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Inhibition of Cytokine Signaling in Human Retinal
Endothelial Cells through Downregulation of
Sphingomyelinases by Docosahexaenoic Acid
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PURPOSE. The authors have previously demonstrated that DHA
inhibits cytokine-induced inflammation in human retinal endothelial cells (HRECs), the resident vasculature affected by diabetic retinopathy. However, the anti-inflammatory mechanism
of docosahexaenoic acid (DHA) is still not well understood.
Sphingolipids represent a major component of membrane microdomains, and ceramide-enriched microdomains appear to
be a prerequisite for inflammatory cytokine signaling. Acid
sphingomyelinase (ASMase) and neutral sphingomyelinase (NSMase) are key regulatory enzymes of sphingolipid metabolism,
promoting sphingomyelin hydrolysis to proinflammatory ceramide. The authors address the hypothesis that DHA inhibits
cytokine-induced inflammatory signaling in HRECs by downregulating sphingomyelinases.
METHODS. ASMase and NSMase activity was determined by
sphingomyelinase assay in primary cultures of HRECs. The
expression of ASMase, NSMase, ICAM-1, and VCAM-1 was assessed by quantitative PCR and Western blot analysis. Gene
silencing of ASMase and NSMase was obtained by siRNA treatment.
RESULTS. Inflammatory cytokines TNF␣ and IL-1␤ induced cellular adhesion molecule (CAM) expression and rapid increase
in ASMase and NSMase activity in HRECs. DHA decreased basal
and cytokine-induced ASMase and NSMase expression and activity and the upregulation of CAM expression. Anti-inflammatory effects of DHA on cytokine-induced CAM expression were
mimicked by inhibition/gene silencing of ASMase and NSMase.
The sphingomyelinase pathway rather than ceramide de novo
synthesis pathway was important for inflammatory signaling in
HRECs.
CONCLUSIONS. This study provides a novel potential mechanism
for the anti-inflammatory effect of DHA in HRECs. DHA downregulates the basal and cytokine-induced ASMase and NSMase
expression and activity level in HRECs, and inhibition of sphingomyelinases in endothelial cells prevents cytokine-induced
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T

he retina has a unique fatty acid profile and the highest
level of polyunsaturated fatty acids (PUFAs) in the body,
especially docosahexaenoic acid (DHA).1 DHA deficiency is
associated with a number of retinal degenerative diseases,
including retinitis pigmentosa, retinopathy of prematuritym,
and age-related macular degeneration (see Ref. 2 for review).
DHA is decreased in the plasma of children with diabetes3 and
in the retinas of diabetic eyes.4 Recent data showed a beneficial
effect of dietary DHA in reducing pathologic retinal angiogenesis, thus preventing the development of oxygen-induced retinopathy.5 Yet, the DHA protective mechanism in retinopathy
remains poorly understood.
The aim of our study was to investigate the anti-inflammatory mechanism of DHA in human retinal endothelial cells
(HRECs), the resident vasculature affected by diabetic retinopathy. It is hypothesized that very early-stage diabetic retinopathy represents a low-grade chronic inflammatory disease that
involves leukocyte adhesion to the retinal vasculature, a process mediated by adhesion molecules expressed on the endothelial cell surface, especially intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1).6 – 8
Proinflammatory cytokines, including TNF␣ and IL-1␤, are increased in diabetic eyes9 –11 and induce the upregulation of
adhesion molecule expression.12 Our group has previously
shown that DHA inhibits cytokine-induced cellular adhesion
molecule expression in HRECs through cholesterol displacement from caveolae/lipid raft membrane microdomains.12
HRECs contain lipid rafts and particular plasma membrane
microdomains known as caveolae that are considered to have
an important role in regulating vascular permeability,13 lipid
trafficking, cholesterol homeostasis,14,15 and, in particular,
signal transduction.16,17 Caveolae/lipid raft membrane microdomains are dynamic assemblies of cholesterol, sphingolipids (sphingomyelin, ceramide), and glycerophospholipids.18
Sphingolipids may have vital roles in the membrane microdomain structure and are now known to act as messengers in
signaling pathways mediating inflammation, apoptosis, cell differentiation, and proliferation.19 Ceramide can be generated by
catabolism of sphingomyelin by either neutral or acid sphingomyelinases or by de novo synthesis.
NSMase and ASMase are rapidly activated by diverse stress
stimuli and promote the hydrolysis of sphingomyelin to ceramide and phosphorylcholine.20 –22 NSMase is considered one
of the major candidates for mediating stress-induced production of ceramide; it has been reported to be localized to the
plasma membrane and palmitoylated on five cysteine residues
by thioester bonds.23–25 ASMase was initially considered a
strictly lysosomal enzyme because of its optimal pH at 4.5 to
5.0. Nevertheless, an ASMase isoform was recently shown to be
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enclosed into secretory vesicles close to the plasma membrane
and to be secreted into the extracellular space on cell stimulation.26 –28 Liu and Anderson22 described the plasma membrane form of ASMase in caveolae and showed that proinflammatory cytokine IL-1␤ may induce ASMase activation in this
compartment.
Lipid analysis demonstrated that approximately 70% of total
cellular sphingomyelin is found in membrane microdomains.29 –33 Enrichment of sphingomyelin content in membrane microdomains makes them potential substrate pools for
cellular sphingomyelinases to produce a high local concentration of ceramide. The generation of ceramide-enriched membrane microdomains profoundly alters the properties of the
cellular membrane through their ability to spontaneously fuse
to form ceramide-rich macrodomains34 –37 that may be a critical factor for receptor clustering and downstream signaling.38,39 Clustering is shown to be an important feature used by
several receptors that mediate inflammatory signaling pathways in diabetic retinopathy, such as TNF␣ and IL-1␤ pathways.40,41
In this study, we examined a potential anti-inflammatory
mechanism of DHA through the inhibition of ASMase and
NSMase activity, with a profound impact on inflammatory
cytokine signaling in endothelial cells.

