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Ceramide has been suggested to be not only a tumor-
suppressive lipid but also a regulator of phagocytosis. We 
examined whether exogenous cell-permeable C6-ceramide 
enhances the phagocytic activity of Kupffer cells (KCs) 
and affects the level of cellular ceramides. Rat KCs were 
isolated by collagenase digestion and differential centrifu-
gation, using Percoll system. Phagocytic activity was 
measured by FACS analysis after incubating KCs with 
fluorescence-conjugated latex beads, and the level of cel-
lular ceramide was analyzed by liquid chromatography 
tandem-mass spectrometry (LC-MS/MS). In this study we 
found that permeable C6-ceramide increases the cellular 
levels of endogenous ceramides via a sphingosine-re-
cycling pathway leading to enhanced phagocytosis by KCs. 
 
 
INTRODUCTION 
 
Systemic macrophages are responsible for the phagocytosis of 
most foreign material in the circulation. Kupffer cells (KCs) have 
the greatest capacity for phagocytosis (Yano et al., 2004). KCs 
represent an important component of innate immunity, which is 
the initial and rapid response to potentially dangerous stimuli 
(Bilzer et al., 2006).  

Structural components of membranes, Sphingolipids, regu-
late cell-cell and cell-substrate interactions, proliferation, and 
differentiation. Further, members of this diverse group of lipids 
have emerged as a novel class of signaling molecules that also 
regulate phagocytosis. The mechanisms by which sphingolipids 
exert these effects remain incompletely defined (Blackwood et 
al., 1996; Hinkovska-Galcheva et al., 1998; Mitsutake et al., 
2004).  

Ceramide is generated either via a de novo pathway, in which 
serine-palmitoyltransferase (SPT) acts as a rate-limiting en-
zyme, or via the sphingomyelin (SM) pathway, in which sphin-
gomyelinase (SMase) directly hydrolyzes SM (Hannun, 1996). 
Ceramide is known to be involved in cellular proliferation (Mi-
toma et al., 1998), differentiation (Okazaki et al., 1989; Riboni et 
al., 1995), growth arrest (Jayadev et al., 1995), and apoptosis 

(Kolesnick and Kronke, 1998). Newly identified functions of 
ceramide in domain coalescence, receptor clustering, and vesi-
cle formation and fusion also conform to its important role as a 
membrane structural component (van Blitterswijk et al., 2003).  

Ceramide has recently been suggested to be a modulator of 
phagocytosis (Li et al., 1999). Ceramide is generated during the 
phagocytosis of antibody-coated erythrocytes by polymor-
phonuclear leukocytes (Hinkovska-Galcheva et al., 2005; Su-
chard et al., 1997). In addition, ceramide can be generated in 
either the outer or inner leaflet of liposomes, evoking endocyto-
sis or blebbing of their membranes, respectively (Holopainen et 
al., 2000; Zha et al., 1998). Exogenously added C6-ceramide is 
suggested to induce endocytic vesicle formation, causing 
enlarged late endosomes and lysosomes in mouse embryonic 
fibroblast cell lines (Li et al., 1999).  

Approximately 80-90% of SM on plasma membrane is local-
ized on the outer leaflet (Vance and Steenbergen, 2005). SM 
acts as a reservoir of lipid signaling molecules because it can 
be converted back to a ceramide by both neutral and acidic 
SMase (Tafesse et al., 2006). It is reported that the activity of 
acidic SMase is enhanced when phagocytic receptors are acti-
vated (Abdel Shakor et al., 2004).  

In the present study, we examined whether cell-permeable 
C6-ceramide enhances the phagocytic activity of KCs isolated 
from rat liver and affects the levels of cellular ceramides.  
 
