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Abstract
Lipotoxicity (LTx) leads to cellular dysfunction and cell death and has been proposed to 
be an underlying process during traumatic and hypoxic injuries and neurodegenerative 
conditions in the nervous system. This study examines cellular mechanisms responsi-
ble for docosahexaenoic acid (DHA 22:6 n-3) protection in nerve growth factor-dif-
ferentiated pheochromocytoma (NGFDPC12) cells from palmitic acid (PAM)-mediated 
lipotoxicity (PAM-LTx). NGFDPC12 cells exposed to PAM show a significant lipotox-
icity demonstrated by a robust loss of cell viability, apoptosis, and increased HIF-1α 
and BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 gene expression. 
Treatment of NGFDPC12 cells undergoing PAM-LTx with the pan-caspase inhibitor 
ZVAD did not protect, but shifted the process from apoptosis to necroptosis. This shift 
in cell death mechanism was evident by the appearance of the signature necroptotic 
Topo I protein cleavage fragments, phosphorylation of mixed lineage kinase domain-
like, and inhibition with necrostatin-1. Cultures exposed to PAM and co-treated with 
necrostatin-1 (necroptosis inhibitor) and rapamycin (autophagy promoter), showed a 
significant protection against PAM-LTx compared to necrostatin-1 alone. In addition, 
co-treatment with DHA, as well as 20:5 n-3, 20:4 n-6, and 22:5 n-3, in the presence of 
PAM protected NGFDPC12 cells against LTx. DHA-induced neuroprotection includes 
restoring normal levels of HIF-1α and BCL2/adenovirus E1B 19 kDa protein-interacting 
protein 3 transcripts and caspase 8 and caspase 3 activity, phosphorylation of beclin-1, 
de-phosphorylation of mixed lineage kinase domain-like, increase in LC3-II, and up-
regulation of Atg7 and Atg12 genes, suggesting activation of autophagy and inhibition 
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1  | INTRODUC TION

Free fatty acids (FFAs) play essential roles in membrane structure, 
signal transduction, and energy usage/storage. However, non-adi-
pocytes cells exposed to saturated FFAs overload exhibit lipotoxic-
ity (LTx) with detrimental consequences including cell death (Leroy, 
Tricot, Lacour, & Grynberg, 2008; Listenberger & Schaffer, 2002; 
Scheff & Dhillon, 2004; Ulloth, Casiano, & De Leon, 2003). Neurons 
are particularly at risk of saturated FFAs overload because triacyl-
glycerols synthesis plays only a minor role in neuronal lipid me-
tabolism (Tracey, Steyn, Wolvetang, & Ngo, 2018). This increased 
vulnerability can exacerbate the loss of neuronal viability during 
conditions leading to nervous system trauma (Dhillon, Dose, Scheff, 
& Prasad, 1997; Rodriguez de Turco et al., 2002). Our group and oth-
ers have shown that exposure to high levels of saturated FFAs like 
stearic and palmitic acid (PAM), triggers apoptosis in nerve growth 
factor-differentiated PC12 (NGFDPC12) cells, primary rat cortical 
cells, Schwann cells, and microglial cells (Almaguel, Liu, Pacheco, 
Casiano, & De Leon, 2009; Descorbeth, Figueroa, Serrano-Illan, & De 
Leon, 2018; Padilla, Descorbeth, Almeyda, Payne, & De Leon, 2011; 
Patil & Chan, 2005; Ulloth et al., 2003; Wang et al., 2012). PAM 
overload triggers LTx as evidenced by increased cell death, reactive 
oxygen species, ER stress, and other cellular disruptions typical of 
lipotoxic injury (Han & Kaufman, 2016; Patil & Chan, 2005; Wang 
et al., 2012). Inhibition of caspase 3 with the pan-caspase inhibitor 
N-benzyloxycarbonyl-Val-Ala-Asp-[O-methyl]-fluoromethylketone 
(ZVAD) did not prevent either apoptosis or loss of viability of 
NGFDPC12 cells treated with PAM (Ulloth et al., 2003). These re-
sults suggested that cells exposed to PAM overload in the pres-
ence of ZVAD undergo caspase-independent cell death (Almaguel 
et al., 2009, 2010; Ulloth et al., 2003). This is consistent with studies 
showing that inhibition of caspase activation can result in a switch 
from apoptotic to necroptotic cell death (Galluzzi, Kepp, Krautwald, 
Kroemer, & Linkermann, 2014).

Necroptosis is driven by the kinases RIP1 and receptor-interact-
ing proteins 1 and 3 (RIP3), which together with mixed lineage kinase 
domain-like (MLKL) form the necroptosome. Upon phosphorylation 
in the necroptosome, MLKL forms pores in the plasma membrane, 
triggering release of intracellular contents, and lysosomal membrane 
permeabilization (LMP), with ensuing cytoplasmic degradation (Holler 
et al., 2000; Meng et al., 2016; Su, Yang, Xie, DeWitt, & Chen, 2016). 
Plasma membrane permeabilization is a biochemical hallmark common 
to necroptosis, primary necrosis, and secondary necrosis that leads 
to the release of intracellular damage-associated molecular patterns 
(DAMPS) into the extracellular milieu, resulting in a proinflammatory 
immune response (Vanden Berghe et al., 2010). Under normal cell 

growth conditions, apoptosis and necroptosis are under a precise inter-
dependent control. For instance, during apoptosis, caspase 8 cleaves 
and inactivates RIP3, preventing activation of necroptosis, whereas 
lack of functional caspase 8 may lead to necroptosome activation 
(Feltham, Vince, & Lawlor, 2017; Newton et al., 2014). Apoptosis is 
the preferred mode of cell death under normal and pathological states 
because of its non-inflammatory properties and highly organized and 
efficient cell demise program. However, in recent years necroptosis 
has emerged as a key pro-inflammatory mode of cell death in the 
pathogenesis of human disease, including renal ischemic reperfusion 
injury, cardiac hypoxic injury, and brain injury (Linkermann et al., 2012; 
Northington et al., 2011; Oerlemans et al., 2012; Smith et al., 2007; 
Zhu, Zhang, Bai, & Li, 2011). Another critical cellular process is autoph-
agy, which mediates the elimination of intracellular molecules and or-
ganelles to maintain homeostasis and survival in the presence of stress 
(Green & Levine, 2014; Wirawan, Vanden Berghe, Lippens, Agostinis, 
& Vandenabeele, 2012). This process is critical for maintaining cellular 
ATP and macromolecular recycling and can represent a pro-survival 
pathway (Bray et al., 2012; Degenhardt et al., 2006). Autophagy is reg-
ulated by ATG (autophagy-related) proteins and redistribution of LC3 
(microtubule-associated protein 1 light chain 3), with the appearance 
of lipidated LC3, that is, LC3-II, as a biochemical hallmark. Autophagy 
in primary mice cortical cells correlates with recovery and cell survival 
after hypoxia/reoxygenation injury (Zhang et al., 2013). There is ev-
idence supporting an interplay between autophagy, apoptosis, and 
necroptosis (Long & Ryan, 2012). Whether the cell survives or dies by a 
particular cell death modality in the presence of stress depends on the 
severity of cellular damage, ATP availability, and levels of endogenous 
inhibitors of specific survival/cell death pathways (Damme, Suntio, 
Saftig, & Eskelinen, 2014; Long & Ryan, 2012). Docosahexaenoic acid 
(DHA) is the major n-3 polyunsaturated fatty acid (PUFA) compo-
nent in neuronal membranes in the gray matter of the cerebral cor-
tex and in retinal photoreceptors cells (Lauritzen et al., 2000; Yehuda, 
Rabinovitz, Carasso, & Mostofsky, 2002). In previous reports we 
showed that DHA inhibits PAM-LTx-induced apoptosis in NGFDPC12 
and Schwann cells (Almaguel et al., 2009; Descorbeth et al., 2018), 
protects NGFDPC12 cells against PAM-induced lysosomal and mi-
tochondrial permeabilization (Almaguel et al., 2010), and attenu-
ates neuronal dysfunction following experimental spinal cord injury 
(Figueroa et al., 2012). Furthermore, DHA-derived metabolites have 
been associated with anti-nociceptive responses after experimental 
spinal cord injury (Figueroa et al., 2012; Figueroa, Cordero, Llan, & De 
Leon, 2013; Figueroa, Cordero, Serrano-Illan, et al., 2013). This study 
examines the interactions between apoptosis, necroptosis, and auto-
phagy in the context of DHA-induced protection of NGFDPC12 cells 
from PAM-LTx.

