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Abstract Tricyclodecan-9-yl-xanthogenate (D609) inhibits
phosphatidylcholine (PC)-phospholipase C (PLC) and/or
sphingomyelin (SM) synthase (SMS). Inhibiting SMS can
increase ceramide levels, which can inhibit cell prolifera-
tion. Here, we examined how individual inflammatory and
glia cell proliferation is altered by D609. Treatment with
100-μM D609 significantly attenuated the proliferation of
RAW 264.7 macrophages, N9 and BV-2 microglia, and
DITNC1 astrocytes, without affecting cell viability. D609
significantly inhibited BrdU incorporation in BV-2 micro-
glia and caused accumulation of cells in G1 phase with
decreased number of cells in the S phase. D609 treatment
for 2 h significantly increased ceramide levels in BV-2
microglia, which, following a media change, returned to

control levels 22 h later. This suggests that the effect of
D609 may be mediated, at least in part, through ceramide
increase via SMS inhibition. Western blots demonstrated
that 2-h treatment of BV-2 microglia with D609 increased
expression of the cyclin-dependent kinase (Cdk) inhibitor
p21 and down-regulated phospho-retinoblastoma (Rb), both
of which returned to basal levels 22 h after removal of
D609. Exogenous C8-ceramide also inhibited BV-2 micro-
glia proliferation without loss of viability and decreased
BrdU incorporation, supporting the involvement of ceram-
ide in D609-mediated cell cycle arrest. Our current data
suggest that D609 may offer benefit after stroke (Adibhatla
and Hatcher, Mol Neurobiol 41:206–217, 2010) through
ceramide-mediated cell cycle arrest, thus restricting glial
cell proliferation.
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Introduction

Xanthates including tricyclodecan-9-yl-xanthogenate
(D609) were initially developed as broad spectrum anti-
viral compounds [1, 2]. D609 also has antioxidant properties
[3, 4] due to the presence of the thiol function. D609 was
shown to be a competitive inhibitor of bacterial phosphati-
dylcholine (PC)- specific phospholipase C (PC-PLC) and
did not inhibit bacterial phosphatidylinositol-PLC, bovine
pancreatic PLA2, or phospholipase D from cabbage [5].
Many of the actions of D609 have been attributed to PC-
PLC inhibition, including suppressing expression of
hypoxia-inducible factor 1α after stroke [6], reduced cyto-
kine expression in lipopolysaccharide (LPS)-stimulated
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macrophages [7, 8], prevention of tumor necrosis factor-α,
or LPS-induced lethal shock in mice [9]. A number of
studies implicated PC-PLC in proliferation, differentiation,
senescence, and apoptosis in mammalian cells as well as a
role in atherosclerosis [10] and indirectly in stroke models
[6, 11, 12]. A review of the literature on D609 various
mechanisms of action was recently published [1].

Cell proliferation and growth arrest are regulated by two
lipid second messengers with opposing actions [13]: ceram-
ide and 1,2-diacylglycerol (DAG) that are connected
through sphingomyelin (SM) synthase (SMS) pathway
[14]. SMS transfers the phosphocholine group from PC to
ceramide to form SM and DAG. There are two forms of
SMS: SMS1 is located in the Golgi apparatus, and SMS2 is
in the plasma membrane [15]. D609 inhibits both forms of
SMS [16–18]. Inhibition of SMS can result in increased
ceramide levels by blocking its incorporation into SM.
D609 inhibited bFGF-stimulated astrocyte proliferation,
which was attributed to SMS inhibition [19].

After cerebral ischemia, proliferation of astrocytes and
microglia contributes to glial scar formation and release of
inflammatory factors [20]. Cell proliferation is a precisely reg-
ulated process governed largely by cyclin-dependent kinases
(Cdks) and their respective cyclin binding proteins. In the G1

phase of the cell cycle, Cdk4 and Cdk6 bind to and are activated
by D-type cyclins and initiate phosphorylation of retinoblasto-
ma (Rb) protein, releasing E2F transcription factors for tran-
scription of genes required for cell cycle progression.
Subsequently, Cdk2 binds to and is activated by cyclin E,
completing phosphorylation of Rb, allowing further E2F tran-
scription and progression into the S-phase of DNA replication
[21]. Activities of Cdk/cyclin complexes and cell cycle pro-
gression are regulated by two classes of Cdk inhibitors, the
INK4 family and the Cip/Kip family p21CIP1/WAF1, p27Kip1, and
p57Kip2. Ceramide can inhibit proliferation by up-regulating the
Cdk inhibitors p21 and p27 or de-phosphorylating Rb [22].