MATERIALS

AND

METHODS

Reagents and Antibodies
DMEM and F12 culture medium, antibiotics, fetal bovine serum, trypsin,
and other materials (Amplex Red Sphingomyelinase Assay Kit, NuPAGE
Novex 10% Bis-Tris gels, Platinum SYBR Green qPCR SuperMix-UDG
w/ROX) were obtained from Invitrogen (Carlsbad, CA). GW4869 was
purchased from Calbiochem (San Diego, CA). Desipramine and commonly used chemicals and reagents were purchased from Sigma (St. Louis,
MO). NSMase antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was
used. ASMase antibody was a generous gift from Richard Kolesnick (SloanKettering Institute, New York, NY). TNF␣ and IL-1␤ were from R&D
Systems (Minneapolis, MN). Target and nontarget pools (ON-TARGET plus
SMART pool SMPD1 [ASMase], ON-TARGET plus SMART pool SMPD2
[NSMase], and ON-TARGET plus siCONTROL) were purchased from
Dharmacon (Chicago, IL). For lipid extraction and mass spectrometry, all
solvents used were HPLC grade. Methanol and water were purchased
from J.T. Baker (Phillipsburg, NJ). Ammonium hydroxide and chloroform
were from EMD Chemicals (Gibbstown, NJ). Isopropanol was from Fisher
Scientific (Pittsburgh, PA). Lipid standards were obtained from Avanti
Polar Lipids (Alabaster, AL).

Cell Culture
Primary cultures of HRECs were prepared from postmortem tissue
(National Disease Research Interchange, Philadelphia, PA) cultured as
previously described.42 Passages 1 to 5 were used in the experiments.
For experimental treatment, cells were transferred to serum-free medium for 14 to 24 hours before stimulatory agents were added.

Fatty Acid Treatment
Fatty acid stocks were prepared by dissolving fatty acids (NuCheck
Prep, Inc., Elysian, MN) in ethanol to a final concentration of 100 mM
fatty acid, as described previously. The fatty acid stock solutions were
diluted to 50 to 100 M in serum-free medium containing 10 to 20 M
charcoal-treated, solvent-extracted, fatty acid–free bovine serum albumin (BSA; Serologica Inc., Norcross, GA) as a fatty acid carrier. The
fatty acid/albumin molar ratio was maintained at 5:1.43 The final concentration of ethanol in the media was ⬍0.1%. Cells were incubated for
the times indicated in Results. Equivalent amounts of BSA and ethanol
were added to control plates. Linoleic acid, an 6 polyunsaturated fatty
acid, was used as a lipid control for the following considerations. The

Downloaded from iovs.arvojournals.org on 09/17/2019

FIGURE 1. Dose-response of cytokine-induced CAM expression in
HRECs. HRECs maintained in serum-free media overnight were stimulated with 0 to 20 ng/mL TNF␣ and 0 to 10 ng/mL IL-1␤ for 6 hours.
The induction of ICAM-1 and VCAM-1 by TNF␣ (A) and IL-1␤ (B) was
assessed by immunoblot analysis. Equal amounts of protein were added
to each lane, as confirmed by tubulin level.

most abundant polyunsaturated fatty acid classes in the retina microvessels are 3 (especially DHA) and 6 (linoleic acid, arachidonic
acid).1 In this study, we wanted to compare the effects of the principal
3 PUFA DHA with a 6 PUFA (linoleic acid).

