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Abstract
A persistent inflammatory reaction is a hallmark of chronic and acute pathologies in the central
nervous system (CNS) and greatly exacerbates neuronal degeneration. The proinflammatory
cytokine tumor necrosis factor alpha (TNFα) plays a pivotal role in the initiation and progression
of inflammatory processes provoking oxidative stress, eicosanoid biosynthesis, and the production
of bioactive lipids. We established in neuronal cells that TNFα exposure dramatically increased
Mg2+-dependent neutral sphingomyelinase (nSMase) activity thus generating the bioactive lipid
mediator ceramide essential for subsequent NADPH oxidase (NOX) activation and oxidative
stress. Since many of the pleiotropic effects of ceramide are attributable to its metabolites, we
examined whether ceramide kinase (CerK), converting ceramide to ceramide-1-phosphate, is
implicated both in NOX activation and enhanced eicosanoid production in neuronal cells. In the
present study, we demonstrated that TNFα exposure of human SH-SY5Y neuroblastoma caused a
profound increase in CerK activity. Depleting CerK activity using either siRNA or pharmacology
completely negated NOX activation and eicosanoid biosynthesis yet, more importantly, rescued
neuronal viability in the presence of TNFα. These findings provided evidence for a critical
function of ceramide-1-phospate and thus CerK activity in directly linking sphingolipid
metabolism to oxidative stress. This vital role of CerK in CNS inflammation could provide a novel
therapeutic approach to intervene with the adverse consequences of a progressive CNS
inflammation.
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1. Introduction
Many pathologies of the central nervous system (CNS) exhibit a strong inflammatory
component that substantially contributes to neurodegeneration [1, 2]. Microglia and
astrocytes respond to acute injury, toxins, or invading pathogens by secreting inflammatory
mediators such as eicosanoids, cytokines, and reactive oxygen species (ROS) [3, 4]. Tumor
necrosis factor alpha (TNFα), a pro-inflammatory cytokine, binds to two receptors, one
coupled to the Mg2+-dependent neutral sphingomyelinase (Mg2+-nSMase) through the
adaptor protein FAN, factor associated with nSMase [5, 6]. SMases hydrolyze
sphingomyelin to produce the bioactive lipid ceramide, which is implicated in mediating
oxidative stress, and other apoptotic processes [7, 8].

Ceramide, and its metabolites serve as key mediators of inflammatory pathways [9–11]. For
instance, cytosolic phospholipase A2 (cPLA2), which liberates arachidonic acid (AA),
translocates to distinct lipid microdomains in the endoplasmic reticulum, the Golgi
apparatus, or the plasma membrane depending on the extrinsic stimulus [12, 13]. Ceramide
kinase (CerK), the enzyme responsible for the phosphorylation of ceramide, is localized
both in the plasma membrane and the Golgi apparatus thus establishing a connection
between the production of ceramide-1-phosphate (C1P) and cPLA2 activation [14–16]. More
recently, it was shown that cPLA2 interacts with and is activated by C1P [17]. AA is the
principal product of cPLA2 activity and a pivotal precursor for they biosynthesis of
eicosanoids [18]. Through conversion of AA, cyclooxygenase (COX) and lipoxygenase
(LOX) generate prostaglandins and leukotrienes, pleiotropic inflammatory mediators, and
also significant amounts of reactive oxygen species (ROS) as byproducts [19, 20].
Moreover, AA is a critical component of membrane microdomains serving both as a
membrane anchor for NADPH oxidase (NOX) as well as a cofactor for the NOX-proton
channel [21–23]. In contrast to other oxidoreductases, ROS are the purposeful reaction
products of NOX activity.

Utilizing a combination of pharmacological and molecular approaches, we demonstrated in
human SH-SY5Y neuroblastoma cells exposed to TNFα that CerK activity was strictly
required for the subsequent activation of several oxidoreductases (NOX, COX, and 5-LOX),
and also enhanced eicosanoid biosynthesis as well as cPLA2 activation. In addition,
eliminating CerK activity rescued neuronal viability in the persistent presence of TNFα.
This study demonstrated for the first time that CerK activation and thus C1P play an
essential role in linking sphingolipid metabolism to increased oxidative stress thus
attributing a therapeutic potential to CerK manipulation in CNS inflammation [24, 25].

