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Abstract. ceramide is a biologically active sphingomyelin that 
inhibits cell growth and proliferation. In previous studies, it 
was demonstrated that the use of lipopolysaccharides induces 
acid sphingomyelinases to produce ceramide, promoting lung 
cancer cell apoptosis; however, the specific mechanisms of this 
action remain unclear. Thioredoxin‑interacting protein (Txnip) 
plays an important role in the signal transmission of redox 
reactions inside and outside the cell. Thus, it was hypothesized 
that ceramide induces apoptosis in lung adenocarcinoma cells 
(A549 and Pc9) by modulating the Txnip/Trx1 complex. In 
the present study, the cell counting kit‑8 method was used to 
detect cell activity and the drug concentration. Hoechst 33258 
staining and flow cytometry were used to detect cell apop‑
tosis, and the positional association between Txnip and Trx1 
upregulated by ceramide was observed by immunofluores‑
cence confocal microscopy. Reverse transcription‑quantitative 
polymerase chain reaction and western blot analysis were 
used to detect the changes in related gene, mRNA and protein 
expression levels. The results revealed that ceramide treatment 
resulted in the upregulation of Txnip and in the reduction 
of Trx1 activities. However, the Txnip inhibitor, verapamil, 
reversed these changes. The analysis of mRNA expression 
further verified the changes observed in the protein expression 

of Txnip, Trx1 and apoptosis‑related proteins. On the whole, 
the present study demonstrates that ceramide induces the 
apoptosis of lung cancer cells by regulating the Txnip/Trx1 
complex.

Introduction

Lung cancer is the main cause of cancer‑related mortality 
worldwide, and non‑small cell cancer accounts for approxi‑
mately 85% of all lung cancer cases (1,2). It is mainly 
characterized by a poor prognosis and a high risk of recurrence. 
The current treatment for lung cancer includes radiotherapy 
and chemotherapy. despite the rapid development of modern 
technology and treatments, the mortality rate of patients with 
lung cancer remains high, and a tendency for relapse has been 
observed (3‑5). Therefore, there is an urgent need to explore 
new drugs and treatment methods for lung cancer.

ceramide is a biologically active sphingolipid that is the 
precursor of all major sphingomyelins. It plays an impor‑
tant role in the cell cycle, differentiation, senescence and 
apoptosis (6,7). In addition, ceramide is considered to be an 
important secondary messenger in the apoptosis and necrosis 
pathways in normal and cancer cells (8‑11). Being in the 
center of sphingolipid metabolism, ceramide synthesis mainly 
occurs via de novo, salvage and sphingomyelinase synthesis 
pathways. In ceramide degradation, mainly 3 ceramidases, 
namely alkaline, neutral and acid ceramidase, are known to be 
involved (12,13). In previous studies, ceramide has been shown 
to exhibit significant antitumor activity, and its mediated anti‑
tumor activity has been reported in multiple cancer types, such 
as breast and prostate cancers (14‑16). Inhibiting the activity 
of ceramidases and increasing the level of ceramide can effec‑
tively prevent resistance to chemotherapeutic drugs and induce 
apoptosis. Enzymes of the ceramide and ceramide synthase 
family play an important role in cancer (17,18). However, the 
mechanisms through which ceramide exerts its antitumor 
activity remain unclear.

The thioredoxin‑interacting protein (Txnip), also known as 
thioredoxin‑binding protein 2 (TBP‑2) (19), in several cases, 
regulates a variety of oxidative stresses together with gluta‑
thione; it can also directly inhibit the exchange between the 
disulfide bonds of thioredoxin (Trx)1 to inhibit the reducing 
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activity of Trx (19‑22). Trx is an important redox regulator and 
a sensor of energy and glucose metabolism. It is involved in 
various physiological processes, such as dNA damage repair, 
inflammation and apoptosis. It is divided into two different 
types, depending on the subcellular localization: Trx1 in the 
cytoplasm and Trx2 in the mitochondria (23‑25). Previous 
research has demonstrated that Trx mimetic peptides inhibit 
the expression of p38 MAPK in vitro, thereby protecting the 
rat brain from apoptosis and inflammation (26). Furthermore, 
regulating the Txnip/Trx1 complex can inhibit the activation 
of the NLR family pyrin domain containing 3 (NLRP3) 
inflammasome, thus reducing cerebral ischemia‑reperfusion 
injury in rat (27).