Sphingomyelinase Assay
Fatty acids (DHA and linoleic acid) were added to HRECs in serum-free
medium to their concentration of 100 M fatty acid, 20 M charcoaltreated, solvent extracted, and fatty-acid-free bovine serum albumin
(BSA) as a fatty acid carrier. Cells were incubated with fatty acids for
specified time points at 37°C; equivalent amounts of BSA and ethanol
were added to the control plates. Then cells were lysed in the acid lysis
buffer (50 mM sodium acetate, pH 5; 1% Triton X-100; 1 mM EDTA) or
neutral lysis buffer (20 mM Tris-HCl, pH 7.5; 1% Triton X-100; 1 mM
EDTA) with freshly added protease inhibitor cocktail (Sigma). For
sphingomyelinase assay in a cell-free system, 0.5 mU bacterial sphingomyelinase was incubated with 5 to 80 M fatty acids (DHA and
linoleic acid), whereas equivalent amounts of ethanol were added to
the control wells. Sphingomyelinase activity was measured (Amplex
Red Sphingomyelinase Assay Kit; Molecular Probes, Eugene, OR), as
described in the manufacturer’s protocol.

Western Blot Analysis
Cells were lysed in the lysis buffer (50 mM HEPES, pH 7.5, 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, and 10% glycerol)
with freshly added protease inhibitor cocktail (Sigma) and phosphatase
inhibitors (1 mM Na3VO4, 100 M glycerophosphate, 10 mM NaF, 1
mM Na4PPi). Protein concentration was measured with a fluorometer

IOVS, June 2010, Vol. 51, No. 6

Downregulation of Sphingomyelinases by DHA

3255

FIGURE 2. Cytokine induced ASMase and NSMase activation in
HRECs. HRECs cultured on 10-cm
plates were stimulated with 5 ng/mL
IL-1␤ (A, C) and 10 ng/mL TNF␣ (B,
D) for 0 to 120 seconds. Each time
point represents an individual plate.
The cells were collected for ASMase
(A, B) and NSMase (C, D) activity
analysis using an assay kit. IL-1␤ significantly induced ASMase (A) activation after 15 seconds of stimulation,
with a maximal activation after 30
seconds of stimulation. TNF␣ induced ASMase (B) activation after 45
seconds of stimulation. IL-1␤ (C) or
TNF␣ (D) induced maximal NSMase
activation after 45 seconds of stimulation. Results are presented as
mean ⫾ SD of six measurements.
*P ⬍ 0.05 compared with basal expression level.
(Qubit Invitrogen, Eugene, OR), as described in the manufacturer’s
protocol. Proteins were resolved on gels (NuPAGE Novex 10% Bis-Tris;
Bio-Rad, Hercules, CA), transferred to nitrocellulose membrane, and
immunoblotted using appropriate antibodies followed by secondary
horseradish peroxidase-conjugated antibody or infrared secondary antibodies (IRDye; Invitrogen, Molecular Probes). Immunoreactive bands
were visualized with enhanced chemiluminescence (ECL kit; Amersham Pharmacia Biotech, Piscataway, NJ) or the Odyssey program.
Blots were quantified by scanning densitometry with ImageJ software
(developed by Wayne Rasband, National Institutes of Health, Bethesda,
MD; available at http://rsb.info.nih.gov/ij/index.html).

Gene Silencing of ASMase and NSMase
For silencing ASMase and NSMase expression, cultured HRECs were
detached with trypsin, centrifuged at 100g for 5 minutes, and resuspended in electroporation solution (Amaxa Biosystems, Gaithersburg,
MD) to a final concentration of 4 to 5 ⫻ 105 cells/100 L. Then 100 L
cell suspension was mixed with 100 nM ASMase/NSMase siRNA into
the electroporation cuvette, and HRECs were electroporated (Nucleofactor program M-030; Amaxa Biosystems). The electroporated cells
were maintained in supplemented medium in 37°C/5% CO2 incubator
for 48 hours before TNF␣ (10 ng/mL) and IL-1␤ (5 ng/mL) treatment
for 6 hours. To determine the efficiency of gene silencing, RNA was
extracted from 100 nM siRNA-treated HRECs and was used as a template for real time-PCR, as described.44 ASMase/NSMase siRNA treatment of HRECs induced gene silencing of 94% for ASMase and 86% for
NSMase (data not shown).

