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  B13, a ceramide analogue, is a ceramidase inhibitor and induces apoptosis to give potent anticancer 
activity. A series of thiourea B13 analogues was evaluated for their in vitro cytotoxic activities against 
human renal cancer Caki-2 and leukemic cancer HL-60 in the MTT assay. Some compounds (12, 15, 
and 16) showed stronger cytotoxicity than B13 and C6-ceramide against both tumor cell lines, and 
compound (12) gave the most potent activity with IC50 values of 36 and 9 μM, respectively. Molecular 
modeling of thiourea B13 analogues was carried out by comparative molecular field analysis (CoMFA) 
and comparative molecular similarity indices analysis (CoMSIA). We obtained highly reliable and 
predictive CoMSIA models with cross-validated q2 values of 0.707 and 0.753 and CoMSIA contour maps 
to show the structural requirements for potent activity. These data suggest that the amide group of 
B13 could be replaced by thiourea, that the stereochemistry of 1,3-propandiol may not be essential 
for activity and that long alkyl chains increase cytotoxicity.
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INTRODUCTION

  Ceramides have long amino alcoholic chains covalently 
bound via amide linkage to fatty acyl chains that vary in 
length. C6-ceramide has a synthetic short N-acyl chain 
(N-COC5H11) and the natural C16- to C26-ceramides have 
long N-acyl chains (N-COC15H31 to N-COC25H51) [1-3]. They 
are synthesized from the hydrolysis of the phospholipid 
sphingomyelin by sphingomyelinase and metabolized by 
ceramidase (Fig. 1). 
  Ceramides are known as bioactive lipids that regulate 
various key biological functions including cell growth, dif-
ferentiation, transformation, inflammation, and smooth 
muscle cell relaxation [4-7]. Ceramide was also reported to 
play an important role in apoptosis, and ceramide-depend-
ent stress signaling was related to cytotoxic agents known 
to trigger apoptosis [8-11]. Defects in ceramide signaling 
and metabolism have been shown to be involved in apopto-
sis resistance in cancer cells [12-15]. Several cytokines and 
stressors, such as TNF-α, anticancer agents, radiation, and 
heat shock, are known to induce intracellular ceramide ac-
cumulation [16-18], which leads to cell cycle arrest and 
apoptosis in tumor cells [19-21]. But, cellular ceramide is 
rapidly removed by ceramide metabolizing enzymes such 
as acid ceramidase.
  Some ceramide analogues are known to induce apoptosis 
in cancer cells and could be considered as new therapeutic 
agents for cancer cells [15,22,23]. B13, an aromatic analog 

of ceramide, exhibits potent ceramidase inhibitory activity 
to give anticancer activity in the myeloid leukemia cell line 
HL-60, and melanoma, prostate, and colon cancer cells [10, 
24-27]. Moreover, B13 was reported to have selective tox-
icity toward malignant cells but not normal cells, and it 
prevented colon cancer cells from metastasis transition in 
a nude mouse model [10]. The thiourea analogues of B13 
could be assumed to have similar biological activity to B13, 
since an oxygen atom and the CH2 moiety of the acyl group 
in B13 were isosterically substituted by the sulfur atom and 
NH in thiourea. In this study, we report the cytotoxic activ-
ity of 20 thiourea analogues of B13 against human tumor 
cell lines and investigate the influence of the stereo-
chemistry of 1,3-propandiol, the p-nitro group in the phenyl 
ring, and the alkyl chain length in the thiourea group. We 
also perform 3D-QSAR analysis of these B13 analogues for 
the development of more selectively potent anticancer 
agents. 

METHODS

Chemicals 

  Phosphate-buffered saline (PBS) was purchased from 
Boehringer Mannheim. 3-[4,5-Dimethylthiazol-2-yl]-2,5- 
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide 
(DMSO), and other reagents were purchased from Sigma. 
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Table 1. Structures and in vitro cytotoxic activities of the ceramide analogues

R

OH

OH
HN

S

NH R1
1

2
3

Compounds R   R1 Configuration
Cytotoxicity IC50 (μM)

