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Some xanthine analogues, including 1,3,7-trimethylxanthine (caf-
feine) and 1,3-dimethylxanthine (theophylline), have been shown
to exert anticancer activities in both cell culture and animal mod-
els. The present study focused on the relationship of structure and
activity of 50 different caffeine analogues in preventing epidermal
growth factor (EGF)-induced malignant transformation of mouse
epidermal JB6 promotion-sensitive (P1) Cl41 (JB6 P1) cells.
Results indicated that the inhibition of cell transformation by
the 1,3,7-trialkylxanthines depends on the number of carbons at
the alkyl groups R1 and R3, but not R7. Notably, 1-ethyl-3-
hexylxanthine (xanthine 70) was the most effective compound
for inhibiting EGF-induced neoplastic transformation among
the 50 xanthine analogues tested. The 50% inhibition of cell trans-
formation (ICT50) value for xanthine 70 was 48- or 75-fold less
than the ICT50 value of caffeine or theophylline, respectively.
Further study revealed that xanthine 70 (5–40 mM) dose depen-
dently inhibited EGF-induced transactivation of activator protein
1 (AP-1), whereas theophylline or caffeine (up to 500 mM) had no
effect on AP-1 activity. In addition, xanthine 70 (10 mM) inhibited
12-O-tetradecanoylphorbol-13-acetate- or H-Ras-induced neo-
plastic transformation in JB6 P1 cells by 78.2 or 62.0%, respec-
tively. Collectively, these results indicated that the number of
carbons at R1 and R3 is important for the antitumor-promoting
activity of the trialkylxanthines and xanthine 70 might be a prom-
ising anticancer agent.

Introduction

Nitrogen-containing compounds from terrestrial and marine organ-
isms have been intensively investigated over the last few years for
their potential as drug candidates and anticancer agents (1–5). These
compounds include 1,3,7-trimethylxanthine or caffeine, a natural
methylxanthine present in coffee and tea, and its various analogues,
referred to as 1,3,7-trialkylxanthines or xanthines. Previous studies
revealed that caffeine inhibits the development of tumors induced by
various carcinogens in numerous organs including skin (6), lung (7),
stomach (8) and liver (9). Oral administration of caffeine was also
shown to substantially inhibit UVB-induced carcinogenesis in SKH-1
mice (10). A recent study further revealed that caffeine inhibited
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced lung tumor

progression from adenoma to adenocarcinoma (7). Caffeine was
shown to suppress the proliferation of various cancer and transformed
cell lines including human neuroblastoma cells, human pancreatic
adenocarcinoma cells, human A549 lung adenocarcinoma cells and
mouse epidermal JB6 promotion-sensitive (Pþ) cells (11–14). Tumor
promoter-induced neoplastic transformation was also inhibited by
caffeine treatment (11). 1,3-Dimethylxanthine (theophylline) and
1-methyl-3-propyl-7-butylxanthine (xanthine 77) were proposed to
be potential anticancer drugs especially in combination with other
chemotherapeutic drugs (15–18). Some xanthine analogues contain-
ing methyl groups were also reported to enhance the killing of p53-
deficient cells (19).

The JB6 cell system of clonal genetic variants, including those that
are Pþ or promotion resistant (P�), facilitates the study of genetic
susceptibility to transformation and promotion/progression at the mo-
lecular level (20–23). The JB6 Pþ, P� and transformed variants are
a series of cell lines representing ‘earlier-to-later’ stages of preneo-
plastic-to-neoplastic progression (20–23). JB6 Pþ cells transform
when stimulated with epidermal growth factor (EGF), 12-O-tetrade-
canoylphorbol-13-acetate (TPA) or H-Ras, resulting in the formation
of colonies in soft agar. The transformation is thought to involve the
activation of activator protein 1 (AP-1), which regulates the transcrip-
tion of various genes related to inflammation, proliferation and me-
tastasis (21,24). The purpose of the present study was to investigate the
potential chemopreventive activities of 50 different 1,3,7-trialkylxanthines,
which resemble caffeine in their structures (Figure 1A) but differ in
the length of the alkyl side chains. Here we report that the number of
carbons at R1 or R3 is important for the antitumor-promoting activity
of trialkylxanthines and that xanthine 70 may be a potential anticancer
agent.

Materials and methods

Reagents

Caffeine, xanthine, theobromine, theophylline, 1-methylxanthine, 3-methyl-
xanthine, 7-methylxanthine, 1,7-dimethxanthine and TPA were purchased
from Sigma (St Louis, MO). Other xanthines were synthesized as described
previously (25–28). All compounds were analyzed for carbon, hydrogen and
nitrogen and the analytical results were within ±0.4% of theoretical values and
data from high-resolution mass spectral analysis showed that all compounds
were of high purity as described previously (26,29). Xanthines were dissolved
in dimethyl sulfoxide. Eagle’s minimum essential medium (MEM), basal me-
dium Eagle, gentamicin, L-glutamine and EGF were purchased from Gibco
BRL (Carlsbad, CA). Fetal bovine serum (FBS) was obtained from Gemini
Bio-Products (Calabasas, CA). G418 and the luciferase assay substrate were
purchased from Promega (Madison, WI).