Our previous studies showed that D609 decreased infarct
in an in vivo stroke model and up-regulated p21 [23]. In this
study, we show that D609 inhibited proliferation of non-
neuronal cell lines without inducing cell death. D609 treat-
ment increased ceramide levels and up-regulated p21 ex-
pression in BV-2 microglia. In addition, D609 hypo-
phosphorylated Rb, resulting in inhibition of the cell cycle
in the G0/G1 phase and a decrease in the proportion of cells
in the S-phase. Exogenous C8-ceramide studies support the
involvement of ceramide in D609-mediated cell cycle arrest.

Materials and Methods

All chemicals and reagents unless stated otherwise were pur-
chased from Sigma (St. Louis, MO). D609 was obtained from
Kamiya Biomedical Company (Seattle, WA). The following

antibodies were obtained from the indicated suppliers: p21
(BD Biosciences, San Diego, CA), phospho-Rb (Ser807/811)
(Cell Signaling, Danvers, MA), and horseradish peroxidase
conjugated goat anti-rabbit and goat anti-mouse IgG (Bio-
Rad, Hercules, CA). Western blot detection used SuperSignal
West Pico chemiluminescent reagent (Pierce, Rockford, IL).

Cell Culture

The murine BV-2 microglia cell line developed by Dr. V.
Bocchini [24] was a generous gift from Dr. Grace Y Sun
(University of Missouri, Columbia, MO). Murine N9 micro-
glial cells, originally developed by Prof. P. Ricciardi-
Castagnoli [25], were kindly provided by Dr. Jyoti Watters
(University of Wisconsin, Madison, WI). RAW 264.7 [26]
and DITNC1 [27] were procured from American Type Cul-
ture Collection (ATCC, Manassas, VA). All the cell lines
were maintained in DMEM/high glucose containing 10 %
FBS with 100-U/mL penicillin and 100-μg/mL streptomy-
cin. For all the experiments, cells were plated and allowed to
attach overnight, and specific treatments were given the next
day. D609 was dissolved in sterile saline and added to cell
cultures to give the desired concentration. D609 was stable
in saline and cell culture media as measured by absorption
maximum at 300 nm [28], and <10 % decrease in absorption
was observed after 24 h (personal communication, H Kal-
luri) unlike the short half life previously reported [29]. We
also did not observe any absorption at 350 nm indicative of
disulfide formation over 24 h [28]. C8-ceramide dissolved
in 100 % EtOH was first dispersed in a small volume of
media by gentle vortexing and then added to cultures of
BV-2. There are two reasons of using C8-ceramide in our
studies: (1) The structure of C2-ceramide is more like that of
sphingosine than ceramides [30], and (2) C8-ceramide is
also cell-permeable, and its levels in treated cells and media
could be analyzed using our existing GC method. Hexane
used as solvent carrier for GC will mask the methyl esters
derived from C2-or C6-ceramides.

Western Blotting

Cells were lysed in protein extraction buffer consisting of
20-mM Na2HPO4, 50-mM NaF, 10-mM Na4P2O7, 150-mM
NaCl, 5-mM EGTA, 5-mM EDTA, 2 % Triton X-100, and
0.5 % deoxycholate; Na3VO4 (1 mM) and Sigma protease
inhibitor cocktail were added to the extraction buffer imme-
diately prior to use. Cell lysates were briefly sonicated and
centrifuged at 13,000 rpm for 10 min at 4°C. Supernatant
was used for protein estimation by Lowry’s method. Fifty
micrograms of protein was loaded in each well of 10 % or
12 % polyacrylamide gels and subjected to SDS-PAGE at a
constant voltage of 150 V. Proteins were subsequently trans-
ferred to nitrocellulose at a constant voltage of 100 V for
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1 h. Non-specific binding sites were blocked with 5 % non-
fat dry milk in 1× Tris buffered saline (TBS) with 0.05 %
Tween-20 (1× TBST) at room temperature for 1 h. Blots
were incubated with primary antibodies (diluted in either
5 % BSA or 5 % non-fat dry milk in 1× TBST) for overnight
at 4°C, washed with 1× TBST, and then incubated with
appropriate secondary antibodies for 1 h at room tempera-
ture. After washing, protein bands were visualized with
SuperSignal West Pico. Blots were subsequently stripped
and reprobed for β-actin as a loading control.

