberger et al., 2003).

In conclusion, our data suggest that LMP is an early event during PA-induced lipotoxicity in
NGFDPC12 cells that is associated with cathepsin L activation and that precedes MMP and
apoptosis (Fig. 7). The reduction of LMP by DHA suggests that DHA acts by blocking upstream
signals leading to lysosomal dysfunction. Studies are underway to identify these signals. These
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results underscore the value of interventions targeting upstream signals that lead to LMP for
the treatment of conditions associated with lipotoxicity.

4. Experimental Procedures
4.1. Cell culture and treatment with fatty acids

Undifferentiated PC12 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% horse serum, 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL
penicillin and 100 μg/mL streptomycin (Mediatech, Herndon, VA), at 37°C with 95% air/5%
CO2. Differentiation of PC12 cells was achieved by exposure to 50 ng/mL of 2.5S (grade II)
nerve growth factor (NGF, Alomone Laboratories, Jerusalem, Israel) for 7–14 days in DMEM
supplemented with 1% FBS, penicillin/streptomycin and L-glutamine (low serum medium).
Culture medium was replaced every 2–3 days. NGFDPC12 cells were re-plated at a density of
12,000 cells/cm2 24–36 hrs before exposure to FFA. NGFDPC12 cells were treated with levels
of PA comparable to those found during ischemic injury (PA:BSA, 2:1 molar ratio) as described
previously (Almaguel et al., 2009). PA and DHA (Sigma, St. Louis, MI) were first dissolved/
diluted in 100% ethanol and further diluted to 300 μM in warm low serum medium with 150
μM fatty acid-free BSA (EMD Biosciences, La Jolla, CA). The final concentration of ethanol
was 0.1%. Prior to treatment, the PA- or (PA+DHA)- containing medium was supplemented
with NGF and cathepsin B inhibitor (CA-074Me) or cathepsin L inhibitor I (EMD Biosciences,
San Diego, CA) and sterilized using a 0.22 μM filter.

4.2. Determination of cell viability
NGFDPC12 cells were harvested and re-plated in 96-well tissue culture plates. The columns
for the standard curve were plated at 500, 1000, 2000, 4000 and 8000 cells per well, and
columns for experimental treatments were plated at 4000 cells per well. Cells were grown for
24 h before treatment. At the end of treatments, culture medium was removed from the wells
followed by addition to each well of 100 μL of phenol red free-media containing 10 μL of
WST-1 (Roche Applied Science, Indianapolis, IN). Optical density at 450 nm was determined
after 3 h.

4.3. Analysis of nuclear morphology
Nuclear morphology was assessed using the Hoechst 33342 fluorescent dye (Molecular Probes,
Eugene, OR). Hoechst was added to the culture medium (2.5 μg/mL) and incubated in the dark
for 10 min at 37°C. Stained cell nuclei visualized under fluorescent microscopy (Olympus
BX50) using an UMPlanPI 60X/0.90W water immersion objective (Olympus, 400×
magnification). Images were acquired using a digital Spot camera system (Diagnostic
Instruments, Sterling Heights, MI). Apoptotic cells were identified by the presence of highly
condensed or fragmented nuclei.

4.4. Assessment of apoptosis by flow cytometric analysis of Annexin V binding
NGFDPC12 cells were collected and resuspended in 40 μL of Annexin V binding buffer
containing 2 μL of Annexin V-FITC suspension (BD Biosciences Pharmingen, San Diego,
CA). After incubation for 15 min in the dark at room temperature, 160 μL of Annexin V binding
buffer were added, followed by 5 min incubation. Before flow cytometry analysis another 200
μL of Annexin V binding buffer were added. Annexin V fluorescence was detected in the FL-1
channel using a Becton-Dikinson FACSCalibur® flow cytometer (Becton-Dickinson, San
Francisco, CA). A total of 100,000 events were measured per sample.
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4.5. Analysis of mitochondrial membrane permeabilization (MMP)
Disruption of MMP was assessed using the lipophilic cationic probe 5,5′,6,6′-tetrachloro-1,1′,
3,3′-tetraethylben-zimidazol-carbocyanine iodide (JC-1 MitoScreen kit, BD Biosciences).
Briefly, unfixed cells were washed and resuspended in PBS supplemented with 10 μg/mL of
JC-1. Cells were then incubated for 15 min at room temperature in the dark, washed, and
resuspended in PBS for immediate FACSCalibur® flow cytometry analysis. The percentage
of cells with disrupted mitochondrial membrane potential was calculated using the CellQuest
software.

