
Effect of Ceramide on Mesenchymal Stem Cell
Differentiation Toward Adipocytes

F. Xu & C.-C. Yang & C. Gomillion & K. J. L. Burg

Received: 1 October 2008 /Accepted: 17 December 2008 /
Published online: 23 January 2009
# Humana Press 2009

Abstract Proinflammatory cytokines such as tumor necrosis factor (TNF) α are well
known to inhibit adipocyte differentiation. TNF-α triggers ceramide synthesis through
binding of TNF-α to its p55 receptor. Therefore, ceramide is implicated in many of the
multiple signaling pathways initiated by TNF-α. In breast tissue engineering, it is important
to know how to modulate adipocyte differentiation of the stem cells with exogenous
additives like ceramide in vitro. We hypothesized that stem cell adipogenesis could be
retained in TNF-α-treated preadipocytes in which ceramide synthesis was blocked and that
exogenous ceramide could inhibit adipocyte differentiation. We first studied the effect of
ceramide synthase inhibitor, Fumonisin B2, on the adipogenesis of murine mesenchymal
stem cells (D1 cells), treated with TNF-α. We then studied the effect of specific exogenous
C6-ceramide on D1 cell viability and differentiation. It was found that 1 ng/ml of TNF-α
significantly inhibited D1 cell adipogenesis. Cells treated with 5 μM of Fumonisin B2 were
able to undergo adipogenesis, even when treated with TNF-α. High concentrations of
exogenous C6-ceramide (>50 μM) had an inhibitory effect, not only on the pre-confluent
proliferation of the D1 cells but also on the post-confluent cell viability. High
concentrations of C6-ceramide (>50 μM) also inhibited mitotic clonal expansion when
D1 cell differentiation was induced by the addition of an adipogenic hormonal cocktail. C6-
ceramide at low concentrations (10–25 μM) inhibited lipid production in D1 cells,
demonstrated by decreased levels of both total triglyceride content and specific fatty acid
composition percentages. Genetic expression of peroxisome proliferator-activated receptor
(PPAR) γ and aP2 in D1 cells was reduced by C6-ceramide treatment. CCAAT/enhancer-
binding protein (C/EBP) β levels in D1 cells were reduced by C6-ceramide treatment
during early differentiation; PPARγ and aP2 protein levels were reduced at terminal
differentiation. C6-ceramide at lower concentrations also decreased lipid accumulation of
differentiating D1 cells. Our results suggest that ceramide synthase inhibitor retains the
adipogenic potential of TNF-α-treated mesenchymal stem cells, while exogenous ceramide
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at lower concentrations inhibit the adipogenesis of mesenchymal stem cells. Ceramide,
therefore, could be a modulator candidate in breast tissue engineering strategies.
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Introduction

Tumor necrosis factor (TNF) α is a well-known proinflammatory cytokine [1]. The
expression of TNF-α is elevated in the adipose tissue or plasma of obese patients [2–6].
TNF-α inhibits adipocyte differentiation by transcription suppression of peroxisome
proliferation-activated receptor (PPAR) γ2 gene expression via an inhibition of CCAAT/
enhancer-binding protein (C/EBP) δ during the early stage of adipocyte differentiation [7]
without down-regulating the expression of C/EBPβ [8]. A large body of evidence has shown
that ceramide has been implicated in many of the multiple signaling pathways initiated by
binding of TNF-α to its p55 receptor [9, 10]. Ceramide synthesis is triggered by TNF-α, and
intracellular ceramide levels are increased two- to threefold [11]. The effect of TNF-α is
mediated through ceramide, atypical PKC and nuclear factor kappa B pathway [12].

Ceramide refers to a family of highly hydrophobic molecules that contain a fatty acid of
2–28 carbons, which is linked to sphingosine or a related long-chain base [13]. Ceramide
has a number of important physiologic functions that regulate cellular homeostasis [14].
Intracellular ceramide can be formed either by de novo synthesis, or through sphingomye-
linase-dependent catabolism, in a range of separate cellular compartments. De novo
ceramide biosynthesis requires the synergistic actions of serine palmitoyltransferase and
ceramide synthase to generate ceramide [15]. The generation of ceramide by both methods
is believed to be part of the response to a variety of stress stimuli [16–18], usually resulting
in elevated ceramide levels for extended time periods [19, 20]. In general, ceramide is an
important intracellular second messenger that plays a key role in the regulation of cell
growth, differentiation, and apoptosis [21–24].