PrimerQuest software (Coralville, IA): NSMase: forward, GAGCGCAATCATGGCAGT; reverse, CCCACTGAACCAGTCACCAT; ASMase: forward,
CAACCTCGCGCTGAAGAA; reverse, TCCACCATGTCATCCTC AAA. Firststrand cDNA was synthesized (SuperScript II RNase H-Reverse Transcriptase; Invitrogen Carlsbad). Synthesized cDNA was mixed with 2⫻ master
mix (SYBR Green PCR; Invitrogen Carlsbad, CA) and different sets of
gene-specific forward and reverse primers and was subjected to real-time
PCR quantification (ABI PRISM 7900 Sequence Detection System; Applied
Biosystems). All reactions were performed in triplicate. Relative amounts
of mRNA were calculated by using the comparative CT method (User
Bulletin 2; Applied Biosystems). Cyclophilin was used as a control, and all
results were normalized to the abundance of cyclophilin mRNA.

Lipid Extraction and Analysis by
Nanoelectrospray Ionization Followed by
Tandem Mass Spectrometry
Whole HRECs (3 ⫻ 106 cells) were subjected to lipid extraction and
nanoelectrospray ionization followed by tandem mass spectrometry
analysis of ceramide molecular species, as previously described.46,47

Statistical Analysis
Data are expressed as mean ⫾ SD. Factorial ANOVA with post hoc
Tukey test (Prism5; GraphPad Software, San Diego, CA) was used for
comparing the data obtained from independent samples. Significance
was established at P ⬍ 0.05.

RESULTS

Quantitative Real-Time Polymerase
Chain Reaction

Dose Response of TNF␣- and IL-1␤–Induced
Cellular Adhesion Molecule Expression in HRECs

Total RNA was extracted from HRECs with or without DHA pretreatment.45 Specific primers for each gene were designed using IDT DNA

To determine the dose of cytokines to be used in the study
necessary to induce an inflammatory response in HRECs, dose-
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FIGURE 3. Inhibition of cytokine-induced ASMase and NSMase activation
and ASMase and NSMase expression
by DHA in HRECs. HRECs treated
with 100 M fatty acid (DHA or linoleic acid) complexed to BSA or to
BSA alone (vehicle control) overnight (24 hours) were stimulated
with either 5 ng/mL IL-1␤ (A) for 30
seconds to assess the activation of
ASMase and for 45 seconds to assess
the activation of NSMase or with 10
ng/mL TNF␣ for 45 seconds to assess
both ASMase and NSMase activation.
The cells were then collected for ASMase (A, B) and NSMase (C, D) activity analysis using an assay kit. DHA
decreased both ASMase (A, B) and
NSMase (C, D) basal activity and
downregulated cytokine-induced sphingomyelinases activity. RT-PCR analysis
of ASMase (E) and NSMase (F) expression in HRECs, with or without
DHA pretreatment. Results are presented as mean ⫾ SD of nine measurements. *P ⬍ 0.05 compared with
basal expression level in BSA and linoleic acid–treated HRECs. #P ⬍
0.05 compared with nonstimulated
HRECs. ‡P ⬍ 0.05 compared with
cytokine-stimulated HRECs.

response curves for TNF␣ (0 –20 ng/mL) and IL-1␤ (0.5–10
ng/mL) were established using CAM (ICAM-1 and VCAM-1)
expression as a measure. The induction of ICAM-1 and VCAM-1
by TNF␣ and IL-1␤ was assessed by immunoblot analysis (Fig.
1). Based on these data, we used 10 ng/mL TNF␣ and 5 ng/mL
IL-1␤ in further studies.

TNF␣- and IL-1␤–Induced ASMase and NSMase
Activation in HRECs
The effect of proinflammatory cytokines known to be increased in diabetic eyes, namely TNF␣ and IL-1␤ on ASMase
and NSMase activity in HRECs, was first determined. Cells were
stimulated with 5 ng/mL IL-1␤ and 10 ng/mL TNF␣ for 15
seconds to 2 minutes. The cells were then collected for ASMase
and NSMase activity analysis using an assay kit (Amplex Red
Sphingomyelinase; Invitrogen). IL-1␤ treatment increased AS-
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Mase activity in HRECs as early as 15 seconds of stimulation,
and ASMase activity remained significantly higher during 30
seconds of stimulation (Fig. 2A). Similar results were obtained
for NSMase activity; IL-1␤ stimulation induced maximum activation after 45 seconds of treatment (Fig. 2C). HREC treatment
with proinflammatory cytokine TNF␣ also significantly induced ASMase and NSMase activation after 45 seconds of stimulation (Figs. 2B, 2D). Taken together, these data show that
stimulation of endothelial cells with proinflammatory cytokines induces rapid activation of sphingomyelinases.

