
Abstract. Background/Aim: Previously, we reported the
identification of a cytotoxic chemotype compound CC-I (1a), a
derivative of thiobarbituric acid. We also reported the anticancer
activity of a series of novel thio- and seleno-barbituric acid
analogs. Materials and Methods: We herein evaluated the effect
of 1a and its modified compounds on in vitro and in vivo lung
cancer models. Results: The compounds 1b and 2a showed more
potent cytotoxicity than 1a to lung cancer cells. Moreover, 1b
did not have any cytotoxicity on normal cells, such as fibroblasts.
In the human lung cancer A549 mouse tumor xenograft model,
1b and 2a showed more pronounced antitumor effects than 1a.
In the A549 lung cancer cells, 1a induced cell death mainly via
JNK and p38 MAPK activation. However, compound 1b and 2a
induced lung cancer cell death mostly through JNK activation.
Conclusion: The results suggest that 1b and 2a can be useful
therapeutic agents for lung cancer. 

Lung cancer is the leading cause of cancer-related deaths. In
the US, approximately 228,820 new cases and 135,720 deaths
are expected in 2020 (1, 2). There are two types of lung
cancers: non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC). NSCLC is the most common type of
lung cancer and accounts for approximately 80-85% of lung
cancers (3, 4). Treatment of lung cancer depends on lung
cancer type, stage, and location of malignancy. Common
treatments for lung cancer are surgery, chemotherapy, and
radiotherapy. The current first-line of chemotherapeutic
treatment for lung cancer is a platinum-based compound like
cisplatin alone or in combination with other drugs (5-7).

Although cisplatin-based combination therapy is one of the
most effective chemotherapy types for the treatment of lung
cancer, the cancer cells acquire cisplatin resistance gradually.
Moreover, many lung cancer patients are also resistant to
combination therapy of cisplatin (8-11). Therefore, the
development of new treatment options, including novel drugs
for cisplatin-resistant lung cancer, is urgently needed. 

Previously, we reported that compound CC-I (1a), a
derivative of thiobarbituric acid, showed a robust antitumor
effect in subcutaneous and intracranial brain tumor animal
models, without liver and kidney toxicity (12). To develop
more potent and bioavailable compounds than 1a for lung
cancer, we further tested 1a analogs including commercially
available analogs, and the compounds we previously
reported (13), and a newly developed barbituric acid analog
T-809 (1b). The tested 1a analog compounds contained
varying functional group substitutions at N1-, C2-, N3- and
C5-positions of 1a. Among the tested 1a analogs, T-809 (1b)
and ASR-198 (2a) (Figure 1) were identified as more potent
cytotoxic agents than 1a on lung cancer cells. In this study,
we characterized the cytotoxicity, efficacy, and cell death
mechanism of 1a and its analog compounds (1b and 2a) in
lung cancer. 

Materials and Methods
Materials. Cell culture reagents such as Roswell Park Memorial
Institute (RPMI)-1640, Penicillin-Streptomycin solution, and
Trypsin-EDTA were purchased from Life Technologies (Grand
Island, NY, USA). Fibroblast basal medium and fibroblast growth
kit-serum free were ordered from American Type Cell Culture
(ATCC). Fetal bovine serum (FBS) was ordered from Gemini Bio-
Products (West Sacramento, CA, USA). Cisplatin was ordered from
Enzo Life Sciences (Farmingdale, NY, USA). The testing
compounds (1a, 1b, 2a, cisplatin) were dissolved in DMSO to make
a fresh stock solution before treatment. 