2. Materials and methods
2.1. Reagents

Recombinant human tumor necrosis factor alpha (TNFα) was purchased from Millipore
(Temecula, CA). DMEM and Penicillin/Streptomycin solution were obtained from
Mediatech (Herndon, VA). Fetal bovine serum was received from Atlanta Biologicals
(Atlanta, GA). GlutaMAX-1 and trypsin/EDTA, as well as fluorescent siRNA, were from
Invitrogen (Carlsbad, CA). The Mg2+-nSMase inhibitor GW4869, the aSMase inhibitor
desipramine, and the CerK inhibitor K1 were from EMD Biosciences (San Diego, CA). The
XTT cell proliferation kit was from Trevigen (Gaithersburg, MD). 3H-arachidonic acid was
from American Radiolabeled Chemicals (St. Louis, MO). All other lipids were from Avanti
Polar Lipids (Alabaster, AL). The siRNA directed against CerK, and non-targeting siRNA
was from Dharmacon (Lafayette, CO). A polyclonal rabbit anti-human CerK antibody was
from Exalpha (Shirley, MA). A polyclonal goat anti-human phospho-cPLA2 antibody, a
polyclonal goat anti-human phospho-p40phox antibody, a polyclonal rabbit anti-human
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GAPDH antibody, a polyclonal rabbit anti-human p67phox antibody, a monoclonal mouse
anti-human β-actin antibody, and corresponding horseradish peroxidase-conjugated
secondary antibodies were from Santa Cruz (Santa Cruz, CA). A polyclonal rabbit anti-
human phospho-5-LOX antibody and all other reagents were purchased from Sigma (St.
Louis, MO). VECTASHIELD hard set mounting medium with 4,6-diamidino-2-
phenylindole (DAPI) was purchased from Vector Laboratories (Burlingame, CA).
Streptavidin-agarose beads, sulfo-NHS-biotin, protease inhibitor cocktail (PIC), a Pico
Super Signal chemoluminescent kit, and a BCA protein assay kit were obtained from Pierce
(Rockland, IL).

2.2. Cell culture
Human SH-SY5Y neuroblastoma cells were grown in DMEM, 10% fetal bovine serum
(FBS), 1% Glutamax, 100 U/ml Penicillin and 100 U/ml Streptomycin (humidified
atmosphere, 5% CO2, 37°C, 100 mm dishes Falcon). For cell harvesting, cultures were
incubated with trypsin (0.5 mg/ml)/EDTA (0.2mg/ml) for 5 min, cells washed off with PBS,
centrifuged (200 × gmax, 2 min), and resuspended in growth medium.

2.3. Cationic nanoliposome formation and siRNA loading
Aliquots of 1,2-dioleoyl-2-trimethylammonium-propane (DOTAP), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG2000-
DSPE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), suspended in
chloroform, were made in a 4.75:0.5:4.75 molar ratio, or alternatively, aliquots of DOTAP,
PEG2000-DSPE, DOPE, and lissamine rhodamine B-labeled DOPE were made in a
4.75:0.5:4.7025:0.0475 molar ratio. Lipids were dried to a film under a stream of nitrogen,
then hydrated by addition of 0.9% NaCl to a final lipid concentration of 25 mg/ml. Solutions
were sealed, heated at 60°C (60 min), mixed (Vortex), and sonicated until light no longer
diffracted through the suspension. The lipid vesicle-containing solution was quickly
extruded at 60°C by passing the solution 10 times through 100 nm polycarbonate filters in
an Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, AL). Nanoliposome solutions
were stored at 4°C until use, protected from light when necessary. To prepare siRNA-loaded
cationic nanoliposomes, siRNA dissolved in 0.9% NaCl and nanoliposomes were mixed
(10:1 w/w liposome to siRNA) and incubated overnight at room temperature prior to use.
The RNA interference sequence was previously published by the Chalfant group
(UGCCUGCUCUGUGCCUGUAdTdT and UACAGGCACAGAGCAGGCAdTdT) [17].

2.4. Confocal microscopy
Two-day old SH-SY5Y cultures (6-well plates, 5×105 cells per well) maintained in regular
growth media were transfected with 200 nM FITC-labeled, non-targeted, siRNA loaded into
rhodamine-labeled cationic nanoliposomes. After 24 h, SH-SY5Y cells were detached (0.5
mg/ml trypsin/0.2mg/ml EDTA), and replated onto glass cover slips coated with poly-D-
lysine (50 μg per cm2) in growth medium for 24 h. After three washes with PBS, cultures
were fixed 2% paraformaldehyde in PBS pH 7.0 (15 min RT). Cover slips were mounted
onto glass slides with DAPI-containing mounting medium. Images were acquired using a
Leica scanning confocal microscope (TCS SP2 AOBS) (Bannockburn, IL), and filter
combinations for FITC, rhodamine, and DAPI.

2.5. Ceramide kinase assay
SH-SY5Y cells were grown in 6-well plates (5×105 cells per well) for 48 h. Following
transfection with either CerK-targeted siRNA, or non-targeting siRNA (200 nM, 48 h),
cultures were incubated with TNFα (100 ng/ml, 15 min), washed, scraped into PBS, and
sonicated. A fluorescent CerK assay, adapted for a microplate reader, was performed using
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the method described by Don and Rosen [33]. Briefly, cell lysates (25 μg) were mixed with
reaction buffer (100 μl, 20 mM Hepes (pH 7.4), 10 mM KCl, 15 mM MgCl2, 15 mM CaCl2,
10% glycerol, 1 mM DTT, 1 mM ATP) containing 10 μM NBD-labeled (green fluorescent
probe) C6-ceramide conjugated to 0.2 mg/ml fatty acid-free BSA. Reactions were allowed
to proceed for 30 minutes in the dark before the addition of 250 μl chloroform/methanol
(2:1). Samples were vortex, centrifuged (20,000 × gmax, 45 s), and 100 μl of the upper
aqueous phase was transferred to a 96-well (black) microplate. Dimethylformamide (100 μl)
was added to each sample well and NBD fluorescence was quantified with a fluorescent
microplate reader with a 495 nm excitation filter and a 525 nm emission filter.