MATERIALS AND METHODS 

 
Materials 
C6-ceramide (D-erythro-N-hexanoylsphingosine), C6-dihydroce-
ramide (D-erythro-N-hexanoyldihydrosphingosine), and fumoni-
sin B1 were purchased from Biomol Research Laboratories Inc. 
(USA). Fluorescein isothiocyanate (FITC)-conjugated anti-rat 
IgG (whole molecule), LPS, and Escherichia coli serotype 
O128:B12 were purchased from Sigma Chemical Co. (USA). 
Fluoresbrite YG microspheres (3 µm) and FITC-conjugated 
latex beads were purchased from Polysciences, Inc. (USA). 
Mouse anti-rat CD163 (ED2) was purchased from AbD Serotec 
(UK). Antibiotic-antimycotic solution containing 10,000 units/ml
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penicillin, 10 mg/ml streptomycin sulfate, and 25 µg/ml ampho-
tericin B in 0.85% NaCl was purchased from Welgene (Korea). 
A 20-G catheter, 60-mm plastic culture dish, and 70-µm cell 
strainer were purchased from BD Biosciences (USA). Ca

2+
/ 

Mg
2+

-free Hank’s balanced salt solution (CMF-HBSS), fetal 
bovine serum (FBS), and RPMI 1640 media were purchased 
from Invitrogen (Korea). A zolazepam and tiletamine mixture 
(Zoletil) was purchased from Virbac Laboratories (France). 
Xylazine-HCl (Rompun) was purchased from Bayer Korea Ltd. 
(Korea), and collagenase type IV and DNase I were purchased 
from Roche (Switzerland). Percoll was purchased from GE 
Healthcare Korea (Korea), and anti-mouse F4/80-allophyco-
cyanin (APC) was purchased from Caltag Laboratories (USA). 
Mouse IgG (whole molecule) was purchased from Jackson 
ImmunoResearch Laboratories, Inc. (USA), and Cell Counting 
Kit-8 (CCK-8) was purchased from Dojindo (Japan). 
 
Experimental animals 

Male Sprague-Dawley rats (age, 7-8 weeks old and body 
weight, 240-280 g) was purchased from Orient Bio Inc. (Korea). 
The rats were fed a standard pellet diet and water ad libitum. 
They were kept on a 12-h light/dark cycle in an animal facility. 

 
Methods 

 
Isolation of Kupffer cells from rat liver 
Rat KCs were isolated by collagenase digestion and differential 
centrifugation, using Percoll, as described elsewhere and with 
slight modifications (Ashwood-Smith and Farrant, 1980; Sal-
mon and Kohl, 1996). In detail, animals were anesthetized with 
an intra-muscular injection of Zoletil-Rompun mixture (4:1). 
After cutting the abdomen open, the portal vein was cannulated 
with a 20-G catheter. Next, the liver was perfused with 200 ml 
of CMF-HBSS, followed by 0.005% DNase and 0.05% colla-
genase type IV in 250 ml HBSS at a rate of 12 ml/min at 37°C. 
Subsequently, the liver was chopped with scissors and sus-
pended in 50 ml of the above-described collagenase solution 
supplemented with DNase. The liver suspension was incubated 
for complete digestion at 37°C. After incubation for 30 min, the 
cell soup was passed through a 70-µm cell strainer to remove 
undigested portions. The cell suspension was centrifuged at 70 
× g for 5 min at 4°C to sediment hepatocytes. The supernatant 
was centrifuged at 700 × g for 7 min at 4°C. Next, the pellet was 
resuspended in serum-free RPMI 1640 medium, layered on a 
density cushion of 25%/50% discontinuous Percoll and then 
centrifuged at 1,800 × g for 20 min at 4°C without applying the 
centrifuge brake. The cells floating at the boundary of the 2 
Percoll layers were collected and washed in HBSS by centrifug-
ing at 700 × g for 7 min at 4°C. Finally, the cells were sus-
pended in RPMI 1640 medium containing 20% FBS and 1% 
antibiotic-antimycotic solution and plated in 60-mm plastic cul-
ture dishes (Falcon, Becton Dickinson, USA). After incubation 
for 1 h at 37°C with 5% CO2, non-adherent cells were removed 
by gently washing 3 times with serum free-RPMI 1640. The 
cells adhering to the dish were KCs. The concentration of the 
cells was adjusted to 1 × 10

6
 cells/4 ml/plate, and the cells were 

then cultured in RPMI 1640 medium containing 20% FBS and 
1% antibiotic-antimycotic solution in a humidified atmosphere of 
5% CO2 at 37°C.  