For successful breast tissue engineering strategies, the development of methods for
generating adipose tissue is essential. Stem cells offer an attractive cell source for breast
tissue engineering applications, as adipocyte differentiation of stem cells may be modulated
by exogenous additives in vivo [25, 26]. Since ceramide is an important downstream
effector of TNF-α, it is a possible candidate to serve as an adipocyte differentiation
modulator. However, up to now, studies have not shown whether the ceramide synthase
inhibitor leads to a recovery of adipogenesis in TNF-α-treated mesenchymal stem cells.
Additionally, it is not known what effect exogenous ceramide has on stem cell dif-
ferentiation to adipocytes. We hypothesized that ceramide synthase inhibitor could recover
adipogenesis in TNF-α-treated stem cells and exogenous ceramide could inhibit stem cell
adipocyte differentiation. Our hypothesis was tested in an in vitro model of D1 cells treated
with ceramide synthase inhibitor, Fumonisin B2, and a specific exogenous C6-ceramide.

Materials and Methods

Cell Cultures

D1 cells, bone-marrow-derived mouse pluripotent mesenchymal stem cells, were obtained
from American Type Culture Collection (ATCC, Manasssas, VA, USA) and maintained in
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Dulbecco’s Modified Eagle Medium (DMEM, ATCC) containing 10% fetal bovine serum
(Mediatech Inc., Herndon, VA, USA), with 100 units/ml penicillin, 100 μg/ml
streptomycin, and 2.5 μg/ml amphotericin B (Gibco/Invitrogen Corporation, Grand Island,
NY, USA), in a humidified, 5% CO2 incubator at 37 °C. Culture media were replaced every
3 days with fresh DMEM with the appropriate supplements in concentrations described
above. The passages used in the experiment were from 5 to 15.

Cell Adipogenic Differentiation

The adipogenic induction of confluent D1 cell was accomplished over 12 days by pulsed
treatment with an adipogenic hormonal cocktail, which contained 0.5 mM isobutylme-
thylxanthine (IBMX), 100 μg/ml bovine insulin, and 0.5 μM dexamethasone (Dex) [26].
Briefly, D1 cells were seeded in 12-well plates at 5×104 cells/well with 2 mL DMEM per
well. After reaching confluence in 4–5 days, the cells were treated with the adipogenic
hormonal cocktail for 2 days, followed by 2 days with the insulin additive only (culture
medium containing 100 μg/ml bovine insulin). At 8 days, the cells were treated with
DMEM culture medium only (Fig. 1). The cells gradually differentiated into mature
adipocytes. Triglyceride (TG) and Oil Red O (ORO) assays were used to determine the
lipid production at days 3, 6, 9, and 12 following adipogenic induction.

In addition to the conventional 2-D culture system described, a 3-D culture system was
also used in this study. The procedure was conducted as follows: first, 26 ml (for one 24-
well plate) of collagen gel, comprised of 346 μl 1 N NaOH solution, 5.554 ml culture
medium, 2.8 ml 10× phosphate-buffered saline (PBS), and 17.3 ml 3 mg/ml collagen
solution (Inamed Biomaterials, Fremont, CA, USA) was prepared. A volume of 0.3 ml of
collagen gel was pipetted into each well of a 24-well plate and incubated at 37 °C for at
least 1 h to form a base layer. To obtain 2×105 cells ml−1 well−1, 4.8×106 cells were
collected and pelleted by centrifugation, then suspended in 16.8 ml of collagen gel. A
volume of 0.7 ml of cellular collagen gel was pipetted into each well and incubated at 37 °C
for at least 1 h to form the top layer. Finally, 1 ml of culture medium was added to each
well. After the cells were grown to confluence, the adipogenic induction was conducted
over 12 days as previously described. On days 6 and 12, the top medium was gently and
thoroughly aspirated from each well. Twenty-four microtubes were weighed. Each gel was
transferred into a microtube. A volume of 0.5 ml of 250-unit/ml collagenase solutions was
added to each tube. The collagenase solution was comprised of 5 mg 250-unit/mg
collagenase, 5 ml 0.05-M Tris buffer (pH 7.4±0.05 at 25 °C) with 1 mM CaCl2. The
microtubes were then incubated at 37 °C for more than 2 h. Subsequently, 0.5 ml of 2%

Fig. 1 Experimental flowchart detailing the induction of D1 cells to adipocytes
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Triton X-100 solution was added to each tube. The tubes were weighed again, and the
weight of cells–gel in each tube was calculated. The samples were frozen and thawed three
times and centrifuged at 2,000 rpm for 5 min. The triglyceride content of each sample was
assayed.