of necroptosis. Furthermore, DHA-induced protection was suppressed by the lysoso-
motropic agent chloroquine, an inhibitor of autophagy. We conclude that DHA elicits 
neuroprotection by regulating multiple cell death pathways including enhancement of 
autophagy and inhibiting apoptosis and necroptosis.
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2  | MATERIAL S AND METHODS

2.1 | Reagents

Reagents were purchased from the indicated suppliers as follows: Ham's 
F-12 medium with Kaighn's modification (F-12K) was from Mediatech, 
Inc.; horse serum and fetal bovine serum were from Atlantic Biological; 
nerve growth factor (NGF, Cat# N-100) was from Alomone Labs; fatty 
acid-free bovine serum albumin (Cat# 126575-10GM) was from EMD 
Millipore Corp; palmitic acid (PAM, Cat# P0500-25G), protease inhibi-
tor cocktail tablets (Cat# 4693124001), and chloroquine diphosphate 
(Cat# C6628-25G) were from Sigma-Aldrich (St. Louis, MO); DHA 
(Cat# 90310), eicosapentanoic acid (EPA, Cat# 90110), arachidonic 
acid (ARA, Cat# 90010), n-3 docosapentanoic acid (DPA, Cat# 90165), 
and n-6 docosapentaenoic acid 22:5 n-6 (n-6 DPA) (Cat# 10,008,335) 
were from Cayman Chemicals; ZVAD (Cat# ALX-260-020-M005), 
staurosporine (Cat# ALX-380-014-M001), and necrostatin-1 (Cat# 
BML-AP309-0020) were from Enzo Life Science; mercuric chloride 
(HgCl2, Cat# 201,430,250) was from Acros Organics; rapamycin (Cat# 
9904S) was from Cell Signaling Technology.

2.2 | Cell culture and treatments

Rat pheochromocytoma clone 12 (PC12 cells, RRID:CVCL_0481, ATTC 
Cat# CRL-1721, Manassas, VA) is not listed as a commonly misidenti-
fied cell line and was last authenticated on March 2018 by comparing 
DNA sequence of STR marker 18-3 with the NCBI databases. All the 
cells we used in this study were within seven passages. PC12 cells were 
cultured in F-12K medium with 15% horse serum, 2.5% fetal bovine 
serum (FBS), and penicillin/streptomycin. After attaching to culture 
plates, cells were then differentiated with F-12K medium containing 
NGF (50 ng/ml) and 1% FBS and penicillin/streptomycin (1% FBS-NGF 
medium). Medium was changed every 2–3 days and cells were dif-
ferentiated for 7–10 days before experimental treatments. Fully dif-
ferentiated PC12 cells showing long neurites that form an extensive 
network were used in all experimental conditions.

PAM-LTx treatment was performed as previously described 
(Almaguel et al., 2009; Ulloth et al., 2003). Briefly, a PAM stock solu-
tion (300 mM in 100% ethanol) was diluted 1,000-fold in warm 1% 
FBS-NGF medium containing 0.15 mM fatty acid-free bovine serum 
albumin (BSA) resulting in a complex of PAM:BSA at 2:1 (0.3 mM: 
0.15 mM) molar ratio. Previous analysis showed that PAM:BSA at 2:1 
ratio results in unbound-free PAM at low nM concentration through-
out the course of the experiment (Almaguel et al., 2009).

DHA and other PUFA stock (50 mM) were also prepared in 100% 
ethanol and diluted in 1% FBS-NGF medium containing 0.15 mM 
fatty acid-free BSA with or without PAM. For control, cells were 
treated with 1% FBS-NGF medium containing 0.15 mM fatty ac-
id-free BSA and 0.1% ethanol. Cell morphology after treatment 
was documented using a phase contrast IX70 Olympus microscope 
equipped with a SPOT-Insight CMOS camera. The cell death modu-
lators ZVAD, necrostatin-1, rapamycin, chloroquine, staurosporine, 

and HgCl2 were added to the media at the same time with PAM 
treatment. ZVAD, necrostatin-1, staurosporine, and rapamycin were 
dissolved in DMSO. HgCl2 and chloroquine were dissolved in water. 
The treatment of cultures with these cell death modulators was per-
formed without pre-treatment because PAM overload toxicity ef-
fect can be reverse within the first 4–6 hr after the initial treatment 
(Almaguel et al., 2009).

2.3 | Quantitative real-time PCR analysis

Procedures for total RNA extraction, cDNA synthesis, and quan-
titative RT-PCR were described previously (Almaguel et al., 2009; 
Padilla et al., 2011). Relative amount of mRNA was calculated by the 
2−ΔΔCT method, using β-actin as reference gene. The primer sets used 
are as following:

HIF-1α: 5'-TCCATGTGACCATGAGGAAA-3' and 5'-CTTCCACGT 
TGC TGACTTGA-3'; BNIP3: 5'-CCAGAAAATGTTCCCCCCAAG-3' 
and 5'-TTGTCAGACGCCTTCCAATGTAG-3'; Atg7: 5'-CCC AA AG AC 
A TCA AGG GCTA-3' and 5'-CCTGACTTTATGGCTTCCCA-3'; Atg12: 5'- 
CGTCTT CGG TTGCAGTTTC-3' and 5'-CCAGTTTACCATCACTGCC 
A-3'; β-actin: 5'-GGGAAATCGTGCGTGACATT-3' and 5'-GCGGCAGT 
GGCCATCTC-3'.

2.4 | Reactive oxygen species analysis

Cellular ROS levels were measured by flow cytometry using the 
florescent indicator 2',7'dichlorodihydrofluorescein diacetate 
(H2DCFDA; Thermo Fisher Scientific). After treatment, NGFDPC12 
cells were incubated with 10 μM H2DCFDA in F-12K medium for 
25 min at 37°C. Cells were then detached by HyClone HyQtase 
(GE Healthcare), rinsed and analyzed with a Becton-Dickinson 
FACSCalibur (Almaguel et al., 2009; Padilla et al., 2011). NGFDPC12 
cells treated with 10 μM DL-Buthionine-[S,R]-sulfoximine (BSO) for 
24 hr served as positive control.

2.5 | Apoptosis detection

After treatment, NGFDPC12 cells were detached from plates 
by HyQtase (HyClone) and incubated with the apoptosis marker 
Annexin V-FITC for 20 min. Annexin V positive cells were detected 
by flow cytometry as described previously (Padilla et al., 2011).

2.6 | Caspase activity assay

The activity of caspases 3 and 8 in NGFDPC12 cells after treatment 
was analyzed with colorimetric assay kits from Enzo Life Sciences 
(Cat# ALX-850-215-K101 for caspase 3 and ALX-850-221-K101 for 
caspase 8). Following manufacturer's instructions, cells were ex-
tracted with lysis buffer and protein concentration in the cytosolic 
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extract was determined. Then, 50 μl lysate containing 100 μg protein 
was mixed with equal volume of 2X reaction buffer and 5 μl of 4 mM 
substrate. After 1–2 hr incubation at 37°C, the OD at 405 nm was 
detected using Spectra Max i3X spectrophotometer. Caspase activ-
ity was calculated as average fold increase in the OD reading relative 
to that of control group, which was normalized to one.

2.7 | Determination of cell viability

Cell viability after PAM-LTx treatment was determined by crys-
tal violet assay. PC12 cells were seeded in 6- or 12-well plates at a 
density of 7,500 cells/cm2 and differentiated with NGF. After treat-
ment, cells were gently rinsed, fixed, and stained with crystal violet 
solution as stated before (Padilla et al., 2011). Bound crystal violet 
was dissolved with 10% acetic acid and the optical density (OD) at 
570 nm was determined using a Spectra Max i3X spectrophotometer 
(Molecular Devices). Cell viability was calculated as average percent 
of the OD reading relative to that of control group, which was nor-
malized to 100%.