 

Immunofluorescent staining 
The purity of KCs was determined by ED-2 staining, according 
to a previously reported protocol (Eugenin et al., 2007). Cells 
were fixed in chamber slides with acetone-methanol (1:1) for 5 
min at -20°C, washed 3 times with phosphate-buffered saline 

(PBS), and blocked with PBS containing 10% FBS for 30 min at 
room temperature before incubation with mouse anti-ED-2 
monoclonal antibody (1:50 dilution, over-night at 4°C, Serotec, 
UK). Subsequently, the cells were washed with PBS, incubated 
with FITC-conjugated anti-rat IgG (1:100 dilution, 1 h, room 
temperature, Sigma, USA) and observed under a fluorescence 
microscope (Leica DM 2000). All photographs were taken with 
a digital camera (Leica DFC 300 FX). 

 
Cell viability assay 
Cell viability was determined using a CCK-8 (Dojindo, Japan), 
and 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2.4-disul-
fophenyl)-2H-tetrazolium, monosodium salt (WST-8) was re-
duced with cellular dehydrogenase to give an orange product, 
formazan. To assess cell viability, the cells (2 × 10

5 
cells/well) 

were plated on a 96-well plate and pre-incubated for 24 h. Then, 
they were treated with or without the indicated concentrations of 
C6-ceramide and incubated for ~96 h. After incubation, WST-8 
solution was added for a final concentration of 10% (v/v). The 
converted orange product, formazan, was colorimetrically mea-
sured in a Genius Pro EIA plate reader (Tecan, Switzerland) at 
450 nm. 

 
Phagocytosis assay 
KCs (1 × 10

6 
cells/well) were cultured in RPMI 1640 medium 

supplemented with 1% antibiotic-antimycotic solution and 10% 
FBS in a humidified atmosphere of CO2 at 37°C. After 24 h, the 
medium was refreshed, and the KCs were incubated with 
FITC-latex beads (10 beads/cell) in 4 ml culture medium for 2 h. 
Subsequently, the medium was removed, and the adherent 
cells were washed twice with ice-cold PBS to eliminate non-
ingested FITC-conjugated latex beads. Finally, the cells were 
scraped with a cell scrapper into 1 ml ice-cold PBS. Phagocytic 
activity was measured using flow cytometry after staining for 
cell surface markers.  

 
Cell surface staining for FACS analysis 
After incubation with FITC-conjugated latex beads, KCs were 
scraped into 1 ml ice-cold PBS. The cells were then centrifuged 
at 1,000 × g for 5 min at 4°C. Next, the cell pellets were resus-
pended in 1 ml staining medium. Then, 2.23 µl ChromPure 
mouse IgG (whole molecule) was added to the suspension and 
allowed to incubate for 30 min at 4°C. Samples were centri-
fuged at 1,000 × g for 5 min at 4°C, and the cell pellets were 
resuspended in 96 µl staining medium. In order to stain the KCs, 
4 µl rat anti-mouse F4/80 monoclonal antibody conjugated to 
APC was added and incubated for 30 min at 4°C. The reaction 
was terminated by adding 1 ml of staining medium, and sam-
ples were centrifuged at 1,000 × g for 5 min at 4°C. Finally, the 
pellets were resuspended in 400 µl staining medium for FACS 
analysis. 

 
FACS analysis 
FACS analysis was performed using a FACSCalibur (BD Bio-
sciences, CA). Data on at least 5,000 events in Region 2 (Fig. 
4) and FL1-H (FITC) fluorescence intensity in Region 1 (Fig. 4) 
were collected for each sample. The mean fluorescence inten-
sity (MFI) was analyzed using CellQuest Pro software (BD 
Biosciences, USA). The intensity of the fluorescent signal was 
used to determine the number of beads engulfed per cell, and 
the MFI represented the phagocytic activity of KCs. 