Caki-2 HL-60

1
T1
2

T2
3
4
5
6
7
8
9

10
11
12
13
T3
14
15
16
17
T4
18

H C8H17

H C10H21

H C12H25

H C14H29

H p-ClC6H4

H C8H17

H C10H21

H C12H25

H C14H29

H p-ClC6H4

NO2 C8H17

NO2 C10H21

NO2 C12H25

NO2 C14H29

NO2 p-ClC6H4

NO2 C8H17

NO2 C10H21

NO2 C12H25

NO2 C14H29

NO2 p-ClC6H4

B13
C6-ceramide

1R, 2R
1R, 2R
1R, 2R
1R, 2R
1R, 2R
1S, 2S
1S, 2S
1S, 2S
1S, 2S
1S, 2S
1R, 2R
1R, 2R
1R, 2R
1R, 2R
1R, 2R
1S, 2S
1S, 2S
1S, 2S
1S, 2S
1S, 2S
1R, 2R
1S, 2S

95
43
47
70

＞297
100

77
39
42

＞297
110

47
63
36

209
59
70
39
38

231
109

43

88
55
74
48

280
95
53
30
33

275
40
47
24

9
116

50
38
17
11

105
28
26

The cells were plated at a density of approximately 1×104 cells/well in 96-well plates. Each well contained 180 μl of medium and 
20 μl of 10×concentration of prepared compounds or PBS were added. After 96 h of culture, 0.1 mg of MTT was added to each 
well and incubated at 37oC for 4 h. The plates were centrifuged at 450×g to precipitate the formazan crystals. The medium was 
removed and 150 µl of DMSO was added to each well to dissolve the formazan. In this assay, MTT was converted to blue formazan 
by mitochondrial dehydrogenase. The intensity of the blue color was measured with a microplate reader at a wavelength of 540 
nm. The measured mean values were expressed as the IC50, the concentration that reduced the optical density of the treated cells 
by 50% with respect to the untreated controls.

Fig. 1. Structures of ceramide 
analogues.
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Table 2. Statistical data for CoMFA and CoMSIA models

Fielda q2b Nc SEPd r2
ncv

e SEEf Fg r2
pred

h
Contributionsa

S E D A

Renal cancer Caki-2 cells
  CoMFA
    S
    E
    SE
  CoMSIA
    S
    E
    D
    A
    SE
    SD
    DA
Leukemia HL-60 cells
  CoMFA
    S
    E
    SE
CoMSIA
    S
    E
    D
    A
    SE
    SD
    DA

0.430
0.299
0.556

0.465
0.479
0.312

−0.127
0.522
0.707
0.269

0.555
0.414
0.602

0.606
0.579
0.485
0.232
0.753
0.562
0.466

3
3
2

3
5
4
1
2
4
3

2
4
3

2
2
1
1
2
1
1

0.268
0.297
0.228

0.260
0.277
0.306
0.353
0.237
0.200
0.303

0.297
0.366
0.291

0.280
0.289
0.309
0.378
0.221
0.285
0.315

0.992
0.919
0.958

0.978
0.996
0.900
0.510
0.963
0.999
0.935

0.961
0.984
0.990

0.941
0.897
0.688
0.619
0.982
0.787
0.729

0.031
0.101
0.070

0.053
0.026
0.116
0.232
0.066
0.014
0.090

0.087
0.061
0.047

0.108
0.143
0.241
0.266
0.060
0.199
0.224

592.153
53.162

170.692

204.852
533.148

29.402
16.681

197.916
2377.228

67.381

186.554
199.632
452.730

120.378
65.338
35.279
25.978

411.615
59.254
43.026

0.975

0.965

1

0.550

1

0.444
0.581

1

0.505

1

0.395
0.430

1
0.450

1

0.556

1
0.495

1

0.605

1

0.419
0.429

1

0.570
0.487

1

0.571

0.513
aFields used (S, steric; E, electrostatic; D, H-bond donor); A, H-bond acceptor; bq2, cross-validated correlation coefficient from 
leave-one-out (LOO); cN, optimum number of components; dSEP, standard error of prediction; er2

ncv, non-cross-validated correlation 
coefficient; fSEE, standard error of estimate; gF, F-test value; hr2

pred, predicted correlation coefficient.

Human tumor cell lines of renal cancer Caki-2 and leuke-
mic cancer HL-60 were obtained from Chongkundang Phar-
maceutical Corp. A series of thiourea B13 analogues were 
previously synthesized in our lab [28].

