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ABSTRACT 

 Ceramides are the major sphingolipid metabolites involved in cell 

survival and apoptosis. When HepG2 hepatoma cells were treated with 

celecoxib, the expression of the genes in de novo sphingolipid biosynthesis 

and sphingomyelinase pathway was upregulated and cellular ceramide was 

elevated. In addition, celecoxib induced endoplasmic reticulum (ER) stress 

in a time-dependent manner. SPTLC2, a subunit of serine 

palmitoyltransferase, was overexpressed by adenovirus. Adenoviral 

overexression of SPTLC2 (AdSPTLC2) decreased cell viability of HEK293 

and HepG2 cells. In addition, AdSPTLC2 induced apoptosis via the caspase-

dependent apoptotic pathway and elevated cellular ceramide, sphingoid 

bases, and dihydroceramide. However, overexpression of SPTLC2 did not 

induce ER stress. Collectively, celecoxib activates de novo sphingolipid 

biosynthesis and the combined effects of elevated ceramide and 

transcriptional activation of ER stress induce apoptosis. However, activation 

of de novo sphingolipid biosynthesis does not activate ER stress in 

hepatoma cells and is distinct from the celecoxib-mediated activation of ER 

stress. 
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INTRODUCTION 

Ceramide is a component of the plasma membrane and a bioactive 

signaling molecule involved in regulating cellular events including cell cycle 

arrest, apoptosis, senescence, and stress responses (1). Ceramide can be 

produced from the de novo pathway and the sphingomyelinase pathway via 

sphingomyelinase (2). Formation of ceramide is induced by tumor necrosis 

factor-α (TNF-α), Fas ligand, oxidative stress, heat stress, and 

chemotherapeutics (3-5). The balance of ceramide and sphingosine 1-

phosphate (S1P), a sphingolipid metabolite that induces cell proliferation, is 

called “sphingolipid rheostat” and is known to determine cell fate (6). 

Chemotherapeutic agents induce ceramide synthesis via activation 

of dihydroceramide desaturase or activation of de novo pathways (7, 8). 

Celecoxib, an inhibitor of cyclooxygenase 2 (COX2), induces cell cycle 

arrest and apoptosis in various cancer cells including colon, lung and 

cervical cancers (9-11). In addition to its inhibitory effect on COX2, celecoxib 

activates modulatory effects on sphingolipid biosynthesis and elevates 

cellular ceramide (12). Celecoxib-mediated ceramide elevation activates 

signaling proteins such as cathepsin D, protein kinase ζ, and protein 

phosphatase-1 and contributes to the progression of apoptotic events (13). 
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 The endoplasmic reticulum (ER) is the organelle responsible for 

protein folding, lipid synthesis, and protein maturation. ER stress is induced 

by the accumulation of unfolded proteins in the ER lumen, leading to 

activation of the unfolded protein response and the transcriptional 

upregulation of chaperones (14). Various studies have demonstrated that ER 

stress leads to growth arrest and apoptosis in carcinoma cells (15, 16). 

Fumonisin B1, a ceramide synthase (CerS) inhibitor, inhibits ceramide-

induced ER stress and alteration of ceramide synthase 6 (CerS6) up-

regulates the activating transcription factor 6 (ATF6)-CCAAT-enhancer-

binding protein homologous protein (CHOP) pathway and apoptosis in 

human head and neck squamous cell carcinomas (17, 18). However, 

activation of ER stress and sphingolipid synthesis by celecoxib in hepatoma 

cells has remained unexplored.  

 The present studies were to determine whether celecoxib is a 

transcriptional activator of de novo sphingolipid biosynthesis and induces 

ceramide-mediated apoptosis in hepatoma cells. Furthermore, we examined 

whether activated de novo sphingolipid biosynthetic pathway mediates 

elevation of cellular ceramide regulates ER stress. Collectively, the results 

identified the apoptotic effects of celecoxib on hepatoma cells via the 
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activation of ceramide synthesis and ER stress.
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RESULTS 

Celecoxib transcriptionally upregulates de novo sphingoliopid 

biosynthetic genes and elevates sphingolipid metabolites 

 Celecoxib is implicated in the elevation of cellular sphingolipids (12). 