 
LC-MS/MS 
Measurement of ceramide subspecies was performed by LC/ 
MS/MS as described previously (Yoo et al., 2006). The HPLC
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system consisted of an Agilent 1100 series binary pump and a 
column oven (Agilent technologies Inc., USA), combined with a 
CTC PAL autosampler (CTC Analytics, Switzerland). The ana-
lytical column was an X Terra MS C18 (2.0 × 50 mm, 3 µm; 
Waters Co.) and was kept at 45 ± 0.5°C during the analysis. 
The mobile phase consisted of 0.1% formic acid and methanol 
buffered with 2 mM ammonium formate/tetrahy-drofuran (7/3, 
v/v; hereafter referred to as A) and 5 mM ammonium formate 
(pH 4.0)/methanol (9/1, v/v; hereafter referred to as B). For 
HPLC separation, a gradient program was used at a flow rate 
of 200 µl/min. The initial buffer composition was 80% mobile A 
and 20% mobile B, which was then linearly changed to 100% 
mobile A after 5 min and maintained for 4 min, and was then 
immediately reverted to the initial condition and maintained for 
11 min. The run time of each experiment was 20 min. The 
HPLC system was coupled online to an SCIEX API 3000 triple-
quadruple mass spectrometer (Applied Biosystems, Canada) 
equipped with a Turbo Ion Spray source. The mass spectrome-
ter operated with unit resolution for both Q1 and Q3. Multiple 
reactions monitoring was employed using nitrogen as the colli-
sion gas with a dwell time of 150 ms for each transition. The 
optimal mass spectrometry values were obtained by manual 
tuning or automatic tuning, with each standard injected by a 
syringe pump. Data acquisition was confirmed using Analyst 
1.4.1 software. The calibration curves for the sphingolipid stan-
dards were generated by plotting the peak area ratio (analyte/ 
IS) versus the concentrations in the calibration standard sam-
ples by least-square linear regression. 

 
RESULTS 

 

Isolation of KCs 

Rat KCs were isolated as described in Methods. The cell isola-
tion method used in this study yielded approximately 7.5 ± 0.2 × 
107 KCs/liver in every experiment (n = 10). The freshly isolated 
cells had a ball-like shape and were 20-25 µm in diameter, 

when viewed under an optical microscope (CK40, Olympus, 
Japan) and with a digital camera (Moticam 2000) (Fig. 1A). 
Most cells adhered to the wall of the plastic culture dish after 1 
h and became larger, more prominent, and showed typical 
macrophage morphology such as irregular shape after 24 h 
(Fig. 1B). The purity of the KCs fraction was consistently ≥ 
90%, as determined on the basis of morphology and the results 
of ED-2 staining, which is a widely used method to detect KCs 
with the monoclonal antibody ED-2 (Figs. 1C and 1D). 

Cell viability of the isolated KCs was measured using a CCK-
8 at 24, 48, 72, and 96 h. The viability of the freshly isolated 
KCs (0 h) was considered to be 100% and used as the control. 
Data showed that 86% and 50% KCs were viable at 24 h and 
96 h, respectively (Fig. 2). Cells cultured for 24 h (≥ 86% viabil-
ity) were used in all experiments. 

 

Effect of C6-ceramide on the viability of KCs 
To examine the cytotoxic effects of C6-ceramide on KCs, the 
cells were treated with various concentrations of C6-ceramide, 
ranging from 1 to 30 µM, for 2 h (Fig. 3). C6-ceramide had no 
effect on cell viability up to 10 µM, whereas with 20 and 30 µM 
C6-ceramide, cell viability decreased 10% and 49%, respec-
tively. The concentrations that had no effects on viability were 
used in all experiments. 