2.6. Arachidonic acid release assay
Two-day old SH-SY5Y cultures (6-well plates, 5×105 cells per well) were incubated over
night with 5 nM 3H-arachidonic acid (0.5 μCi/ml). Next, SH-SY5Y cells were rinsed (PBS)
and unincorporated radioactivity removed (1 mg/ml BSA, 10 min). After a rinse with PBS,
cultures were replenished with regular growth medium and incubated either with 10 μM
GW4869 (1 h), 10 μM CerK inhibitor K1 (1 h), or 200 nM siRNA (2 d). Incubations and
transfection spanned the 3H-arachidonic acid labeling time. Next, SH-SY5Y cells were
stimulated with TNFα (100 ng/ml) and media aliquots were removed at various time points.
Aliquots were centrifuged (10,000 × gmax, 10 min) and 3H was measured in a scintillation
counter (200 μl of media supernatant) to determine the relative amount of arachidonic acid
metabolites released from the cells. Counts were adjusted based on the total cellular protein
determined for each experimental condition (BCA protein assay).

2.7. Quantification of reactive oxygen species
SH-SY5Y cells were plated in 96-well tissue culture dishes (5×103 cells per well) and grown
for 48 hours. Cultures were incubated (1 h) with 50 μM of the oxidation-sensitive
fluorescent indicator 2′, 7′-dihydrodichlorofluorescein diacetate (H2DCFDA) in the
presence or absence of pharmacological inhibitors. H2DCFDA is de-acetylated in the
cytosol to dihydrodichlorofluorescein and increases in fluorescence upon oxidation to
dichlorofluorescein (DCF) by H2O2. Following exposure to stimuli, cells were washed into
PBS, lysed (2M Tris-Cl pH 8.0, 2% w/v SDS, 1 mM Na3VO4), and total DCF fluorescence
intensity was quantified in 100 μl of sample cell lysates using a Beckman Coulter
Multimode DTX 880 microplate reader (Fullerton, CA) with a 495 nm excitation filter and a
525 emission filter.

2.8. Cell-free NADPH oxidase assay
To measure NOX activation directly by ceramide or C1P, a cell-free method reported by
Cross et al. was utilized [26, 27]. As a source of NOX components, semi-confluent SH-
SY5Y cells were harvested into PBS and sonicated to completely disrupt cellular
membranes into small vesicles. Crude vesicular lysates (10 μg total protein) were added to a
96-well microplate (150 μl final volume) containing reaction buffer consisting of 100 nM
FAD, 100 μM cytochrome c, and either 5 μM nanoliposomal C8-ceramide or C8-C1P
prepared as previously described [28]. Superoxide dismutase dissolved in PBS (300 units),
or an equivalent volume of PBS, were added separately to paired sample wells. All samples
were allowed to incubate at room temperature for 5 minutes. Reactions were commenced by
the addition of 166 μM NADPH and the reduction of cytochrome c was quantified by
measuring absorbance at 562 nm with a microplate reader. NOX activity was quantified as
the superoxide dismutase-inhibitable reduction of cytochrome c (loss of absorbance).
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2.9. Cellular viability assay
SH-SY5Y cells were seeded in 96-well tissue culture dishes (5×103 cells per well), and
grown for 48 hours. Cultures were transfected with siRNA 48 h prior to other treatments.
Following TNFα exposure (100 ng/ml, 48 h), XTT reagent prepared according to the
manufacturer (Trevigen, Gaithersburg, MD) was added and allowed to incubate for 4 hours.
Viability was determined by dual absorbance measurement (490 nm and 650 nm, our
reference) using a Beckman Coulter Multimode DTX 880 microplate reader (Fullerton, CA).

2.10. Membrane translocation of p67phox

Plasma membrane proteins were prepared by biotinylation and streptavidin-affinity
chromatography as described by Li and Shah with minor modifications [29]. SH-SY5Y cells
were grown in 6-well plates (5×105 cells per well) for 48 h. Following transfection with
either CerK-targeted siRNA, or non-targeting siRNA (200 nM, 48 h), cultures were treated
with TNFα (100 ng/ml, 15 min). After washing with HBSS-CM (1X HBSS, 0.1 g/l CaCl2,
0.1 g/l MgCl2, pH 7.5), cultures were incubated with 0.5 mg/ml sulfo-NHS-biotin (prepared
in 20 mM HEPES, HBSS-CM, pH 8.0) for 40 min on ice, and excess sulfo-NHS-biotin was
neutralized with 50 mM glycine (prepared in HBSS-CM) on ice for 15 min. Cells were
scraped into HBSS-CM, centrifuged (200 × gmax, 2 min), re-suspended in 500 μL loading
buffer (20 mM HEPES pH 7.5, HBSS, 1% Triton X-100, 0.2 mg/ml saponin, 1% PIC), and
sonicated. Streptavidin-agarose beads (25 μL) were added to the cell lysates (2 h, 4°C).
Beads were collected (2,500 × gmax, 2 min), re-suspended in 150 μL of loading buffer, and
heated (5 min, boiling water bath). Supernatants were obtained by centrifugation (2,500 ×
gmax, 2 min), and total cellular protein content was determined (BCA protein assay).
Western blotting was used to separate membrane fractions (biotinylated fraction) and
antibody-labeled-p67phox immunoreactivity was detected by using chemoluminescence and
quantified using a GE Healthcare Typhoon Imager (Piscataway, NJ) running ImageQuant
software.