In vitro cytotoxic assay

  The thiourea B13 analogues were evaluated for their cy-
totoxicity in the following human tumor cell lines: renal 
cancer Caki-2 and leukemic cancer HL-60. The cells were 
treated as described in the Table 1 legend and the cytotoxic 
assay was performed with a MTT-based colorimetric assay 
[29,30].

CoMFA and CoMSIA analysis

  A data set of 22 compounds was used to carry out the 
3D-QSAR analysis. The molecular structures of the train-
ing and test sets are described in Table 1. The data set 
was divided into two groups. Eighteen compounds (1∼18) 
were randomly selected for the training set and four com-
pounds (T1∼T4) for the test set, which was used for ex-
ternal validation of the 3D-QSAR models. The IC50 values 
were converted into pIC50 (−log IC50) values and used as 
the dependent variable in deriving CoMFA and CoMSIA. 
  All computational studies were performed with Tripos 
Sybyl-X 1.1.1 software [31]. Molecular structures were built 
by the Sketch Molecule tool in SYBYL. The structural opti-

mization was carried out using TRIPOS force field with the 
Gasteiger Huckel charges and conjugated gradient method 
with a gradient convergence value of 0.05 kcal/mol. Low 
energy conformation was searched by simulated annealing 
method. The structures were aligned by using align 
database. One of the most important requirements for 
CoMFA and CoMSIA models is that the 3D structures of 
the molecules should be aligned to a suitable conforma-
tional template. The most active compound (12) was used 
as a template molecule, and the bold line moiety of thiourea 
B13 analogues in Table 1 was used as a common sub-
structure in the alignment. 
  CoMFA and CoMSIA are based on the relationship be-
tween biological activity and structural properties of com-
pounds when the receptor structure is not known. CoMFA 
was performed on the steric and electrostatic fields with 
the default values. A three-dimensional cubic lattice with 
2.0 Å grid spacing was generated around the aligned 
molecules. The steric and electrostatic field energies of 
CoMFA were calculated for each molecule using Lennard- 
Jones potential and Coulombic potential, respectively. The 
sp3 carbon probe atom with a charge of ＋1 and a Van der 
Waals radius of 1.52 Å was used to generate the CoMFA 
steric and electrostatic fields. 
  The CoMSIA method involves a common probe atom and 
similarity indices calculated at regularly spaced grid inter-
vals for the aligned molecules. The CoMSIA calculates five 
fields: steric, electrostatic, hydrophobic, hydrogen bond ac-
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Table 3. Actual and predicted activities (pIC50) of the training set

Compounds
Caki-2 cells HL-60 cells

Actuala Predictedb Residualc Actuala Predictedd Residualc

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

4.02
4.33
3.53
4.00
4.11
4.41
4.38
3.53
3.96
4.33
4.20
4.44
3.68
4.16
4.41
4.42
3.64
4.37

Average

4.01
4.35
3.54
4.00
4.13
4.40
4.38
3.54
3.95
4.33
4.21
4.45
3.67
4.14
4.42
4.41
3.63
4.37

0.01
−0.02
−0.01

0
−0.02

0.01
0

−0.01
0.01

0
−0.01
−0.01

0.01
0.02

−0.01
0.01
0.01

0
0.01

4.06
4.13
3.55
4.02
4.28
4.52
4.49
3.56
4.40
4.33
4.62
5.03
3.94
4.42
4.76
4.96
3.98
4.58

3.98
4.16
3.53
3.96
4.21
4.49
4.48
3.67
4.46
4.40
4.59
4.99
3.96
4.52
4.80
4.93
3.94
4.57

0.08
−0.03

0.02
0.06
0.07
0.03
0.01

−0.11
−0.06
−0.07

0.03
0.04

−0.02
−0.1 
−0.04

0.03
0.04
0.01
0.05

aActualcytotoxic activity; bpredicted activity by the CoMSIA model with steric and hydrogen bond donor fields; cdifference between 
the actual and predicted activity; dpredictedactivity by the CoMSIA model with steric and electrostatic fields. The pIC50 (−log IC50) 
values were converted from IC50 values.