 

Effect of C6-ceramide or C6-dihydroceramide on  

phagocytosis by KCs 
To investigate the effect of C6-ceramide on the phagocytic 
activity of KCs, cells were treated with increasing concentra-
tions of C6-ceramide (1, 5, and 10 µM) or the same doses of 
C6-dihydoceramide for 2 h in the presence of FITC-conjugated 
latex beads. To determine the phagocytic activity of KCs, the 
MFI was determined based on the proportion of F4/80-positive 
cells (KCs) that engulfed FITC-conjugated latex beads, and it 
was used to determine the number of beads engulfed per cell. 
LPS (1 µg/ml) was used as the positive control of phagocytosis. 

Fig. 1. Isolation and identification of

Kupffer cells. (A) Freshly isolated

KCs (ball-like shape). (B) KCs be-

came larger and irregular after 24 h

(200×). (C) Phase-contrast image

taken after 1 day of culture. (D) Fluo-

rescent image of cells stained with

ED-2 (200×). 
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Fig. 2. Viability of Kupffer cells. KCs (2 × 10

5
) were cultured in a 96-

well plate, and the medium was changed daily. Cell viability was 

measured using a Cell Counting Kit-8 (CCK-8) at 0, 24, 48, 72, and 

96 h after the cells were isolated from rat liver. The viability of KCs 

was more than 60% at 96 h. The viability of KCs at 0 h acted as the 

control. Data are expressed as mean ± SEM (n = 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Effect of C6-Ceramide on the viability of KCs. KCs (2 × 10
5
) 

were cultured in a 96-well plate. The cells were incubated with the 

indicated concentrations of C6-ceramide for 120 min at 37°C. Viabil-

ity was determined using a Cell Counting Kit-8 (CCK-8). The viabil-

ity tests showed that ≥ 20 µM C6-ceramide was toxic. Data are 

expressed as mean ± SEM (n = 3). Cells treated with each dose of 

C6-ceramide were compared with the EtOH-treated control (**P < 

0.005). 
 
 
 
Phagocytic activity increased in the presence of C6-ceramide (P 
< 0.05) (Fig. 5). Phagocytic activity increased to 40% and 50% 
of the control after treatment with 10 µM C6-ceramide and LPS, 
respectively. 

To evaluate the substrate specificity of phagocytosis, KCs 
were treated with C6-dihydoceramide (1, 5, and 10 µM) in the 
presence of FITC-conjugated latex beads, but the phagocytic 
activity of KCs remained unaffected. 
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Fig. 4. FACS analysis of the phagocytic activity. Fluorescence in-

tensity plots of FITC fluorescence (FL1-H channel, FITC-conjugated 

latex beads) vs. APC fluorescence (FL4-H channel, anti-F4/80-

conjugated KCs) were analyzed. (A) Incubation without FITC-con-

jugated latex beads or anti-F4/80 monoclonal antibody. (B) Incuba-

tion with FITC-conjugated latex beads only. (C) Incubation with anti-

F4/80 monoclonal antibody only. (D) Incubation with FITC-conju-

gated latex beads and anti F4/80 monoclonal antibody. R2 repre-

sents F4/80-positive KCs. R1 represents FITC-conjugated latex 

beads engulfed by KCs. Mean of fluorescence intensity (MFI) of R1 

represents the phagocytic activity of KCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Effect of exogenous C6-ceramide or C6-dihydroceramide on 

the phagocytic activity of Kupffer cells. KCs (1 × 10
6
 cells/well) were 

incubated with FITC-conjugated latex beads (1 × 10
7
 beads/well) in 

the presence of the indicated concentrations of C6-ceramide or C6-

dihydroceramide for 120 min at 37°C. LPS (1 µg/ml) was used as 

the positive control for phagocytosis. Phagocytic activity was meas-

ured using flow cytometry. Data are expressed as mean ± SEM (n = 

3). Cells treated with each dose of C6-ceramide or C6-dihydro-

ceramide were compared with the control, which was treated only 

with EtOH (*P < 0.05). 
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Fig. 6. Effect of exogenous C6-ceramide or C6-Dihydroceramide on 

the production of endogenous ceramides in KCs. KCs (1 × 10
6
 

cells/well) were incubated with FITC-conjugated latex beads (1 × 

10
7
 beads/well) in the presence of C6-ceramide (0, 1, 5, and 10 µM) 

or C6-dihydroceramide (10 µM) or LPS (1 µg/ml) for 120 min at 

37°C. The levels of endogenous ceramides were measured using 

liquid chromatography and tandem mass spectrometry (LC-MS/MS). 