BrdU Labeling

BV-2 microglia were plated in 96 well plates at a density of
2×104 cells per well. Cells were treated with 100-μM D609
for 2 h or 30-μM C8-ceramide for 2, 4, and 6 h. Chase was
done with 5-μM BrdU at 37°C for 2 h, followed by fixation
in ice cold methanol for 10 min. DNA was denatured with
2 N HCl for 30 min. Cells were washed four times with 1×
PBS after each step. Non-specific sites were blocked with
10 % normal donkey serum in 0.5 % BSA and 0.4 % Triton-
X100 for 45 min at RT. Cells were incubated with anti-BrdU
primary antibody (1:50, Invitrogen) overnight at 4°C. After
four washings, cells were probed with Alexafluor-488 con-
jugated donkey anti-mouse (1:500, Molecular Probes) for
1 h. Nuclei were counter-stained with DAPI (10 μg/mL).
Images were acquired with a Nikon TE300 epifluorescence
microscope and then analyzed using ImageJ (public domain
software available at http://rsbweb.nih.gov/ij/); results were
expressed as the percentage of BrdU-positive nuclei.

Cell Cycle Analysis

Cell cycle analysis was carried out as described by Yang et al.
[31]. BV-2 cells were plated and allowed to attach overnight.
After D609 treatment, cells were washed with PBS and trypsi-
nized. Cells were pelleted and adjusted to a concentration of 1–
2×106 cells/mL. Cells were fixed by adding 3 mL of 100 %
ethanol drop-wise into 1mL of cell suspensionwith continuous
vortexing. After fixation overnight at −20°C, cells were pel-
leted and resuspended gently in PBS with 1 % BSA. After two
washes, cells were suspended in propidium iodide (PI) staining
solution (50-μg/mL PI, 1-mg/mL RNase, 0.5 % triton-X) for
30 min at 37°C in the dark, and the cell cycle was analyzed
using a flow cytometer (BD Biosciences, FACSCalibur). Data
were analyzed using MODFIT cell cycle analysis program.

Lipid Analysis

Cell pellets were resuspended in 0.5-mL saline, and an aliquot
was taken for protein measurement. The cell suspension was
transferred into 3 mL of CHCl3:MeOH 1:2, followed by
additional saline and CHCl3 [23]. The CHCl3 layer containing

the lipid extract was evaporated under a stream of nitrogen and
redissolved in a small volume of CHCl3:MeOH 9:1. Ceramide
was separated on silica gel H plates (Analtech) developed in
CHCl3:MeOH:CH3COOH (94:2:5). SM was separated on
Whatman LK-5 silica gel plates using CHCl3:EtOH:Et3N:
H2O (30:35:35:7). Lipids were identified using authentic
standards. DAG was separated on silica gel G plates (Anal-
tech) using petroleum ether:diethyl ether:acetic acid (80:20:1
v/v/v) [11]. DAG, ceramide and SM bands were then scraped
into 1.5-mL MeOH containing 30 μL of H2SO4 and 10 nmol
of heptadecanoic acid (17:0) as an internal standard. SM and
ceramide were methylated by heating at 100°C for 2 h , DAG
was methylated by heating at 70°C for 30 min [11, 23]. Fatty
acid methyl esters were extracted into hexane and analyzed by
gas chromatography. For analysis of C8-ceramide in media,
0.5-mL aliquots of media were extracted, and C8-ceramide
was separated on silica gel H plates and analyzed by gas
chromatography as discussed previously.

Statistical Analyses

Data were analyzed by ANOVA, followed by Bonferroni
post-test for comparison of three or more groups or by non-
paired t-test for comparison between two groups. A p value
of 0.05 or less was taken as significant.

Results

Lower Doses and Shorter Durations of D609 Treatment Did
Not Induce Caspase-3 Activation

The goal of our experiments was to determine if D609 could
inhibit cell proliferation without inducing apoptosis or cell
death. D609 has been shown to induce apoptosis dependent
on the dose and duration of exposure [32]. BV-2 microglia
treated with 50- or 100-μM D609 for 2 h followed by 22 h
in media without D609 appeared morphologically normal
and showed no significant trypan blue staining, whereas at
200 μM, many cells appeared shrunken and stained. West-
ern blots were then conducted for pro-caspase-3 cleavage as
a marker for induction of the apoptotic pathway [33].
Treatment of BV-2 with 50- or 100-μM D609 caused no
detectable cleavage of caspase-3, whereas 200-μM D609
resulted in caspase-3 activation, indicating induction of
apoptosis (Fig. 1a).

The time-course of D609 exposure on activation of
caspase-3 was also investigated. BV-2 cells were treated
with 100-μM D609 since 200 μM for 2 h induced apoptosis
and preliminary findings indicated that 50 μM had no effect
on cell numbers compared with controls 22 h after treat-
ment. Exposure of BV-2 to 100-μM D609 for 2 h did not
result in any detectable caspase-3 cleavage, whereas
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exposure for 8 h or longer induced caspase-3 activation
(Fig. 1b). The results in Fig. 1a, b demonstrate that 100-
μM D609 for 2 h did not result in caspase-3 activation

immediately following the treatment, and there was no
delayed induction following 2-h treatment and 22 h in media
without D609.

