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Abstract: Non-small cell lung cancer (NSCLC) constitutes the predominant form of lung cancer and stands as the 
leading cause of cancer-related mortality in the United States. Conventional chemotherapy and radiotherapy yield 
suboptimal responses in a significant portion of lung cancer patients, resulting in a discouraging 5-year survival 
rate of approximately 15%. Despite advancements in targeted therapy and immunotherapy, many NSCLC patients 
exhibit either negligible or partial responses, emphasizing the pressing necessity for the discovery of innovative 
anti-cancer agents. Our previous study demonstrated that ABC294640, an inhibitor of one of the key enzymes in 
sphingolipid metabolism, sphingosine kinase 2 (SphK2), displayed anti-NSCLC activities in vitro and in vivo. In the 
current study, through the screening of a series of newly synthesized ceramide analogs, we have identified new 
compounds, particularly analogs 403 and 953, that exhibit potent anti-NSCLC activities. These compounds induce 
significant NSCLC apoptosis by elevating intracellular pre-apoptotic ceramide and dihydro(dh)-ceramide production. 
Lipidomics analyses further elucidate the alterations in ceramide and dh-ceramide species signature/proportion 
across different NSCLC cell-lines induced by these novel ceramide analogs. Treatments with ceramide analogs 403 
and 953 remarkably inhibit NSCLC progression in vivo without observable toxicity. Collectively, these findings estab-
lish a foundation for the development of promising sphingolipid-based therapies aimed at enhancing the prognosis 
of NSCLC.
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Introduction

Lung cancer stands as the leading cause of 
cancer-related fatalities in the United States, 
projecting an estimated 127,070 deaths in 
2023, with 67,160 in men and 59,910 in 
women [1]. Additionally, it ranks as the second 
most diagnosed cancer in the U.S., anticipating 
approximately 234,340 new cases in 2023 [1]. 
The disease encompasses two primary classifi-
cations based on treatment response and 
prognosis: small cell lung cancer (SCLC) and 
non-small cell lung cancer (NSCLC), the latter 
representing 85-90% of cases [2]. Clinically, a 
significant proportion of lung cancer patien- 
ts exhibit poor responses to conventional 
chemo-/radio-therapeutic approaches, result-
ing in a grim 5-year survival rate of around 15% 
[3]. While the recent advent of targeted therapy 
and immunotherapy has offered renewed hope 

to NSCLC patients, the outcomes remain unsat-
isfactory. Targeted therapeutic drugs, such as 
Gefitinib, initially exhibit positive effects by 
inhibiting mutated epidermal growth factor 
receptor (EGFR). However, drug resistance inev-
itably develops after 10 months of treatment, 
leading to fatal outcomes [4]. Similarly, im- 
mune checkpoint inhibitors such targeting PD-1 
and PD-L1 have demonstrated clinical success, 
improving overall survival in certain NSCLC 
patients. Yet, only 15-20% of patients respond 
to this therapy, and its affordability poses a 
substantial challenge, with a single course of 
treatment exceeding $100,000 [5, 6]. More- 
over, reports of resistance to immunotherapy 
and hyper-progressive disease during check-
point inhibitors treatment underscore the need 
for a deeper understanding of lung carcinogen-
esis mechanisms and the development of novel 
therapeutic agents [7, 8].
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Sphingolipid biosynthesis involves the conver-
sion of ceramides into sphingosine, which is 
subsequently phosphorylated by sphingosine 
kinase isoforms (SphK1 or SphK2) to generate 
sphingosine-1-phosphate (S1P) [9, 10]. Bioac- 
tive sphingolipids, including ceramides and 
S1P, act as signaling molecules regulating 
apoptosis and tumor cell survival. ABC294640, 
a highly selective small molecule inhibitor of 
SphK, has demonstrated significant anti-tu- 
mor effects across various cancers [13-16]. 
Previous studies, including a Phase I clinical 
trial, have indicated promising results for 
ABC294640 in patients with advanced solid 
tumors [17]. Our prior research demonstrated 
the anti-NSCLC activities of ABC294640 in 
vitro and in vivo, through inducing intracellular 
ceramide and dihydro(dh)-ceramide species 
within cancer cells [18]. 