4.6. Analysis of lysosomal membrane permeabilization (LMP)
The Acridine Orange (AO, Sigma Aldrich, St. Louis, MO) method was used to analyze LMP
as described previously (Pacheco et al., 2005). Due to proton trapping, this vital dye
accumulates mainly in the acidic vacuolar apparatus, preferentially in lysosomes. When excited
by blue light, AO emits red/orange fluorescence at high concentrations (lysosomes) and green
fluorescence at low concentrations (nucleus and cytoplasm). Cells with intact lysosomes appear
red and green while cells with compromised lysosomes show a yellow color. Briefly,
NGFDPC12 cells growing in 6-well culture plates were exposed to AO (5 μg/mL) and
counterstained with Hoescht 33342 (1 μg/mL) for 20 minutes at 37°C. Cells were then
examined under an Olympus BX50 epifluorescence microscope using a water immersion
objective. Images were acquired using a digital Spot camera system.

LMP was also measured by flow cytometry. Briefly, NGFDPC12 cells were stained with AO
(5 μg/mL) in DMEM medium for 15 min at 37 C. Cells were then washed, resuspended in PBS
and the green (FL1) and red (FL3) fluorescence of 10,000 cells was recorded on a logarithmic
scale using a BectonDickinson FACScan instrument (no band-pass filters) while excited at 488
nm (argon laser). Using this technique, early alterations of lysosomal stability were assayed,
as evident by decrease in FL3 red fluorescence.

4.7. Detection of cathepsin L activity
Cathepsin L activity was detected using the fluorogenic substrate-based assay Magic Red MR-
(FR)2 (Immunochemistry Technologies, Bloomington, MN). Briefly, cultured NGFDPC12
cells were exposed for 30 min to the cathepsin L substrate MR-(FR)2, rinsed twice with
medium, and directly examined under the fluorescence microscope. Cells were counterstained
with Hoechst 33342 for nuclear visualization.