Therefore, we investigated whether celecoxib transcriptionally upregulates 

SPTLC1 and SPTLC2. SPTLC1 and SPTLC2 are the two major subunits of 

serine palmitoyltransferase (SPT), which is the first and rate-limiting step of 

the sphingolipid biosynthetic pathway. We treated HepG2 cells with 

celecoxib at various time points. Eighty μM of celecoxib was chosen for this 

study because of maximum inducing effect (data not shown). The expression 

of SPTLC1 and SPTLC2 mRNA and proteins was upregulated by celecoxib 

and SPT activity increased two-fold (Figure 1A-C). To determine whether 

celecoxib alters the transcription of other sphingolipid biosynthetic genes, we 

measured the expression of genes in the de novo and sphingomyelinase 

pathways. We found that all ceramide synthase 1, 2, 3, 5, 6, alkaline 

ceramidases 2-3, acid ceramidase, and neutral ceramidase were 

upregulated in a time-dependent manner (Figure 1D). However, the 

expression of dihydroceramide desaturase, sphingosine kinase 2, and 

ceramide synthase 4 was not altered. In addition, sphingomyelinases were 
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also upregulated in a time-dependent manner (Figure 1D). These results 

suggest that celecoxib-mediated ceramide elevation was due to the 

transcriptional activation of both the de novo and sphingomyelinase 

pathways.  

 Transcriptional activation of ceramide biosynthesis by celecoxib 

implies that sphingolipids would be elevated in HepG2 hepatoma cells. To 

assess this, we measured sphingolipids in HepG2 cells by LC/MS/MS after 

treatment with celecoxib at various time points. Total ceramide levels were 

elevated by celecoxib. The levels of long chain ceramides, including C16:0 

and C18:0 ceramide, were elevated in a time-dependent manner, but the 

levels of very long chain ceramides, including C24:0 and C24:1 ceramide, 

were not changed (Figure 1E). Sphinganine and sphingosine were elevated 

but S1P was not altered (Figure 1F). In addition, all dihydroceramides were 

increased in a time-dependent manner (Figure 1G). In contrast, 

sphingomyelin levels were not altered by celecoxib (Figure 1H). These 

findings indicate that celecoxib-mediated induction of sphingolipid 

biosynthetic genes leads to the activation of de novo sphingolipid 

biosynthesis and the elevation of sphingolipid levels. Increased levels of 
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cytotoxic long chain ceramides implicate celecoxib in the production of 

apoptotic long chain ceramide and the initiation of apoptotic events 

 

Celecoxib activates ER stress in HepG2 hepatoma cells 

 Next, we tested whether celecoxib activates ER stress in HepG2 

cells. When we treated cells with celecoxib, mRNA levels of ATF4, ATF6, 

spliced XBP1 (sXBP1), GRP78, and CHOP were upregulated in a time-

dependent manner (Figure 2A-E). We also found that celecoxib increased 

the protein levels of ATF4, ATF6, sXBP-1, unspliced XBP1 (uXBP1), and 

CHOP until 6 h post-treatment (Figure 2F). After 12 h, celecoxib-induced 

expression of these proteins disappeared, probably due to the combined 

cytotoxic effects of celecoxib and ceramide-mediated apoptotic events. 

Interestingly, ATF6 and CHOP remained elevated until 12 h post-treatment 

(Figure 2F). These results suggest that celecoxib is responsible for the 

activation of ER stress in HepG2 hepatoma cells. 