Synthesis of compounds (1a, 1b, 2a). 1a and 2a were synthesized by
Organic Synthesis Shared Resource of the Penn State College of
Medicine and Penn State Cancer Institute as reported before (13). The
compound 1b was synthesized by TPP Global Development as well
as Opal Oncology Ltd. The new barbituric acid analog 1-ethyl-5-((E)-
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3-phenylallylidene)pyrimidine-2,4,6(1H,3H,5H)-trione (1b) was
synthesized as outlined in Figure 2. Pyridine assisted condensation of
N-ethylbarbituric acid with cinnamaldehyde yielded the desired
compound 1b. To a stirred solution of 1-ethylpyrimidine-
2,4,6(1H,3H,5H)-trione (0.5 g, 3.2 mol) in ethanol (5.0 ml) was added
cinnamaldehyde and pyridine (catalytic amount) at room temperature.
The reaction mixture was stirred at room temperature for 15 min. The
precipitates formed were filtered and washed with ethanol. The solid
was dried under reduced pressure and further triturated with n-pentane
(1.5 ml × 2) to afford pure 1b (0.6 g, 69%) as pale yellow solid. The
final product was purified by silica gel column chromatography and
characterized based on nuclear magnetic resonance (NMR) and mass
spectra. 1H NMR (400Mz, CDCl3) δ 8.66-8.55 (m, 1H), 8.28-8.23
(m, 2H), 7.71 (t, J=5.2 Hz, 2H) 7.51-7.46 (m, 4H), 4.05-4.00 (q, J=7.2
Hz, 14.0 Hz, 2H), 1.31-1.26 (q, J=7.2 Hz, 14.0 Hz, 3H). MS m/z
271.95 (M+1). The purity level of compounds 1a, 1b, and 2a used
for biological assays was ≥98%.

Cell culture, treatment, and cytotoxicity assay. Human lung cancer
cells purchased from ATCC were maintained in RPMI-1640
medium supplemented with 100 U/ml penicillin, 100 μg/ml
streptomycin, and 10% FBS. Adult normal human primary dermal
fibroblasts (nHDF) were maintained in fibroblast basal medium with
a growth supplement. All the cell lines were cultured in a CO2
incubator at 37˚C. For the cytotoxicity assays, compounds were
exposed to the overnight cultured cells (e.g., 4,000-5,000/well) for
72 h and then performed cytotoxicity by MTT or MTS assay at the
end of the cell culture period. The LC50 (50% lethal concentration)
of chemical/compound was determined using statistical software
GraphPad Prism (GraphPad Software, San Diego, CA, USA) as a
general indicator of a chemical’s toxicity. The cytotoxicity study
was performed by three independent experiments in triplicate per
each experiment.

Human phospho-kinase array. Overnight cultured A549 lung cancer
cells were treated with 1a and its analogs for 2 h to determine the
expression of kinases. The phospho-kinase expression in the cells
was analyzed by the human phospho-kinase array (R&D Systems,
Minneapolis, MN, USA) according to the manufacture procedures.
Images were documented with Amersham Imager 600 system (GE
Healthcare, Chicago, IL, USA), and signal density was analyzed
using ImageQuant TL software system (GE Healthcare).

Western blotting. Human lung cancer A549 cells were treated with
various concentrations of 1a and its analogs for 24 h to determine
proteins’ expression. After the cells were lysed in RIPA buffer
(Sigma, St. Louis, MO, USA), protein concentration was determined

using the Pierce BCA protein assay kit (Pierce, Rockford, IL, USA).
The proteins were separated by SDS-PAGE electrophoresis using 4-
20% Criterion TGX gel (Bio-Rad, Hercules, CA, USA), transferred
onto a PVDF membrane and probed with the following primary
antibodies: ERK1/2 (p44/42), p-ERK1/2 (Thr202/Tyr204),
SAPK/JNK, p-SAPK/JNK (Thr183/Tyr185), p38, p-p38
(Thr180/Tyr182), c-Jun, p-c-Jun (Ser 73), pan-AKT, p-AKT
(Ser473), HSP27, p-HSP27 (Ser78), PARP, BAX, Caspase-3 (all
from Cell Signaling Technology, Beverly, MA, USA), and β-actin
(Sigma). All primary antibodies were incubated at 1:500 or 1:1,000
dilution overnight at 4˚C and anti-mouse or anti-rabbit secondary
HRP antibodies at 1:5,000 dilution for 1 h at room temperature were
used. The protein signal was detected with an ECL kit, and the
intensity of the protein bands was analyzed with an Amersham
Imager 600 system and ImageQuant TL (GE Healthcare). A protein
expression level was normalized to internal control (β-actin)
expression level and compared with vehicle-treated control cells.
The results from three independent experiments (biological samples)
are presented.