Therefore, it was hypothesized that ceramide regulates 
the apoptosis of non‑small cell lung cancer cells, induced by 
the Txnip/Trx1 complex. The present study aimed to examine 
this hypothesis by stimulating the apoptosis of non‑small 
lung cancer cells with ceramide in vitro. In addition, the 
expression levels of Txnip, Trx1, p38 and other proteins in 
the cells detecting, and the association analyzing between 
Txnip and Trx1 proteins was investigated. The importance 
of the Txnip/Trx1 complex in ceramide‑induced apoptosis of 
lung cancer cells was further investigated at the cellular and 
molecular level.

Materials and methods

Cells, reagents and antibodies. The A549 and Pc9 cell 
lines (human lung adenocarcinoma cells) were provided 
by the School of Life Sciences, University of Science and 
Technology of china. All cells were cultured in dulbecco's 
modified Eagle's medium (dMEM) (containing 10% fetal 
bovine serum, 50 U/ml penicillin, and 0.05 mg/ml strep‑
tomycin) at 37˚C in a 5% CO2 incubator. c2‑ceramide and 
verapamil were purchased from Sigma‑Aldrich; Merck 
KGaA. Anti‑β‑actin (no. ab8224), anti‑p38 (no. ab170099), 
anti‑caspase‑3 (no. ab32351) and anti‑cleaved caspase‑3 
(no. ab2302) antibodies were purchased from Abcam. 
Anti‑Txnip (no. 18243‑1‑AP) antibody was purchased from 
ProteinTech Group. Anti‑Trx (no. NBP2‑52983) antibody 
was purchased from Novus Biologicals. The cell counting 
kit‑8 (ccK‑8) and apoptosis detection kits were provided by 
Beyotime Biotechnology, and TRIzol reagent was provided by 
Takara Bio, Inc.

Cell line viability determination. The ccK‑8 method was used 
to detect the cytotoxicity induced by c2‑ceramide application. 
The A549 and Pc9 cells were seeded in 96‑well plates and 
treated with various ceramide concentration gradients of 0, 20, 
50, 100 and 200 µmol/l. These were incubated in 37˚C for 12, 
24 and 36 h. A microplate reader (Thermo Fisher Scientific, 
Inc.) was then used to detect the absorbance in each well at 
450 nm. cell viability was calculated based on the absorbance.

Western blot analysis. Western blot analysis was used to 
detect the expression of Txnip, Trx1, p38, caspase‑3 and 
cleaved‑caspase‑3 proteins. cells were treated with 50 µmol/l 
c2‑ceramide, 100 µmol/l verapamil and 100 µmol/l 
verapamil + 50 µmol/l c2‑ceramide for 24 h to allow for the 
induction of apoptosis. The cells were then collected, lysed 

cells with RIPA Lysis Buffer (no. P0013K; Beyotime Institute 
of Biotechnology) on ice, and centrifuged at 12,000 x g at 4˚C 
for 30 min. After measuring the protein concentration using 
the BcA method, the same amount of protein (25 µg per 
lane for each sample) was dissolved in the buffer and boiled 
for 10 min to induce denaturation. Following separation by 
electrophoresis on 10% SdS‑PAGE, the proteins were trans‑
ferred to a PVdF membrane, incubated with 5% skim milk 
for 1.5 h, and then washed with water. The primary antibodies 
[Txnip (18243‑1‑AP, 1:1,000; ProteinTech Group, Inc.), Trx 
(NBP2‑52983, 1:1,000; Novus Biologicals), p38 (ab170099, 
1:2,000; Abcam), caspase‑3 (ab32351, 1:2,000; Abcam) 
and cleaved caspase‑3 (ab2302, 1:2,000; Abcam)] were 
applied to the membranes at room temperature for 1 h and 
the membranes were then incubated overnight at 4˚C. After 
washing with TBST, the corresponding secondary antibody 
(ab6721,1:5000; Abcam) from the same species was applied 
at room temperature for 1 h and the membranes were washed 
with TBST for 30 min. Subsequently, the EcL detection kit 
(P0018FS; Beyotime Institute of Biotechnology) for used for 
signal development. densitometry was performed by using the 
ImageJ software (version 1.48; National Institutes of Health).