2.11. SDS gel electrophoresis and Western blotting
Two-day old SH-SY5Y cultures (6-well plates, 5×105 cells per well) were incubated with 10
μM GW4869 or 10 μM CerK inhibitor K1 prior to stimulation with 100 ng/ml TNFα (15
min). Cells were lysed (2 M Tris-Cl pH 8.0, 2% SDS, 1 mM Na3VO4) and supernatants
collected following centrifugation (3,000 × gmax, 4°C, 20 min). Equal amounts of total
protein (5–50 μg, BCA protein assay) were separated by SDS-polyacrylamide (10–15%) gel
electrophoresis (125 volts, 50 watts, 75 mA) and proteins transferred onto nitrocellulose or
PVDF membranes (2.5 hours, 50 volts, 50 watts, 250 mA) according to Towbin and
coworkers [30, 31]. Following transfer, membranes were blocked with TBST-BSA (5 mg/ml
BSA, 50 mM Tris-Cl pH 7.4, 150 mM NaCl, 0.1% Tween-20), and probed overnight with
the appropriate primary antibody (1 μg/μl in TBST). Following incubation with a
corresponding horseradish peroxidase-conjugated secondary antibody (0.2 μg/μl in TBST,
45 min), immunoreactivity was detected by film exposure, followed by NIH ImajeJ analysis
(Bethesda, MD).

2.12. Statistical analysis
One-way and or two-way ANOVA, or t-tests were used to determine statistically significant
differences between treatments (p<0.05). At least three independent experiments were
performed for each condition with a minimum of duplicate cell cultures. Post hoc
comparisons of specific treatments were performed using a Bonferroni multiple comparisons
test. All error bars represent standard error from the mean (SEM). All statistical analyses
were carried out using GraphPad Prism 4 software (La Jolla, CA).
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3. Results
3.1. TNFα stimulates multiple ROS generating sources in SH-SY5Y neuroblastoma cells

Oxidative stress is a hallmark of acute, chronic, and certain psychiatric pathologies of the
CNS and accompanies inflammatory processes [1, 2]. Numerous studies have demonstrated
that TNFα causes oxidative stress in many non-neuronal and neuronal cell types both in
vivo and in vitro [3, 32]. We assessed in human SH-SY5Y neuroblastoma cells whether
TNFα-mediated oxidative stress was attributable to the three oxidoreductases NOX, COX,
or 5-LOX all implicated in inflammatory responses. To quantify intracellular ROS
production, SH-SY5Y cells were loaded with the oxidation-sensitive fluorescent indicator
2′, 7′-dihydrodichlorofluorescein (DCF). Acute exposure of SH-SY5Y cells to 100 ng/ml
TNFα (15 min) significantly increased DCF-fluorescence intensity (1.43 ± 0.03, n=4)
compared to control (1.00 ± 0.03, n=4) indicative of a generation of intracellular ROS (Fig.
1). TNFα-stimulated ROS formation was blocked upon preincubation (1 h) of SH-SY5Y
cells with the NOX inhibitor diphenylene iodonium (10 μM DPI, 1.02 ± 0.03, n=4), the
COX inhibitor indomethacin (10 μM IDM, 0.87 ± 0.02, n=4), the 5-LOX activator-protein
inhibitor MK-886 (10 μM MK, 1.02 ± 0.05, n=4), or the antioxidant N-acetyl-L-cysteine (5
mM NAC, 0.34 ± 0.003, n=4). It is noteworthy that treatment with the antioxidant NAC
even in the absence of TNFα dramatically lowered ROS indicative of a substantial
endogenous redox state. Thus, NOX, COX, and 5-LOX were all implicated as sources of
ROS formation in SH-SY5Y cells exposed to TNFα.

Ceramide generation is well documented in response to various stimuli including pro-
inflammatory cytokines [11]. Previously, we had demonstrated that TNFα exposure of SH-
SY5Y cells or primary cortical neurons stimulated a Mg2+-dependent neutral
sphingomyelinase (nSMase) activity critical for the stimulation of NOX and subsequent
oxidative stress [33]. In this study, TNFα-stimulated intracellular ROS production was
blocked in SH-SY5Y cells when preventing sphingomyelin hydrolysis to ceramide with the
Mg2+-nSMase inhibitor GW4869 (10 μM GW, 1.09 ± 0.02, n=4), as well as the acid
sphingomyelinase (aSMase) inhibitor desipramine (10 μM DES, 1.11 ± 0.05, n=4).
Likewise, TNFα-stimulated intracellular ROS production was negated with K1, ceramide
kinase inhibitor (10 μM, 0.95 ± 0.07, n=4). Taken together, these findings indicated that
both generation of ceramide via Mg2+-nSMase or aSMase activity as well as conversion of
ceramide to C1P by CerK activity were necessary in ROS production in SH-SY5Y cells
upon exposure to TNFα.