 

Adenoviral expression of SPTLC2 is cytotoxic and elevates cellular 

ceramide 
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 The finding that celecoxib activates de novo sphingolipid 

biosynthesis and ER stress prompted us to distinguish celecoxib-dependent 

events from ceramide effects. For this, we constructed adenoviruses 

containing SPTLC1 (AdSPTLC1) and SPTLC2 (AdSPTLC2), which are the 

major subunits of SPT, the first and rate-limiting step in sphingolipid 

biosynthesis. During adenovirus production in HEK293 cells, SPTLC1 did 

not affect the adenovirus yield of and followed the regular processes of 

adenovirus production. However, SPTLC2 causes cell death and low 

adenovirus yield (Figure 3A). When we treated HepG2 cells with these 

adenoviruses, SPTLC1 or SPTLC2 protein levels were significantly elevated 

(Figure 3B). Adenoviral infection did not affect 24 h cell viability. AdSPTLC2 

infection reduced cell viability by 51% within 48 h (Figure 3C). In contrast, 

AdSPTLC1 infection did not affect cell viability. To investigate whether 

SPTLC2 overexpression activates the de novo ceramide biosynthesis 

pathway, we measured sphingolipid metabolites by LC/MS/MS in HepG2 

cells after AdSPTLC1 or AdSPTLC2 infection. Ceramide, sphinganine, 

sphingosine, and dihydroceramide levels in AdSPTLC2-treated HepG2 cells 

were higher in cells infected with AdSPTLC2 than in those infected with 

AdGFP or AdSPTLC1 (Figure 3D-F). However, sphingosine 1-phosphate 

and sphingomyelin (SM) levels were not altered by AdSPTLC1 or 2 (Figure 
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3E, G). Additionally, inconsistent with the celecoxib results, the levels of long 

chain and very long chain ceramides increased (Figure 1). These findings 

indicate that SPTLC2 expression is cytotoxic due to ceramide accumulation. 

Activation of de novo sphingolipid biosynthesis by SPTLC2 

overexpression induces apoptosis but not ER stress  

 We treated HepG2 hepatoma cells with AdSPTLC viruses to 

determine if SPTLC2-mediated cytotoxicity is due to ceramide-mediated 

apoptosis. Cell morphology was not altered by AdSPTLC1, but AdSPTLC2 

infection caused apoptotic morphology after 24 h of infection (Figure 4A). To 

confirm this, the proportions of apoptotic cells were analyzed by flow 

cytometry. Apoptosis was significantly increased by AdSPTLC2 infection 

(66.1% of cells in apoptotic phase), compared to 22.43% or 31.48% of 

AdGFP or Ad-SPTLC1 infected cells in the apoptotic phase, respectively 

(Figure 4B). Interestingly, the proportion of apoptotic cells was slightly higher 

after AdSPTLC1 infection than after AdGFP infection. This is probably due to 

increased SPTLC1 supply to the SPT complex. In addition, cleavage of 

caspase 9 and PARP and decreased caspase 3 were only found in the 

AdSPTLC2 treatment (Figure 4C). Furthermore, adenoviral overexpression 

of SPTLC1 or SPTLC2 increased SPT enzyme activity by 3.7- and 9.2-fold, 
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respectively (Figure 4D). These results indicate that overexpression of 

SPTLC2, a catalytic subunit of SPT, is implicated in caspase-dependent 

apoptotic events.  

 The fact that celecoxib activates ER stress suggests that it may be 

activated by increased ceramide. To confirm this, we infected cells with 

adenoviruses and examined transcriptional expression of ER stress markers. 

However, we did not find any change in ER stress markers including ATF4, 

ATF6, sXBP1, GRP78, and CHOP (Figure 4E). Only SPTLC1 

overexpression upregulated CHOP 1.6-fold. These results suggest that 

activation of de novo sphingolipid biosynthesis, represented by SPTLC2 

overexpression, induces apoptosis via ceramide accumulation but not via 

ER stress.  
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DISCUSSION 

Sphingolipids are major components of eukaryote cells that play 

important roles in biological processes. Ceramide is an important metabolic 

intermediate in the sphingolipid biosynthetic pathway and regulates cell 

proliferation and apoptosis (19). The elevation of cellular ceramide levels is 

caused by the activation of the de novo synthetic pathway or the 

sphingomyelin salvage pathway (20). Based on previous results that 

celecoxib activates sphingolipid synthesis, our study demonstrated that: 1) 

celecoxib transcriptionally upregulates the expression of de novo ceramide 

biosynthetic genes and the sphingomyelinase pathway; 2) activation of the 

de novo ceramide biosynthetic pathway induces apoptosis via activation of 

the caspase cascade; and 3) celecoxib activates ER stress in hepatoma 

cells but ceramide accumulation does not.  