2.8 | Antibodies and immunoblotting

DNA topoisomerase I (Topo I) and its cell death-associated cleavage 
fragments were detected by immunoblotting using human sclero-
derma-associated autoantibodies (dilution 1:200) as described previ-
ously (Pacheco, Almaguel, & Evans, 2014; Pacheco et al., 2005). LC3 
(Cat# 4108S, dilution 1:2,500), phospho-beclin-1 (Ser93, Cat# 14717S, 
dilution 1:2,000), and beclin-1 (Cat# 3495S RRID; AB_1903911, dilution 
1:1,000) antibodies were purchased from Cell Signaling Technology. 
Phospho-MLKL antibody (Cat#ab196436, dilution 1:1,000) was from 
Abcam and β-actin antibody was from Sigma-Aldrich (Cat#A5441-
0.2Ml, dilution 1:5,000). We used Laemmli Sample Buffer (0.1 M Tris-
HCl, pH 6.8 containing 4% SDS, 10% glycerol, and protease inhibitors) 
to extract total protein from cells. After quantification, 15–40 μg of 
cellular proteins was resolved on a 4%–12% NuPAGE Bis-Tris Gel 
(Invitrogen) and transferred to nitrocellulose membranes. Membranes 
were blocked with Odyssey blocking buffer (Cat# 927-50000; Li-Cor 
Biotechnology) and incubated with primary antibodies overnight at 
4°C. After washes, the membranes were incubated with IRDye sec-
ondary antibodies (IRDye 680RD goat anti-rabbit IgG 926-68071, 
RRID:AB_10956166, and IRDye 800CW goat anti-mouse 926-32210, 
RRID:AB_621842; Li-Cor Biotechnology) at 1:30,000 dilution for sub-
sequent Odyssey imaging (Li-Cor Biotechnology). Quantitative analy-
sis was done within the dynamic rage of the equipment. Because of 
lack of proper IRDye secondary antibody, Topo I immunoblots were 
incubated with HRP-conjugated anti-human secondary antibody 
(dilution 1:5,000, Cat# A18847, RRID:AB_2535624; Thermo Fisher 
Scientific) and anti-mouse secondary antibody (dilution 1:10,000, 
Cat# G-21040, RRID:AB_2536527; Thermo Fisher Scientific) fol-
lowed by chemiluminescent detection. All signals are within the linear 
range of the gray scale.

2.9 | Study design and statistical analysis

This study was not pre-registered and no randomization or blinding 
was performed. No sample size calculation was used to predetermine 
the sample size in this study. All measurements were done in tripli-
cates in at least three independent cell cultures. Data analysis was 
done by GraphPad Prism 6.0 (GraphPad Software). Identification of 
outliers was done with ROUT (Q = 5%) and normality of data was as-
sessed with Kolmogorov–Smirnov test. Statistical comparison analy-
sis for multi-group experiments was performed by either one-way 
ANOVA or two-way ANOVA followed by multiple comparison test. 
Experiments comparing two groups were analyzed by Student's t 
test. Significance was accepted at p < .05.

3  | RESULTS

3.1 | PAM-LTx involves a stress cellular response 
and apoptosis in NGFDPC12 cells

PAM overload stimulates cellular ROS generation (Almaguel 
et al., 2009; Liu, Montero, Bu, & De Leon, 2015), which in turn acti-
vates cellular stress response proteins, including hypoxia-inducible 
factor 1 (HIF-1α). Figure 1a shows a time course of HIF-1α mRNA 
expression following PAM overload. Notice a significant increase in 
HIF-1α expression at 24 (3.7-fold) and 48 (3.8-fold) hours after treat-
ment. One of the downstream effects of HIF-1α is up-regulation of 
the pro-apoptotic gene BNIP3 (BCL2/adenovirus E1B 19 kDa pro-
tein-interacting protein 3) (Guo, 2017). Figure 1b demonstrates an 
increase in BNIP3 mRNA levels at 18 (3.5-fold), 24 (3.3-fold), and 
48 hr (3.9-fold) after PAM treatment, which is consistent with our 
previous report showing that PAM induces apoptosis in NGFDPC12 
cells (Almaguel et al., 2009). Next, we confirmed that PAM overload 
triggers significant early apoptosis in our experimental conditions, 
by incubating cells with Annexin V after treatment. Figure 1c shows 
a 3-fold increase in apoptotic cells after a 24 hr exposure to PAM 
compared to control.

3.2 | ZVAD drives PAM-LTx-induced NGFDPC12 
cell necroptosis

In a previous study, our group showed that PAM-LTx overload in-
duces loss of NGFDPC12 cell viability through apoptosis; however, 
the pan-caspase inhibitor ZVAD did not protect against this stressor 
since cells were still capable of dying by a caspase-independent 
cell death process (Ulloth et al., 2003). In the next series of experi-
ments, we examined if caspase-independent cell death following 
exposure to PAM + ZVAD is necroptotic. For these experiments 
we used a highly specific human autoantibody to nuclear protein 
Topoisomerase I (Topo I) that discriminates between apoptosis 
and necrosis (primary, secondary, and necroptosis) in immunob-
lots of protein lysates from affected cells (Casiano, Martin, Green, 



     |  563MONTERO ET al.

& Tan, 1996; Casiano, Ochs, & Tan, 1998; Pacheco et al., 2005, 
2014; Wu, Molinaro, Johnson, & Casiano, 2001). This autoantibody 
was shown to specifically recognize Topo I 70 and 45 kDa cleavage 

fragments generated during necrosis or necroptosis; and a single 
Topo I 70 kDa cleavage signature of apoptosis (Casiano et al., 1996, 
1998; Pacheco et al., 2005) (Pacheco et al., 2014; Wu et al., 2001). 
In order to validate these published observations in our system, we 
performed a series of immunoblots using cell lysates of NGFDPC12 
cell cultures treated with staurosporine and HgCl2, two well-estab-
lished inducers of apoptosis and necrosis, respectively. We predicted 
that NGFDPC12 cells should present the same cleavage pattern of 
Topo I during necrosis or necroptosis because primary necrosis, sec-
ondary necrosis, and necroptosis converge into downstream cath-
epsin-mediated proteolysis, and exhibit identical patterns of Topo I 
cleavage in L929 fibroblasts (Pacheco et al., 2005, 2014). ZVAD has 
been shown to stimulate necroptosis in cells exposed to high level of 
stress (Long & Ryan, 2012). Thus we predicted that cultures exposed 
to PAM would generate a necroptotic Topo 1 pattern. As predicted, 
Figure 2a shows the apoptotic 70 kDa fragment after treatment with 
the apoptosis inducer staurosporine (Stau lanes). The faint 45 kDa 
band in staurosporine-treated samples was likely because of basal 
secondary necrosis (Silva, 2010; Wu et al., 2001). HgCl2 induced 
the signature necrosis-associated Topo I cleavage pattern (70 and 
45 kDa fragments) at 6, 12, 18, and 24 hr (Figure 2a and 2b). The 
60 kDa band shown in all treatment groups in Figure 2a was likely 
because of non-specific autoantibody binding. Next, the induction 
of apoptosis in NGFDPC12 cells treated with PAM was confirmed 
by the appearance of the 70 kDa apoptotic cleavage fragment 
of Topo I, without the presence of the necrotic 45 kDa fragment 
(Figure 2b, PAM 24 and 48 hr lanes). In contrast, when the pan-cas-
pase inhibitor ZVAD was added to cultures exposed to PAM, we ob-
served the necrosis-associated 45 kDa cleavage fragment (Figure 2b, 
PAM + ZVAD 24 and 48 hr-lanes). Notice the reduction in the 70 kDa 
fragment after 48 hr of PAM treatment suggesting the activation of 
secondary necrosis considering the low energy available at that time 
point and the high energy demand of the apoptotic process required 
for the formation of the apoptosome and caspase activation (Leist, 
Single, Castoldi, Kuhnle, & Nicotera, 1997). Caspases will digest 
Topoisomerase I as long as there is ATP available. In our system, there 
is mitochondrial dysfunction as early as 12 hr (Almaguel et al., 2010) 
which may affect production of ATP and thus resulting in secondary 
necrosis by 48 hr (Eguchi, Shimizu, & Tsujimoto, 1997; Salvesen & 
Renatus, 2002). In contrast, the PAM + ZVAD condition shows only 
a small reduction in the 45kDa Topo 1 cleavage mostly because of 
the capacity of cathepsins to function even at low ATP levels (Sato 
et al., 2008). Furthermore, some of the Topo I protein may have been 
digested even further into lower size products by cathepsins or re-
leased from the small blebs into the medium during the process of 
secondary necrosis. In contrast, cultures of cells undergoing primary 
necrosis or necroptosis (i.e. PAM + ZVAD) yield a higher protein con-
tent because, in spite of their membrane permeabilization, cells have 
not been previously fragmented into multiple small blebs that are 
difficult to collect for lysate preparation. These findings indicated 
that ZVAD drives PAM-LTx overload toward necroptosis.