D609 Inhibited Proliferation of Various Cell Lines

The effect of D609 on proliferation of RAW 264.7 macro-
phages, BV-2 and N9 microglia, and DITNC1 astrocytes
was investigated. D609 significantly inhibited proliferation
of all four cell lines (Fig. 2) without causing cell death, as
viability remained >90 % by trypan blue exclusion in all
cases. These data demonstrate that the inhibitory effect of
D609 on cell proliferation is not unique to a particular cell
line and also suggest that D609 may inhibit the cell cycle.

D609 Inhibited BrdU Incorporation and Caused Cell Cycle
Arrest in G0/G1 Phase

To assess the effect of D609 on the cell cycle, further studies
were conducted using the BV-2 cell line. BV-2 was treated
with 100-μM D609 for 2 h, followed by a 2-h incubation
with BrdU without D609. Two sets of images were captured
from four wells each from controls and D609 treated. Rep-
resentative images are presented in Fig. 3a, and results are
presented as the percentage of BrdU-positive cells (Fig. 3b).
D609 treatment significantly decreased the percent of BrdU-
positive cells, indicating fewer cells progressing into the S-
phase of the cell cycle.

Fig. 1 D609 activates caspase-3 in a dose- and time-dependent man-
ner. BV-2 cells treated with 20-μM etoposide for 24 h were used as a
positive control for caspase-3 activation [53, 54]. a Western blot
showing dose-response for D609 treatment of BV-2 cells for induction
of cleaved caspase-3. Cells were incubated with 50-, 100-, and 200-μM
D609 for 2 h, media were changed to remove D609, and cells were
harvested after incubation for additional 22 h. Controls were incubated
without D609. Lanes: (1) positive control (+), (2) untreated control (-),
(3) 50-μMD609, (4) 100-μMD609, and (5) 200-μMD609. bWestern
blot showing effect of different treatment durations of BV-2 with 100-
μMD609 on caspase-3 cleavage. BV-2 cells were treated with 100-μM
D609 for 2, 8, 16, and 24 h and harvested at the end of each respective
treatment time. Lanes: (1) untreated control (-), (2) 2-h D609, (3) 8-
h D609, (4) 16-h D609, (5) 24-h D609, and (6) positive control (+)

Fig. 2 D609 inhibited
proliferation of a BV-2 micro-
glia, b N9 microglia, c RAW
264.7 macrophages, and d
DITNC1 astrocytes. Cell lines
were first plated and allowed to
adhere overnight. At the start of
treatment, parallel dishes of cells
were harvested and counted to
determine the initial cell number.
Cells were treated with 100-μM
D609 for 2 h, followed by a me-
dia change. The media were
centrifuged to recover any non-
adherent cells, which were
returned to the respective dishes.
Cells were counted using a he-
mocytometer, and viability was
determined by trypan blue ex-
clusion following 22-
h incubation without D609. Via-
bility was greater than 90% in all
cells. *p<0.05 and **p<0.01
compared with controls by un-
paired t-test (n03/group)
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Based on the BrdU uptake studies, cell cycle analysis
was done in BV-2 by flow cytometric analysis of PI
staining. After 2-h D609 treatment followed by 2 h in
media without D609, the percentage of the BV-2 cells in
the G1 phase increased (54.3±1.5 %) as compared with
the control (43.4±3.9 %), whereas the percentage of cells
in the S phase showed a significant dip (39.9±3.3 %) as
compared with control (48.8±2.4 %) (Fig. 4). No signif-
icant change in the proportion of cells in each cell cycle
phase was found following D609 exposure for 2 h alone
(data not shown).

D609 Increased Ceramide Levels and Altered Expression
of Cell Cycle Proteins

Since D609 inhibits SMS, which could cause cellular
ceramide levels to increase and possibly to decrease DAG
levels, ceramide levels were measured in BV-2 cells treated
with 100-μM D609 for 2 h and following a media change
and further incubation without D609 for an additional 2 and
22 h. These conditions corresponded with treatment of BV-2
with D609 for cell proliferation by cell counts and BrdU

incorporation. Ceramide levels were normalized to protein
content, and the results are presented in Fig. 5a. Ceramides
in BV-2 cells contained primarily the fatty acids palmitic
(16:0), lignoceric (24:0), and nervonic (24:1); results are
given for the sum of these three forms. D609 treatment for
2 h resulted in a significant increase in ceramide levels,
which remained elevated for 2 h after removal of the agent.
Following further incubation for 22 h without D609, ceram-
ide levels returned to control levels. These results show that
D609 treatment of BV-2 cells caused a transient, reversible
increase in ceramide. Under these same treatment condi-
tions, D609 did not cause DAG levels to decrease, but
instead, a significant increase was observed (Table 1).