To advance sphingolipid metabolism-targeted 
therapies, we synthesized new ceramide ana-
logs with sulfonamide, amide, and/or specific 
aromatic modifications in the ceramide side 
chain or backbone. These modifications aimed 
to enhance anti-proliferation activity, regulate 
ceramide metabolism, and improve analog  
stability. Our current study screens a range of 
new ceramide analogs, identifying analogs  
403 and 953 as effective anti-NSCLC agents  
in vitro and in vivo, inducing tumor cell apopto-
sis. Lipidomics analyses provide detailed 
insights into how treatment with these new 
ceramide analogs alters the ceramide signa-
ture, including the increase of different 
ceramide and dh-ceramide species, and chang-
es in their proportion within NSCLC cells.

Materials and methods

Cell culture and reagents

NSCLC cell-lines (A549, H460, H1299) were 
generously provided by Dr. Hua Lu at Tulane 
University and cultured in RPMI-1640 medium 
supplemented with 10% fetal bovine serum 
and 1% penicillin & streptomycin. Experiments 
utilized cells harvested at low (<20) passages. 
The synthesis of new ceramide analogs was 
conducted by Dr. Maryam Foroozesh’s group at 
Xavier University of Louisiana.

Syntheses of the new ceramide analogs 403 
and 953

Synthesis of analog 403: As previously report-
ed, for the synthesis of analog 403, D- 
sphingosine was reacted with phenylacetyl 

chloride (1 eq.) in the presence of sodium bicar-
bonate as a base and dichloromethane (DCM) 
as solvent [19]. 

Synthesis of analog 953: Boc-serine (1 eq.) was 
coupled with tetradecyl amine (1.1 eq.) to get 
the intermediate. N,N’-dicyclohexylcarbodiimi- 
de (DCC, 1.1 eq.) was used as a coupling 
reagent. 4-Methyl-morpholine (3.0 eq.) was 
used as a base, and dichloromethane was the 
solvent. The boc-(tert-butyl ether) group was 
then cleaved using trifluoroacetic acid (TFA, 2.5 
eq.) in DCM to give the free amine, which was 
further reacted with 4-methylphenyl sulfonyl 
chloride (1.1 eq.) in the presence of a mild 
base, triethyl amine (3.0 eq.), in DCM. The final 
product, analog 953, was purified using com- 
bi-flash flash chromatography (hexane: ethyl 
acetate as the solvent system). GC-MS showed 
>99% purity. m/z: 456, 455, 454. 1HNMR 
(CDCl3, 300 MHz) δ = 7.76 (d, J = 8.4 Hz, 2H), 
7.29 (d, J = 8.4 Hz, 2H), 6.89 (t, J = 5.5 Hz, 1H), 
3.93-3.87 (m, 1H), 3.75 (t, J = 4.1 Hz, 1H), 
3.45-3.38 (m, 2H), 3.23-3.06 (m, 2H), 2.42 (s, 
3H), 1.41 (t, J = 5.5 Hz, 2H), 1.32-1.20 (m, 23H), 
0.89 (t, J = 6.6 Hz, 3H). 13C NMR (CDCl3, 75 
MHz) δ = 14.1, 21.5, 22.6, 26.8, 29.2, 29.3, 
29.4, 29.5, 29.6, 29.6, 29.6, 29.7, 31.9, 39.9, 
57.8, 62.4, 127.2, 129.9, 136.3, 144.0, 169.5.

Cell proliferation and apoptosis assays 

Cell proliferation was assessed using the WST- 
1 Assay (Roche, Indianapolis, Indiana, USA). 
After treatment, 10 μL/well of WST-1 reagent 
was added to 96-well plates and incubated for 
3 h at 37°C in 5% CO2. Absorbance at 490  
nm was measured using a microplate reader. 
Flow cytometry with the FITC-Annexin V/propid-
ium iodide (PI) Apoptosis Detection Kit I (BD 
Pharmingen, San Jose, California, USA) was 
employed for quantitative apoptosis assess-
ment, analyzed on a FACS Calibur 4-color flow 
cytometer (BD Bioscience, San Jose, California, 
USA).