Effect of TNF-α and Fumonisin B2 on D1 Cell Viability

D1 cells were seeded in 24-well plates at 2.5×104 cells/well with 1 mL of DMEM culture
medium and then incubated overnight at 37 °C with 5% atmospheric CO2. Aliquots of
TNF-α (Sigma) were added to the wells as appropriate, using a 10-μg/ml distilled water
stock solution to achieve final well concentrations of 0, 0.1, 0.5, and 1 ng/ml. The cells
were incubated for an additional 4 days. Aliquots of Fumonisin B2 (Sigma) were added to
the wells as appropriate, using a 1.4-mM dimethyl sulfoxide stock solution to achieve final
well concentrations of 0, 1, 2.5, and 5 μM. The cells were incubated for 4 days. Cell
viability was evaluated, using an alamarBlue assay, on day 4, following treatment with
TNF-α or Fumonisin B2.

Effect of TNF-α and Fumonisin B2 on D1 Cell Adipogenic Differentiation

D1 cells were seeded as described above in 12-well plates at 5×104 cells/well with 2 mL of
DMEM culture medium and cultured to confluence. The cells were induced to adipogenic
differentiation as shown in Fig. 1. The four groups were as follows: positive control, 1 ng/ml
of TNF-α-treated group, 5 μM of Fumonisin B2-treated group, and TNF-α/Fumonisin
B2-treated group. On days 6 and 12 following induction, the adipogenesis of D1 cells
was evaluated using TG and ORO measurements.

Effect of C6-Ceramide on D1 Cell Viability at Various Stages

D1 cells were seeded in 24-well plates at 2.5×104 cells/well with 1 mL of DMEM
culture medium and then incubated overnight at 37 °C with 5% atmospheric CO2.
Aliquots of C6-ceramide (Avanti Polar Lipid, Inc., Alabaster, AL, USA) were added to
the wells as appropriate, using a 0.5-mg/ml C6-ceramide stock solution to achieve final
concentrations of 0, 5, 10, 25, 50, and 100 μM. The cells were incubated for 4 days. The
cell viability was evaluated, using an alamarBlue assay, on day 4, following treatment
with C6-ceramide.

Next, D1 cells were seeded as described above and cultured to confluence. At
confluence, aliquots of C6-ceramide were added to the wells as above, and the cells were
continued to incubate for 3 days. On day 3, the cell viability was evaluated using an
alamarBlue assay.

Finally, the cells were seeded as described above and cultured to confluence. The cells
were then induced into the mitotic clonal expansion (MCE) stage with the adipogenic
hormonal cocktail for 2 days. Simultaneously, aliquots of C6-ceramide were added to the
wells as described above. The cells were incubated for 4 days. On day 4, the cell viability
was evaluated using an alamarBlue assay.

Effect of C6-Ceramide on D1 Cell Adipogenic Differentiation

D1 cells were seeded as above and cultured to confluence. The cells were induced into
adipogenic differentiation as shown in Fig. 1. Aliquots of C6-ceramide were added to the
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wells as appropriate, using a C6-ceramide stock solution to achieve final well con-
centrations of 10 and 25 μM, treating the cells for the entire 12 days. Culture medium
containing no C6-ceramide was used as a positive control. On days 3, 6, 9, and 12
following induction, the adipogenesis of the D1 cells was evaluated using TG and ORO
measurements.

Effect of C6-Ceramide on Differentiating D1 Cells

D1 cells were seeded as above and cultured to confluence. The cells were induced with
adipogenic hormonal cocktail as shown in Fig. 1. On day 6 following adipogenic induction,
C6-ceramide (10 and 25 μM) was added for an additional 6 days. On day 12, TG and ORO
assays were used to evaluate the lipid accumulation of differentiating D1 cells treated with
C6-ceramide.

Cell Viability Assay

The cell viability was measured quantitatively using the alamarBlue assay (BioSource
International, Inc., Camarillo, CA, USA) [27]. AlamarBlue reagent was added to each well
at 10% volume of culture medium and incubated for 2 h on a shaker plate. Then, 150 μl of
reaction solution was pipetted into each well of a black flat-bottom 96-well microplate to
assay the fluorescence with an excitation wavelength of 544 nm and emission wavelength
of 590 nm, using a fluorescence plate reader (Fluoroskan Ascent FL fluorometer;
Labsystems Oy; Helsinki, Finland). The effect on cell viability was evaluated using the
ratio of the OD values of the treated sample to that of the control sample.