ceptor, and hydrogen bond donor fields. The common probe 
atom with radius 1.0 Å, charge ＋1, hydrophobicity ＋1, hy-
drogen bond donating ＋1, and hydrogen bond accepting ＋1 
was used to calculate the five fields. A default value of 0.3 
was used for the attenuation factor. 
  Partial least squares (PLS) regression analysis was used 
with cross-validation to determine the optimum number of 
components, which were then used for the final 3D-QSAR 
model without cross-validation. Cross-validation was per-
formed with the leave-one-out (LOO) method in which one 
compound was removed from the data set and its biological 
activity was predicted with the model derived from the rest 
of the data set. Finally, non-cross-validated analysis was 
carried out using the optimal number of components for 
CoMFA and CoMSIA.

RESULTS

In vitro cytotoxic activity

  Twenty-two compounds were evaluated for their cytotox-
icity in vitro against human renal cancer Caki-2 and leuke-
mic cancer HL-60 cells. The biological activities of the com-
pounds are presented in Table 1. B13 showed moderate cy-
totoxicity with IC50 values of 109 and 28 μM against Caki-2 
and HL-60 tumor cell lines, while C6-ceramide exhibited 
more potent activity with IC50 values of 43 and 26 μM in 
our assay conditions, respectively. 
  In renal cancer Caki-2 cells, most B13 analogues except 
p-chlorophenyl compounds (3, 8, 13, and 17) had more po-
tent activity than B13, and the long alkyl chain analogues 
(6, 7, 12, 15, and 16) exhibited stronger cytotoxicity than 
C6-ceramide. For leukemic cancer HL-60 cells, the long al-
kyl chain compounds with a nitro group at the phenyl ring 

(11, 12, 15, and 16) exhibited more potent cytotoxicity than 
B13 and C6-ceramide. Compounds 12, 15, and 16 were 
more active than B13 and C6-ceramide against both tumor 
cell lines and compound 12 was the most potent. These com-
pounds had a nitro group at the phenyl ring, a long alkyl 
chain at the thiourea moiety, and IC50 values of 36, 39, and 
38 μM against renal cancer Caki-2 cells and 9, 17, and 11
μM against leukemic cancer HL-60 cells, respectively. The 
IC50 values of the other compounds ranged from 43 to 297
μM for Caki-2 cells and 24 to 280 μM for HL-60 cells.

3D-QSAR analysis

  The statistical results from CoMFA and CoMSIA models 
are summarized in Table 2.
  Renal cancer Caki-2 cells: Seven CoMSIA models were 
performed with the steric, electrostatic, hydrogen bond do-
nor, and hydrogen bond acceptor fields. PLS analyses with 
steric and hydrogen bond donor field gave a cross-validated 
coefficient (q2) value of 0.707 and non-cross-validated co-
efficient (r2

ncv) value of 0.999 with 4 optimum number of 
components. The CoMFA model with steric and electro-
static fields gave q2=0.556, N=2, and r2

ncv=0.958. The 
CoMSIA model with steric and hydrogen bond donor fields 
showed higher q2 value (0.707) than any other CoMFA and 
CoMSIA models. The predictive ability of the model is ex-
pressed by the r2

pred value, which is analogous to cross-vali-
dated q2, and the predicted r2 value of this model was 0.975. 
For this model, the predicted pIC50 values and residuals 
for training set and test set are shown in Tables 3 and 4, 
respectively. Fig. 2A shows the correlation between the ac-
tual versus predicted pIC50 values of the 22 training and 
test set compounds.
  Leukemic cancer HL-60 cells: The CoMSIA model with 
steric and electrostatic fields gave a cross-validated co-
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Table 4. Actual and predicted activities (pIC50) of the test set

Compounds
Caki-2 cells HL-60 cells

Actuala Predictedb Residualc Actuala Predictedd Residualc

T1
T2
T3
T4

4.37
4.16
4.23
3.96

Average

4.17
4.10
4.25
3.96

0.2
0.06

−0.02
0

0.07

4.26
4.32
4.30
4.55

4.14
4.18
4.45
4.53

0.12
0.14

−0.15
0.02
0.11

aActualcytotoxic activity; bpredicted activity by the CoMSIA model with steric and hydrogen bond donor fields; cdifference between 
the actual and predicted activity; dpredictedactivity by the CoMSIA model with steric and electrostatic fields. The pIC50 (−log IC50) 
values were converted from IC50 values.