Sphingolipid analyses

Quantification of sphingolipid species was  
performed using a Thermo Finnigan TSQ 7000 
triple-stage quadruple mass spectrometer 
operating in Multiple Reaction Monitoring 
(MRM) positive ionization mode (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA). 
Quantification was based on calibration curves 
generated by spiking an artificial matrix with 
known amounts of target standards and an 
equal amount of the internal standard. The tar-
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get analyte:internal standard peak area ratios 
from each sample were compared with the cali-
bration curves using linear regression. Final 
results were expressed as the ratio of sphingo-
lipid normalized to total phospholipid phos-
phate level using the Bligh and Dyer lipid extract 
method [20].

Nude mice xenograft models

Cells were counted and washed once in ice-
cold PBS. 5 × 105 H460 cells in 50 µL PBS plus 
50 µL growth factor-depleted Matrigel (BD 
Biosciences, San Jose, California, USA) were 
injected subcutaneously into the flank of nude 
mice (Jackson Laboratory, Sacramento, Cali- 
fornia, USA). Five days after this injection, the 
mice were randomly separated into three 
groups and received i.p. injection with vehicle, 
ceramide analog 403 or 953 (25 mg/kg of 
body weight dissolved in PEG:ddH2O as 1:1), 3 
days/week. The mice were observed and mea-
sured every 2-3 days for the presence of pal-
pable tumors. After the mice were sacrificed, 
the tumors were excised for subsequent  
analyses. All protocols were approved by the 
University of Arkansas for Medical Sciences 
Animal Care and Use Committee in accordance 
with national guidelines. 

Immunoblotting

Total cell lysates (20 µg) were resolved by 10% 
SDS-PAGE, transferred to nitrocellulose mem-
branes, and immunoblotted with antibodies to 
cleaved caspase 3 and 9 (Cell Signaling). 
GAPDH served as the loading control (Cell 
Signaling). Immunoreactive bands were identi-
fied using an enhanced chemiluminescence 
reaction (Perkin-Elmer) and visualized by 
autoradiography.

Statistical analysis

Significance for differences between experi-
mental and control groups were determined 
using the two-tailed Student’s t-test. The 50% 
Inhibitory Concentrations (IC50) were calculated 
by using GraphPad Prism 9. 

Results

Identification of new ceramide analogs with 
effective anti-NSCLC activities

Using the WST-1 Cell Proliferation Assay, we ini-
tially screened a series of new ceramide ana-

logs (a total of 7 new compounds for which the 
structures and molecular weight are shown in 
Figure 1A). Most of these ceramide analogs 
displayed effective inhibition of the growth 
across the three NSCLC cell-lines (A549, H460, 
and H1299) tested (Figure 1B). Two ceramide 
analogs, N-((2S,3R,E)-1,3-dihydroxyoctadec-4-
en-2-yl)-2-phenylacetamide (analog 403) and 
(S)-3-hydroxy-2-((4-methylphenyl)sulfonamide)-
N-tetradecylpropanamide (analog 953), were 
selected for subsequent experiments due to 
their high efficacy. Their synthetic pathways  
are shown in Figure 2A, 2B, and described  
in the Methods. Using a range of doses, we 
found that both analogs 403 and 953 showed 
a dose-dependent inhibition of growth of the 
three NSCLC cell-lines (Figure 3A-C). The 50% 
Inhibitory Concentrations (IC50) of analog 403 
was at ~2-10 μM, and the IC50 of analog 953 
was at ~12-18 μM, which were comparable to 
those of ABC294640 on NSCLC cell-lines (~7-9 
μM) reported [18]. 