4.9. Statistical analysis
All the experiments were repeated independently at least three times. Values represent means
± SE. Statistical comparisons were made using one-way ANOVA. Significance was accepted
at p values < 0.05.
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Figure 1. PA induces lipotoxicity in NGFDPC12 cells
Cells were treated with PA: BSA, 2:1 molar ratio (PA), or BSA alone (Control) for 24 hr. A:
Cell viability was determined by WST-1 assay (see Materials and Methods). The data represent
mean ± SEM of 3 independent experiments. Significance (*) was determined at p<0.05
compared to control group. B: Nuclear morphology was analyzed with Hoechst staining and
examined under fluorescent microscopy. Arrows indicate representative nuclei showing
chromatin condensation and fragmentation.
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Figure 2. PA induces mitochondrial and lysosomal membrane permeabilization in NGFDPC12
cells
Cells were treated with PA/BSA (2:1) for 0, 3, 6, 9 and 12 hr. A: Mitochondrial membrane
permeabilization (MMP) was determined by flow cytometry using JC-1. Cells with MMP
showing reduced FL2 reading are presented in green, whereas cells with intact mitochondria
are shown in red. The percents of cells with MMP (green) were calculated. B: Lysosomal
membrane permeabilization (LMP) was analyzed with flow cytometry using acridine orange
(AO). Cells with LMP showing reduced FL2 reading are presented in green, whereas cells with
intact lysosomes are shown in red. The percents of cells with LMP (green) were calculated.
Representative flow cytometric plots of three independent experiments are shown.
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Figure 3. Pharmacological inhibition of cathepsin L attenuates PA-induced cell death in
NGFDPC12 cells
A: Cells were treated with PA/BSA (2:1) or BSA alone (Control) for 24 hr in the presence or
absence of cathepsin L inhibitor at 25, 50 or 100 μM. Cell viability was determined by WST-1
assay. B: NGFDPC12 cells were treated with PA/BSA (2:1) or BSA alone (CTL) for 24 hr in
the presence or absence of cathepsin B inhibitor at 50, 100 or 200 μM. Cell viability was
determined by WST-1 assay. The data represent mean ± SEM of 3 independent experiments.
Significance (*) was determined at p<0.05 when compared to PA group.
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Figure 4.
Inhibition of cathepsin L activity attenuates lysosomal membrane permeabilization during PA-
induced lipotoxicity in NGFDPC12 cells. Cells were treated with BSA alone (Control), PA/
BSA (2:1) or PA/BSA with 25μM cathepsin L inhibitor (PA+CTL-I) for 24 hr. A: Cathepsin
L activity in cells was examined with Magic Red and detected by fluorescent microscopy. Cells
were counterstained with Hoechst 33342. Merged images are also shown. B: LMP was
determined by flow cytometry using acridine orange. The percents of cells with LMP were
calculated. Representative flow cytometric plots of three independent experiments are shown.
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Figure 5. Cathepsin L inhibitor abolished PA-induced mitochondrial membrane permeabilization
and apoptosis
NGFDPC12 cells were treated with BSA alone (Control), PA/BSA (2:1) or PA/BSA with
25μM cathepsin L inhibitor (PA+CTL-I) for 24 hr. A: MMP was determined by flow cytometry
using JC-1. The top panel shows flow cytometric plots and the bottom panel shows the
quantitative analysis of percent cells with MMP under different treatments. The data represent
mean ± SEM of 3 independent experiments. Significance (*) was determined at p<0.05 when
compared to PA group. B: Apoptosis was examined by flow cytometry using Annexin V assay,
and the percents of Annexin V-positive cells were determined. C: Nuclear morphology after
each treatment was visualized with Hoechst 33342 staining. Representative flow cytometric
plots and fluorescent micrographs are shown.
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Figure 6. DHA protects NGFDPC12 cells against PA-induced lysosomal membrane
permeabilization
A: NGFDPC12 cells were treated with BSA alone (Control), PA/BSA (2:1) or PA/BSA+DHA
for 24 hr. LMP was determined by acridine orange staining followed by fluorescent
microscopy. Representative fluorescent micrographs are shown. B: NGFDPC12 cells were
treated with BSA alone (Control), PA/BSA alone, PA/BSA+DHA or PA/BSA with 25μM
cathepsin L inhibitor (PA+CLI) for 12 or 24 hr. LMP was analyzed by flow cytometry using
Acridine Orange. The percents of cells with LMP were calculated and values for control cells
were normalized to one. The data represent mean ± SEM of 3 independent experiments.
Significance (*) was determined at p<0.05.
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Figure 7. Model depicting the potential lysosomal-mitochondrial crosstalk during saturated free
fatty acid-induced apoptosis
FFAs are transported by albumin in the plasma and by fatty acid binding proteins
intracellularly. FFA overload leads to: 1) increase of Fas receptor (FAS-R) and activation of
caspase 8; 2) enhanced formation of ceramide/sphingosine; and 3) up-regulation of BNIP3 and
Bax expression. All these upstream events can contribute to an early lysosomal membrane
permeabilization (LMP) and subsequent release of lysosomal enzyme cathepsin L. Released
cathepsin L can cleave/activate pro-apoptotic Bid directly or via caspase 8. Translocation of
pro-apoptotic proteins to the mitochondrial outer membrane induces mitochondrial membrane
permeabilization (MMP), which results in caspase-dependent and independent apoptotic cell
death. Reactive oxygen species (ROS) generated by mitochondria can promote LMP and
enhance apoptosis. DHA, an n-3 polyunsaturated fatty acid, inhibits FFA-induced apoptosis
by blocking upstream signaling cascade and prevents LMP.
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