3.2. TNFα stimulates CerK activity in SH-SY5Y neuroblastoma cells
To further investigate the role of CerK, we used a well-characterized siRNA sequence
against CerK previously validated by the Chalfant lab to specifically knockdown CerK
expression in SH-SY5Y cells [34]. We utilized a novel cationic nanoliposome formulation
to transfect SH-SY5Y cells with siRNA, a formulation specifically designed for in vivo
systemic delivery and virtually non-toxic [35]. Two days post-delivery, we validated
liposomal delivery of siRNA into SH-SY5Y cells through fluorescence tags on either the
siRNA or on the liposome itself. Whereas siRNA was present in perinuclear and
cytoplasmic regions of the cells (green fluorescence), liposome components incorporated
into the plasma membranes of cells (red fluorescence) (Fig, 2A). Furthermore,
nanoliposomal delivery of siRNA (200 nM) resulted in a 73% efficiency of transfection two
days post-delivery. Western blotting demonstrated a significant knockdown of CerK with
200 nM CerK-targeted siRNA (siCK, 25% ± 9%, n=3) compared to non-targeted siRNA
(siSCR, 100% ± 13%, n=3) (Fig. 2B). Most importantly, transfection of SH-SY5Y
neuroblastoma cells with 200 nM CerK-targeted siRNA completely blocked TNFα-
stimulated CerK activity (TNF+siCK, 0.96 ± 0.11, n=3) whereas 200 nM non-targeted
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siRNA was ineffective (TNF+siSCR, 2.62 ± 0.55, n=3) (Fig. 2C). Together these results
demonstrated that CerK-targeted siRNA delivered by cationic nanoliposome was highly
effective in depleting CerK activity and in negating Cerk activation in SH-SY5Y cells in
response to TNFα.

3.3. Blocking CerK abolishes neuronal NOX activity in response to TNFα
Previously, we demonstrated that TNFα stimulated Mg2+-nSMase activity preceding
intracellular ROS production by NOX in SH-SY5Y cells [33]. Since C1P is implicated in
inflammatory processes and AA production by cPLA2, a lipid activator of NOX, we
examined whether CerK activation and thus production of C1P is critical for TNFα-
mediated NOX activation in SH-SY5Y cells. As shown in Figure 3, 100 ng/ml TNFα (15
min) stimulated a robust intracellular ROS production (TNF, 1.94 ± 0.19, n=4) compared to
control (CON, 1.00 ± 0.13, n=4) (Fig. 3A). Notably, depleting CerK activity with targeted
siRNA (200 nM, 48 h) completely abolished TNFα-stimulate ROS production (TNF+siCK,
1.05 ± 0.1, n=4) as opposed to non-targeted siRNA (TNF+siSCR, 1.68 ± 0.08, n=4). Most
importantly, depletion of CerK in SH-SY5Y cells prior to TNFα exposure disrupted the
functional assembly of NOX, multi-subunit protein complex comprised of both cytosolic
and plasma membrane subunits, essential for ROS production (Fig. 3B). Exposure of SH-
SY5Y cells to TNFα (15 min, 100 ng/ml) caused a significant association of the cytosolic
NOX subunit p67phox with plasma membrane (2.26 ± 0.16, n=3) compared to control (1.00
± 0.04, n=3). CerK depletion utilizing CerK-targeted siRNA (200 nM, 48 h) completely
negated association of p67phox with plasma membranes (TNF+siCK, 1.23 ± 0.19, n=3)
despite a presence of TNFα as opposed to non-targeted siRNA (TNF+siSCR, 2.12 ± 0.19,
n=3). To evaluate directly a role for C1P in mediating NOX activation, we employed a cell
free system containing plasma membrane vesicles as adapted from Cross et al. [34–36] (Fig.
3C). Although NOX activity was stimulate by the addition of nanoliposomal ceramide,
supplementing the cell free system with nanoliposomal C1P increased NOX activity almost
3 fold. Together, these results demonstrated that CerK activity and its product, the ceramide
metabolite C1P, were essential in mediating NOX activation in SH-SY5Y cells upon
exposure to TNFα.

We further assessed whether depleting CerK activity in SH-SY5Y cells would proof
beneficial to the viability of neuronal cells in the persistent presence of TNFα since CerK
activity was required for NOX-dependent oxidative stress (Fig. 3D). Persistent presence of
100 ng/ml TNFα over 48 h significantly decreased viability of SH-SY5Y cells (67% ± 2%,
n=12) compared to control (100% ± 4%, n=12). Indeed, depleting CerK activity with
targeted siRNA (200 nM, 48 h) protected SH-SY5Y viability in the presence of TNFα (85%
± 3%, n=8) whereas non-targeted siRNA was ineffective (68% ± 2%, n=8). Importantly,
viability results were normalized to account for minor toxicity observed with CerK-targeted
siRNA treatment alone hence demonstrating a vital role for CerK in basal SH-SY5Y
physiology. However, overstimulation of CerK activity by TNFα greatly compromises
neuronal viability. These findings provided strong evidence that CerK activity is central to
mediating oxidative stress and contributing to neuronal degeneration in the persistent
presence of an inflammatory stimulus.