Fig. 2. Plot of the actual versus predicted activities against tumor 
cell lines. (A) Renal cancer Caki-2 cells. (B) Leukemic cancer HL-60 
cells. The IC50 values were converted into pIC50 (−log IC50) values 
(●: training set molecules, ▲: test set molecules).

efficient (q2) of 0.753 and a non-cross-validated coefficient 
(r2

ncv) of 0.982 with an optimum number component (N) of 
2. CoMFA with steric and electrostatic fields showed 
q2=0.602, N=3, and r2

ncv=0.990. CoMSIA with steric and 
electrostatic fields gave a higher q2 value (0.753) than any 
other models, and its predicted r2 value was 0.965. With 
this model, the predicted pIC50 values and residuals of the 
training set and test set were calculated and shown in 
Tables 3 and 4, respectively. A graph of actual versus pre-
dicted pIC50 values for the training set and test set is shown 
in Fig. 2B.

DISCUSSION

  Compounds 12, 15, and 16 showed more potent cytotox-
icity than B13, suggesting that the amide group of B13 
could be replaced by a thiourea group. This could provide 
clues for the design of new B13 analogues, since the thiour-
ea group is generally more water soluble and stable to hy-
drolysis by amidase than the amide group. The stereo-
chemistry of 1,3-propandiol may not be essential for cyto-
toxicity, although some (1S, 2S) compounds with long alkyl 
chains (6, 7 and 15) gave slightly more potent activity than 
(1R, 2R) compounds (2, T2, and 11). But the (1R, 2R) com-
pound with short alkyl chains (1) had stronger activity than 
(1S, 2S) compound (4). The introduction of a p-chlorophenyl 
ring at the thiourea moiety significantly decreased cytotox-
icity, while the nitro group at the phenyl ring in 1,3-prop-
andiol increased activity against both cancer cell lines. 
Therefore, compounds with a p-chlorophenyl group (3, 8, 
13, and 17) were less active than other compounds, while 
compounds with a nitro group at phenyl ring (12, 13, T3, 
14, 15, 16, and 17) were more potent than compounds with-
out a nitro group (T2, 3, 4, 5, 6, 7, and 8). In general, com-
pounds with long alkyl chains (6, 7, 12, 15, and 16) showed 
increased activity compared with those with short alkyl 
chains (4, 5, 10, T3, and 14). This was consistent with the 
reported trend that the biological activity increased with 
the acyl chain length of ceramide [22,32].
  For renal cancer Caki-2 cells, the statistical data from 
the CoMSIA model showed high cross-validated value q2 
(0.707) and non-cross-validated coefficient value r2

ncv 
(0.999), which suggested that this model was predictive. In 
general, a q2 value higher than 0.5 is considered an in-
dication that the model is internally predictive. The relative 
contributions of steric field (0.581) and hydrogen bond do-
nor field (0.419) indicated that steric and hydrogen bond 
donor interactions in the receptor were similarly important 
in the activity. For leukemic cancer HL-60 cells, the 
CoMSIA model with steric and electrostatic fields showed 
a higher q2 value than the other models. Good predictivity 
of this model was indicated by high q2 (0.753) and r2

ncv 
(0.982) coefficient values. The steric (39.5%) and electro-
static field (60.5%) contributions suggested that strong elec-
trostatic ligand-receptor interactions were involved in the 
cytotoxicity. The small average residual values (0.01 and 
0.05) between actual and predicted activity in Table 3 
showed that the predicted activity from CoMSIA models 
correlated well with actual activity. The test set was used 
to validate the predictive ability of these CoMSIA models 
and their small average residual values (0.07 and 0.11) in-
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Fig. 3. 3D-contour maps of CoMSIA models. (A) CoMSIA model 
with steric and hydrogen bond donor fields for renal cancer Caki-2 
cells. (B) CoMSIA model with steric and electrostatic fields for 
leukemic cancer HL-60 cells. Compound 12 is shown inside fields 
(green: sterically favorable; yellow: sterically unfavorable; cyan: 
hydrogen bond donor favorable; purple: hydrogen bond donor 
unfavorable; blue: positive charge favorable; red: negative charge 
favorable).