Apoptosis detection. To further detect cell apoptosis following 
ceramide treatment, the cells were seeded in a 6‑well plate 
and treated with dMEM, 50 µmol/l c2‑ceramide, 50 µmol/l 
c2‑ceramide + 100 µmol/l verapamil and 100 µmol/l vera‑
pamil for 24 h. They were then stained with Hoechst 33258 
(Beyotime Institute of Biotechnology) at room temperature for 
5 min and observed under a fluorescence microscope (Olympus 
corporation). Apoptotic cells were densely stained showing 
strong fluorescent signal in their nuclei, while non‑apoptotic 
cells exhibited a weak fluorescence signal. In addition, cells 
treated in a similar manner, were labeled using fluorescein 
fluorescein‑isothiocyanate‑labeled Annexin V (c1062M; 
Beyotime Institute of Biotechnology) and incubated in the 
dark for 15 min. The cells were then stained with propidium 
iodide (c1062M; Beyotime Institute of Biotechnology) for 
5 min in the dark. The apoptotic rates of the cells were deter‑
mined immediately after using flow cytometry (BD Falcon; 
Bd Biosciences).

Caspase‑3 activity detection. The treated cells were collected 
and washed with PBS after centrifugation. Lysis buffer 
(Beyotime Biotechnology) was added followed by shaking the 
samples for 15 sec every 5 min, repeated 3 times. Following 
centrifugation at 4˚C and 12,000 g for 15 min, the supernatant 
was aspirated for BcA quantification, and an appropriate 
amount of detection buffer was then added together with 10 µl 
caspase‑3 substrate, and the samples were incubated at 37˚C 
for 1‑4 h. A microplate reader (Thermo Fisher Scientific, Inc.) 
was used to detect the absorbance in each well at A405 nm 
wavelength.

Immunofluorescence. The A549 and Pc9 cells were seeded 
on a cover glass and treated with dMEM, 50 µmol/l 
c2‑ceramide, 50 µmol/l c2‑ceramide +100 µmol/l verapamil, 
and 100 µmol/l verapamil for 24 h. The cells were then fixed 
in 4% paraformaldehyde for 15 min, permeabilized in 0.5% 
Triton X‑100 for 20 min, and then blocked in bovine serum 
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albumin at room temperature for 30 min. The cells were 
then incubated with primary antibodies to anti‑Txnip (1:200; 
18243‑1‑AP, ProteinTech Group, Inc.) and anti‑Trx (1:200; 
NBP2‑52983, Novus Biologicals) from different species at a 
1:200 dilution at 4˚C overnight. After washing with TBST, 
then stained with Alexa Fluor 488‑labeled goat anti‑mouse 
(1:500; SA00013‑1, ProteinTech Group, Inc.) and FITc‑labeled 
goat anti‑rabbit secondary antibodies (1:500; SA00003‑2, 
ProteinTech Group, Inc.) were added to the cells and incubated 
at 37˚C in the dark for 1 h. The cell nuclei were counterstained 
with dAPI (Beyotime Institute of Biotechnology) for 5 min at 
room temperature. Images were observed using a fluorescent 
confocal microscope (Olympus IX71, Olympus corporation).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
cell RNA was extracted using TRIzol reagent, and the RNA 
concentration was measured using a Nanodrop instru‑
ment (Thermo Fisher Scientific, Inc.). cDNA synthesis was 
performed using a reverse transcriptase kit (PrimeScript™ RT 
Reagent kit ‑Perfect Real‑Time; Takara Biotechnology, Inc.). 
qPcR was performed using the SYBR‑Green Master Mix kit 
(Takara Biotechnology co., Ltd.) in a 10 µl system on a real‑time 
PcR system. The thermocycling conditions were conducted as 
follows: Initial denaturation 95˚C for 5 min, followed by 40 
cycles of denaturation at 95˚C for 15 sec, annealing at 60˚C 
for 30 sec and extension at 72˚C for 30 sec, and a final exten‑
sion at 72˚C for 5 min. The sequence of the primers used in 
the present study were as follows: Txnip forward, 5'‑Gcc 
AcA cTT Acc TTG ccA AT‑3' and reverse, 5'‑TGT TGc AGc 
ccA GGA TAG AA‑3'; Trx1 forward, 5'‑GTG AAG cAG ATc 
GAG AGc AAG‑3' and reverse, 5'‑cGT GGc TGA GAA GTc 