3.4. Eliminating CerK activity impedes release of arachidonic acid metabolites from SH-
SY5Y cells exposed to TNFα

Phosphorylation of many proteins regulates both activity status and/or subcellular
localization. Relevant to our studies, phosphorylation of cPLA2 results in conformational
changes exposing lipid-binding domains essential for its proper function [36]. With regard to
NOX, phosphorylation of the cytosolic NOX subunits p47phox and p40phox key enables both
interactions with target membranes and the membrane-bound NOX subunits [37–39].
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Phosphorylation of 5-LOX at Ser523 is thought to regulate its localization [40]. In SH-SY5Y
cells, phosphorylation of cPLA2 increased following a 15 min addition of 100 ng/ml TNFα
compared to control, yet was blocked in the presence (1 h) of the Mg2+-nSMase inhibitor
GW4869 (10 μM) or the CerK inhibitor K1 (10 μM) (Fig. 4A). Likewise, pharmacological
inhibition of Mg2+-nSMase or CerK blocked similar TNFα triggered phosphorylation of the
p40phox NOX subunit and phosphorylation of 5-LOX (Fig. 4A). These data confirmed that
the proinflammatory cytokine TNFα signaled the activation of cPLA2 and 5-LOX in
neuronal cells generating key precursors for eicosanoid biosynthesis aside from stimulating
NOX.

The oxidoreductases COX and LOX are responsible for the oxygenation of AA, the initial
step in eicosanoid biosynthesis and an important element of inflammatory processes [18]. To
the release of AA metabolites from SH-SY5Y cells, we incubated SH-SY5Y cells with 3H-
labeled arachidonic acid (overnight) and determined 3H-release into the medium as a
function of TNFα exposure and manipulation of CerK activity (Fig. 4B). SH-SY5Y cells
exposed to 100 ng/ml of TNFα released substantially greater amounts of AA metabolites
over a six hour-time course (TNFα, 6 h, 482 ± 46 cpm, n=3) compared to control (6 h, 223
± 24 cpm, n=3). Eliminating CerK activity with CerK-targeted siRNA (200 nM, 48 h)
significantly blocked the release of AA metabolites in the presence of TNFα (TNFα+siCK,
6 h, 176 ± 23 cpm, n=3) as opposed to non-targeted siRNA (TNFα+siSCR, 6 h, 525 ± 50
cpm, n=3). Moreover, pharmacological inhibition of CerK activity with 10 μM K1 (1 h) or
preventing ceramide formation by inhibiting Mg2+-nSMase with 10 μM GW4869 interfered
with the release of AA metabolites upon exposure to TNFα (TNFα+K1, 6 h, 274 ± 25 cpm,
n=3 and TNFα+GW, 6 h, 291 ± 35 cpm, n=3, respectively). These findings provided
evidence that CerK activity in response to the inflammatory stimulus TNFα was essential
for enhanced biosynthesis and release of eicosanoids.

4. Discussion
A progressive and persistent inflammation associated with CNS injuries and disorders
exhibits a distinctive deregulation of lipid metabolism and redox homeostasis in particular a
disruption of sphingolipid metabolism, increased oxidative stress, and enhanced eicosanoid
biosynthesis [10, 11, 19, 32]. The proinflammatory cytokine TNFα instigates these cellular
stress conditions with its capacity to elicit an accumulation of ceramide and ROS. Our
findings revealed that TNFα stimulated multiple oxidoreductases in SH-SY5Y
neuroblastoma cells including COX, 5-LOX, and NOX all generating substantial quantities
of ROS hence increasing oxidative stress. Moreover, ROS production was sensitive to
pharmacological inhibition of Mg2+-nSMase, aSMase, and ceramide kinase indicating that
ceramide and its metabolite C1P were essential in linking disruption of sphingolipid
metabolism to oxidative stress (Fig. 5). Our studies established for the first time a novel role
for CerK and its product C1P in intracellular signaling and inflammation as a prerequisite
for NOX-dependent ROS formation and eicosanoid biosynthesis in neuronal cells [16, 24,
41].

In essence, two principal scenarios could explain the C1P-dependent regulation of NOX
activity revealed in our study. As an indirect regulator, C1P could influence NOX activity
through its effects on cPLA2 and subsequent AA production. C1P directly binds cPLA2
enabling membrane association of cPLA2 and hence greatly stimulating cPLA2 activity [17].
The resulting increases in AA would further facilitate membrane targeting of NOX subunits
as well as activating the proton channel of the gp91phox membrane-bound subunit [22, 23,
42]. Moreover, AA is the principal substrate for both LOX and COX and AA production is
the rate-limiting step of eicosanoid biosynthesis [19]. It is noteworthy that the AA
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metabolites 15-deoxy-Delta (12, 14)-prostaglandin J2 and leukotriene B4 were shown to
stimulate NOX activity [20].