Six endogenous ceramides were detected (A, C16-cermide; B, C18:0-

ceramide, C18:1-ceramide, and C20-ceramide; C, C24:0-ceramide and 

C24:1-ceramide). Data are expressed as mean ± SEM (n = 3). Each 

figures share same label for X (LPS and ceramides treatment) and 

Y (ceramide concentration)-axis. Cells treated with each dose were 

compared with the control, which was treated only with EtOH (**P < 

0.005). 

 

 

Effect of C6-eramide or C6-dihydroceramide on the  
production of endogenous C16-ceramide  
To examine whether the enhanced response of phagocytosis to 
permeable C6-ceramide was due to an alteration in the cellular 
levels of endogenous ceramides, KCs were treated with various 
concentrations of C6-ceramide in the presence of FITC-
conjugated latex beads for 2 h. Then, the levels of cellular C16-
ceramide, which is abundant in mammalian cells, were deter-
mined using LC-MS/MS. The results showed that treatment 
with C6-ceramide increased endogenous C16-ceramide levels in 
a dose-dependent manner and the level increased ~3-fold with 
10 µM C6-ceramide (P < 0.005) (Fig. 6A). Even though C18:0-
ceramide had the tendency to increase, the levels of C18:0-
ceramide, C18:1-ceramide and C20-ceramide were barely de-
tectable; they were less than ~1 ng/ml/µg (Fig. 6B). The levels 
of C24:0-ceramide and C24:1-ceramide increased ~1.11-fold and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Fumonisin B1 inhibits the production of endogenous C16-

ceramide induced by exogenous C6-ceramide. KCs (1 × 10
6 
cells/ 

well) were incubated with FITC-latex beads (10
7 
beads /well) and 10 

µM C6-ceramide with several doses of fumonisin B1 for 120 min at 

37°C. Endogenous C16-ceramide production was measured by 

liquid chromatography and tandem mass spectrometry (LC-MS). 

Data are expressed as mean ± SEM (n = 3). Cells treated with each 

dose of fumonisin B1 were compared with the control, which was 

treated only with C6-ceramide (**P < 0.005).  

 
 
~1.27-fold respectively, but there were no significant change 
(Fig. 6C). And C6-dihyroceramide, which has no effect on the 
phagocytic activity of KCs, caused no change in the level of 
endogenous C16-ceramide. 

 
Inhibition of C6-ceramide-induced production and  
phagocytosis of C16-ceramide by fumonisin B1 
To examine the biochemical pathway that mediates the produc-
tion of endogenous long chain C16-ceramide in response to C6-
ceramide, KCs were treated with fumonisin B1, an inhibitor of 
ceramide synthase, in the presence of C6-ceramide and FITC-
conjugated latex beads. As shown in Fig. 7, the level of cellular 
C16-ceramide significantly decreased by ~85% and ~54% in the 
presence of 10 µM and 50 µM fumonisin B1, respectively, as 
compared with the control. Consistent with this result, 50 µM 
fumonisin B1 almost completely inhibited the phagocytosis 
evoked with 10 µM C6-ceramide in the presence of FITC-latex 
beads (Fig. 8). 

These results suggest that the production of C16-ceramide by 
C6-ceramide may be due to the biochemical recycling of the 
sphingosine backbone of C6-ceramide through deacylation/ 
reacylation, which is a salvage pathway involving ceramide 
synthase. 
 