  Celecoxib is a therapeutic medicine used to manage pain and 

inflammation in osteoarthritis and rheumatoid arthritis (21). Celecoxib is a 

selective COX2 inhibitor and nonsteroidal anti-inflammatory drug and inhibits 

the production of prostaglandins, such as PGI2, PGF2α, PGD2, and PGE2, 

preventing inflammatory responses in joints and bone (22, 23). Previous 

reports have demonstrated that only celecoxib among coxib-class drugs 
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specifically increases the cellular levels of dihydroceramide and/or ceramide 

in HCT-116 colon cancer cells (24). This result suggest that celecoxib-

mediated increased ceramide and dihydroceramide are associated with 

increased levels of apoptosis. Treatment of HepG2 hepatoma cells with 

celecoxib upregulated the expression of genes in the de novo ceramide 

biosynthetic pathway. In addition, sphingomyelinases, which generate 

ceramide from sphingomyelin, were also upregulated (Figure 1A). 

Interestingly, sphingolipid profiling results showed that long chain ceramides, 

including C16- and C18-ceramide, were increased by celecoxib. In contrast, 

the levels of very long chain ceramides, such as C24-, C24:1-ceramide, 

were not altered. Since long chain ceramides are pro-apoptotic and the very 

long chain ceramides are associated with cell proliferation, these results 

suggest that apoptosis is induced by an increased proportion of long chain 

ceramide species (25-27). These results suggest that alteration of specific 

ceramide levels and proportion modulates pre-apoptotic events aroused by 

celecoxib.      . 

Since both de novo and sphingomyelinase pathways are involved in 

ceramide production, we first examined whether the de novo pathway 

contributes to increased apoptosis. When SPT subunits were expressed by 
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adenoviral infection, only the morphology of AdSPTLC2-infected cells was 

altered, and cell survival decreased in time- and gene dose-dependent 

manner. Given that adenoviral SPTLC1 expression had no effect on cell 

survival and SPTLC2 expression induced apoptosis it is likely that SPTLC2 

is a major catalytic subunit for SPT reaction.  

Consistent with the cell viability results, the flow cytometry analyses 

demonstrated that cells are entering into the apoptotic stage. Indeed, the 

proportion of apoptotic cells was significantly increased by adenoviral 

SPTLC2 expression. SPTLC1 overexpression induced a slightly higher 

amount of apoptosis than did the GFP controls, indicating that the pairing of 

SPTLC1 and SPTLC2 subunits was increased by elevated levels of SPTLC1 

subunit, as shown previously (28, 29). However, endogenous SPTLC2 is 

limited, resulting in only a slight increase in apoptosis.  

The finding that adenoviral expression of SPTLC2 induced cleavage 

of Caspase-3, -9, and PARP suggest that elevated ceramide causes 

mitochondrial intrinsic pathway-dependent apoptosis. We found that 

celecoxib activates the regulatory transcription factors in ER stress in HepG2 

hepatoma cells. Expression of XBP1, ATF4, ATF6, and CHOP was gradually 

upregulated by celecoxib in a time-dependent manner and altered the cell 
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status from normal stage to apoptotic progression. However, adenoviral 

SPTLC2 expression and activation of de novo ceramide biosynthesis did not 

affect the expression of transcription factors in ER stress (Figure 4). These 

results indicate that elevated endogenous ceramide is not associated with 

activation of ER stress in these hepatoma cells. Thus, the involvement of the 

sphingomyelinase pathway in apoptotic progression deserves further study. 