AAc TAc TA‑3'; caspase‑3 forward, 5'‑ATc GGA cTG TGG 
cAT TGA GA‑3' and reverse, 5'‑ATA Acc AGG TGc TGT GGA 
GT‑3'; and β‑actin forward, 5'‑ccc TGG AGA AGA GcT AcG 
AG‑3' and reverse, 5'‑GGA AGG AAG GcT GGA AGA GT‑3'. 
The expression of each target gene was statistically compared 
with the RNA level using the 2‑ΔΔcq method (28), and β‑actin 
was used as an internal reference.

Statistical analysis. All experiments were repeated 3 times. 
Statistical analysis was performed using SPSS 21.0 (IBM 
corp). All data are expressed as the means + Sd, and the data 
were analyzed using the Student's t‑test or one‑way ANOVA 
followed by post hoc comparisons with Student‑Newman‑Keuls 
(S) and Tukey's post hoc tests. P<0.05 was considered to indi‑
cate a statistically significant difference.

Results

Effect of ceramide on cell viability. As shown in Fig. 1A (A549 
cells) and B (Pc9 cells), ceramide reduced cell viability in a 
time‑ and concentration‑dependent manner. The cell survival 
rate in the treatment group was significantly lower than that 
in the control group when the ceramide concentration was 50, 
100 and 200 µmol/l (P<0.05). When the concentration of the 
treatment group was 50 µmol/l and the treatment duration was 
24 h, the cell viability in the 2 treatment groups was approxi‑
mately 70%. However, when verapamil was incubated with 
c2‑ceramide, the cell viability was increased (Fig. 1c and d).

Apoptosis promoted by ceramide is affected by verapamil. As 
shown in Fig. 2, the results of Hoechst 33258 staining revealed 

Figure 1. Effects of c2‑ceramide (various concentrations and incubation times) on (A) A549 and (B) Pc9 cell viability in comparison to the corresponding control 
group. *P<0.05, **P<0.01 and ***P<0.001. (c) A549 and (d) Pc9 cells were incubated with ceramide and verapamil for 24 h. **P<0.01 and ***P<0.001, vs. control; 
##P<0.01 and ###P<0.001, vs. ceramide.
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that the apoptotic rates of the two cell lines were significantly 
higher in the ceramide‑treated group than in the control 
group. Moreover, the use of verapamil significantly reduced 
the number of cells undergoing apoptosis (P<0.05). The results 
of flow cytometry revealed shown in Fig. 3 also demonstrated 
similar trends (P<0.05). Furthermore, caspase‑3 activity was 
enhanced in the ceramide group, and co‑incubation with 
verapamil rescued the cells from apoptosis (P<0.05), as shown 
in Fig. 4. The expression of apoptosis‑related proteins also 
exhibited a similar tendency (Fig. 5).