DISCUSSION 

 
Exogenous cell-permeable ceramide has been shown to induce 
cell differentiation, cell growth, and apoptosis (Bielawska et al., 
1993; Dobrowsky and Hannun, 1992; Kim et al., 1991; Obeid et 
al., 1993; Okazaki et al., 1990). Moreover, recent studies have 
indicated that ceramide can mediate membrane fusion, espe-
cially antimicrobial responses such as phagocytosis and auto-
phagy (Hinkovska-Galcheva et al., 2005; Park et al., 2008; 
Rohrbough et al., 2004). 

KCs, the resident liver macrophages, represent approxi-
mately 80% of the total fixed macrophage population in the 
human body and have the greatest capacity for phagocytosis 
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Fig. 8. Inhibitory effect of Fumonisin B1 on exogenous C6-cera-

mide-induced phagocytosis. KCs (1 × 10
6
 cells/well) were incubated 

with FITC-conjugated latex beads (1 × 10
7
 beads/well) at 10 µM C6-

ceramide with or without Fumonisin B1 (50 µM) for 120 min at 37°C. 

Phagocytic activity was measured using flow cytometry. Data were 

expressed as mean ± SEM (n = 3). Inhibitory effect was demon-

strated to compare with 10 µM C6-ceramide treated group without 

Fumonisin B1 (**P < 0.005). 
 
 
among systemic macrophages (Cowper et al., 1990). 

Asymmetric and heterogeneous properties of the biomem-
brane structure imply that lipid composition can play a signifi-
cant role in the morphological changes of the membrane during 
phagocytosis. Several lines of evidence have shown that cera-
mide participates in the regulation of phagocytosis (Hannun, 
1996; Tafesse et al., 2006). Exogenously added C6-ceramide 
induces endocytic vesicle formation, causing the formation of 
enlarged late endosomes and lysosomes in mouse embryonic 
fibroblast cell lines (Li et al., 1999). Ceramide is also generated 
during the phagocytosis of antibody-coated erythrocytes by 
polymorphonuclear leukocytes (Hinkovska-Galcheva et al., 
1998). However, whether ceramide participates in phagocytosis 
by disrupting membrane integrity remains almost unknown. 

In the present study, we examined whether cell-permeable 
C6-ceramide induces the phagocytic function of KCs isolated 
from rat liver and how C6-ceramide induces phagocytosis. Flow 
cytometry and LC-MS/MS were used to investigate the phago-
cytic function of KCs and to measure changes in the cellular 
level of major endogenous ceramides.  

Our data showed that C6-ceramide increases phagocytic ac-
tivity in a dose-dependent manner, as measured by the uptake 
of latex beads by KCs (Fig. 5). However, C6-dihidyroceramide, 
which has no trans-double bond between C4 and C5 in its 
sphingosine base, had no effect on phagocytic activity. During 
C6-ceramide-induced phagocytosis by KCs, changes in the 
cellular levels of endogenous ceramides were analyzed using 
LC-MS/MS. The levels of C18:0-ceramide, C18:1-ceramide, and 
C20-ceramide were barely detectable; they were less than ~1 
ng/ml/µg. The study focused on the levels of C16-ceramide, 
C24:0-ceramide, and C24:1-ceramide. In particular, the level of 
C16-ceramide increased ~3-fold, and this increase was signifi-
cant. In contrast, the levels of C24:0-ceramide and C24:1-cera-
mide increased ~1.1-fold and ~1.3-fold, respectively (Fig. 6C). 
On the other hand, C6-dihydroceramide caused no change in 
their cellular levels, further suggesting that changes in the levels 
of endogenous ceramides are responsible for the phagocytic 
activity of KCs. It should be noted that LPS, which is known to 

be a positive inducer of phagocytosis (Nolan, 1981) in KCs, did 
not affect the level of C16-ceramide (Fig. 6), suggesting that 
LPS-induced phagocytosis occurred via a different pathway, i.e., 
one that did not involve endogenous ceramides. 