Cell Morphology

Images of the cells were captured using an Axiovert 135 inverted microscope (Zeiss,
Germany), Image-Pro 5.0 software (Media Cybernetics; Silver Spring, MD, USA) and a
ProgResTM C10Plus digital camera (Chori Imaging Corporation, Yokohama, Japan). All
cellular images were photographed using 320× total magnification.

Triglyceride [28] and Specific Fatty Acid [29] Measurement

The amount of TG produced by the differentiating D1 cells was determined using a
Cultured Human Adipocyte Differentiation Assay Kit (Zen-Bio Inc.; Research Triangle
Park, NC, USA). Briefly, the cells were rinsed with PBS and subjected to three freeze–thaw
cycles and then incubated in 1 ml of 1% Triton®-X-100 solution at room temperature for
30 min. Triplicate mixtures of 100 μl of cellular lysate and 100 μl of InfinityTM triglyceride
liquid stable reagent (Thermo Electron Corp., Melbourne, Australia) were mixed in each
well of 96-well plate and incubated for 15 min at room temperature. The absorbance of all
samples and standards were detected at 490 nm using a plate reader (MRX Tc Revelation;
Dynex Technology, Chantilly, VA, USA).

The fatty acid profile for each sample was determined using gas chromatography (GC)
as described by Folch et al. [29]. Briefly, the cells on day 12 were rinsed with PBS and
scraped into a tube. Total lipid was extracted using chloroform/methanol (2:1 v/v) plus
0.58% sodium chloride. After evaporation to dryness, methylene chloride and sodium
methoxide in methanol was added to the lipid residue for transmethylation. The internal
standard (ISTD C23:0, Sigma) was added to each sample tube, and the samples were run on
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GC to measure long chain fatty acids. The percentage of fatty acid was calculated according
to the following formula:

mg fatty acids ¼ Total area� AreaISTDð Þ= AreaISTD=0:5mgð Þ;
Fatty acid percentage ¼ Areafatty acid

�
AreaISTD=0:5mg

� ��
mg fatty acids

� ��100

Oil Red O Stain Measurement [26]

The lipid produced by the differentiating D1 cells was stained with Oil Red O (Matheson
Coleman & Bell; Norwood, OH, USA). Briefly, 0.5 g of ORO was dissolved in 100 ml of
isopropanol, and the solution was filtered through a 0.22-μm filter membrane to generate a
stock solution. To prepare the working solution, ORO stock solution was mixed with
distilled water (6:4) and filtered before use. Cells were rinsed with PBS and fixed in 10%
neutral buffered formalin for 4 h, washed with distilled water, and stained with 500 μl of
ORO working solution for 20 min at room temperature. The wells were rinsed three times
with water. The resulting red staining, indicating lipid produced by the cells, was dissolved
by adding 500 μl of isopropanol to each well for 15 min. Finally, 200 μl of the destained
solution was pipetted into each well of a 96-well plate, and the absorbance at 540 nm was
read.

Real-Time Quantitative RT-PCR Analysis

The total RNA in the cells was isolated using an RNeasy Mini Kit (Qiagen Inc., Valencia,
CA). The quality and quantity of RNA were evaluated using an Agilent 2100 Bioanalyzer
with the RNA 6000 Nano Lab-on-a-Chip kit (Agilent Technologies, Inc., Hewlett-Packard-
Strabe, Waldbrone, Germany). One microgram of total RNA was then reversed transcribed
and the cDNA sample was further amplified on a Rotor-Gene 3000 thermal cycler (Corbette
Life Science, Sydney, Australia) for real time quantitative detection of polymerase chain
reaction (PCR) products using QuantiTect SYBR Green reverse transcription polymerase
chain reaction (RT-PCR) kit (Qiagen Inc.). Gene expression in each sample was normalized
to the expression of a housekeeping gene β-actin and compared with control samples (cells
in adipocyte cocktail medium), using the 2�ΔΔCt method [28]. The primers for control and
target genes were as follows: β-actin, forward 5′-CTGACAGACTACCTCATGAAGA-3’,
reverse 5′-ATGTCAACGTCACACYYCATGA-3′; PPARγ, forward 5′-ACCACTCCCA
TGCCTTTGAC-3′, reverse 5′-AACCATCGGGTCAGCTCGTG-3′; aP-2, forward, 5′-
ATGTGTGATGCCTTTGTGGGA-3′, reverse, 5′-TGCCCTTTCATAAACTCTTGT-3′.