Taken together, our studies identified the roles of de novo ceramide 

biosynthetic pathway in celecoxib-mediated ceramide increase and 

apoptosis. This observation is relevant to stress-induced apoptosis based on 

the sensitivity of cancer cells. This suggests a novel strategy to synergize 

the anti-cancer activity of celecoxib. Further studies will define proper 

combination therapies by enhancing the efficacy of anti-cancer treatments 

with celecoxib, or by modulation of ceramide synthesis in liver cancer. 
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MATERIALS AND METHODS 

Cell culture 

 HepG2 hepatoma cells were obtained from the American Type 

Culture Collection (ATCC). The cells were cultured in Dulbecco’s modified 

Eagle medium (DMEM; WelGENE) supplemented with 10% fetal bovine 

serum (FBS), 1 U/ml penicillin, and 1 μg/ml streptomycin and incubated at 

37°C in a 5% CO2 atmosphere.  

Cell viability 

 HepG2 cells seeded on 96-well plates were treated with celecoxib or 

adenoviruses for 24 and 48 h. Then, cell viability was assessed using the 

XTT colorimetric solution (WelGENE).  

Adenovirus construction 

 SPTLC1 and SPTLC2 recombinant adenoviruses (AdSPTLC1, 

AdSPTLC2) were constructed using an AdEasy Adenoviral Vector System 

(Stratagene) and a pAdTrack CMV vector as described previously (30). As a 

control, adenovirus expressing green fluorescence protein (AdGFP) was 

prepared as described above. 
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Flow cytometric analysis of apoptosis  

 HepG2 cells were infected with each adenovirus for 24 h. Cells were 

double-stained with propidium iodide and Annexin V according to the 

manufacturer’s instructions (Annexin V-FITC Apoptosis Detection Kit I; BD 

Biosciences) and analyzed using a FACS Calibur flow cytometer (BD 

Biosciences) and FlowJo software (Tree Star). 

Western blot 

 Cells were collected and lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 

5 mM EDTA, 100 mM NaF, 10 mM Na2P2O7, 2 mM Na3VO4, 1% Triton X-100, 

protease inhibitor) by vortexing. Thirty micrograms of protein lysate was 

subjected to 10% SDS-polyacrylamide gel electrophoresis followed by 

immunoblotting analyses. Antibodies were used to detect caspase-9, 

caspase-3, PARP (Cell signaling Technology), XBP-1, ATF4, CHOP (Santa 

Cruz Biotechnology), ATF6 (Abcam), and β-actin (Millipore). The blots were 

detected with enhanced chemiluminescent substrate (Bio-Rad). 

RNA extraction and Quantitative Real-Time PCR 

 Total RNA was isolated from HepG2 cells using the easy-spin (DNA 

free) Total RNA Extraction Kit (iNtRON) according to the manufacturer’s 
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procedure. Real-Time PCR analysis was performed with StepOnePlus 

equipment (Applied Biosystems) using SYBR Green Master Mix (Takara). 

mRNA expression levels were normalized to β-actin. The primers used were 

shown previously (31). 

Sphingolipid analysis by LC/MS/MS 

 HepG2 cells were lysed in lysis buffer for sphingolipid analysis. C17-

ceramide was used as an internal standard. One milligram of protein from 

was extracted cell lysates using MeOH/CHCl3 (1:2, v/v). The organic phase 

was separated and evaporated under N2. Ceramides (Cer), sphinganine 

(SA), sphingosine (SO), dihydroceramides (dhCer), and sphingomyelin (SM) 

were separated by high-performance liquid chromatography using a C18 

column (XTerra C18, 3.5 μm, 2.1ⅹ50 mm) and ionized in positive 

electrospray ionization (ESI) mode as described by Lee et al (31, 32). 

[M+]/product ions from corresponding sphingolipid metabolites were 

monitored for multiple reaction monitoring (MRM) quantification by a tandem 

mass spectrometer, API 4000 Q-trap (Applied Biosystems, Framingham, 

MA), interfaced with ESI. 