Cell culture

The JB6 Pþ and H-Ras-transformed JB6 mouse epidermal cell lines were
cultured in monolayers in MEM containing 5% FBS, 2 mM L-glutamine and
25 lg/ml gentamicin at 37�C in a 5% CO2 incubator. The JB6 mouse epidermal
cell line was stably transfected with an AP-1 luciferase reporter plasmid and
maintained in MEM supplemented with 5% FBS containing 200 lg/ml G418.

Anchorage-independent transformation assay

The effect of xanthines on EGF- or TPA-induced cell transformation was in-
vestigated using JB6 Pþ cells. Cells (8 � 103) were exposed to EGF or TPA,
with or without xanthines (0.005–3 mM), in 1 ml of 0.33% basal medium Eagle
agar containing 10% FBS and overlaid with 3.5 ml of 0.5% basal medium
Eagle agar containing 10% FBS. The cultures were maintained in a 37�C,
5% CO2 incubator for 2–3 weeks. Cell colonies were then scored using the
LEICA DM IRB inverted research microscope (Leica Mikroskopie und
Systeme GmbH, Germany) and the Image-Pro Plus software program (v.3)
(Media Cybernetics, Silver Spring, MD). The effect of the compounds on trans-
formation of JB6 Pþ cells is expressed as a percent inhibition of cell trans-
formation compared with EGF- or TPA-stimulated cells as a positive control.

Abbreviations: AP-1, activator protein 1; EGF, epidermal growth factor; FBS,
fetal bovine serum; ICT50, 50% inhibition of cell transformation; MEM, minimum
essential medium; Pþ, promotion sensitive; TPA, 12-O-tetradecanoylphorbol-
13-acetate.
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Luciferase assay for AP-1 transactivation

Confluent monolayers of JB6 Pþ cells stably transfected with an AP-1 lucif-
erase reporter plasmid were trypsinized and 8 � 103 viable cells suspended in
100 ll of 5% FBS–MEM were added to each well of a 96-well plate. Plates
were incubated at 37�C in a humidified atmosphere of 5% CO2. When cells
reached 80–90% confluence, they were starved by culturing in 0.1% FBS–
MEM for another 24 h. The cells were treated or not treated with selected
xanthine analogues at increasing concentrations (125, 250 or 500 lM) for 1 h
and then they were exposed to 10 ng/ml EGF for 24 h. After treatment, cells
were disrupted with 100 ll of lysis buffer [0.1 mM potassium phosphate buffer
(pH 7.8), 1% Triton X-100, 1 mM dithiothreitol and 2 mM ethylenediaminete-
traacetic acid and the luciferase activity was measured using a luminometer
(Luinoskan Ascent, Labsystems, MD).

Statistical methods

A 50% inhibition of cell transformation (ICT50) was calculated using a linear
or a quadratic regression. Data regarding inhibition of cell transformation were
calculated as the percentage of positive (EGF-stimulated only) control. Five
points around the ICT50 were used for regression analysis. Multiple linear
regression was used for estimating the effect of the number of carbon atoms
of each alkyl chain in each group on the ICT50. Significant differences between
the positive control and the effect of each xanthine, as determined from the
anchorage-independent soft agar assay or luciferase assay, were determined
using the Mann–Whitney U-test. Each data point is shown as the mean ± SE or
mean ± SD. The R version 2.5.1, Matlab 7.4.0 and SAS 9.1.3 computer pro-
grams on the Sun Fi�re v440 computer at the University of Minnesota Super-
computer Institute were used for analysis.

Results

Inhibitory effects of various xanthines on EGF-induced neoplastic
transformation

As indicated earlier, the JB6 Pþ cell system is a well-developed model
for studying the tumor promotion process and potential of antitumor-
promoting agents. We determined whether trialkyl-substituted xan-
thines (Table I) could have an inhibitory effect on EGF-induced
neoplastic transformation of JB6 Pþ cells. Results indicated that var-
ious trialkyl-substituted xanthines inhibited EGF-induced neoplastic
transformation of JB6 Pþ cells (Table II). Interestingly, the potency of
inhibition of cell transformation increased as the number of carbons in
the alkyl chain at R1 and R3 increased (Table III). For example,
xanthine 105, xanthine 58, xanthine 62 and xanthine 50 all have iden-
tical groups at R1 (hexyl) and R7 (hydrogen). However, as the number
of carbons at group 3 in these xanthines increased from zero to four,
the potency for inhibition of cell transformation by each respective
xanthine increased as well. Specifically, the number of carbons for
xanthine 105 at R3 was zero with an ICT50 of 0.39 mM; the number of
carbons for xanthine 58 at R3 was one with an ICT50 of 0.36 mM; the
number of carbons for xanthine 62 at R3 was two with an ICT50 of
0.05 mM and the number of carbons for xanthine 50 at R3 was four
with an ICT50 of 0.03 mM. Therefore, the number of carbons in the
alkyl chain of R1 and R3, but not R7 (Table III), is associated with the
ability of the respective xanthine to inhibit cell transformation.