Inhibition of Cytokine-Induced ASMase and
NSMase Activation by DHA in HRECs
DHA, the most abundant 3-PUFA in the retina, has been
shown to have a pronounced anti-inflammatory effect, inhibiting cytokine-induced CAM expression in HRECs and endothe-
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FIGURE 4. Inhibition of ASMase and
NSMase cytokine-induced activation
by DHA and sphingomyelinases inhibitors. HRECs treated with 100 M
DHA complexed to BSA overnight
and inhibitors for ASMase (desipramine, 15 M for 1 hour) or NSMase
(GW4869, 25 M for 30 minutes)
downregulated IL-1␤–induced ASMase (A) and NSMase (B) activity below the basal level, respectively. Results are presented as mean ⫾ SD of
nine measurements. #P ⬍ 0.05 compared with basal expression level in
BSA-treated HRECs. *P ⬍ 0.05 compared with IL-1␤–stimulated HRECs.

lial cell activation.12 To determine the effect of DHA on basal
ASMase and NSMase activity and expression level, HRECs were
treated with DHA or linoleic acid (lipid control) for 24 hours.
Pretreatment of HRECs with 100 M BSA-bound DHA significantly decreased both ASMase (Figs. 3A, 3B, 3E) and NSMase
(Figs. 3C, 3D, 3F) mRNA expression and activity level. Conversely, pretreatment of HRECs with 100 M BSA-bound linoleic acid had no effect on ASMase or NSMase basal activity
compared with vehicle control (BSA). We next determined the
effect of DHA on TNF␣- and IL-1␤–induced ASMase and NSMase activity. As shown in Figure 3, DHA, but not linoleic acid,
pretreatment of HRECs significantly downregulated TNF␣- and
IL-1␤–induced ASMase (Figs. 3A, 3B) and NSMase (Figs. 3C, 3D)
activity. To compare the effect of DHA on cytokine-induced
ASMase and NSMase activation with the effects of specific
inhibitors, HRECs were treated with 15 M desipramine48,49
and 25 M GW486950 before the addition of stimulatory
agents. The inhibition of cytokine-induced ASMase and NSMase
activity by DHA was as effective as it was by desipramine (Fig.
4A) and GW4869 (Fig. 4B), respectively.

FIGURE 5. Inhibition of ASMase and
NSMase activity by DHA. HRECs
treated with 100 M DHA complexed to BSA or BSA vehicle control
overnight (24 hours) were collected
for ASMase (A, B) and NSMase (C, D)
activity analysis using an assay kit.
The optimal dose of DHA to inhibit
ASMase (A) and NSMase (C) activity
in HRECs was 100 M. The time
course for DHA effect on ASMase and
NSMase activity in HRECs showed a
gradual decrease in ASMase (B) and
NSMase (D) activity with an early
time point of 1 hour and 2 hours,
respectively, and a maximum effect
on both enzymes activity after 24
hours of DHA treatment. Results are
the mean ⫾ SD of three independent
experiments. *P ⬍ 0.05 compared
with BSA vehicle control.
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Inhibition of ASMase and NSMase Activity by DHA
To determine the time course of the effect DHA on ASMase and
NSMase activity, HRECs were treated with BSA-bound DHA or
BSA alone. First, the dose of DHA to be used in this experiment
was selected based on a dose-response experiment for ASMase
(Fig. 5A) and NSMase (Fig. 5C) activity. The time course for the
DHA effect on ASMase and NSMase activity in HRECs showed
a gradual decrease in ASMase (Fig. 5B) and NSMase (Fig. 5D)
activity with an early time point of 1 hour and 2 hours, respectively, and a maximum effect on the activity of both enzymes
after 24 hours of DHA treatment. This gradual effect of DHA on
sphingomyelinases activity corresponds with the gradual incorporation of DHA into the fatty acyl chains of phospholipids in
plasma membrane microdomains, with a maximum incorporation after 24 hours of HREC treatment.51 To determine
whether the effect of DHA on sphingomyelinases activity is
attributed to a direct interaction with the enzymes, we performed the sphingomyelinase assay in a cell-free system in
which 0.5 mU bacterial sphingomyelinase (homolog of NS-
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FIGURE 6. No direct effect of DHA on sphingomyelinase (SMase) activity in a cell-free system. To determine whether DHA decreases SMase
activity through direct interaction with the enzyme, we measured
SMase activity in a cell-free system in which 0.5 mU bacterial SMase
(provided in an assay kit) were incubated with 5 to 80 M fatty acid
(DHA, linoleic acid). A concentration of 20 M free fatty acid corresponds to a concentration of 100 M fatty acid complexed to BSA in
5:1 molar ratio. No fatty acids were used for the control wells. No
effect of DHA or linoleic acid on SMase activity was observed compared with control.