However, more direct roles for C1P as a regulator of NOX activity are plausible alternatives
particularly with respect to the time course of NOX activation. Utilizing a cell free system
containing plasma membrane vesicles, supplementation with C1P significantly stimulated
NOX activity within minutes (Fig. 3) comparable to the time frame of CerK stimulation and
NOX activation in intact SH-SY5Y cells exposed to TNFα (15 min). In contrast, a
significant production of AA and metabolites in response to TNFα was considerably slower
(1 h or more) (Fig. 4). Together, these findings suggest that TNFα-mediated formation of
C1P precedes that of AA. Possibly, C1P could serve as a membrane anchor for NOX
subunits in analogy its role for cPLA2 although this remains to be demonstrated. ROS
production by NOX or LOX requires phosphorylation of protein subunits inducing
conformational changes essential for subcellular distribution and activation [37, 38]. Protein
kinase C isoforms, protein kinase A, and Erk kinases are not only responsible for the
phosphorylation of LOX and NOX subunits but also exhibit C1P-dependent regulation [43,
44]. Lastly, functional assembly of cytosolic and plasma membrane subunits of NOX
preferentially occurs in lipid rafts, heterogeneous plasma membrane regions characterized
by unique a lipid and protein repertoire, membrane curvature, and tethering to the actin
cytoskeleton [45–47]. Signaling capacities of lipid rafts are differentially shaped by distinct
lipid species discretely altering membrane fluidity, thickness, and/or curvature all affecting
protein-protein interactions, lipid protein interactions, protein conformation, and enzymatic
activities [48, 49]. Ceramide and its metabolites harbor a vital role in the formation and
reorganization of lipid rafts altering membrane fluidity and thickness [50–52]. Increases in
ceramide supports lipid raft formation and coalescence of raft domains [50, 52, 53]. The role
of C1P in lipid raft formation is more controversial yet increased levels of membrane C1P
supported fluidity over rigidity [54]. However, increases in CerK activity and presumably
increases in C1P supported lipid raft formation in phagocytic cells [55]. Thus, our results
favor a direct regulatory role of C1P in NOX activation and ROS production. TNFα
stimulates the coalescence of large lipid raft macrodomains in SH-SY5Y neuroblastoma
cells (data not shown) [56]. It is noteworthy that a loss of CerK activity substantially rescued
the viability of SH-SY5Y neuroblastoma cells in the presence of TNFα. Depletion of CerK
activity via targeted siRNA utilized a novel cationic nanoliposome, which is highly suited
and designed specifically for in vivo applications due to its minimal cytotoxicity [35].

In summary, this study established for the first time an essential role of CerK in regulating
NOX activation and subsequent ROS formation as well as COX/LOX-mediated eicosanoid
biosynthesis in neuronal cells. Consequently, manipulation of CerK activity and hence the
metabolite C1P could potentially open new therapeutic strategies to alleviate neuronal stress
and improve neuronal survival in CNS inflammation.
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Abbreviations

aSMase acid sphingomyelinase

AA arachidonic acid

BSA bovine serum albumin
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C1P ceramide-1-phosphate

CerK ceramide kinase

COX cyclooxygenase

cPLA2 cytosolic phospholipase A2

DAPI 4,6-diamidino-2-phynelindole

DCF dichlorofluorescein

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOTAP 1,2-dioleoyl-2-trimehtylammonium-propane

DPI diphenylene iodonium

FBS fetal bovine serum

FITC fluorescein

H2DCFDA 2′,7′-dihydrodichlorofluorescein diacetate

HBSS-CM Hank’s balanced salt solution with Ca2+ and Mg2+

IDM indomethacin

LOX lipooxygenase

Mg2+-nSMase Mg2+-dependent neutral sphingomyelinase

MK MK-886

NAC N-acetyl-L-cysteine

NBD N-4-nitrobenzo-2-oxa-1,3-diazole

NOX NADPH oxidase

PBS phosphate buffered saline

PIC protease inhibitor cocktail

PEG2000-DSPE 1,2-distearoyl-sn-glucero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]

ROS reactive oxygen species

SMase sphingomyelinase

TNFα tumor necrosis factor alpha
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Highlights

• TNFα stimulates ceramide kinase in neuronal cells

• Ceramide-1-phosphate directly activates a neuronal NADPH oxidase activity.