In order to further test the hypothesis that necroptosis was 
driven by ZVAD during PAM treatment in NGFDPC12 cultures, we 

F I G U R E  1   Palmitic acid-induced lipotoxicity (PAM-LTx) 
stimulates HIF-1α and BNIP3 mRNA expression and apoptosis in 
NGFDPC12 cells. NGFDPC12 cells were treated with BSA control 
medium (CTL) or PAM complexed with fatty acid-free BSA at 2:1 
ratio (PAM) for 12, 18, 24, and 48 hr and the levels of (a) HIF-1α 
and (b) BNIP3 mRNA were analyzed by real-time RT-PCR. (c) 
NGFDPC12 cells were treated with PAM for 24 hr and apoptotic 
cells were identified by Annexin V labeling. The percentage 
of Annexin V-tagged cells in a sample was determined by flow 
cytometry. The results are expressed as fold-change relative to 
control at 24 hr and the data are shown as mean ± SEM, n = 7 (a), 
n = 3–5 (b), and n = 6 (c) of independent cell culture preparations. 
Statistical analysis was done by one-way ANOVA followed by 
multiple comparison test for (a) and (b) and by Student's t test for 
(c). Significance symbols: *p < .05; ****p < .0001

(a)

(b)

(c)
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determined by immunoblotting if MLKL was phosphorylated, a hall-
mark of its activation during necroptotic cell death (McNamara et al. 
2018). NGFDPC12 cells were treated with staurosporine and HgCl2 
and the cell lysates were used to conduct immunoblotting with an 
antibody that recognizes MLKL phosphoserine 345. Figure 2c shows 
that the specific 54 kDa band of phosphorylated MLKL is generated 
in HgCl2 treated NGFDPC12 cells at all three time points, but it was 
absent in staurosporine treated cells, suggesting that HgCl2 also in-
duces necroptosis in these cells. Next, we determined if NGFDPC12 
cells treated with PAM in the presence of ZVAD underwent necro-
ptosis, as determined by the appearance of phosphorylated MLKL. 
Figure 2d shows a strong 54 kDa band corresponding to phosphor-
ylated MLKL after 20 hr of treatment with ZVAD alone, which is 
known to induce necroptosis by itself (Khan, Lawlor, Murphy, & 
Vince, 2014; Zhou & Yuan, 2014). BSA control (CTL) and PAM lysates 
show a faint band at 54 kDa, probably because of MLKL activation 

in a subset of cells undergoing necroptosis. PAM + ZVAD treatment 
also induced MLKL phosphorylation (Figure 2d). Note that the extent 
of MLKL phosphorylation in cells treated with ZVAD alone and cells 
treated with PAM + ZVAD was similar, suggesting that ZVAD was 
driving the necroptosis process. Together with the generation of the 
necroptotic Topo I 45kDa cleavage fragment during PAM + ZVAD 
treatment (Figure 2b), these results suggested that cells treated with 
PAM in the presence of ZVAD switched from apoptosis to necropto-
sis because of global caspase inhibition.

3.3 | Crosstalk between apoptosis and necroptosis 
in NGFDPC12 cells undergoing PAM-LTx

Lipotoxicity is a major cellular stressor and further attempt to inhibit 
this process may require targeting multiple cell death modalities and 

F I G U R E  2   Cleavage pattern of Topo I and Phosphorylation of MLKL in palmitic acid (PAM)- treated NGFDPC12 cells in the presence or 
absence of ZVAD. (a) The cleavage pattern of Topo I has been shown to differentiate between apoptosis and either necrosis or necroptosis. 
For validation of using this method in NGFDPC12 cells, we treated cells with BSA control medium (CTL), the established apoptosis inducer 
staurosporine (Stau, 3μM) or the necrosis inducer HgCl2 (50 μM) for 6, 12, and 18 hr. Total cellular protein was extracted and Topo I 
immunoblot was performed using a human autoimmune serum containing Topo I autoantibodies (1:250 dilution). (b) NGFDPC12 cells were 
treated with CTL and PAM in the presence or absence of ZVAD (40μM) for 24 and 48 hr. Cellular proteins were collected followed by Topo 
I immunoblotting. (c) To clarify whether HgCl2 was inducing markers of necroptosis we proceeded to probe the phosphorylation of MLKL. 
Using again staurosporine (3µM) and HgCl2 (50µM) we treated the cells for 6, 12, and 18 hr. (d) NGFDPC12 cells were treated with CTL 
and PAM in the presence or absence of ZVAD (40 µM). Total cellular protein was extracted after 20 hr treatment followed by p-MLKL 
immunoblotting. Quantification was done with Image Studio Software and p-MLKL protein level was calculated relative to its β-actin band. 
The bar graph represents the mean ± SD, n = 4 of independent cell culture preparations. Statistical analysis was done by one-way ANOVA 
followed by multiple comparison test. Significance symbols: ***p < .001

(a)

(d)

(c)

(b)
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identify potential areas of crosstalk between them. Thus, the next 
series of experiments used ZVAD to inhibit apoptosis, the RIP1 in-
hibitor necrostatin-1 (Nec-1) to inhibit necroptosis, and the mTOR 
inhibitor rapamycin (Rapa) to promote autophagy. NGFDPC12 cells 
were treated with ZVAD, Nec-1 or Rapa for 48 hr in the presence or 
absence of PAM (Figure 3a–c). NGFDPC12 cells treated with ZVAD 
alone showed a significant 20% reduction in cell viability compared 
to control untreated cells (Figure 3a), consistent with our observa-
tion that ZVAD by itself induces necroptotic MLKL phosphorylation 
(Figure 2d). PAM treatment decreased the cell viability to 35%, and, 
as expected, treatment with ZVAD alone did not rescue the cells 
from apoptosis, consistent with a complete switch to necroptosis by 
the combined PAM + ZVAD treatment (Figure 3a). Treatment with 
Nec-1 did not affect cell viability by itself but increased cell viability 
of PAM-treated cells (Figure 3b). The autophagy promoter rapamy-
cin (Rapa) neither affected cell viability nor protected cells during 
co-treatment with PAM (Figure 3c). Thus, inhibiting apoptosis with 
ZVAD or stimulating autophagy alone were not sufficient to rescue 

NGFDPC12 cells from PAM-LTx. Notice, however, that Nec-1 treat-
ment had a modest protective effect against PAM-LTx overload.

The next series of experiments explored the combinatorial effect 
of these inhibitors and inducers on PAM-LTx overload of NGFDPC12 
cells (Figure 3d–f). The combined treatment of ZVAD + Nec-1 in the 
absence of PAM increased cell viability by 24% compared to the 
untreated control cells, suggesting that this treatment may inhibit 
ongoing spontaneous cell death in culture (Figure 3d). PAM treat-
ment decreased cell viability to 37%, but the combined treatment 
of ZVAD + Nec-1 increased it to 66% (Figure 3d). These results 
are consistent with the notion that inhibiting necroptosis, but not 
apoptosis, attenuates PAM-LTx in NGFDPC12 cells. Next, we ex-
amined the effects of inhibiting necroptosis while promoting of au-
tophagy. The combined treatment of Nec-1 + Rapa induced a more 
robust effect on cell viability than that observed with ZVAD + Nec-
1(Figure 3e), and significantly increased cell viability in the ab-
sence of PAM (60% above control). In the presence of PAM, the 
Nec-1 + Rapa combination also significantly increased cell viability 