Mase) was incubated with 5 to 80 M fatty acid (DHA, linoleic
acid). In this cell-free system, fatty acids were used without a
carrier molecule. In cell culture experiments in which fatty
acids are complexed to BSA at 1:5 molar ratio, 100 M DHA
corresponds to 20 M free fatty acid concentration without a
carrier in a cell-free system. No fatty acids were added to the
control samples. We found no direct effect of DHA or linoleic
acid on SMase activity (Fig. 6), strongly suggesting that direct
binding of DHA to sphingomyelinases does not play a role in
the observed inhibitory effects.

Effect of ASMase and NSMase Inhibition or Gene
Silencing on TNF␣- and IL-1␤–Induced
CAM Expression
To establish the role of ASMase and NSMase in cytokine-induced inflammatory signaling in HRECs, ASMase and NSMase
activity was inhibited using desipramine (Sigma) and GW4869
(Sigma), respectively. HRECs were treated with 15 M desipramine48,49 for 1 hour and 25 M GW486950 for 30 minutes
before TNF␣ (10 ng/mL) stimulation. Six hours after cytokine
stimulation, the activation of inflammatory pathways was analyzed using ICAM-1 and VCAM-1 protein expression levels as a
measure. As shown in Figure 7, the inhibition of ASMase
significantly reduced the expression of TNF␣-induced adhesion
molecules, similar to DHA. Inhibition of ASMase also reduced
‹

FIGURE 7. Decreases in TNF␣-induced CAM expression by ASMase
and NSMase inhibition in HRECs. HRECs were treated with 100 M
DHA complexed to BSA or BSA alone (vehicle control) for 24 hours or
the inhibitors for ASMase (desipramine, 15 M for 1 hour) or NSMase
(GW4869, 25 M for 30 minutes) before 10 ng/mL TNF␣ stimulation.
The induction of ICAM-1 and VCAM-1 was assessed 6 hours later by
immunoblot analysis (A). DHA and desipramine significantly reduced
TNF␣-induced CAM expression. GW4869 significantly inhibited TNF␣induced VCAM-1 expression. (B, C) Quantitative analysis of the data in
(A) for ICAM-1 (B) and VCAM-1 (C) expression. Results are mean ⫾ SD
of four independent experiments. #P ⬍ 0.05 compared with control
cells. *P ⬍ 0.05 compared with TNF␣-stimulated cells.
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FIGURE 8. Inhibition in cytokine-induced CAM expression by ASMase and NSMase gene silencing in HRECs. Gene silencing of ASMase and NSMase
(100 nM siRNA for ASMase and NSMase) significantly decreased TNF␣- (A) and IL-1␤– (D) induced ICAM-1 and VCAM-1 expression in HRECs.
HRECs were treated with siRNA for 48 hours before cytokine stimulation for 6 hours to assess CAM expression. In contrast, control siRNA treatment
(100 nM) had no effect. Quantitative analysis of the data presented in (A) and (D) is shown in (B, C) and (E, F), respectively. ASMase (G) and
NSMase (H) protein levels in control siRNA–, ASMase siRNA–, and NSMase siRNA–treated HRECs were assessed by immunoblot analysis. Equal
amounts of protein were added to each lane, as confirmed by tubulin levels. Results are presented as mean ⫾ SD of five independent experiments.
#
P ⬍ 0.05 compared with control cells. *P ⬍ 0.05 compared with TNF␣- and IL-1␤–stimulated cells.
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IL-1␤–induced ICAM-1 expression (see Figs. 9A–C). Interestingly, the inhibition of NSMase did not have a significant effect
on TNF␣- and IL-1␤–induced ICAM-1 expression, and, though
the effect on TNF␣-induced VCAM-1 expression was significant, it was less pronounced than the effect of ASMase inhibition or DHA.
Gene silencing of ASMase and NSMase (100 nM siRNA for
ASMase and NSMase) significantly decreased TNF␣- and IL-1␤–
induced ICAM-1 and VCAM-1 expression in HRECs (Fig. 8)
compared with untreated or control siRNA (100 nM)–treated
cells. As in the inhibitor study, ASMase gene silencing had a
more pronounced inhibitory effect than NSMase gene silencing. No additive effect on cytokine-induced CAM expression
was observed in the samples in which both ASMase and NSMase gene silencing were attained.