Subcutaneous tumor model for lung cancer. The antitumor effect
of 1a and its analogs was evaluated using lung cancer (A549)
subcutaneous nude mouse xenograft models. In brief, 4-8 weeks
old female nude mice (strain #490, Charles River Laboratories,
Wilmington, MA, USA) were implanted at flank with 100-200 μl
(1-10×106 cells per mouse) of A549 lung cancer cells. When the
subcutaneous tumors reached approximately 100-400 mm3 in size,
the mice were randomly divided into control or treatment groups
keeping similar tumor volume range in each group. For the
compound treated groups, the stock compounds were dissolved in
100% DMSO and then diluted with an appropriate vehicle to make
a working solution on the injection day. 1a and its analogs were
injected intraperitoneally once a week or three times a week for 3-
5 weeks using the 70% of the maximum tolerated dose (MTD). The
control (vehicle-treated) group was given intraperitoneally the same
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Figure 1. Structures of 1a and its two optimized analogs (1b and 2a).

Figure 2. Synthesis of barbituric acid analog 1b.



vehicle dose and followed the same regimen. The health and
survival of the mice were monitored daily. The body weight and
tumor size were measured on the mice once or thrice a week.
Tumor volume (V) was measured with a Vernier caliper and was
calculated according to the formula V=(a2/2) × b, where a and b
are minor and major axes of the tumor foci, respectively. To test
the toxicity of compounds, we euthanized the mice with
ketamine/xylazine (100/10 mg/kg body weight) intraperitoneally
and collected blood using a cardiac heart puncture. The liver and
kidney toxicity was evaluated using an automated Cobas Mira
chemistry analyzer machine (Roche, Indianapolis, IN, USA) and
kits manufactured by Thermo Electron (Louisville, CO, USA).
During the in vivo study, mice were housed in a virus-free barrier
facility under a 12-h light-dark cycle, with access to food and water
ad libitum. 

Statistical analysis: All data were subjected to statistical analysis
using the student t-test when comparing two groups. We used one-
way ANOVA followed by the Tukey-Kramer test for more than two
group comparisons to determine if the differences are significant.
For comparisons of concentration data, we performed repeated-
measures two-way ANOVA followed by the Tukey-Kramer test.
Differences among means are considered statistically significant
when the p-value is less than 0.05. The LC50 (50% lethal
concentration) of the compounds was determined using statistical
software (GraphPad Prism 7) as a general indicator of a chemical’s
toxicity. In the in vivo subcutaneous tumor model study, we used
two-way ANOVA models followed by Tukey’s multiple comparison
test for tumor volume comparison.

Ethics approval and consent to participate. All animal procedures
were performed under protocols approved by the Institutional Animal
Care and Use Committee (IACUC) of Penn State College of Medicine.

Results 
Cytotoxicity of 1a, 1b, and 2a on human lung cancer and
normal cells. Compounds 1b and 2a had more potent
cytotoxicity than 1a on human lung cancer A549 and H69
cell lines (Figure 3 and Table I). The compound 1b had
potent cytotoxicity on lung cancer cells but was less toxic to
normal human dermal fibroblast cells (Table I). 