Western Blotting Analysis

D1 cells were grown to confluence in culture flasks. The cells were induced to adipogenesis
as described in Fig. 1. The cells were treated with 25 μM C6-ceramide for 12 days
following induction. Cells cultured without C6-ceramide were used as the positive control.
On days 3 and 12, the cells were lysed in M-PER mammalian protein extraction reagent
(Pierce, Rockford, IL, USA) to extract total protein. The protein concentration was
quantified using a bicinchoninic acid protein assay kit (Pierce). Equal amounts of protein
extracts from each sample were loaded on sodium dodecyl sulfate polyacrylamide gel
electrophoresis gels and Western blot onto polyvinylidene difluoride membranes was
performed. The various proteins were analyzed using a BM chemiluminescence Western
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blotting analysis kit (Roche Diagnostics, Indianapolis, IN, USA). Primary antibodies
included: PPARγ, aP-2, and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The secondary antibodies were donkey anti-rabbit immunoglobulin G-horseradish
peroxidase (IgG-HRP) and donkey anti-goat IgG-HRP (Santa Cruz).

Statistical Analysis

Statistical significance was assessed using a factorial analysis of variance, and a two-tailed
least significant difference test (SAS 9.0 for Window; SAS, Cary, NC, USA). All results
were obtained from at least three independent experiments. A p value of less than 0.05 was
considered significant.

Fig. 2 TNF-α (less than
1 ng/ml) and Fumonisin B2 (less
than 5 μM) had no negative
effect on cell viability of D1 cells

Table 1 Effect of TNF-α (1 ng/ml) and Fumonisin B2 (5 μM) on D1 cells differentiation.

Day 6 Day 12

TG (μM) ORO
(OD value
at 530 nm)

TG (μM) ORO
(OD value
at 530 nm)

Control 27.02±1.59 0.69±0.06 44.29±4.78 1.09±0.06
TNF-α 14.22±2.83**,**** 0.58±0.06 28.15±2.87**,*** 0.77±0.12*
Fumonisin B2 26.54±2.03 0.74±0.06 39.54±5.06 1.10±0.10
TNF-α +
Fumonisin B2

25.19±1.83 0.62±0.11 41.29±4.48 1.02±0.16

*P<0.05, **P<0.01, compared to control

***P<0.05, ****P<0.01, compared to Fumonisin B2 and TNF-α+Fumonisin B2
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Results

Effect of TNF-α and Fumonisin B2 on D1 Cell Viability and Differentiation

After 4 days of treatment with 0.1 to 1 ng/ml of TNF-α and 1 to 5 μM of Fumonisin B2,
the viability of the D1 cells was not influenced when compared to the control (Fig. 2). TNF-
α at 1 ng/ml, however, did inhibit D1 cell adipogenesis, which was evidenced by the

Fig. 3 Cell morphology of D1 cells treated TNF-α, Fumonisin B2, and TNF-α plus Fumonisin B2 on
day 12 (×320 total magnification): a) D1 cells with adipogenic cocktail, b) D1 cells treated with adipogenic
cocktail at 1 ng/ml of TNF-α, c) D1 cells treated with adipogenic cocktail at 5 μM of Fumonisin B2, d) D1
cells cultured with adipogenic cocktail and TNF-α plus Fumonisin B2

Fig. 4 Effect of C6-ceramide
on D1 cell viability on pre-
confluent day 4. *P<0.05 com-
pared to control; n=3
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significant decrease in TG levels to 47.37% on day 6 and 36.44% on day 12, respectively,
and by the decrease in ORO levels to 15.94% on day 6 and 18.08% on day 12, respectively.
Fumonisin B2 at 5 μM successfully recovered adipogenesis of TNF-α-treated D1 cells
(Table 1). Observations of cell morphology showed that on day 12 following adipogenic
hormonal cocktail induction, D1 cells differentiated into mature adipocytes with visible
lipid deposition (Fig. 3a). Lipid vesicles were rarely observed in the D1 cells treated with
1 ng/ml of TNF-α (Fig. 3b). D1 cells treated with TNF-α plus Fumonisin B2 and
Fumonisin B2 alone resulted mature adipocytes with visible lipid deposition similar to the
control samples (Fig. 3c, d).