F I G U R E  3   Effects of apoptosis and necroptosis inhibitors and autophagy inducer on NGFDPC12 cells with or without palmitic acid-
induced lipotoxicity (PAM-LTx). NGFDPC12 cells were treated with ZVAD at 40 μM (a), necrostatin 1 (Nec-1) at 50 µM (b), rapamycin (Rapa) 
at 100 nM (c), ZVAD + Nec-1 (d), Nec-1 + Rapa (e), and ZVAD + Nec-1 + Rapa (f) in the presence or absence of PAM-LTx. Cell viability was 
determined at 48 hr after treatment using crystal violet assay. The results are expressed as percent of control and the data are shown 
as Mean ± SEM, n = 4 (a, e), and n = 6 (b–d, f) of independent cell culture preparations. Statistical analysis was done by one-way ANOVA 
followed by multiple comparison test. Significance symbols: *p < .05; ***p < .001; ****p < .0001

(a) (b)

(d) (e)

(c)

(f)
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(84% compared to control). These results suggest that nearly full 
neuroprotection can be achieved if necroptosis is inhibited while 
autophagy is promoted. Co-treatment of cultures exposed to PAM 
with ZVAD + Nec-1 + Rapa also showed a significant protection 
(61% compared to control) (Figure 3f). Interestingly, treatment with 
Nec-1 and Rapa appeared to partially reverse ZVAD-induced necro-
ptosis (Figure 3f compared to Figure 3a). Taken together, these 

findings point to a dynamic interaction between autophagy and 
necroptosis in which the protective effects of autophagy against 
PAM-LTx seem to be enhanced under inhibition of necroptosis.

3.4 | Modulation of PAM-LTx by DHA and 
other PUFAs

In subsequent experiments we assessed the effects of DHA bound to 
fatty acid-free BSA (see Methods) on rescuing NGFDPC12 cells from 
PAM-LTx. Figure 4a shows that NGFDPC12 cells treated with PAM 
for 24 hr show abnormal morphology with small/short neurites, but 
display normal features when co-treated with DHA. Quantification 
of cell viability showed that treatment with DHA alone did not affect 
cell viability, but rescued NGFDPC12 cells from PAM-LTx when used 
in co-treatment with PAM (Figure 4b). Interestingly, a similar pro-
tective effect was also observed when cells were pre-treated with 
DHA before treatment with PAM (Figure 4b). We then compared the 
protective effects of DHA against PAM-LTx to those of polyunsatu-
rated free fatty acids (PUFAs) with different chain length or level of 
desaturation. NGFDPC12 cells were treated with EPA, ARA, n-3 do-
cosapentaenoic acid 22:5 n-3 (n-3 DPA), and n-6 DPA in the presence 
or absence of PAM. Figure 4c shows that there was no significant 
difference in cell viability between control cells and cells treated with 
different PUFAs alone. However, co-treatment of PAM with each of 
these fatty acids, except n-6 DPA, significantly increased cell viability 
when compared to PAM treatment alone. These findings are consist-
ent with the notion that the protective effect of DHA during PAM-
LTx may be comparable to that of other PUFAs, and further studies 
are needed to determine specific downstream mechanisms.

3.5 | DHA inhibits apoptosis and necroptosis

We next sought to determine if the protective action of DHA dur-
ing PAM-LTx involves inhibition of apoptosis and necroptosis. We 

F I G U R E  4   Docosahexaenoic acid 22:6 n-3 (DHA) and related 
polyunsaturated fatty acids rescue NGFDPC12 cells from palmitic 
acid-induced lipotoxicity (PAM-LTx). (a) Microscopic images show 
NGFDPC12 cells 48 hr after treatment with BSA control medium 
(CTL), DHA (50 μM), PAM, and PAM + DHA. (b) NGFDPC12 cells 
were treated as in (a) and cell viability was determined by crystal 
violet assay at 48 hr. For the pre-treatment group NGFDPC12 cells 
were treated with 50 μM of DHA (50 μM) for 24 hr followed by 
PAM-LTx without DHA for another 48 hr. (c) NGFDPC12 cells were 
treated with 50 μM of DHA, eicosapentaenoic acid 20:5 n-3 (EPA), 
arachidonic acid 20:4 n-6, n-3 DPA, and n-6 docosapentaenoic 
acid 22:5 n-6 (n-6 DPA) alone or together with PAM for 48 hr and 
cell viability was determined by crystal violet assay. The results 
are expressed as percent of control and shown as Mean ± SEM, 
n = 4–5 (b), and n = 4–7 (c) of independent cell culture preparations. 
Statistical analysis was done by one-way ANOVA followed by 
multiple comparison test. Significance symbols: *p < .05; **p < .01; 
***p < .001; ****p < .0001

(a)
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measured the activity of caspases 8 and 3 in NGFDPC12 cells as 
indicators of apoptosis after PAM overload. Caspase 8 is an initia-
tor caspase that activates effector caspases like caspase 3 and also 
inhibits necroptosis and autophagy (Djavaheri-Mergny, Maiuri, & 
Kroemer, 2010; Luo & Rubinsztein, 2010). Figure 5a shows that DHA 
did not increase the activity of caspase 8 and caspase 3. PAM, on 
the other hand, induced a 1.7-fold increase in caspase 8 activity and 
1.8-fold increase in caspase 3 activity, supporting our previous find-
ings (Ulloth et al., 2003). However, co-treatment of DHA and PAM 
decreased both caspase 8 and caspase 3 activation to control levels 
(Figure 5a). We then examined MLKL phosphorylation to determine 
whether DHA rescues necroptosis induced by ZVAD in the presence 
of PAM. Figure 5b shows that after 20 hr of treatment, the amount of 
phosphorylated MLKL in NGFDPC12 cells treated with BSA-control 
(CTL) and DHA alone were low. These faint p-MLKL bands were 
often observed in our control NGFDPC12 cell cultures and prob-
ably resulted from spontaneously occurring apoptotic cells in cul-
ture which, upon transitioning to secondary necrosis, release toxic 
intracellular contents that induce necroptosis in nearby cells. As ex-
pected, the p-MLKL band was highly induced in the ZVAD-treated 
group, consistent with our previous results indicating that ZVAD 

modestly induces necroptosis by itself (Figure 5b). Interestingly, 
addition of DHA to ZVAD-treated NGFDPC12 cells reduced the p-
MLKL protein to control levels. Next, we analyzed p-MLKL levels in 
the context of PAM-LTx, and observed that at the same time point, 
treatment with PAM did not induce MLKL phosphorylation (presum-
ably because the cells were driven into apoptosis), and co-treatment 
of DHA with PAM did not change the status of MLKL (Figure 5b). The 
appearance of phosphorylated MLKL during co-treatment with PAM 
and ZVAD, indicative of the switch from apoptosis to necroptosis, 
was completely abolished by DHA (Figure 5b). Taken together, these 
results are consistent with a neuroprotective role for DHA in rescu-
ing NGFDPC12 cells from PAM-induced apoptosis, and ZVAD- or 
ZVAD + PAM-induced necroptosis.

3.6 | DHA diminishes PAM-LTx-induced HIF-1α and 
BNIP3 but not ROS

In the next series of experiments, we quantified the expression 
of HIF-1α and BNIP3 during PAM-LTx, in the presence or absence 
of DHA. DHA alone did not alter HIF-1α and BNIP3 mRNA levels; 

F I G U R E  5   Docosahexaenoic acid 22:6 n-3 (DHA) inhibits apoptosis and necroptosis. (a) NGFDPC12 cells were treated with BSA control 
medium (CTL) or palmitic acid (PAM) in the presence or absence of DHA (50µM). The activity of caspases 8 and 3 was probed using a 
colorimetric assay kit described in the Materials and Methods section. Results are expressed as fold of control and shown as Mean ± SEM, 
n = 6 of independent cell culture preparations. Statistical analysis was done by one-way ANOVA followed by multiple comparison test. 
Significance symbols: ***p < .001; ****p < .0001 (b) NGFDPC12 cells were treated with CTL, DHA, ZVAD, DHA + ZVAD with or without PAM 
followed with Phospho-mixed lineage kinase domain-like (p-MLKL) immunoblotting. The experiment was repeated at least three times and 
representative blots are shown

(a)

(b)
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however, the PAM-LTx-simulated gene up-regulation of HIF-1α and 
BNIP3 was restored to control levels in the presence of DHA 
(Figure 6a,b). Previous reports from our laboratory showed that in-
tracellular ROS levels in NGFDPC12 cells are increased during PAM-
LTx (Liu et al., 2015). To examine the possibility that high intracellular 
ROS levels are conducive to the induction of BNIP3 and HIF-1α 

expression in NGFDPC12 cells, we measured ROS accumulation in 
the cells for up to 18 hr after the indicated treatments. Figure 6c 
shows that PAM-LTx increased ROS levels by 3.4- and 2.9-fold at 12 
and 18 hr, respectively. Interestingly, co-treatment with PAM + DHA 
showed an accumulation of ROS similar to PAM treatment alone 
(3.4-, 3.1-, and 4.2-fold at 6, 12, and 18 hr, respectively) indicating 
that inhibition of ROS production was not required for DHA-induced 
neuroprotective effects during PAM-LTx.