Treatment with the two new ceramide analogs 
induces apoptosis in NSCLC cells

We next sought to determine the underlying 
mechanisms for anti-NSCLC activities of the 
new ceramide analogs. Using flow cytometry, 
we found that both analogs 403 and 953 induc- 
ed significant apoptosis in NSCLC cells (Figure 
4A, 4B). In detail, we found that treatment with 
these ceramide analogs increased subpopula-
tion of both early (Annexin V+/PI-, ~8-15 folds) 
and late (Annexin V+/PI+, ~5-25 folds) apoptot-
ic cells, when compared to the vehicle control. 
We also analyzed cell cycle in the same treat-
ment conditions, and found that these ceramide 
analogs only slightly affected the NSCLC cell 
cycle (data not shown).

Treatment with the two new ceramide ana-
logs increases the production of intracellular 
ceramides and dh-ceramides and alters their 
proportion in NSCLC cells

Mass spectrometric-based lipidomics analys- 
es were used to quantify intracellular levels of 
bioactive ceramide/dh-ceramide species in 
NSCLC cell-lines. We found that both analogs 
403 and 953 increased the production of most 
of the individual ceramide and dh-ceramide 
species, including C14~C26-Cer and dhC14~ 
dhC26-Cer in the NSCLC cell-lines, A549 and 
H460, respectively (Figures 5 and 6). However, 
we observed different changes for some indi-
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Figure 1. The screening of new ceramide analogs with anti-NSCLC activities. A. The chemical structures of our new synthetic ceramide analogs with molecular 
weight. B. NSCLC cell-lines A549, H460, and H1299 were incubated with the indicated concentrations of ceramide analogs for 72 h; cell proliferation was measured 
using the WST-1 assays. The experiments were repeated twice and one representative experimental results were shown. 
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vidual ceramide and dh-ceramide species 
between the A549 and H460 cell-lines. For 
example, both analogs 403 and 953 increas- 
ed C14-Cer production in the A549 cells, but 
not in the H460 cells (Figure 5A, 5B). For dh-
ceramide species, analog 403 only increased 
dhC18-Cer and dhC20-Cer in the A549 cells, 
but not in the H460 cells. These data indicate 
putative heterogeneity for sphingolipid metabo-
lism in NSCLC cells, which are potentially con-
nected to cancer cell response to sphingolipid 
targeted therapies. 

The composition and proportion of individual 
ceramide and dh-ceramide species can also be 
studied using lipidomics analyses. We previ-
ously showed the top predominant ceramide/
dh-ceramide species identified within the 
NSCLC cell-lines, including C16-, C22-, C24:1-, 
C24-, dhC16-, dhC18-, dhC22-, dhC24:1- and 
dhC24-Cer [18]. Despite subtle differences, 
NSCLC cell-lines display a consistent ceramide 
signature. Here, we found that in the A549 cell-
line, both analogs 403 and 953 increased the 
proportions of C16-, C22-, C24:1-, and dhC16-

Cer, while decreasing the proportions of C24- 
and dhC24-Cer. In comparison, ABC294640 
increased the proportions of C22-, C24:1-, and 
dhC22-Cer, while decreasing the proportions of 
C16-, C24-, and dhC16-Cer. In the H460 cell-
line, there are some variations between analog 
403 and 953. They both increased the propor-
tion of C22-Cer, while decreasing the propor-
tions of C16- and dhC18-Cer. In addition, ana-
log 403 increased the proportions of C24-, 
dhC16-, and dhC24-Cer, while decreasing the 
proportions of C24:1-, dhC22-, and dhC24:1-
Cer. Analog 953 increased the proportion of 
dhC22-Cer, while decreasing the proportion of 
C24-Cer. In comparison, ABC294640 increased 
the proportions of dhC18- and dhC22-Cer, 
while decreasing the proportions of C16-, C24-, 
dhC16-, and dhC24:1-Cer (Figure 7A, 7B). 