Statistical analysis 
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 The data are shown as mean ± SEM. Differences between groups 

were analyzed by the Student t test. p < 0.05 was considered significant. 
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FIGURE LEGENDS 

 

Figure 1. Celecoxib upregulates the expression of sphingolipid 

biosynthetic genes and elevates cellular sphingolipid levels. HepG2 

cells were treated with 80 µM celecoxib and were harvested at various time 

points. Expression levels of SPTLC1 and SPTLC2 mRNA (A) and proteins 

(B) were measured by quantitative real-time PCR and immunoblotting 

respectively. SPT enzyme activity was measured from the cell lysates at 

indicated times post-celecoxib treatment (C). Expression of sphingolipid 

biosynthetic genes was measured as the relative fold-increase, compared to 

no-treatment controls (D). Sphingolipids from HepG2 cells treated with 

celecoxib at indicated times were analyzed by LC/MS/MS as described in 

Materials and Methods. Total ceramides (E), sphinganine (SA), sphingosine 

(SO), and sphingosine 1-phosphate (S1P) (F), dihydroceramide (dhCer) (G), 

and sphingomyelin (SM) (H) were quantified. Data are presented as the 

mean ± SEM. n = 3. *p < 0.05. Amount of mRNA was normalized by β-actin. 

 

Figure 2. Celecoxib upregulates ER stress in HepG2 hepatoma cells. 

HepG2 cells were harvested at indicated times after celecoxib treatment and 
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mRNA expression of ER stress markers including ATF4 (A), ATF6 (B), 

spliced XBP1 (sXBP1) (C), GRP78 (D), and CHOP (E) was measured by 

quantitative real-time PCR. Amount of mRNA was normalized by β-actin. 

Data are presented as the mean ± SEM. n = 3. *p < 0.05. Whole-cell lysates 

were subjected to immunoblotting analyses of ATF4, ATF6, XBP-1, and 

CHOP (F). β-actin was used to normalize the mRNA amount.  

 

Figure 3. Adenoviral overexpression of Sptlc2 decreases cell viability 

in HepG2 cells and elevates cellular sphingolipids. For adenovirus 

production, HEK293 cells were infected with adenoviruses containing 

SPTLC1 (AdSPTLC1) and SPTLC2 (AdSPTLC2). Pictures were taken to 

observe cell morphologies at indicated times post-infection (A). Since GFP is 

co-expressed with the gene of interest, expression of the gene was 

observed indirectly with GFP expression. HepG2 cells were infected with 

adenoviruses containing SPTLC1 or SPTLC2 at 2 MOI (multiplicity of 

infection) and protein expression was examined by immunoblotting (B). Cell 

viability was measured by XTT assay after incubation with 2 or 5 MOI of 

SPTCL1 and SPTLC2 adenoviruses for 24 and 48 h (C). Data are presented 

as the mean ± SEM. n = 3 *p < 0.05. Sphingolipids were extracted from 
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adenoviral infected HepG2 cells after 24 h and analyzed by LC/MS/MS. Total 

ceramides (D), sphinganine (SA), sphingosine (SO), and sphingosine 1-

phosphate (S1P) (E), dihydroceramide (dhCer) (F), sphingomyelin (SM) (G) 

were quantified. Data are presented as the mean ± SEM. n = 3. *p < 0.05 vs. 

GFP. §p < 0.05 vs. SPTLC1. 

 

Figure 4. Adenoviral overexpression of SPTLC2 induces apoptosis in 

HepG2 cells but does not activate ER stress. HepG2 cells were infected 

with SPTLC1 or SPTLC2 adenoviruses at 2 MOI for 24 and 48 h. Cell 

morphology was changed only after infection of SPTCL2 adenovirus (A). 

After 24 h of infection cells were stained with Annexin V and propidium 

iodide and the degree of apoptosis quantified by flow cytometry (B). Data are 

presented as the mean ± SEM. n = 3. *p < 0.05. HepG2 cells were infected 

with adenoviruses at 2 MOI for 24 h and whole-cell lysates were subjected to 

immunoblotting analyses of caspase-3 (Cas 3), caspase-9 (Cas 9), and 

PARP (C). β-actin was used as a control. Under the same condition, SPT 

enzyme activity was measured as described in Materials and Methods (D). 

Then, the expression of ER stress genes including ATF4, ATF6, sXBP1, 

GRP78, and CHOP was measured by quantitative real-time PCR (E). 
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Amount of mRNA was normalized by β-actin. Data are presented as the 

mean ± SEM. n = 3. *p < 0.05. 
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Figure 3 
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Figure 4 
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