No Effect of Ceramide De Novo Synthesis
Inhibition on TNF␣- and IL-1␤–Induced CAM
Expression in HRECs
Ceramides can be synthesized in the cells at the membrane
level from sphingomyelin hydrolysis by ASMase, NSMase, or
both or in the endoplasmic reticulum by de novo synthesis. We
next determined whether the ceramide de novo synthesis
pathway is involved in mediating proinflammatory cytokine
signaling in HRECs. Fumonisin B1was used to inhibit ceramide
synthase, the enzyme that catalyzes the final step of the de
novo pathway of ceramide synthesis. Cells were treated for 16
hours with 50 M fumonisin B1 before TNF␣ (10 ng/mL) and
IL-1␤ (5 ng/mL) stimulation. Expression levels of ICAM-1 and
VCAM-1 were analyzed by Western blot (Figs 9A, 9D). Fumonisin B1 pretreatment of HRECs did not affect TNF␣- and
IL-1␤–induced adhesion molecule expression (Fig. 9). In contrast, as shown above, the inhibition of ASMase significantly
decreased TNF␣- and IL-1␤–induced ICAM-1 and VCAM-1 expression in HRECs. These data suggest that ceramide production at the membrane level, rather than the total cellular ceramide level, plays an essential role in modulating cytokineinduced inflammatory signaling in HRECs. Decreased ceramide
levels in fumonisin B1-treated HRECs were confirmed by tandem mass spectrometry analysis. Inhibition of ceramide synthase by incubation of HRECs with fumonisin B1 resulted in a
26.55% ⫾ 9.45% decrease in HREC total ceramide levels, as
expected (Fig. 9I).

DISCUSSION
Omega 3 PUFAs have long been known to modulate inflammatory processes and are now widely used in clinics as an adjuvant immunosuppressant in the treatment of various diseases
with an inflammatory component.52 Recently, Connor et al.5
showed that increasing omega 3 PUFA retinal levels by dietary
or genetic means may be of benefit in preventing retinopathy
and that the DHA-protective effect is mediated, in part, by the
suppression of retinal TNF␣ gene expression and protein level
in a mouse model of oxygen-induced retinopathy. We have
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previously shown that DHA suppresses cytokine-induced adhesion molecule expression in endothelial cells through cholesterol depletion and displacement of important signaling molecules from caveolae/lipid rafts.51 We now demonstrate that
DHA-treated HRECs exhibit decreased expression levels and
decreased basal and TNF␣- and IL-1␤–induced activity of ASMase and NSMase enzymes. The time course showed maximum effect of DHA on sphingomyelinases expression level and
activity after more than hours of treatment. The time course of
this effect can be explained by our previously published observation that DHA incorporates into caveolae/lipid raft phospholipids at a rate of 10% in 1.5 hours and 90% in 24 hours and
dramatically alters the lipid environment of these specialized
microdomains, decreasing their cholesterol content by approximately 70%.51 Proinflammatory cytokines TNF␣ and IL-1␤
have been shown to activate ASMase in various cell
types,22,53–55 and our results are in agreement with the results
of these studies. We have found that IL-1␤ treatment of HRECs
rapidly induced the activation of ASMase after only 15 seconds
of stimulation, whereas TNF␣ increased the activity of both
ASMase and NSMase after 45 seconds of stimulation. This rapid
and transient time course of the effect is in agreement with the
fact that induction of inflammatory response is always transient
and that the extent of the initial event is always small because
it is later amplified several-fold with each signal transduction
step. For instance, as demonstrated in numerous studies of the
NFB pathway, IB␣ is phosphorylated within 1 minute from
cytokine stimulation and is dephosphorylated back to the control state by 5 minutes; in GPCR signaling, ERK phosphorylation occurs within 30 seconds of receptor activation and is
back to a normal level by 2 minutes. Indeed, a recent study56
described the importance of transient versus sustained ERK
phosphorylation in inducing different signaling pathways.
Moreover, the sphingomyelinase literature is replete with demonstrations of the very fast (within 1 minute) and transient
nature of sphingomyelinase activation. This rapidity is often
used as proof that sphingomyelinase is an important first responder.53,54,57 Although the induction of sphingomyelinases
is transient, the effect of the sphingomyelinases activation (i.e.,
conversion of sphingomyelin to ceramide and further activation of the NFB pathway and inflammatory genes, such as
ICAM-1 and VCAM-1) is long-lasting. Indeed, in this study, the
inhibition or gene silencing of ASMase and NSMase decreased
proinflammatory cytokine TNF␣- and IL-1␤–induced adhesion
molecule expression in HRECs. Stimulation of the sphingomyelin pathway by TNF␣ with sphingomyelinases-induced membrane ceramide was shown to lead to the activation of nuclear
factor B (NF-B) and to a marked increase in nuclear NF-B
binding in human leukemia (HL-60) cells.54 Similarly, the activation of sphingomyelinases is shown to be an important
signaling system for IL-1␤ in murine T-helper EL-4 cells,53 and
IL-1␤ action in these cells is mediated through NF-B activation.58 NF-B is a major transcription factor controlling the
expression of an array of inflammatory response genes, including adhesion molecules.59