Treatment with the two new ceramide analogs 
effectively represses NSCLC tumor growth in 
vivo 

By using an established H460 xenograft mice 
model, the effects of analogs 403 and 953 on 

Figure 2. The synthesis schemes for ceramide analogs 403 and 953. A, B. The detailed synthesis procedures were 
described in the Methods.
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NSCLC tumor growth were studied in vivo. 
H460 cells (5 × 105 cells, 1:1 with growth fac-
tor-depleted Matrigel) were injected subcuta-
neously into the flank of nude mice (5 mice per 
group). Five days after injection, the mice were 
randomly separated into three groups and 
received i.p. injections with vehicle, analog  
403 or 953 (25 mg/kg of body weight, respec-
tively), 3 days/week. The mice were observed 
every 2-3 days, and palpable tumors were  
measured over an additional 3 weeks. The 
results indicated that treatment with both ana-
logs 403 and 953 significantly repressed tu- 
mor growth in mice when compared to those 
from the vehicle-treated mice (Figure 8A). 
Analog 403 showed slightly better efficacy  
than analog 953, although with no statistical 
significance between these two groups. 
Furthermore, we found both analogs 403 and 
953 increased the expression of cleaved cas-
pase 3 and 9, the markers of apoptosis from 
tumor tissues collected from analog-treated 
mice when compared to vehicle-treated mice 
(Figure 8B). No visible signs of toxicity, such as 
weight loss, were observed in the mice during 
the treatment period. 

Discussion

All 7 newly synthesized ceramide analogs 
screened for activity in the three different 
NSCLC cell-lines studied effectively inhibited 
cancer cell growth, especially analogs 403 and 
953. Interestingly, analogs 403 and 953 have 
significantly different chemical structures. 
Analog 403 has a 3-hydroxy-4-ene (enol) back-
bone structure similar to naturally occurring 
ceramides, with a modified side chain contain-
ing a phenylacetyl amide. Analog 953 has an 

amide functionality in the backbone, and a sul-
fonamide functionality in the side chain con-
taining a 4-methyl substituted phenyl group. On 
NSCLC cell-lines, the IC50s of analogs 403 and 
953 were at ~2-18 μM, which are comparable 
to those of SphK inhibitor, ABC294640 (~7-9 
μM) in our previous study [18]. A recent study 
has reported a novel and small molecule 
SphK1/2 dual inhibitor, SKI-349, with IC50s on 
primary NSCLC cells and immortalized cell-
lines of ~5-10 μM [21]. In contrast, another 
recent study has reported the IC50 of exogen- 
ous C2-Cer on NSCLC cell-lines to be ~100 μM 
[22]. These data together highlight the poten-
tial of our ceramide analogs as promising can-
didates for sphingolipid-based NSCLC thera- 
pies.

Here we found that both analogs 403 and 953 
caused significant apoptosis in NSCLC cell-
lines, unrelated to cell cycle arrest (data not 
shown). These findings are not consistent with 
our previous study in which we found that  
some ceramide analogs caused obvious G1 
and/or G2/M cell cycle arrest in virus-associat-
ed lymphoma cells [23]. This may be due to the 
varied response to ceramide analogs by differ-
ent cancer types. Sphingolipid metabolism reg-
ulates various cellular factors that influence 
cell survival and death. Our previous microarray 
analysis identified specific cellular genes 
affected by ceramide analogs, such as AURKA 
(Aurora A kinase) and CDCA3 (cell division 
cycle-associated 3), which play crucial roles in 
the survival of virus-associated lymphoma  
cells [23]. Additionally, exogenous ceramide-
induced apoptosis in NSCLC cells has been 
linked to the Txnip/Trx1 complex [22]. The thio-
redoxin-interacting protein (Txnip) regulates a 

Figure 3. New ceramide analogs 403 and 953 treatments inhibit the growth of NSCLC cell-lines in a dose-depen-
dent manner. A-C. NSCLC cell-lines A549, H460, and H1299 were incubated with the indicated concentrations of 
403 or 953 for 72 h; cell proliferation was measured using the WST-1 assays. The 50% Inhibitory Concentrations 
(IC50) were calculated by using GraphPad Prism 9. Error bars represent S.D. for 3 independent experiments.
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Figure 4. Treatment with the new ceramides 403 and 953 induce significant apoptosis in NSCLC cell-lines. A, B. NSCLC cell-lines A549, H460, and H1299 were 
incubated with 20 μM of ceramide analog 403, 953 or vehicle for 48 h; cell apoptosis was measured using Annexin V-PI staining and flow cytometry analysis. Error 
bars represent the S.D. from 3 independent experiments. ** = P<0.01.
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variety of oxidative stresses 
together with glutathione; it 
can also inhibit the exchange 
between the disulfide bonds 
of thioredoxin (Trx)1 to inhibit 
the reducing activity of Trx  
[24-27]. As we know, Trx is an 
important redox regulator and 
a sensor of energy and glu-
cose metabolism, involved in 
various physiological process-
es including cell apoptosis. 
Thus, understanding the intri-
cate mechanisms underlying 
the apoptosis induced by 
these new ceramide analogs 
in NSCLC cells requires fur-
ther investigation.