Inhibitory Effect of C6-Ceramide on Viability of D1 Cells at Various Stages

The alamarBlue assay results showed that C6-ceramide at high concentrations (more than
50 μM) had an inhibitory effect, not only on the pre-confluent cell viability of the D1 cells
(Fig. 4) but also on the viability of the D1 cells at the stage of confluence/growth arrest
(Fig. 5).

MCE is a synchronous process required for adipogenesis as preadipocytes are induced to
differentiate [30]. Our results showed that C6-ceramide at high concentration (more than
50 μM) also inhibited the cell viability of D1 cells at the stage of MCE in the presence of
the adipogenic hormonal cocktail (Fig. 6).

Fig. 5 Effect of C6-ceramide on
D1 cells at confluence/growth
arrest on day 3. *P<0.05 com-
pared to control; n=3

Fig. 6 Effect of C6-ceramide on
viability of D1 cells at the stage
of mitotic clonal expansion on
day 4. *P<0.05 compared to
control; n=3
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Inhibitory Effect of C6-Ceramide on D1 Cell Adipocyte Differentiation

Decreasing TG and ORO values showed that C6-ceramide at low concentrations (10–
25 μM) inhibited the differentiation of D1 cells in the 2-D culture system (Tables 2, 3).
Since D1 cells cultured in the 3-D culture systems produced more TG than in the 2-D
culture systems, the percentage of TG inhibition of D1 cells at day 12, when treated with
25 μM of C6-ceramide, was different in 2-D and 3-D culture systems, specifically 90% and
78%, respectively (Table 4).

On day 12, C6-ceramide treatment changed the fatty acid composition percentage in the
samples. Myristic, palmitic, and oleic acids were decreased while stearic acid was
increased. The total amount of fatty acids was significantly decreased by 25 μM of C6-
ceramide (Table 5).

Observations of cell morphology showed that on day 12 following adipogenic hormonal
cocktail induction, the D1 cells differentiated into mature adipocytes with visible lipid
deposition (Fig. 7a). Lipid vesicles were rarely observed in the D1 cells treated with 10 and
25 μM of C6-ceramide (Fig. 7b, c). The D1 cells cultured without the adipogenic hormonal
cocktail induction maintained an elongated, fusiform appearance (Fig. 7d).

Reduction of Gene and Protein Expression Relative to Adipocyte Differentiation

D1 cells were cultured at 1.25×105cells/well in 5 mL of DMEM culture medium in six-well
plates and grown to confluence. Then, D1 cells were induced to adipocyte differentiation
with a hormonal adipogenic cocktail, as described in Fig. 1, either with or without 25 μM
C6-ceramide. On days 3 and 12, the cells were harvested for total RNA isolation and real-
time quantitative RT-PCR. The results showed that the gene expression of PPARγ and aP2
was significantly reduced by C6-ceramide treatment (p<0.05) at late stage differentiation
on day 12 (Fig. 8).

Both PPARγ and aP2 are proteins specific to adipocyte differentiation. As determined
by Western blotting analysis, the results showed that the level of PPARγ was reduced
significantly on day 3 (p<0.05), while the level of aP2 was significantly reduced on day 12
(p<0.05) in the D1 cells treated with 25 μM C6-ceramide (Fig. 9).

Table 2 Effect of C6-ceramide on TG levels (μM) of D1 cells during differentiation in 2-D culture system.

C6-ceramide (μM) Day 3 Day 6 Day 9 Day 12

Control (0) 13.3±5.2 23.8±1.8 25.4±7.7 45.4±4.0
10 6.7±4.3 6.5±3.5** 10.8±4.9* 18.0±5.1**
25 3.6±2.4* 4.2±3.7** 6.8±3.0** 5.0±3.0**

*P<0.05, **P<0.01, compared to control

Table 3 Effect of C6-ceramide on TG levels (μM) of D1 cells during differentiation in 3-D culture system.

C6-ceramide (μM) Day 6 (μM) Day 12 (μM)

Control (0) 114.2±85.4 263.9±240.3
10 57.5±38.1* 96.9±38.2*
25 39.6±28.3** 58.6±25.5**

*P<0.05, **P<0.01, compared to control
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C6-Ceramide Reduces Lipid Accumulation in D1 Cells During Adipocyte Differentiation

At confluence, D1 cells were differentiated into adipocytes as induced by the adipogenic
hormonal cocktail for 12 days. Thus, on day 6, D1 cells were in the middle of the
differentiation process; we investigated the effect of C6-ceramide on differentiating D1 cells
at day 6. On day 12, 6 days after C6-ceramide treatment, TG and ORO results indicated that
lipid accumulation was decreased (Table 6).