Kinase profile of 1a and its analogs (1b, 2a) treated A549
lung cancer cells. We investigated the early time (e.g., 2 h)
effect of 1a and its derivatives (1b, 2a) on kinases using the
Human Phospho-Kinase array (R&D Systems). The most
increased phosphorylated protein compared to control cells
in 1a treated A549 cells was heat shock protein 27 (HSP27)
(S78/S82) (3.5-fold increase) (Figure 4A). Other altered
phosphorylated proteins by 1a treatment in A549 cells were
JNK1/2/3 (T183/Y185, T221/Y223), c-Jun (S63), AKT
(S473), and STAT-3 (S727) (Figure 4A). Similar to 1a-
treated A549 cells, the most increased phosphorylated
protein was HSP27 (S78/S82) (>5 fold) in 1b and 2a treated
A549 lung cancer cells compared to vehicle-treated control
group (Figure 4B). In the 1b treated A549 cells, the
expression of phosphorylated form of c-Jun and mitogen-
and stress-activated protein kinase 1 and 2 (MSK1/2) was
increased; however, the expression of cAMP response
element-binding protein (CREB) and proto-oncogene
tyrosine-protein kinase Src was decreased compared to
vehicle-treated control cells. While the phosphorylated form
of p38-alpha and c-Jun proteins was increased, the
expression of phosphorylated CREB, Src and catalytic
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Table I. In vitro anti-proliferative activities, LC50 (μM), of compounds
on lung cancer cells and normal cells (72 h treatment). MTT assay was
used for A549 and nHDF cells. MTS assay was used for H69 cells. The
LC50 was calculated by GraphPad Prism 7 software as an indication
of cytotoxicity of the compound. 

Compound             Normal cells                              Lung cancer

                                    nHDF                        A549                           H69

1a                               9.3±3.9                   11.2±2.9                      9.3±3.9
1b                               9.8±1.3                     5.3±2.9                      4.5±1.8
2a                               5.7±1.1                     4.9±2.8                      4.6±0.9
Cisplatin                                                    40±0.6                               

Values are the mean±SD of triplicates of at least three independent
experiments. nHDF: Adult normal human primary dermal fibroblast.
LC50: 50% cell death concentration.

Figure 3. Cytotoxicity of CC-I (1a) and its derivative compounds on
A549 lung cancer cells. Human lung cancer A549 cells (4,000 cells per
well) were cultured with different doses of 1a or its analog compounds
for 72 h, and then the cytotoxicity was determined by the MTT assay.
Asterisks indicate a significant difference between CC-I treated groups
and other compounds treated groups. (*p<0.05, **p<0.01). 



subunit of AMP-activated protein kinase (AMPKa1) was
decreased in the 2a-treated A549 cells. 

Proteins expression in 1a and its analogs treated A549 lung
cancer cells. We determined the expression of altered
proteins (e.g., p-c-Jun, p-AKT, and p-HSP27) on Human
Phospho-Kinase Array by western blotting when the A549
cells were exposed to compounds for longer times (24 h)
than phospho-kinase array study (2 h) to identify cell death
pathway. The expression of both c-Jun and p-c-Jun was
increased in 1a, but not 1b and 2a, treated A549 cells (Figure
5A and B). The increased expression of p-AKT and p-HSP27
compared to the expression of pan AKT and HSP27 was
observed in 1a- and 2a-treated cells, but not found in 1b-
treated cells (Figure 5A, C and D). 

We determined the expression of MAPK signaling pathway
proteins (e.g., ERK, JNK, p38 MAPK), upstream proteins of
c-Jun, in 1a analogs-treated A549 cells because all three
compounds increased phospho-c-Jun expression in Human
Phospho-Kinase Array. The 1a treatment strongly increased

phosphorylated JNK and phosphorylated p38 MAPK
expression in A549 cells (Figure 6A, C and D). The expression
of pERK1/2 (p44/42 MAPK) tends to increase in 1a-treated
A549 cells; however, this was not statistically significant
(Figure 6A and B). The increased p-JNK expression was also
found in 1b- and 2a-treated A549 cells. However, the fold
difference was smaller than that of 1a-treated cells. 

Next, we determined the expression of proteins related for
programmed cell death. The compound 1a (40 μM)
significantly increased the cleavage of PARP and decreased
full length of caspase-3 expression; however, 1a did not
affect pro-apoptotic BAX expression (Figure 7A-D). Almost
same pattern was observed for the expression of proteins
(PARP, caspase-3, BAX) in 1b- and 2a-treated A549 cells. 