3.7 | DHA protects NGFDPC12 cells against PAM-
LTx by inhibiting apoptosis and necroptosis and 
enhancing autophagy

As discussed earlier, the necroptosis inhibitor Nec-1 and the au-
tophagy promoter Rapa diminished the detrimental effects of PAM-
LTx in NGFDPC12 cells (Figure 3e). Thus, we hypothesized that the 
neuroprotective effects of DHA in the presence of PAM may involve 
inducing autophagy as a protective mechanism. For these experi-
ments, we evaluated by immunoblotting the phosphorylation levels 
of Beclin-1, a master protein that when activated by phosphorylation 
inhibits apoptosis and promotes autophagy (Green & Levine, 2014). 
As predicted, Figure 7a shows an increase in beclin-1 phosphoryla-
tion in cells treated with Rapa and DHA. While total beclin-1 was 
not significantly altered upon PAM-LTx treatment, phosphobeclin-1 
was greatly reduced at 48 hr in PAM-treated cells but was restored 
during co-treatment with DHA + PAM (Figure 7a). Next, we ana-
lyzed the conversion of light chain protein 3 (LC3-I) to phosphati-
dyl ethanolamine (PE)-conjugated LC3 (LC3-II), a well-established 
biomarker for autophagy. Immunoblotting results show a significant 
increase in LC3-II levels in DHA-treated but not in PAM-treated cells 
(Figure 7b). The lack of visible induction of LC3-II levels by rapamycin 
alone could be attributed to increased autophagic turnover that pre-
vents the accumulation of LC3-II (Marino, Niso-Santano, Baehrecke, 
& Kroemer, 2014). However, when DHA or rapamycin were added 
to PAM-LTx-treated cells, the levels of LC3-II were increased. These 
results confirmed that DHA is able to induce autophagy in untreated 
or PAM-treated cells. To further analyze this autophagic process, the 
transcript levels of autophagy-related genes Atg7 (Figure 7c) and 
Atg12 (Figure 7d) were determined. Of significance, both Atg12 and 
Atg7 mRNA levels were reduced in PAM-treated cells, but were re-
stored to control levels (Figure 7c) or higher than control (Figure 7d) 
during co-treatment with PAM and DHA.

To further assess the effects of DHA on necroptosis and auto-
phagy we added ZVAD and chloroquine (an autophagy inhibitor) to 
NGFDPC12 cells exposed to either DHA or to PAM + DHA. Figure 8a 
shows that cell viability in the presence of DHA + ZVAD was similar 
to control conditions indicating that DHA inhibited ZVAD-induced 
necroptosis (see Figure 3a for comparison). Notably, the protective 
effect of DHA against PAM-LTx was diminished in the presence of 
chloroquine (Figure 8b), consistent with a key role for autophagy 
in DHA-induced protection against PAM-LTx (Figure 8b,c). We ob-
served that NGFDPC12 cells co-treated with ZVAD and PAM exhibit 

F I G U R E  6   Docosahexaenoic acid 22:6 n-3 (DHA) diminishes 
palmitic acid-induced lipotoxicity (PAM-LTx)-stimulated HIF-1α and 
BNIP3 but not PAM-LTx-stimulated ROS accumulation. NGFDPC12 
cells were treated with BSA control medium (CTL), DHA (50 μM), 
PAM, and PAM + DHA. HIF-1α (a) and BNIP3 (b) mRNA levels after 
24 hr treatment were determined by real-time RT-PCR. The results 
are expressed as fold-change relative to control and shown as 
Mean ± SEM, n = 8 of independent cell culture preparations. (c) ROS 
levels at 6, 12, and 18 hr after treatment was determined by 2'7' 
dichlorodihydrofluorescein diacetate flow cytometry. The results 
are expressed as fold-change relative to control at 6 hr and shown 
as Mean ± SEM, n = 3 (6 hr) and n = 7 (12 hr, 18 hr) of independent 
cell culture preparations. Statistical analysis was done by one-way 
ANOVA for figures (a) and (b) and two-way ANOVA for figure (c) 
followed by Bonferroni multiple comparison test. Significance 
symbols: *p < .05; **p < .01; ***p < .001; ****p < .0001

(a)

(b)
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smaller cell size, accelerated cell detachment, and fewer and shorter 
neurites compared to cultures treated with PAM alone (Figure 8c), 
consistent with the previous results (Figure 3a).

4  | DISCUSSION

This study reports new insights into mechanisms by which lipotoxic-
ity induces cell death in differentiated PC12 cells, and demonstrates 
for the first time that the protecting effects of the n-3 PUFA DHA 
include inhibiting apoptosis and necroptosis, and activating au-
tophagy. The DHA protective effect is consistent with the beneficial 
role of other PUFAs (e.g., EPA, ARA, and DPA), and further research 
to determine downstream mechanisms pertinent for each member 
of the family is needed.

Long chain fatty acids exhibit very low aqueous solubility but 
albumin which has six high-affinity-binding sites for fatty acids 
(Spector, John, & Fletcher, 1969) is an effective transporter in 
maintaining effective FA concentrations in the extracellular space 
(Fujiwara & Amisaki, 2013) and plays an important role in keeping 
a constant supply of FAs to tissues and cells (van der Vusse, 2009). 
Despite the high affinity of BSA for FAs, FAs can rapidly desorb from 

these binding sites to be absorbed by cell membranes at the velocity 
of 2 to 3 milliseconds (Hamilton, 1989). For example, adding BSA 
to the media the cellular uptake of PAM into hepatocytes increased 
14-fold compared to in the absence of BSA (Fleischer, Shurmantine, 
Luxon, & Forker, 1986), supporting the importance of availability of 
BSA-bound fatty acids for this transport process (Elmadhoun, Wang, 
Templeton, & Burczynski, 1998). Fatty acids are transported into the 
cell directly by passive diffusion involving absorption, flip-flop, and 
desorption. This process is assisted by fatty acid binding proteins, 
peroxisomes proliferator-activated receptors and cluster of differen-
tiation 36 (CD36/SR-B2) (Glatz & Luiken, 2017). Translocation (flip-
flop) seems to be the rate limiting step but with the help of CD36/
SR-B2 there is increased esterification and TAG synthesis (Xu, Jay, 
Brunaldi, Huang, & Hamilton, 2013) specially for long chain PUFAs 
like DHA (Pepino, Kuda, Samovski, & Abumrad, 2014) being CD36/
SR-B2 characterized in PC12 cells (Huang et al., 2019).