Discussion

Cytokines such as TNF-α are secreted by inflammatory cells and have been shown to
impair normal adipocyte differentiation [6–8, 31]. A large body of evidence supports that
ceramides are the downstream effectors of TNF-α-mediated inhibition of adipogenesis [9–
12]. TNF-α exerts this effect by triggering ceramide synthesis [9–11]. In the present work,
we chose TNF-α to inhibit mesenchymal stem cell differentiation to adipocytes with the
concentration of 1 ng/ml. High concentrations (more than 1.5 ng/ml) might inhibit the
viability of D1 cells. Hammarstedt and co-workers [6] reported that TNF-α completely
blocked 3T3-L1 adipose cell differentiation at 1.5 ng/ml. Our results showed that 1 ng/ml of
TNF-α inhibited D1 cell adipogenesis by 36% compared to the control. We also chose
Fumonisin B2 to study whether it recovers the adipogenesis in TNF-α-treated mesenchy-
mal stem cells at the concentration of 5 μM. Fumonisin B2 is a naturally occurring inhibitor
of sphingosine and sphinganine N-acyltransferase (ceramide synthase) [32]. Ten to 35 μM
of Fumonisin B2 inhibited proliferation of LLC-PK1 cells and higher concentrations of
Fumonisin B2 killed the cells [33]. The EC50 for alterations in sphingolipid biosynthesis

Table 4 Effect of C6-ceramide on ORO stain (OD value at 530 nm) of D1 cells during differentiation in 2-D
culture system.

C6-ceramide (μM) Day 3 Day 6 Day 9 Day 12

Control (0) 0.66±0.32 0.82±0.41 0.99±0.43 1.13±0.39
10 0.51±0.24 0.66±0.26 0.74±0.24 0.83±0.33
25 0.45±0.31 0.44±0.15 0.57±0.10 0.57±0.17*

*P<0.05, compared to control

Table 5 Some specific fatty acid percentage (%) and total fatty acid of D1 cells treated by C6-ceramide.

Group Control C6-ceramide
(10 uM)

C6-ceramide
(25 uM)

Lauric 0.47±0.41 0.60±0.53 0.64±0.55
Myristic 2.04±0.21 1.66±0.15* 1.06±0.92
Palmitic 20.84±0.85 18.07±0.93* 18.52±0.92*
Stearic 15.76±1.08 18.29±1.11* 18.39±0.53*
Oleic 24.11±2.56 25.29±1.03 22.50±5.03
Linoleic 1.82±0.35 2.09±0.32 1.49±1.30
Linolenic 0.42±0.05 0.57±0.12 0.46±0.40
Total fatty acid (mg) 0.12±0.06 0.10±0.03 0.06±0.04*

*P<0.05 compared to control
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was 10–15 μM [33]. The results of the present study showed that treatment with 5 μM of
Fumonisin B2 for 4 days had no inhibitory effect on viability of mesenchymal stem cells,
and 5 μM of Fumonisin B2 could recover the adipogenesis in the TNF-α-treated
mesenchymal stem cells.

There are many kinds of ceramide [34, 35]. C2- and C6-ceramide are synthetic short-
chain ceramides, compared to those natural ceramides such as C16, C18, and C20-ceramide
[13]. C2- and C6-ceramide are cell-permeable [36] and can decrease HCT116 human colon

Fig. 7 Cell morphology of D1 cells treated with or without C6-ceramide on day 12 (×320 total
magnification): a) D1 cells with adipogenic cocktail, b) D1 cells treated with adipogenic cocktail at 10 μM
C6-ceramide concentration, c) D1 cells treated with adipogenic cocktail at 25 μM C6-ceramide
concentration, d) D1 cells cultured without adipogenic cocktail

Fig. 8 Real-time quantitative
RT-PCR showing inhibitory ef-
fect of C6-ceramide on PPARγ
and aP2 gene transcription. *P<
0.05 compared to control; n=3
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carcinoma cell and OVCAR-3 ovarian carcinoma cell viability similarly in a concentration-
and time-dependent manner, with IC50 values around 30 μM [22]. We chose C6-ceramide
to test our hypothesis in this study. The D1 murine bone marrow mesenchymal stem cell
line has, for many years, provided a useful model to study the differentiation process in
vitro [37–40]. Induced by an adipogenic hormonal cocktail comprised of insulin, IBMX,
and dexamethasone, confluent D1 cells produce lipid and show enhanced expression of a
lipid-binding protein (aP2) that is expressed during adipocyte differentiation [41]. Our
hypothesis was tested in an in vitro model of D1 cells treated by a specific exogenous C6-
ceramide. We present evidence for the first time that C6-ceramide has an effect on the
proliferation and differentiation of D1 stem cells.