Antitumor effect of 1a and its analogs on subcutaneous lung
cancer mouse tumor models. To evaluate the tumor inhibitory
effect of compounds, human lung cancer A549 cells were
injected into the mouse flanks as described in the materials and
methods section. When the tumors were ~400 mm3,
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Figure 4. Human Phospho-Kinase Array of 1a and its analogs (1b, 2a) treated A549 cells. (A) Example of Human Phospho-Kinase Array image on
1a treated A549 cells extract. Human lung cancer A549 cells were treated with 25 μM of 1a or vehicle control for 2 h before harvest and array
analysis. A list of altered proteins, phosphorylation sites, and average fold change in 1a treated A549 cells compared to the vehicle-treated control
cells in Human Phospho-Kinase Array (n=2) is shown. (B) Example of human phospho-kinase array image in 1b and 2a treated A549 cells extract.
The A549 cells were treated with 20 μM of 1b or 2a or vehicle control for 2 h before harvest and array analysis. The list of altered proteins,
phosphorylation sites, and average fold change in 1b or 2a treated A549 cells compared to the vehicle-treated control cells in human phospho-
kinase array is shown (n=2).



compounds were injected once a week by intraperitoneal
injection. Compound 1b showed a significant antitumor effect
compared to control (p<0.05 at 29 days post-treatment) (Figure
8B). Moreover, 1b treatment (25 mg/kg body weight, once a
week administration plan) showed a better antitumor effect
than 1a (Figure 8B). Cisplatin did not inhibit tumor growth
with a 2 mg/kg body weight once a week treatment regimen. 

By starting the compounds injection when tumor size was
small (~100 mm3), 1a (10 mg/kg) and 2a (20 mg/kg), with
three times a week injection regimen, this inhibited tumor
progression compared to the control group mice (Figure 8C-
F). The antitumor effect of 2a (p<0.0001), but not 1a, was
significant compared to the control group at day 22. In
general, body weight gradually increased due to the

development of subcutaneous tumors (Figure 8A and C).
There was no apparent systemic toxicity by the compounds
compared to the vehicle treated control mice, as indicated by
blood analysis (Figure 8E and F). 

Discussion

In this study, we demonstrated that a novel barbituric acid
compound 1b had more potent cytotoxicity than 1a against
lung cancer cells, and had less cytotoxicity to normal cells. The
other tested compound 2a, a thiobarbituric acid compound, also
had more potent cytotoxicity than 1a on lung cancer cells;
however, 2a had similar cytotoxicity on cancer cells and
normal fibroblast cells. These results suggest that dienyl
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Figure 5. The expression of proteins (c-Jun, p-c-Jun, AKT, p-AKT, HSP27, p-HSP27) in compounds (1a, 1b, 2a)-treated A549 cells. The A549 cells
were exposed with the indicated concentration of compounds or vehicle-treated control cells for 24 h. β-actin was used as a loading control. (A)
Representative western blot images. (B-D) Analysis of protein expression signals in western blotting. The individual protein expression signal was
normalized with the expression level of β-actin signal intensity. The intensity of phosphorylated protein (e.g., p-c-Jun) was compared with the
normalized total protein expression (e.g., c-Jun). The change of normalized protein signal (e.g., p-c-Jun vs. c-Jun) in compound treated cells was
indicated as a fold change compared to the vehicle-treated control cells (n=3). Values are the mean±SD of three independent experiments. Asterisks
indicate a significant difference compared to the vehicle-treated control groups. *p<0.05, **p<0.01.



functionality with terminal phenyl ring (as in 1b), but not
pyrrole ring (as in 1a), at C5 position may lead to less
cytotoxicity on normal fibroblast cells. The results also imply
that barbituric acid compounds can be more potent to lung
cancer cells compared to thiobarbituric acid compounds.
Although there is a report that several barbituric acid
derivatives had an anticancer effect on NCI60 cancer cell panel
via nucleophosmin 1 inhibition (14), our tested compound has
a unique moiety – dienyl functionality at C5 residue. In the in
vivo tumor models study, 1a and cisplatin did not have
antitumor effect; however, 1b and 2a showed antitumor effect
on A549 lung cancer subcutaneous mouse models.