This study uses a well-established model for lipotoxicity to ex-
pose NGFDPC12 cells to elevated level of PAM complexed to fatty 
acid-free BSA (300 μM PAM:150 μM BSA, 2:1 ratio) which contrasts 
to the normal total fatty acids to serum albumin ratio of 0.75 re-
ported in human (Richieri & Kleinfeld, 1995). This experimental ap-
proach has been shown to be an effective way to provide a robust 

F I G U R E  7   Docosahexaenoic acid 22:6 n-3 (DHA) stimulates autophagy pathway in NGFDPC12 cells. NGFDPC12 cells were treated with 
BSA control medium (CTL), Rapa (100 nM), DHA (50 μM), palmitic acid (PAM), and PAM together with Rapa or DHA for 24 hr and cellular 
protein was extracted. Immunoblotting analysis of (a) phosphorylated and total Beclin I and (b) LC3 were performed. Experiments were 
repeated at least three times and representative blots are shown. NGFDPC12 cells were treated with CTL, DHA, PAM, and PAM + DHA 
for 24 hr. Total cellular RNA was extracted and mRNA levels of Atg 7 (c) and Atg 12 (d) were determined by real-time RT-PCR. Results are 
expressed as fold-change relative to CTL and shown as mean ± SEM, n = 3 of independent cell culture preparations. Statistical analysis was 
done by one-way ANOVA followed by multiple comparison test. Significance symbols: *p < .05; **p < .01

(a) (c)
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pool of readily available PAM, BSA-bound, and -unbound combined, 
for intracellular accumulation which triggers lipotoxicity (Almaguel 
et al., 2009; Busch et al., 2005; Cnop, Hannaert, Hoorens, Eizirik, & 
Pipeleers, 2001; Ge et al., 2018; Hsiao, Lin, Liao, Chen, & Lin, 2014; 
Park, Kim, Park, & Lee, 2011; Ricchi et al., 2009; Ulloth et al., 2003). 
For instance, hepatocytes exposed to approximately 2:1 and 4:1 
ratio of PAM:BSA showed a significant increase in cellular PAM 
concentration, total lipid, and triacylglycerol accumulation and 
caspases 3/7 activation (Ricchi et al., 2009). Similarly, PUFA:BSA 
at 2:1 ratio increased triacylglycerol accumulation in NGFDPC12 
cells (Marszalek, Kitidis, Dararutana, & Lodish, 2004). The ability 
of PAM to induce lipotoxicity in NGFDPC12 cells requires it to be 
metabolized once transported across the cell membrane to palmi-
toyl-CoA, an important step necessary for the formation of phos-
pholipids and triacylglycerols and β-oxidation. Indeed, while treating 
NGFDPC12 cells with PAM result in significant lipotoxicity and 
cell death, treating these cells with the non-metabolizable methyl 

palmitic acid does not result in cellular ROS accumulation and cell 
death (Liu et al., 2015).

Once inside the cells LCSFAs bind fatty acid binding proteins 
and can be directed to the mitochondria for oxidation and/or to 
endoplasmic reticulum (ER) for complex lipid synthesis. In excess, 
LCSFAs may provide modification in phospholipid composition and 
compromise normal functions (Borradaile et al., 2006; Schenkel 
& Bakovic, 2014). The toxicity caused by LCSFAs may be medi-
ated through multiple signaling cascades, such as ceramide (Sergi, 
Morris, & Kahn, 2018), Toll-like receptor 4/ NFκB pathway (Nicholas 
et al., 2017; Wang et al., 2012), G-protein-coupled receptor 40 
(Hernandez-Caceres et al., 2019) and PI3K/AKT/mTOR (Descorbeth 
et al., 2018). The downstream responses include ER stress, mito-
chondrial and lysosomal dysfunction, and inflammation, which lead 
to loss of cell viability. The effects of fatty acids are affected by the 
degree of saturation as shown in hypothalamic cells where PAM is 
lipotoxic, whereas palmitoleic acid is not (Diaz et al., 2015). In human 

F I G U R E  8   Protective effect of docosahexaenoic acid 22:6 n-3 (DHA) in the presence of ZVAD and chloroquine in NGFDPC12 cells. 
NGFDPC12 cells were treated with BSA control medium (CTL), DHA, palmitic acid (PAM), and PAM + DHA in the presence or absence of 
ZVAD at 40 µM (a) and chloroquine (CQ, autophagy inhibitor, 20 µM) (b) for 48 hr. Crystal violet assay was performed to determine cell 
viability. Results are expressed as percent of control and shown as Mean ± SEM, n = 7–8 (a) and n = 4–5 (b) of independent cell culture 
preparations. Statistical analysis was done by one-way ANOVA followed by multiple comparison test. Significance symbols: **p < .01; 
****p < .0001. (c) Representative microscopic images show the morphology of NGFDPC12 cells 48 hr after treatments

(a)
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endothelial cells palmitoleic acid, but not PAM has a strong anti-in-
flammatory effect (de Souza et al., 2018).

Previously, we established that treatment of NGFDPC12 
cells undergoing PAM-LTx with ZVAD leads to the activation of 
caspase-independent cell death (Ulloth et al., 2003). This study 
shows for the first time that the necroptosis inhibitor Nec-1 attenu-
ates cell death induced by ZVAD in the presence of PAM, suggesting 
that necroptosis is a critical cell death modality to consider in the 
treatment of lipotoxicity. Interestingly, we observed in this study 
that Nec-1 increased survival in NGFDPC12 cultures treated with 
ZVAD alone. ZVAD treatment decreased cell survival by 20% and 
treatment with Nec-1 was able to provide full recovery. We do not 
rule out that NGFDPC12 cells culture may be a sensitive culture 
model to study mechanism of necroptosis. Necroptosis is a pro-in-
flammatory, programmed form of cell death associated with loss of 
plasma membrane integrity, mitochondrial dysfunction, organelle 
swelling, and increase in reactive oxygen species (ROS) (Galluzzi 
et al., 2014; Lin et al., 2004; Shindo, Kakehashi, Okumura, Kumagai, 
& Nakano, 2013; Vanlangenakker et al., 2011). It can be activated by 
ligands of death receptors under conditions where caspase 8 activity 
is reduced like those observed when cells are treated with ZVAD 
(Galluzzi et al., 2014; Khan et al., 2014; Zhou & Yuan, 2014). Our 
findings that PAM overload stimulates both FAS receptor and ligand 
(Ulloth et al., 2003), and significantly up-regulates the accumula-
tion of ROS ((Almaguel et al., 2010) and this study) may explain the 
necroptotic death activation shown in NGFDPC12 cells following an 
attempt to rescue them from apoptosis using ZVAD.

Our results confirmed that PAM-LTx induces apoptosis as the 
primary modality of cell death. However, co-treatment with Nec-1 
and PAM demonstrated a modest but significant protection even in 
the absence of ZVAD. Nec-1 is a very specific small molecule inhibi-
tor of RIP1 (Degterev et al., 2008; He et al., 2009). RIP1, through its 
death domain, complexes with FADD (Fas-associated protein with 
death domain) and TRADD (tumor necrosis factor receptor-asso-
ciated death domain) (Stanger, Leder, Lee, Kim, & Seed, 1995) and 
binds caspase 8 to form the ripoptosome which is necessary for the 
extrinsic apoptotic pathway (Khan et al., 2014). Inhibition of RIP1 
kinase activity by Nec-1 suppresses apoptosis by preventing the 
formation of RIP1/FADD/caspase 8 cell death complex also known 
as Complex IIa (Abhari et al., 2013; Feoktistova et al., 2011). Along 
these lines, rats treated with Nec-1 before spinal cord injury showed 
a smaller lesion size, inhibition of cytokine release and decreased 
ROS production (Wang et al., 2014). These outcomes were accom-
panied by a reduction in caspase 3 and Bax and an activation of 
the anti-apoptotic and autophagy-modulator protein Bcl-2 (Wang 
et al., 2014). Since both extrinsic (Fas-mediated) and intrinsic (mi-
tochondrial-mediated) apoptosis pathways are evident during PAM-
LTx in NGFDPC12 cells (Almaguel et al., 2009; Ulloth et al., 2003), 
we cannot rule out that Nec-1, in the absence of ZVAD, increases 
cell viability under PAM-LTx by attenuating Fas-mediated apoptosis. 
On the other hand, ZVAD does not rescue NGFDPC12 cells exposed 
to PAM because of its inhibition of caspase 8. Caspase 8 has been 
shown to cleave the necroptosis-associated proteins RIP1, RIP3, and 

MLKL (Khan et al., 2014), and Nec-1 inhibits RIP1, decreasing MLKL 
phosphorylation in the necroptosome.

We found that co-treatment with Nec-1 and rapamycin success-
fully rescued NGFDPC12 cells undergoing PAM-LTx, suggesting 
that activation of autophagy is critical in neuroprotection against 
lipotoxicity. Rapamycin is a macrolide that inhibits mTOR, a serine/
threonine protein kinase that regulates autophagy, cell growth, and 
cell proliferation (Mukherjee & Mukherjee, 2009). When mTOR 
is inhibited, the ULK1 complex (UNC-51-like kinase 1 + ATG17+ 
ATG13 + ATG101) is free to stimulate the autophagic cascade 
(Marino et al., 2014). Autophagy is particularly important in neurons 
because as non-dividing cells are more sensitive to accumulation 
of toxic molecules, and cells in the brain need a constant supply of 
energy even under stressful conditions like ischemia, starvation, or 
infection (Hara et al., 2006). Inhibition of autophagy causes neuro-
degeneration in mature neurons, indicating that autophagy may reg-
ulate neuronal homeostasis (Komatsu et al., 2006).