Our data showed that C6-ceramide at high concentrations (more than 50 μM)
significantly inhibited D1 cell viability at the pre-confluent stage, the confluence/growth
arrest stage, and through the MCE stage, respectively. Some researchers have used the same

Fig. 9 Western blotting showing inhibitory effect of C6-ceramide on PPARγ and aP2 protein expression.
Bands resulting from C-6 ceramide induced cultures are found in columns denoted with plus symbol, while
bands resulting from control cultures are found in columns denoted by minus symbol. PPARγ was
significantly reduced on day 3, and aP-2 was significantly reduced on day 12 by C6-ceramide (P<0.05),
respectively

Table 6 C6-ceramide reduces lipid accumulation of differentiating D1 cells based on TG levels and ORO
stain on day 12 in 2-D culture system.

C6-ceramide(μM) TG (μM) ORO (OD value at 530 nm)

Control (0) 39.7±11.1 1.09±0.05
10 33.7±6.7 0.90±0.10**
25 29.7±6.0* 0.73±0.05**

*P<0.05, **P<0.01 compared to control
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levels of other ceramides and obtained similar results [12, 42]. When 50 μM C2-ceramide
was added to human abdominal subcutaneous preadipocytes in serum-free medium, cell
death was evident at 24 h, increasing from 18% with serum deprivation alone to 40%. An
augmentation in cell death also occurred for differentiated adipocytes in serum-free medium
treated with C2-ceramide from 32% to 68% [42]. There might be a difference, since various
biological effects mediated by ceramide depend on a several factors such as cell type,
expression of surface receptors, and the kind, the concentration, and the treatment time of
ceramide. Higher levels of ceramide can trigger cell apoptosis, but lower levels of ceramide
only inhibit cell function. In primary cultured adipocytes, 1 μM C6-ceramide reduced
PPARγ and aP2 messenger RNA levels and protein levels [12]. In this study, low levels of
C6-ceramide showed an inhibitory effect on D1 cell differentiation as evidenced by
inhibition of both gene and protein expression of PPARγ and aP2, as well as a decrease of
TG and ORO levels.

Low levels of exogenous ceramide possibly have a physiological relevance of
upregulation of endogenous ceramide because endogenous ceramide in general does not
accumulate to a large extent within cells. Both endogenous and exogenous ceramides have
been studied widely. Ceramide levels in obese patients or diabetes patients could be high to
exert some effects. Shimabukuro and coworkers [43, 44] studied fatty acid-induced β cell
apoptosis and confirmed that excess intracellular lipids increase ceramide biosynthesis.
Ceramide levels were significantly increased (p<0.01) in prediabetic and diabetic islets.
Plasma free fatty acids (FFAs) were high (>1 mM) in prediabetic and diabetic Zucker
Diabetic Fatty (ZDF) rats. Exogenous C2-ceramides were found to induce apoptosis, while
ceramide synthase inhibitor was found to completely block FFA-induced apoptosis in
cultured ZDF islets. The researchers concluded that β-cell apoptosis was induced by
increased FFAs via de novo ceramide formation. At the stage of terminal differentiation of
mesenchymal stem cells, long-chain fatty acids are overaccumulated within the cells. The
hydrolysis of triglyceride stores will add to the pool of fatty acyl CoA, and the excess of
fatty acyl CoA will result in de novo synthesis of ceramide [44, 45]. During adipocyte
differentiation, trace amounts of ceramide were detected in lipid extractions at the levels of
nanomole per milligram protein [46]. Therefore, the overaccumulation of triglyceride could
inhibit cellular differentiation via the ceramide pathway.

In conclusion, our experiments showed that C6-ceramide inhibited the differentiation of
D1 cells. The inhibitory effect was both time- and dose-dependent. Since PPARγ and aP-2
are adipocyte differentiation-related genes [47–49], the downregulation of both gene
transcription and protein expression of PPARγ and aP2 might be related to the mechanism
of C6-ceramide. Further study of this mechanism is ongoing.
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