Fumonisin B1, a mycotoxin produced by Fusarium verticil-

lioides, is a specific and potent inhibitor of ceramide synthase. 
Fumonisin B1 inhibits 50% of the activity of ceramide synthase 
(IC50) at 0.1 µM for rat liver microsomes (Wang et al., 1991). In 
the present study, C6-ceramide-induced production of C16-
ceramide (Fig. 7) and C6-ceramide-induced phagocytosis (Fig. 
8) was significantly inhibited by fumonisin B1. These data 
strongly suggest that endogenous ceramides, in particular, C16-
ceramide, may be involved in phagocytosis.  

Our data are in agreement with previous studies of the effects 
of permeable short-chain ceramides (Ogretmen et al., 2002; 
Sultan et al., 2006). Exogenously added short-chain ceramides 
undergo deacylation, followed by recycling of the sphingosine 
backbone by reacylation with a long-chain fatty acid. Such rea-
cylation was inhibited by fumonisin B1, suggesting that cera-
mide synthase may be involved in phagocytosis (Sultan et al., 
2006). This study also suggests that a possible biochemical 
pathway, namely, the salvage pathway, may be involved. 

In this study, we used dihydroceramide as a negative control 
for ceramide. Dihydroceramide was hydrolyzed to dihydro-
sphingosine (= sphinganine) by ceramidase as ceramide was 
hydrolyzed to shpingosine. Therefore, exogenous dihydroce-
ramide can be hydrolyzed to increase the level of dihydrosphin-
gosine. However, it is reported that ceramidase showed 10-fold 
higher rate of hydrolysis for ceramide than for dihydroceramide 
(El Bawab et al., 2002). And many studies have clearly shown 
that most of the biologic functions of ceramide are specific to 
ceramide and not dihydroceramide (Bielawska et al., 1993). 
Even though dihydrocermide was hydrolyzed to dihydrosphin-
gosine, it must be saturated by dihydroceramide desaturase to 
be active ceramide. In our study, actually, dihydroceramide did 
not affect the phagocytosis and amount of endogenous cera-
mide in KCs. 

Sugiura et al. (2002) reported that C6-ceramide or C16-
ceramide but not C6-dyhydroceramide can induce an increase 
in the activity of ceramide kinase, which is known to convert 
ceramide to C-1-P in a Ca-dependent manner. Further, C-1-P 
is formed in neutrophils after cell-permeable C6-ceramide is 
added to the cells (Rile et al., 2003), and endogenous C-1-P 
can be generated during the phagocytosis of antibody-coated 
erythrocytes in human neutrophils (Hinkovska-Galcheva et al., 
1998). 

The precise mechanism by which ceramides that are endo-
genously produced by the salvage pathway affect KC-mediated 
phagocytosis remains unclear. Several possibilities can be 
proposed: One is that a long-chain ceramide produced by the 
salvage pathway or its metabolite, C-1-P, physically induces 
phagocytosis by disrupting membrane integrity by behaving like 
a fusogenic agent. Recent studies suggest that ceramide or C-
1-P may play a role in fusion or making a pore on the biomem-
brane (Hinkovska-Galcheva et al., 1998; 2005). Another possi-
bility is that endogenous cellular ceramides can stimulate a 
signal cascade by playing the role of second messengers. For 
example, ceramide is known to activate the GTPase of the Rho 
family and induce changes in the cytoskeleton (Yi et al., 2004). 
It is necessary to further investigate whether the generation of 
C16-ceramide by exogenous C6-ceramide regulates phagocyto-
sis directly by affecting the physical state of the biomembrane 
or if another pathway is involved in this regulation and whether 
generated C16-ceramide by C6-ceramide induced phagocytosis 
after converted to Ceramide-1-phosphate. 
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In conclusion, our present study provides evidence that cell-
permeable C6-ceramide enhances phagocytosis of primary 
cultured KCs by participating in the generation of cellular cera-
mides via a sphingosine-recycling pathway. 
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