• Ceramide kinase activity is necessary for TNFα-stimulated eicosanoid
biosynthesis in neuronal cells.
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Fig. 1.
TNFα stimulates neuronal ROS production by oxidoreductas in a ceramide-dependent
manner. SH-SY5Y neuroblastoma cells were exposed to TNFα (100 ng/ml, 15 min) and the
production of intracellular ROS was quantified using the oxidation-sensitive fluorescent
indicator 2′, 7′-dihydrodichlorofluorescein (DCF). Pre-treatment of cells for one hour with
pharmacological inhibitors blocking NOX (10 μM diphenylene iodonium, DPI), COX (10
μM indomethacin, IND), the 5-LOX activator protein (10 μM MK-886, MK), Mg2+-
nSMase (10 μM GW4869, GW), aSMase (10 μM desipramine, DES), or CerK (10 μM K1),
or 5 mM of the antioxidant N-acetyl-L-cysteine (NAC), prevented TNFα-stimulated ROS
production. One-way ANOVA, *p<0.01 compared to all conditions, n=4.
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Fig. 2.
TNFα stimulates CerK activity. Cationic nanoliposomes were utilized to deliver siRNA
(200nM, 48 h) to SH-SY5Y cells. (A) Fluorescent confocal microscopy revealed delivery of
fluorescently labeled siRNA (green), and liposome components (red), to DAPI-labeled cells
(blue). (B) Western blotting revealed effective knockdown of CerK with targeted-siRNA
(siCK) compared with non-targeted siRNA (siSCR). Unpaired t-test, *p<0.01, n=3. (C)
TNFα-stimulated CerK activity was abrogated by CerK-targeted siRNA but not non-
targeted siRNA. One-way ANOVA, *p<0.05 compared to all conditions, n=3.
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Fig. 3.
CerK activity is necessary for TNFα-stimulated NOX function in neuronal cells.
Nanoliposomal-delivered siRNA (200 nM, 48 h) was used to knockdown CerK in SH-SY5Y
cells prior to exposure to 100 ng/ml TNFα. (A) Intracellular ROS production was quantified
using the oxidation-sensitive fluorescent indicator 2′, 7′-dihydrodichlorofluorescein (DCF).
CerK-targeted siRNA (siCK), but not non-targeted siRNA (siSCR), abrogated TNFα-
stimulated (15 min) ROS production. One-way ANOVA, *p<0.05 compared to untreated
control (CON) and TNF+siCK, n=4. (B) Translocation of the cytosolic NOX subunit
p67phox to the plasma membrane was evaluated. Nanoliposomal-delivered siCK, but not
non-targeted siSCR, abrogated TNFα-stimulated (15 min) p67phox translocation to the
plasma membrane. One-way ANOVA, *p<0.05 compared to CON and TNF+siCK, n=3. (C)
Nanoliposomal short-chain (C8) C1P was shown to directly stimulate NOX in a cell-free
assay while nanoliposomal short-chain (C8) ceramide only did so minimally. Cell-free NOX
activity was measured as superoxide-inhibitable cytochrome c reduction in a solution
utilizing lysed SH-SY5Y cells as a source for NOX components. A non-linear regression
was used to fit curves to the observed data. Two-way ANOVA revealed that the curves were
significantly different beyond 48 minutes (p<0.001, n=6 per time point). (D)
Nanoliposomal-delivered siCK, but not non-targeted siSCR, prevented TNFα-stimulated
(48 h) loss of cellular viability. One-way ANOVA, *p<0.01 compared to CON and TNF
+siCK, n=8.
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Fig. 4.
CerK regulates TNFα-stimulated eicosanoid biosynthesis in neuronal cells. (A) Eicosanoid
biosynthesis and NOX activity are closely tied to the production of arachidonic acid (AA)
by cPLA2. Phosphorylation has been shown to be an important step in the activation of
numerous enzymes. In SH-SY5Y cells, phosphorylation of cPLA2, 5-LOX, and the p40phox

cytosolic subunit of NOX, increased following exposure to TNFα (100 ng/ml, 15 min), yet
was blocked by pre-treatment (1 h) with the Mg2+-nSMase inhibitor GW4869 (10 μM, GW)
or the CerK inhibitor K1 (10 μM). (B) SH-SY5Y cells were labeled with 3H-AA overnight,
treated for one hour with10 μM GW4869, 10 μM K1 or alternatively transfected with CerK-
targeted or non-targeted siRNA (200 nM, 48 h), and then exposed to TNFα (100 ng/ml).
Aliquots of growth medium were collected regularly over a 6 h time period and release of
AA metabolites was quantified as 3H-counts (scintillation counting). All data was adjusted
to total cellular protein. TNFα stimulated a significant release of release of AA metabolites
(TNF, open squares) compared to control (CON, closed squares). Eliminating CerK activity
with targeted siRNA impeded release of AA metabolites (siCK, closed cirlces) whereas non-
targeted siRNA was ineffective (siCR, open circles). Depleting ceramide, the CerK
substrate, by inhibiting Mg2+-nSMase (GW, filled triangles) or blocking CerK activity (K1,
filled diamonds) also reduced release of AA metabolites. Boxes denote significantly
different values. Two-way ANOVA, *p<0.01, compared to all other treatments, **p<0.01
compared to all treatments except TNF + K1, n=3.
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Fig. 5.
CerK harbors a central role in regulating NOX activity and eicosanoid biosynthesis in
neuronal cells in response to TNFα. TNFα promotes an accumulation of ceramide
metabolites through two principal activities: i) SMase activity hydrolyzing sphingymyelin to
ceramide (Cer), and ii) CerK activity, which converts ceramide to C1P. Arachidonic acid
(AA) generated by C1P-stimulated cPLA2 serves as a substrate for eicosanoid biosynthesis
via cyclooxygenase (COX) and lipoxygenase (LOX) activity. AA, ceramide, and C1P can
also directly influence the activity of NOX.
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