dicated that both models predicted the biological activity 
of the test set molecules well. 
  Contour maps showed the regions around molecules where 
increased or decreased activity was predicted by phys-
icochemical property changes in the molecules. The 
CoMSIA contour map of steric and hydrogen bond donor 
fields in renal cancer Caki-2 cells and that of steric and 
electrostatic fields in leukemia cancer HL-60 cells are 
shown in Fig. 3. The green contours indicate sterically fa-
vored regions, whereas the yellow contours designate steri-
cally unfavorable regions in the steric contour map. The 
cyan area is a hydrogen bond donor favored region, while 
the purple area shows a hydrogen bond donor unfavorable 

region in the hydrogen bond donor contour map. In the elec-
trostatic contour map, blue and red regions are favorable 
for positive charge and negative charge, respectively. The 
molecule in the contour maps is compound 12, which 
showed the most potent cytotoxicity.
  The CoMSIA contour map of renal cancer Caki-2 cells 
(Fig. 3A) illustrated yellow contours at C1-H, C2-H and 
C3-OH in 1,3-propandiol and alkyl chain from C2 to C5. 
These yellow contours suggested that bulky groups at these 
regions were unfavorable for cytotoxic activity. This finding 
was supported by the compounds with a bulky p-chlor-
ophenyl ring (3, 8, 13, and 17) at the alkyl chain, which 
were much less active than other compounds. The presence 
of green contours at C1-OH and C3-H in 1,3-propandiol and 
C1 of the alkyl chain indicated that a bulky substituent 
in these regions may enhance the cytotoxic activity. The 
cytotoxicity was likely to be increased by introduction of 
a hydrogen bonding donor group at the cyan regions around 
C2-H in 1,3-propandiol, ortho hydrogen of phenyl ring, and 
C1-H of alkyl chain. 
  The CoMSIA contour map in leukemic cancer HL-60 cells 
(Fig. 3B) showed a sterically favorable green region at the 
alkyl chain from C2 to C6, where bulky groups were likely 
to increase the cytotoxic activity. But the bulky substituent 
at C1-H, C2-H, and C3-OH in 1,3-propandiol and C1-H of 
alkyl chain were expected to decrease the activity, since 
they were in sterically unfavorable yellow regions. The 
CoMSIA contour map also showed favorable regions for pos-
itive charge (blue contour) near C1-H and C3-H in 1,3-prop-
andiol and NH of the alkyl chain, and favorable regions 
for negative charge (red contour) at the oxygen of C1-OH. 
Since the hydrogen of C1-H and C3-H in 1,3-propandiol and 
NH at the alkyl chain are electron deficient atoms due to 
electron withdrawing oxygen and sulfur atoms and the neg-
ative charge of the oxygen of C1-OH itself, they correlated 
well with the CoMSIA electrostatic contour map. Thus, 
1,3-propandiol and the thiourea moiety were important for 
cytotoxicity.
  In conclusion, compounds 12, 15, and 16 exhibited stron-
ger cytotoxicity than B13 and C6-ceramide in both tumor 
cell lines. The good predictivity of CoMSIA models was 
shown by high q2 (0.707 and 0.753) and r2

ncv (0.999 and 
0.982) coefficient values. The small average residual values 
of the training (0.01 and 0.05) and test (0.07 and 0.11) sets 
indicated that the predicted activities from CoMSIA models 
correlated well with the actual activity. Cytotoxic assays 
suggested that the amide group of B13 could be replaced 
by thiourea, that the stereochemistry of 1,3-propandiol may 
not be essential for activity and that long alkyl chains in-
creased cytotoxicity. The bulky substituents at C1-H, C2-H 
and C3-OH in 1,3-propandiol were expected to decrease the 
activity in both cancer cell lines. But, a bulky substituent 
at C1-H of alkyl chain and small groups at the alkyl chain 
from C2 to C5 were likely to enhance the cytotoxicity 
against renal cancer Caki-2 cells but decrease the cytotox-
icity against leukemic cancer HL-60 cells. This could pro-
vide some valuable information for the design of new B13 
analogues.
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