Our lipidomics analyses re- 
vealed changes in the propor-
tions of major ceramide and 
dh-ceramide species induced 
by the two ceramide analogs 
in NSCLC cell-lines. Three key 
findings emerged from these 
analyses: 1) Variations in the 
changes of proportion be- 
tween NSCLC cell-lines high-
light tumor heterogeneity and 
the diverse responses to the 
same treatment; 2) Distinct 
changes in proportion by ana-
logs 403 and 953 underscore 
the varied impacts of different 
chemical structures of cera- 
mide analogs on sphingolipid 
metabolism in NSCLC; and 3) 
Discrepancies in the changes 
of proportion between cera- 
mide analogs and the SphK 
inhibitor suggest that cera- 
mide analogs may influence 
not only SphK but also other 
components of sphingolipid 
metabolism in NSCLC. Our 
previous work demonstrated 
that certain ceramide ana-
logs, including analog 403, 
reduced the expression of 
ceramide metabolizing enzy- 
mes such as SphK1, SphK2, 
and glucosylceramide syn-
thase (GCS) in virus-associat-
ed lymphomas [23]. Future 
investigations will focus on 

Figure 5. New ceramide analogs 403 and 953 treatments induce intracel-
lular ceramides production from NSCLC cell-lines. (A, B) NSCLC cell-lines 
A549 (A) and H460 (B) were incubated with 20 μM of ceramide analog 403, 
953 or vehicle for 48 h; ceramide species were quantified using lipidomics 
analysis as described in the Methods. Error bars represent the S.D. from 3 
independent experiments. * = P<0.05, ** = P<0.01.

Figure 6. New ceramide analogs 403 and 953 treatments induce intracel-
lular dh-ceramides production from NSCLC cell-lines. (A, B) NSCLC cell-lines 
A549 (A) and H460 (B) were incubated with 20 μM of ceramide analog 403, 
953 or vehicle for 48 h; dihydro(dh)-ceramide species were quantified using 
lipidomics analysis as described in the Methods. Error bars represent the 
S.D. from 3 independent experiments. * = P<0.05, ** = P<0.01.
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Figure 7. The proportions of major ceramide/dh-ceramide species in NSCLC cell-lines are altered by new ceramide 
analogs. (A, B) Heatmaps showed relative proportions of major ceramide and dh-ceramide species upregulated or 
downregulated by analog 403 or 953 in NSCLC cell-lines, A549 (A) and H460 (B), respectively. The SphK2 inhibitor, 
ABC294640 (ABC), was used as a comparison. 

Figure 8. Treatment with the new ceramide analogs suppresses NSCLC growth in vivo. A. NSCLC H460 cells (5 × 105 
cells, 1:1 with growth factor-depleted Matrigel) were injected subcutaneously into the flank of nude mice. Five days 
after this injection, the mice were randomly separated into three groups and received i.p. injection with either ve-
hicle, ceramide analog 403 or 953 (25 mg/kg of body weight, respectively), 3 days/week. The mice were observed 
and measured every 2-3 days for the size of palpable tumors over an additional 3 weeks. Error bars represent the 
S.D. of tumor volume gain from the same group mice (n = 5 per group). *** = P<0.001. B. Protein expression within 
tumor tissues from representative treated mice was measured by using immunoblots.
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elucidating how these ceramide analogs regu-
late various ceramide-synthesizing or metabo-
lizing enzymes and understanding the connec-
tions between changes in the proportions of 
major ceramide and dh-ceramide species and 
NSCLC cell survival and growth.
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