There are multiple stress signals that can also exhibit the in-
volvement of both autophagy and apoptosis (Tan et al., 2012; Tu 
et al., 2014). For example, the Bcl-2-binding factor Beclin-1 (ATG6) 
is the central protein regulating the autophagy process. Beclin-1 as-
sociates with VPS34 (vacuolar protein sorting 34) and initiates the 
isolation of double membranes to start autophagy. This Beclin-1/
VPS34 complex is inhibited when bound by Bcl-2 family members 
(Bcl-2, Bcl-XL) establishing a check-and-balance system that en-
sures that autophagy is activated only when cells are under stress 
conditions. This complex prevents the process to turn into (hyper)
autophagy (Green & Levine, 2014; Luo & Rubinsztein, 2010; Maiuri 
et al., 2007). In a T-cell model lacking caspase 8 and FADD, cells de-
veloped a hyperautophagic morphology and cells subsequently died 
by necroptosis that can be prevented with necroptosis inhibitors and 
deletion of RIP3 (Lu et al., 2011). In our studies, rapamycin by itself 
did not rescue NGFDPC12 cells from PAM-LTx probably because of 
its inability to prevent the hyper-autophagy status that could acti-
vate necroptosis. This finding would explain that co-treatment with 
Nec-1 and rapamycin was the most effective treatment to rescue 
cells from PAM-LTx. It is not speculative to propose that apopto-
sis-activated caspases may digest essential autophagic proteins and 
disable the autophagy pathway if the cells are exposed to a strong 
stressor that overrides the cellular capability to activate autophagy 
(Long & Ryan, 2012).

We also report in this study that n-3 PUFAs (DHA, EPA, and n-3 
DPA) and n-6 PUFA (ARA), but not n-6 DPA, protect NGFDPC12 
cells cultures from PAM-LTx. Because of the curved structure 
provided by PUFAs, enrichment of PUFA-containing phospholip-
ids increases membrane fluidity and facilitates lateral diffusion of 
membrane proteins. This biophysical effect decreases membrane 
thickness and increases permeability to ions and small molecules, 
contributing an essential role in various neurochemical processes 
and protein transport and activities of nerve cell membranes (Bazan, 
Marcheselli, & Cole-Edwards, 2005; Hishikawa, Valentine, Iizuka-
Hishikawa, Shindou, & Shimizu, 2017; Nishio et al., 2004; Spector 
& Yorek, 1985; Vasquez, Krieg, Lockhead, & Goodman, 2014). 
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Biomembrane analysis have shown that EPA-containing phosphatyl-
cholines exhibit the highest disorder among the three n-3 PUFAs 
(Leng et al., 2018) and DHA-containing phosphatylcholines modify 
the molecular organization of sphingomyelin/cholesterol-enriched 
lipid rafts, but not the oleate counterpart (Wassall et al., 2018). The 
metabolism of n-3 and n-6 PUFAs share the same series of enzymes, 
competition between n-3 and n-6 PUFAs occurs in the process 
and deficiencies in the supply of n-3 fatty acids results in replace-
ment of DHA by n-6 DPA in brain membrane (Moriguchi, Greiner, 
& Salem, 2000). Interestingly, this slight difference in the chemical 
structure of n-3 and n-6 fatty acids results in significant alterations 
in membrane structure and therefore in its biophysical properties 
(Eldho, Feller, Tristram-Nagle, Polozov, & Gawrisch, 2003).

A previous report shows that DHA, EPA, and ARA, but not 
oleate, potentiate neurite expansion in NGFDPC12 cells, which 
seemed to be mediated through epidermal fatty acid binding pro-
tein (FABP5) (Liu, Almaguel, Bu, De Leon, & De Leon, 2008). FABP5 
expression was shown to be stimulated by the oxidative stress that 
followed PAM exposure, and increased levels of this protein were 
neuroprotective (Liu et al., 2008). The peroxisome proliferator-ac-
tivated receptor gamma (PPARγ) agonist rescues NGFDPC12 cells 
from PAM-LTx, which coincides with the up-regulation of FABP5 (Liu 
et al., 2015). These findings are consistent with reports regarding the 
role of PPARγ in neuroprotection because of its ability to decrease 
oxidative stress and inflammatory response (Bordet et al., 2006). 
The n-3 and n-6 PUFAs and their metabolites are natural ligands 
for PPARγ (Marion-Letellier, Savoye, & Ghosh, 2016) and activating 
PPARγ may mediate the neuroprotective effects of DHA and ARA 
(Sun et al., 2015; Wang, Liang, Li, Yu, & Yin, 2006; Zhao et al., 2011). 
Membrane phospholipids serve as a reservoir of n-3 and n-6 fatty 
acids that are released by phospholipase A2 activation. DHA, EPA, 
and ARA are precursors to diverse bioactive lipid mediators like, re-
solvins, neuroprotection D-1, maresins, E-series resolvins, and en-
docannabinoids. Therefore, the levels of phospholipid-bound PUFAs 
determine the levels of their subsequent metabolites and biological 
functions (Dyall, 2017; Freitas et al., 2018).

A novel finding from this study is that the protective effects of 
DHA against PAM-LTx are mediated by impacting multiple cellu-
lar pathways, that is, inhibition of apoptosis and necroptosis, and 
stimulation of autophagy. These findings are in agreement with 
previous results showing that DHA inhibited mitochondrial mem-
brane depolarization and lysosomal membrane permeabilization 
(Almaguel et al., 2010). While we found that PAM-LTx induces the 
expression of HIF-1α and BNIP-3, treatment with DHA reduced 
the transcript levels for both genes. HIF-1α functions as a cellular 
stress sensor that induces the expression of cell survival genes 
and/or cell death genes (Guo, 2017). While HIF-1α can promote 
autophagy directly through the HIF-1α/BNIP3/Beclin-1 complex, 
which involves the mTOR signaling (Xia et al., 2015), it can also 
induce apoptosis (da Rosa et al., 2015). In our cellular model of 
lipotoxicity, PAM decreased Beclin-1 phosphorylation, suggesting 
that it decreases autophagy and activates apoptosis through the 
induction of HIF1α and BNIP3 expression. In contrast, treatment 

with DHA in the presence of PAM inhibited the expression of 
these two genes, suggesting that by inducing autophagy DHA an-
tagonizes cell death processes associated with increased HIF1α 
and BNIP3 expression and activity.

In our experimental model, DHA elicited a small and transient 
increase in ROS accumulation and did not inhibit the ROS genera-
tion observed during PAM-LTx conditions. Interestingly, studies per-
formed in human retinal pigment epithelial cells showed that DHA 
triggers a transient increase in ROS, and an increase in the levels 
of nuclear translocation of NFE2L2, a transcription factor that reg-
ulates cellular redox status (Johansson et al., 2015). Subsequently, 
DHA was shown to increase the levels of SQSTM1, which selectively 
targets misfolded, ubiquitinated proteins for lysosomal degradation 
by binding both to ubiquitinated cargos and to LC3 (Atg8) on the 
growing phagophore membrane (Johansson et al., 2015). LC3-II, 
which is phosphatidyl ethanolamine (PE)-conjugated, is respon-
sible for docking the autophagosome with the lysosome vesicles. 
Thus, DHA-containing PE can facilitate this process as opposed 
to saturated fatty acid-containing PE (Garcia, Ward, Ma, Salem, & 
Kim, 1998; Kim, Bigelow, & Kevala, 2004).

In summary, the findings reported in this study provide evidence 
suggesting that the protective role of DHA during lipotoxicity in-
cludes the inhibition of apoptosis and necroptosis and stimulation 
of autophagy (Figure 9). n-3 PUFAs have been proposed to play 
various neuroprotective roles during traumatic injuries in the ner-
vous system and neurodegenerative diseases. We propose that the 
neuroprotective effects of DHA and other PUFAs may involve the 
activation and regulation of these critical cell death and survival 
pathways.
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