All three tested compounds showed increased expression
of phospho-HSP27 and phospho-c-Jun at short-time
treatment (2 h). HSP27 and c-Jun are early response gene
products. HSP27 is a stress response protein and involved in
the apoptotic signaling pathway by inhibiting the activation
of procaspase-9 (15). Interestingly, over-expression of
HSP27 was found in lung cancer tissues and serum of
NSCLC patients (16). c-Jun is also one of the early response
gene products and oncogenic transcription factors (17). 

Among the MAPKs (ERK, JNK, p38), JNK had the most
increased expression of phosphorylated form than other
phospho-kinase in 1a treated A549 cells. At 2 h treatment,
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Figure 6. The expression of MAPK signaling proteins (ERK1/2, p-ERK1/2, JNK, p-JNK, p38 MAPK, p-p38 MAPK) in compounds (1a, 1b, 2a)
treated A549 cells. The A549 cells were exposed with the indicated concentration of compounds or vehicle-treated control cells for 24 h. β-actin
was used as a loading control. (A) Representative western blot images. (B-D) Analysis of protein expression signals in western blotting. The
individual protein expression band was normalized with β-actin signal intensity. The intensity of phosphorylated protein (e.g. p-ERK1/2) was
compared to the normalized total protein expression (e.g. ERK1/2). The change of normalized protein signal (e.g. p-ERK1/2 vs. ERK1/2) in compound
treated cells was indicated as a fold change compared to the vehicle-treated control cells (n=3). Values are the mean±SD of three independent
experiments. Asterisks indicate a significant difference compared to the vehicle-treated control groups. *p<0.05, **p<0.01.



phospho-JNK1/2/3, but not phospho-ERK or phospho-p38
MAPK, was over-expressed in 1a-treated A549 cells.
Interestingly, phospho-JNK1/2/3 was one of the most altered
(over-expressed) proteins at a later time point (24 h), too.
The present molecular study showed that the lead compound
1a-induced lung cancer cell death is mainly through
increased phospho-JNK and phospho-p38 MAPK signaling
pathways. Therefore, we expect that its analogs 1b and 2a
may follow a similar mode of action for cell death. However,
the molecular mechanism study suggests that 1b and 2a may
activate c-Jun (a common event in all three compounds
treated lung cancer cells) by a pathway that is different from
1a. The present results combined with our previous findings
of increased TNFα/β and TNFRSF 5/9 using apoptosis PCR
array (12) provide compelling evidence that 1a induced cell
death in cancer cells may be via TNF-JNK-mediated cell

death mechanism. Because TNF induces apoptosis through
JNK activation (18, 19), JNK is a crucial regulator of many
cellular events, including pro- or anti-apoptosis functions
(20). Activation of JNK is mediated by a mitogen-activated
protein (MAP) kinase module, i.e., MAP3K→MAP2K→
MAPK, through sequential protein phosphorylation (21). c-
Jun activity is regulated by the JNK pathway as well as its
own product Jun. In our study, we observed both c-Jun and
JNK activation by 1a. It is known that c-Jun is a double-edge
sword in cancer. While many studies found that c-Jun was
overexpressed in cancers, including lung cancer tumors (22-
25), a few studies found anti-cancer property and
chemoprevention activity of c-Jun phosphorylation (26-28).
Stress-activated p38 MAPK mediated cell death pathway has
been known in lung cancer cells (29-31). Because the cancer
signaling pathways, including JNK and p38 pathways, are
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Figure 7. Expression of programmed cell death proteins (e.g., PARP, BAX, Caspase-3) in compounds (1a, 1b, 2a)-treated A549 cells. The A549 cells
were exposed with the indicated concentration of compounds or vehicle-treated control cells for 24 h. β-actin was used as a loading control. (A)
Representative western blot images. (B-D) Analysis of protein expression signals in western blotting. The individual protein expression band was
normalized with β-actin signal intensity. The change of normalized protein signal in compound treated cells was indicated as a fold change compared
to the vehicle-treated control cells (n=3). Values are the mean±SD of three independent experiments. Asterisks indicate a significant difference
compared to the vehicle-treated control groups. *p<0.05, **p<0.01.
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Figure 8. Antitumor effect of 1a, 1b, and 2a on the A549 subcutaneous lung cancer mouse models. (A, B) A549 lung cancer cells were implanted
subcutaneously to the flank of nude mice to form subcutaneous tumors, as described in the materials and methods section. After random grouping
of mice when the tumor volume reached around 400 mm3, the compounds were injected once a week until day 20 and then treated twice a week at
a final concentration of 25 mg/kg for 1a and 1b in 5% DMSO and 12% ethanol, or 2 mg/kg for cisplatin. (A) Average body weight. (B) Average
tumor volume in mice. The compound 1b showed a significant antitumor effect compared to control and cisplatin (p<0.05). (C-F) A549 lung cancer
cells implanted subcutaneously to the flank of nude mice to form subcutaneous tumors, as described in the materials and methods section. When
the tumor volume reached around 100 mm3, the compounds were injected three times a week at a final concentration of 10 mg/kg for 1a and 20
mg/kg for 2a. The antitumor effect of 1a (p<0.05) and 1b (p<0.01) was significant compared to the control group at day 22. (C) Average body
weight. (D) Average tumor volume. (E, F) Blood toxicity of compounds in the mice.