The increase in ceramide by D609 prompted us to examine
whether D609 could increase expression of the Cdk inhibitor
p21 and down-regulate phosphorylation of Rb (phospho-Rb).
BV-2 cells were treated, as discussed previously, with 100-
μM D609 and harvested after 2-h exposure and following 2-
and 22-h incubation without the agent and processed for
Western blotting. In parallel with the increase in ceramide,
D609 treatment for 2 h up-regulated p21 expression and
caused a decrease in phospho-Rb (Fig. 5b), consistent with

Fig. 4 Effect of D609 treatment on cell cycle progression in BV-2
cells. a Representative DNA histogram from control and D609 treat-
ment groups. BV-2 cells were treated with 100-μM D609 for 2 h,
followed by 2 h in media without D609, and then stained with propi-
dium iodide. DNA content of the samples was analyzed by flow

cytometry. b Quantification of the percentage of cells in each phase
of cell cycle. A 2-h D609 followed by 2 h in the media without D609
has arrested the cells in the G1 phase with a smaller percentage of cells
entering into the S phase. *p<0.05 compared with controls by unpaired
t-test, from three independent experiments

Fig. 3 D609 inhibited BrdU incorporation in BV-2 cells. a BrdU
uptake in BV-2 controls and cells treated with D609. Cells were plated
in 96-well plates, allowed to attach overnight, and then treated with
100-μM D609 for 2 h. The media were then replaced with fresh media
containing BrdU, and cells were incubated for 2 h. Cells were labeled

with anti-BrdU antibody, followed by DAPI counterstaining, and im-
aged. Blue DAPI, green BrdU. Original magnification×200. b Quan-
tification of BrdU-positive cells as a percentage of total cells. ***p<
0.001 compared with controls by unpaired t-test. Note: Figs. 3 and 7
may appear black and white in print version
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inhibition of the cell cycle. These alterations normalized to
control levels 22 h after removal of the agent (Fig. 5b),
indicating that the cells have returned to a proliferative state.

Exogenous C8-ceramide: Effect on Cell Proliferation,
Viability, and Cellular Uptake

To determine the specific role of ceramide in D609-mediated
inhibition of proliferation, BV-2 cells were treated with varying
concentrations of cell-permeable C8-ceramide [34]. Cell
counts and viability were determined after 24 h. Treatment of
BV-2 cells with 30-μM C8-ceramide for 24 h significantly
inhibited proliferation (Fig. 6a) without inducing cell death
(viability: controls 94±0.2 % vs C8-ceramide 93±0.5 %, n0
3 each). Treatment with 20-μM C8-ceramide had no

Fig. 5 D609 increased ceramide levels and induced p21 expression in
BV-2 cells. BV-2 cells were treated with 100-μM D609 for 2 h, the
media were changed, and cultures were incubated for an additional 2 or
22 h without D609. a D609 increased ceramide levels in BV-2, which
remained elevated for 2 h after removal of the agent and normalized to
control levels after 22 h. **p<0.01 compared with controls or D609 2 h
+22 h w/o by ANOVAwith Bonferroni’s post-test; n04 per group from
two independent experiments. Ceramide forms consisted mainly of
palmitic (C16-ceramide), lignoceric (C24-ceramide), and nervonic
(C24:1-ceramide). b Western blots demonstrating induction of p21
and down-regulation of pRb following D609 treatment. Lanes: (1)
untreated control, (2) 100-μM D609 2 h, (3) 100-μM D609 2 h+2 h
w/o, and (4) 100-μM D609 2 h+22 h w/o

Table 1 DAG levels (nmol/mg protein, 2 fatty acids per DAG;
primarily 16:0; 18:0; 18:1; 18:2, 20:4 minor) in BV-2 treated with
100-μM D609

Control
(n05)

2-h D609
(n05)

2-h D609/2 h
(n04)

2-h D609/24 h
(n04)

1.77±0.17 2.14±0.08* 2.25±0.14* 2.18±0.32*

* p<0.05 compared to control

Fig. 6 Exogenous C8-ceramide decreased cell proliferation in BV-2
cells. a 30-μM C8-ceramide was added to BV-2 cultures, and cell
counts and viability were determined after 24 h. **p<0.01 compared
with controls by unpaired t-test. b Uptake of C8-ceramide and endog-
enous ceramide levels in BV-2 after 2- and 24-h treatment with 30-
μM C8-ceramide. ** p<0.01 compared with controls by ANOVAwith
Bonferroni's post-test
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significant effect on proliferation, whereas 40 μM resulted in
significant cell death (data not shown). Based on these results,
30-μM C8-ceramide was used for treatment of BV-2 cells in
further studies.