Š

FIGURE 9. No effect of de novo ceramide production pathway inhibition on cytokine-induced CAM expression in HRECs. Fumonisin B1 was used
to inhibit ceramide synthase, the enzyme that catalyzes the final step in the de novo pathway of ceramide synthesis. Cells were treated for 16 hours
with 50 M fumonisin B1 before TNF␣ (10 ng/mL) and IL-1␤ (5 ng/mL) stimulation. Expression levels of ICAM-1 and VCAM-1 were analyzed by
Western blot. Representative blots are shown in (A) and (D), and quantitative analysis of four independent experiments is shown in (B, C, E, F).
Fumonisin B1 pretreatment of HRECs did not affect TNF␣- or IL-1␤–induced adhesion molecule expression. In contrast, inhibition of ASMase
significantly decreased TNF␣- and IL-1␤–induced ICAM-1 and VCAM-1 expression. Ceramide levels determined by tandem mass spectrometry
precursor ion mode scanning for the characteristic ceramide product ion at m/z 264.4 in control and fumonisin B1–treated HRECs are presented
in (G) and (H), respectively. Quantification of ceramide levels (I) demonstrates significant decreases in ceramide levels in fumonisin B1–treated
compared with control HRECs. Results are presented as mean ⫾ SD of three independent experiments. *P ⬍ 0.05 compared with cytokinestimulated level. #P ⬍ 0.05 compared with control.
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Ample experimental evidence suggests that plasma membrane microdomains are definite sites for ceramide production
in response to different agonists and stress signals. Liu and
Anderson22 showed elevated ceramide levels with consequent
decreases in the sphingomyelin content of the caveolae compartments of human fibroblasts in response to the proinflammatory cytokine IL-1␤. Bilderback et al.20 showed that sphingomyelin hydrolysis takes place in caveolae-enriched domains
in NIH 3T3 fibroblasts in response to nerve growth factor
treatment. The release of ceramides alters the dynamics of
these rafts and may drive signal transduction processes by
allowing the oligomerization of specific cell surface molecules,
such as ligated receptors. TNF␣ receptor60,61 and IL-1 receptor53 are among the lipid microdomain-associated receptors
that are affected by sphingolipid composition of the microdomains.
There are two different pathways of ceramide generation in
the cells. The first occurs at the membrane level by the hydrolysis of sphingomyelin by sphingomyelinases. The second is
localized to the endoplasmic reticulum by de novo synthesis
involving the enzyme ceramide synthase. Results of this study
demonstrate that plasma membrane ceramide production by
sphingomyelinases rather than de novo synthesis is important
for inflammatory signaling in HRECs.
Several recent studies demonstrated that oxidized products
of DHA formed either through lipoxygenase,5,62,63 cyclooxygenase,63,64 or nonenzymatic pathways65 have potent antiinflammatory properties. Although anti-inflammatory mediators formed by DHA oxidation were not analyzed in this study,
they could represent an important component of the antiinflammatory action of DHA and sphingomyelinase inhibition.
Endothelial cells are rich in caveolae, and ASMase is preferentially expressed in endothelia.66 Thus our findings could represent the first identification of a unique, endothelial-specific
anti-inflammatory mechanism of DHA action.
In conclusion, this study provides a novel mechanism for
the anti-inflammatory effect of DHA in the primary tissue affected by retinopathy: HRECs. We demonstrated that DHA
pretreatment of HRECs leads to the inhibition of ASMase and
NSMase expression and activity level. Inhibition or gene silencing of sphingomyelinases recapitulates the effect of DHA on
cytokine-induced CAM expression in HRECs. Inhibition of
ASMase and NSMase activity in the endothelial cells by DHA
intake or by specific inhibitors may be of benefit in preventing
conditions associated with vascular inflammation, such as diabetic retinopathy.
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