Effect of ceramide on Txnip and Trx1 on the promotion 
of apoptosis. The results of immunofluorescence staining 
shown in Fig. 6A (A549 cells) and B (Pc9 cells) revealed that 
compared to the control group, the two cell lines exhibited a 
significantly increased fluorescence signal corresponding to 
the expression of Txnip in the cytoplasm. Txnip is typically 
located in the nucleus, and Txnip translocation occurred in 
response to ceramide treatment. This indicates that Txnip 
reacts through the cell membrane during apoptosis. Following 
co‑incubation with verapamil, the expression of Txnip in the 
cytoplasm decreased. This trend was inversely related to the 

expression of Trx1. The protein expression level also exhibited 
similar results, as shown in Fig. 5.

Expression of Txnip, Trx1 and caspase‑3 at the mRNA level. As 
shown in Fig. 7, compared to the control group, the Txnip expres‑
sion level (Fig. 7A and D) was significantly increased after the 
two cell lines were treated with 50 µmol/l c2‑ceramide, and the 
Trx1 level (Fig. 7B and E) was significantly decreased (P<0.05). 
compared to the control group, the expression levels of apop‑
totic proteins were also increased (Fig. 7c and F). Following 
co‑incubation with 100 µmol/l verapamil, this pattern of expres‑
sion was significantly reversed (P<0.05).

Discussion

Studies have demonstrated that ceramide is closely related to 
apoptosis and cancer. ceramide inducers can enhance the sensi‑
tivity to anticancer drugs (7,12,29). In previous studies (30,31), the 
authors demonstrated that ceramide was significantly increased 
in in mice with lipopolysaccharide‑induced ALI, and the survival 
rate in mice was reduced. The use of the aSmase inhibitor, 
imipramine, reduced lung injury. However, the specific pathway 

Figure 2. Hoechst 33258 is used to detect the effects of c2‑ceramide (50 µmol/l) and verapamil (VER, 100 µmol/l) treatment in (A and B) A549 and 
(A and c) Pc9 cell lines following 24 h of incubation. ***P<0.001, vs. control; ##P<0.01 vs. ceramide. Images are captured from random fields of view at a 
magnification of x200, Scale bar, 50 µm.
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Figure 3. Flow cytometry detected the effects of c2‑ceramide (50 µmol/l) and 100 µmol/l verapamil treatment in (A and B) A549 and (A and c) Pc9 cell lines 
following 24 h of treatment, **P<0.01 and ***P<0.001, vs. control; #P<0.05 and ###P<0.001, vs. ceramide.

Figure 4. caspase‑3 activity is detected after c2‑ceramide‑induced apoptosis of (A) A549 and (B) Pc9 cells, compared with the control group. The activity of 
caspase‑3 in the c2‑ceramide treatment group was increased. **P<0.01 and ***P<0.001, vs. control; ##P<0.01 and ###P<0.001, vs. ceramide.
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through which ceramide induces lung cancer cell apoptosis is not 
yet fully understood. In the pre‑experiment before this research 
(data not shown), the H1299, H1975, A549 and Pc9 cell lines 

were tested and it was found that the A549 and Pc9 cells had the 
most significant drug response to ceramide treatment. Therefore, 
in the present study, the A549 and Pc9 cell lines were used in the 

Figure 5. c2‑ceramide promotes apoptosis‑related protein expression, thereby enhancing (A‑F) A549 and (G‑L) Pc9 cell apoptosis as compared to the 
corresponding control group. The expression of β‑actin was used as an internal control. *P<0.05, **P<0.01 and ***P<0.001, vs. control; ##P<0.01 and 

###P<0.001, vs. ceramide.
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experiments and it was proven that ceramide induced non‑small 
cell lung cancer apoptosis through the Txnip/Trx1 complex.