Cellular ceramide levels were analyzed following 2- and
24-h exposure to 30-μMC8-ceramide to determine uptake by
BV-2 cells (Table 2). Following 2-h incubation, C8-ceramide
levels had reached 6,529±245 pmol/mg protein, demonstrat-
ing substantial uptake (Fig. 6b). No C8-ceramide was detected
in untreated cells. Interestingly, the endogenous forms of
ceramide comprised of 16:0, 24:0, and 24:1 fatty acids also
showed significant increases (Fig. 6b). Following 24-
h exposure to C8-ceramide, cellular levels of C8-ceramide
had declined to <10 % of the 2-h levels. The endogenous
forms had also declined to less than half the 2-h levels and
were not significantly elevated above controls (Fig. 6b).

Treatment of BV-2 with C8-ceramide resulted in a small but
not significant increase in SM due to incorporation of C8-
ceramide (controls 8.17±0.40 vs 2-h C8-ceramide 9.36±
0.07 nmol/mg protein, n03 each). SM in normal BV-2 was
composed of 16:0, 24:0, and 24:1 fatty acids. After 2 h, incor-
poration of C8-ceramide into SM accounted for 16.4±0.2 %
of total fatty acids of SM. At 24 h, SM levels were 8.94±
0.58 nmol/mg protein in BV-2 treated with C8-ceramide,
and the C8 content of SM had declined to 10.5±2.8 %
(Table 3).

Towards gaining insight onto the decline in ceramide levels
in BV-2 exposed to C8-ceramide for 24 h, C8-ceramide levels
in media from treated BV-2 cells were analyzed and found to
have declined to <1 μM by 24 h (Table 4). As a stability
control, 30-μM C8-ceramide was added to control media and
incubated at 37°C without cells. C8-ceramide levels remained
constant for up to 24 h (Table 4), demonstrating that there was
no decomposition.

Exogenous C8-ceramide Inhibited BrdU Uptake

To further assess the mechanism of exogenous C8-ceramide
mediated inhibition of cell proliferation, BV-2 cells were

treated with 30-μm C8-ceramide for 2, 4, and 6 h, followed
by 2-h BrdU chase without C8-ceramide. Representative
images are presented in Fig. 7a, and the results are presented
as the percentage of BrdU-positive cells (Fig. 7b). C8-
ceramide treatment for 2 or 4 h did not significantly de-
crease the percent of BrdU positive cells compared to con-
trols (data not shown), whereas BrdU incorporation was
significantly inhibited by 6-h C8-ceramide treatment, indi-
cating fewer cells entering the S phase.

Discussion

Our previous findings in an in vivo stroke model showed
that D609 treatment up-regulated the Cdk inhibitor p21 [23].
Since ceramide can up-regulate p21 [22], we hypothesized
that D609 increased p21 expression through inhibition of
SMS and increased ceramide levels, and that this would
result in cell cycle inhibition. We therefore examined the
effect of D609 on proliferation of microglia, macrophage,
and astrocyte cell lines. Since ceramide also induces apo-
ptosis [35, 36], we considered that over-induction of ceram-
ide accumulation by D609 would result in cell death but that
moderate increases may cause growth arrest without affect-
ing cell viability.

Utilizing the BV-2 microglia cell line, our studies showed
that D609 could cause caspase-3 cleavage, indicative of
apoptosis, or inhibit cell proliferation without causing cell
death and that inhibition of the cell cycle vs induction of
apoptosis was dependent on the dose and duration of expo-
sure. These data are consistent with previous reports dem-
onstrating that D609 treatment of bFGF-stimulated neural
stem cells for 1 to 3 days induced apoptosis [32]. In other
studies, a shorter 4-h exposure to D609 inhibited [3H]-thy-
midine uptake in bFGF-stimulated astrocytes [19]. Our
results showed that D609 could inhibit proliferation of
microglia, macrophage, and astrocyte cell lines, indicating
that this effect is not unique to a specific cell line. However,
previous studies have not examined the effect of D609 on

Table 2 Individual and total
ceramide levels (nmol/mg pro-
tein) in BV-2 treated with 30-
μM C8-ceramide