activated differentially in response to an anticancer agent, an
extensive mechanistic study is required to evaluate whether
1a has prolonged activation and/or transient activation of the
identified cell death pathways. 

In the present study, we observed increased PARP cleavage
fragment (89 kDa) in all three compounds-treated A549 cells.
The PARP fragments can be generated by caspases, and the
fragment is a prominent characteristic of apoptosis or
programmed cell death. In our earlier study (13), thiobarbituric
acid compounds induced PARP cleavage and inhibited anti-
apoptotic Bcl-2, Bcl-xL, and survivin in a dose-dependent
manner in 24 h-treated melanoma cells.  Therefore, it is
evident this series of compounds induced cell death via PARP
cleavage. However, there was no difference in a pro-apoptotic
BAX expression in the present lung cancer study. These
results indicate that 1a and its analogs mediated lung cancer
cell death is not involved in BAX mediated cell death. 

At present, we do not know the exact cell death
mechanism of 1b and 2a in lung cancer cells. The kinase
array data suggest their cell death is mediated through
decreased phospho-CREB/Src expression. Moreover, Yang
et al. reported that an alkaloid Tylophorine inhibited
carcinoma cells via c-Jun and the PI3K/PDK1/eEF2
signaling cascade (26). Therefore, we should determine
whether 1b and 2a can modify the expression of
PI3K/PDK1/eEF2 and the CREB/Src signaling pathway for
lung cancer cell death in the near future. In our in vivo
research, cisplatin (2 mg/kg, once a week by intraperitoneal
injection) did not inhibit A549 lung cancer tumor growth. In
a similar study like ours (tumors developed to 300-350
mm3), cisplatin (5 mg/kg) for three weeks did not inhibit
tumor growth (32). However, another study found antitumor
effect of cisplatin (3 mg/kg, two times per week) when
tumors are 400 mm3 (33). Therefore, the efficacy of cisplatin
and 1a in A549 subcutaneous tumor model should be
optimized and further tested in the future to compare the
efficacy of 1a analogs. 

Thiobarbituric acid compounds have been well known for
their anticancer properties (34, 35) and in general, although
not always, are more effective anticancer agents than their
barbituric acid counterparts. In the current study, we
observed the barbituric acid derivative 1b to be relatively
more effective in inhibiting tumor growth suggesting that the
efficacy could also depend on the overall structure of the
molecule and the types of substitutions which account for
additional differences in solubility, stability, permeability,
pharmacokinetics and pharmacodynamics profile. In
addition, thiobarbiturates (1a, 2a) are more lipophilic than
barbiturates (1b), and therefore, it might possibly be
relatively more challenging for compound 1b to cross the
blood-brain-barrier making it less effective on brain tumors
compared to the effect of lung cancers. These effects remain
to be determined in future studies.

In conclusion, we identified a barbituric acid analog 1b
and a thiobarbituric acid analog 2a, as effective antitumor
compounds which can be potential leads worthy of further
development. These compounds showed efficacy in both in
vitro and in vivo lung cancer mouse tumor models. 
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