Lung cancer is the main cause of cancer‑related mortality 
worldwide, and the average 5‑year survival rate is only 

Figure 6. Immunofluorescence staining showing that compared to the control group, ceramide treatment significantly enhanced the fluorescence intensity in 
Txnip in (A) A549 and (B) PC9 cells after 24 h, while it reduced Trx1 fluorescence intensity. Co‑incubation with verapamil reversed this expression pattern. 
The interaction of Txnip with Trx1 was determined using a confocal microscopic observation. Images were captured from random fields of view at a magni‑
fication of x200, Scale bar, 50 µm.
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Figure 7. c2‑ceramide promotes corresponding mRNA expression, thereby enhancing (A‑c) A549 and (d‑F) Pc9 cell apoptosis as compared to the corre‑
sponding control group. **P<0.01 and ***P<0.001, vs. control; #P<0.05, and ##P<0.01, vs. ceramide.
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19% (32,33). Although chemotherapy is the main treatment 
method, its side‑effects pose a significant challenge. Therefore, 
alternative chemotherapeutic drugs and those that reduce the 
side‑effects of chemotherapy are required (34). Studies have 
demonstrated that sphingolipid metabolism‑targeted therapy 
may have broad prospects in oncological clinical application. 
The regulatory effects of ceramide on chemotherapeutics 
have become the focus of research in recent years (35,36). 
The human lung adenocarcinoma cell lines, A549 and Pc9, 
are non‑small cell lung cancer cell lines. The present study 
revealed that ceramide reduced cell viability in a time‑ and 
concentration‑dependent manner. Following treatment with 
50 µmol/l ceramide, caspase‑3 activity increased, and the levels 
of apoptosis‑related proteins, such as Txnip and Trx1 were also 
altered accordingly. This indicated that Txnip and Trx1 were 
downstream of ceramide during the induction of cell apoptosis.

Txnip is a tumor suppressor gene and an endogenous inhib‑
itor of Trx. Usually, Txnip binds to Trx1 in a redox‑dependent 
manner and participates in various redox reactions (27,37,38). 
Previous research has demonstrated that the activation of the 
Txnip/Trx1 complex increases oxidative stress and inflam‑
mation, thereby aggravating the symptoms of diabetes; this 
finding proved that the upregulation of Txnip or activation of 
the Txnip/Trx1 complex plays an important role in aggravating 
diabetic myocardial damage (39). The present study also 
demonstrated, by immunofluorescence staining, that Txnip 
induced by c2‑ceramide co‑localized with Trx1. Txnip is 
mainly localized in the nucleus, while Trx1 is mainly distrib‑
uted in the cytoplasm. The fluorescent expression of Txnip was 
significantly increased, while Trx1 expression was reduced. 
Verapamil treatment reversed this expression‑dose associa‑
tion. The decreased Trx1 activity was mainly caused by the 
increase in Txnip; however, other factors that can influence this 
process may be involved as well (19). It has been demonstrated 
that radiation, hydrogen peroxide, ultraviolet light and growth 
inhibition stimulates Txnip production (40‑42). p38 MAPK 
is a protein kinase that responds to stress stimuli inside and 
outside the cell. It plays an important role in regulating cell 
differentiation, proliferation, survival and death. Studies have 
proven the central role of p38 MAPK in inflammation (43,44). 
In the present study, when verapamil was used to inhibit 
ceramide‑induced Txnip expression, the expression of p38 
protein was decreased. It can thus be inferred that the change 
in p38 protein expression was affected by Txnip protein, 
which acts upstream of p38. However, further experiments are 
required to confirm the accuracy of this interpretation.

In conclusion, the present study investigated the anticancer 
mechanisms of sphingolipid ceramide action. It was found that 
it induced lung cancer cell apoptosis through the Txnip/Trx1 
complex, which plays an important role in biological activities, 
such as oxidative stress. ceramide has great potential and is 
expected to become a prospective candidate in the development 
of therapies for cancer. In addition, research on various targets in 
the Txnip/Trx1 complex may provide new possibilities for cancer 
treatment. However, the present study also had limitations. First, 
the present study was limited to the experiments performed at 
the cellular level in vitro. The human body is more complex and 
numerous factors are involved. Thus, the same effect of ceramide 
on the human body as that observed in cell culture cannot be guar‑
anteed. Second, the present study selected only one representative 

type of ceramide. differences across the other types of ceramide 
are unclear. Furthermore, only used two types of lung adenocar‑
cinoma cells were used. The effect of ceramide on other types of 
lung cancer cells thus warrant further investigation.
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