8:0 16:0 24:0 24:1 Total

Control (n06) 0 0.25±0.07 0.23±0.05 0.11±0.04 0.59±0.15

2 h (n03) 6.53±0.25 1.31±0.06 0.55±0.0 3 0.38±0.01 8.77±0.32

24 h (n03) 0.52±0.36 0.42±0.30 0.37±0.13 0.19±0.05 1.50±0.83

Table 3 Individual and total
sphingomyelin levels (nmol/mg
protein) in BV-2 treated with 30-
μM C8-ceramide

8:0 16:0 24:0 24:1 Total

Control (n03) 0 5.01±0.25 1.54±0.10 1.62±0.06 8.17±0.40

2 h (n03) 1.54±0.02 4.62±0.04 1.42±0.01 1.78±0.04 9.36±0.07

24 h (n03) 0.95±0.31 5.22±0.13 1.33±0.06 1.44±0.10 8.94±0.58
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expression of cell cycle regulating proteins. Utilizing the
BV-2 microglia cell line, our studies demonstrated that
D609 increased ceramide levels and induced expression of
cyclin/Cdk inhibitory protein p21, resulting in a decrease in
cells in the S- and G2/M phases due to a block in the cell
cycle in G0/G1. Interestingly, D609 treatment did not cause a
decrease in levels of DAG that is classically associated with
cell proliferation [13], but rather a significant increase was
observed (Table 1), supporting the role of ceramide in anti-
proliferative effects. The increase in DAG might represent a
cellular response to maintain homeostasis [14]. On an aver-
age, the lipid levels (nmol/mg protein) in BV-2 microglia
cells are PC 35–45, SM 7.5–9, and DAG 2–2.5, while
ceramide levels are <0.5. Since the levels of ceramide are
a small fraction of PC, SM, and DAG, observing changes in
these lipid pools due to SMS inhibition might be masked.
Treatment of BV-2 cells with exogenous C8-ceramide also
inhibited cell proliferation and BrdU incorporation, support-
ing the role of ceramide in D609-mediated inhibition of cell
proliferation. The effect of D609 on proliferation of BV-2
microglia appeared to be more robust than treatment with
exogenous C8-ceramide. Since ceramide is highly hydro-
phobic, it generally resides in cellular membranes, and its
effects are strongly influenced by cellular compartmentali-
zation [37]. Exogenous short-chain ceramides are trans-
ported to the Golgi apparatus following cellular uptake
[38, 39]. D609 inhibition of both forms of SMS [16–18]
could result in ceramide increases in both Golgi apparatus
and plasma membrane due to the sub-cellular localizations

of SMS1 (Golgi apparatus) and SMS2 (plasma membrane)
[15]. C8-ceramide was incorporated into sphingomyelin
demonstrated by formation of C8-SM (Table 3), evidence
that some of C8-ceramide reached the pool used by SMS.
The effects of ceramide sub-cellular distribution in its sig-
naling remain an important topic for future exploration.

Incubation of BV-2 with C8-ceramide resulted in a nearly
four-fold increase in endogenous forms of ceramide after
2 h. Other studies have demonstrated large increases in
endogenous ceramides in Madin-Darby canine kidney cells
treated with C8-ceramide [40] and in A549 human lung
adenocarcinoma cells treated with C6-ceramide [41, 42].
There is substantial evidence that this increase in endoge-
nous ceramides is due to remodeling of short chain ceram-
ides through de-acylation to sphingosine by ceramidases,
followed by reacylation with longer-chain fatty acids via the
ceramide recycling pathway [35, 41–43]. There is evidence
that growth inhibition and cell cycle arrest induced by exog-
enous C6-ceramide may be mediated by the increases in
endogenous long-chain ceramides [42]. Ceramide functions
are chain length dependent (e.g., C16:0; C24:0′ C24:1), which
may ultimately decide the fate of cellular events such as
apoptosis, proliferation, or cell cycle arrest [41].

One unexpected finding in BV-2 cells treated with C8-
ceramide was the normalization of ceramide to near control
levels by 24 h since the cultures did not undergo a media
change. This prompted us to establish the stability of C8-
ceramide in the culture media and also measure levels in the
media from BV-2 cells after treatment with C8-ceramide
(Table 4). Our data showed no decrease in C8-
ceramide concentration over 24 h in culture media in-
cubated at 37°C in the absence of cells, demonstrating
stability of the analog. However, C8-ceramide levels in
media from BV-2 cells declined rapidly and decreased to
<1 μM by 24 h. The decrease in both culture media and
cellular levels indicates near complete metabolism of the
analog by the BV-2 cells by 24 h, without incorporation into

Table 4 C8-ceramide levels (μM) in culture media after adding to
media at 30 μM

0 h 2 h 8 h 24 h

Media alone (n02) 27.5±0.17 26.3±0.01 27.6±0.16 31.1±3.5

Media from BV-2
(n03)

– 16.3±1.3 – 0.7±0.3

Fig. 7 Exogenous C8-ceramide inhibited BrdU incorporation in BV-2
cells. a Representative images of BrdU uptake in BV-2 controls and cells
treated with exogenous C8-ceramide. Cells were plated in 96-well plates,
allowed to attach overnight, and then treated with 30-μMC8-ceramide for
6 h. The media were then replaced with fresh media containing BrdU, and
cells were incubated for 2 h. Cells were labeled with anti-BrdU antibody,

followed by DAPI counterstaining, and imaged. Blue DAPI, green BrdU.
Original magnification×200. b Quantification of BrdU-positive cells as a
percentage of total cells. Two sets of images were captured from four wells
each from controls and C8-ceramide treated. ***p<0.001 compared with
controls by unpaired t-test. Note: Figs. 3 and 7may appear black and white
in print version
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SM. While we did not examine the metabolism of exogenous
C8-ceramide in BV-2 cells since the focus of these studies was
the role of D609 in cell proliferation, our data indicate an
additional factor to be considered in interpreting results from
exogenous ceramide treatments. It has been noted that, since
ceramides partition in membranes, the concentration of
ceramide in relation to the number of cells is a significant
factor influencing the outcome due to surface concentration
effects, i.e., fewer cells treated with the same concentration of
ceramide may respond differently than if the cell density is
higher [36]. Our data indicate that in addition to surface
concentration effects, metabolism of ceramide by the cells
may be another factor since higher density cultures will me-
tabolize a given amount of ceramide faster than low-density
cultures, altering the overall response.

Recent studies showed that 2-hydroxyoleic acid
(2OHOA) stimulates SMS and causes cell cycle arrest, cell
differentiation, and autophagy or apoptosis in cancer cells
[44]. Normal (non-tumor MRC-5) cells were unaffected by
2OHOA. Status of ceramide levels, as well as effect of D609
alone on these cell lines, was not presented. These effects
may be specific to cell type and experimental conditions.
Barcelo-Coblijn et al. [44] also have observed anti-
proliferative effects for D609 (personal communication,
Drs. Halver and Escriba PNAS 2011 paper corresponding
authors of [44]). In these studies, 2OHOA increased SM
levels>2.5 times in A549 and 5 times in U118 cells com-
pared to controls, which may drastically affect the plasma
membrane phospholipid composition/distribution. The
source of ceramide needed for this large increase in SM
synthesis was also unclear.

Our studies demonstrated reduction of cerebral infarct by
D609 treatment in a rat stroke model and attributed the
protection by D609 to cell cycle regulation [23]. After
stroke, expression of cell cycle-related proteins is up-
regulated. There is a dual effect to induction of the cell
cycle. Proliferation of astrocytes and microglia contributes
to glial scar formation and release of inflammatory factors
[20]. Mature neurons are post-mitotic, yet apparently must
continuously hold the cell cycle in check [45]. Failure of this
cell cycle control in mature neurons results not in prolifer-
ation but cell death. Thus, inhibition of the cell cycle after
stroke would attenuate astrocyte and microglia proliferation
and also rescue neurons from cell death due to aberrant cell
cycle induction. This is supported by studies demonstrating
that administration of cell cycle inhibitors after ischemia
dramatically reduced neuronal death [46].

Whether inflammatory responses after injury are harmful
or helpful to recovery is a complex issue [47, 48]. TNF
produced by microglia offered protection to neurons after
ischemia [49]. Ablation of proliferating microglia resulted in
an increase in the number of cells (unknown identity)
expressing pro-inflammatory cytokines [50]. In the absence

of activated microglia/macrophages, which cells are the
source of pro-inflammatory cytokines is unclear? Defining
the role of microglia/macrophages in CNS pathologies is a
challenge since they are the source for both pro-
inflammatory cytokines as well as neurotrophic factors
[51]. Our current studies show that D609 inhibited prolifer-
ation of RAW 264.7 macrophages and three glia cells lines
(BV-2 and N9 microglia, and DITNC1 astrocytes) and thus
may provide benefit after stroke by inhibiting proliferation
of astrocytes and microglia. Another possibility is that D609
may prevent neuronal death by blocking aberrant induction
of the cell cycle at the early reperfusion in mature neurons
(24-h reperfusion); however, it may not interfere with pro-
liferation of microglia/macrophages (72-h reperfusion) that
are the source of trophic factors [52] during repair phase of
stroke [23].
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