In a comparison of xanthine 62 with xanthine 70 or xanthine 105 with
xanthine 40, the analysis suggested that a longer carbon chain at R3 may
be more important than at R1. For example, xanthine 62 has six carbons
at R1 and two carbons at R3 with an ICT50 of 0.05 mM. Xanthine 70 has
two carbons at R1 and six carbons at R3 with an ICT50 of 0.01 mM.
Another example is the comparison between xanthine 105 and xanthine
40. Xanthine 105 has six carbons of R1 and no carbons at R3 with an
ICT50 of 0.39 mM. Xanthine 40 has no carbons at R1 and six carbons at
R3 with an ICT50 of 0.05 mM. Thus, these results support the idea that
a longer carbon chain at R3 is more important than at R1.

Caffeine (Figure 1B) has been shown to exert anticancer activities
in both cell culture and animal models (10,11,30,31). Our previous
studies have shown that caffeine inhibited cell proliferation (12,32)
and EGF-induced neoplastic transformation (11). In the present study,
1-ethyl-3-hexylxanthine (xanthine 70, Figure 1C) was the most effec-
tive of the 50 xanthine analogues tested in inhibiting EGF-induced
neoplastic transformation (Table II). The ICT50 value of xanthine
70 (with six carbons at group 3) was 48-fold less than caffeine

(one carbon at group 3). These results suggested that the length of
the alkyl chain of the respective xanthine plays a key role in the
inhibition of neoplastic transformation and that xanthine 70 might
be an effective antitumor-promoting agent.

Effect of some selected xanthine analogues on EGF-induced AP-1
activation

AP-1 activation was shown previously to be required for neoplastic
transformation in JB6 cells (21,24). Xanthines 49, 50, 79 and 70 each
have different groups at position 1, 3 or 7. The most effective xan-
thines for inhibiting cell transformation included xanthines 79 and 50,

Table I. Chemical structure of 1,3,7-substituted alkylxanthines

No. Compound
name

Radical
1

Radical
3

Radical
7

1 Xanthine H H H
2 1-Methylxanthine Me H H
3 3-Methylxanthine H Me H
4 7-Methylxanthine H H Me
5 1,3-Dimethylxanthine (theophylline) Me Me H
6 1,7-Dimethylxanthine (paraxanthine) Me H Me
7 3,7-Dimethylxanthine (theobromine) H Me Me
8 1,3,7-Trimethylxanthine (caffeine) Me Me Me
9 1-Ethylxanthine (Xt 101) Et H H
10 3-Ethylxanthine (NY 457) H Et H
11 1-Ethyl-3-methylxanthine (Xt 054) Et Me H
12 1,3-Ethylxanthine (Xt 023) Et Et H
13 1-Propylxanthine (Xt 102) n-Pro H H
14 3-Propylxanthine (enprofylline) H n-Pro H
15 1-Propyl-3-methylxanthine (Xt 055) n-Pro Me H
16 3-Propyl-7-methylxanthine (Xt 016) H n-Pro Me
17 1,7-Dimethyl-3-propylxanthine (Xt 017) Me n-Pro Me
18 1-Propyl-3-ethylxanthine (Xt 059) n-Pro Et H
19 1-Ethyl-3-propylxanthine (Xt 015) Et n-Pro H
20 3-Propyl-7-ethylxanthine (Xt 018) H n-Pro Et
21 1-Methyl-3-propyl-7-ethylxanthine (Xt 074) Me n-Pro Et
22 1-Ethyl-3-propyl-7-methylxanthine (Xt 071) Et n-Pro Me
23 1,3-Dipropylxanthine (Xt 043) n-Pro n-Pro H
24 3,7-Dipropylxanthine (Xt 019) H n-Pro n-Pro
25 1,3-Dipropylxanthine (Xt 072) n-Pro n-Pro Me
26 1-Methyl-3,7-dipropylxanthine (Xt 075) Me n-Pro n-Pro
27 1-Butylxanthine (Xt 103) n-Bu H H
28 3-Butylxanthine (NY 466) H n-Bu H
29 1-Butyl-3-methylxanthine (Xt 056) n-Bu Me H
30 1-Methyl-3-butylxanthine (Xt 011) Me n-Bu H
31 1-Butyl-3-ethylxanthine (Xt 060) n-Bu Et H
32 1-Ethyl-3-butylxanthine (Xt 031) Et n-Bu H
33 1-Propyl-3-butylxanthine (Xt 047) n-Pro n-Bu H
34 1-Butyl-3-propyl-7-methylxanthine (Xt 073) n-Bu n-Pro Me
35 1-Methyl-3-propyl-7-butylxanthine (Xt 077) Me n-Pro n-Bu
36 1,3-Dibutylxanthine (Xt 048) n-Bu n-Bu H
37 1-Pentylxanthine (Xt 104) n-Pent H H
38 1-Pentyl-3-methylxanthine (Xt 057) n-Pent Me H
39 1-Pentyl-3-ethylxanthine (Xt 061) n-Pent Et H
40 1-Ethyl-3-pentylxanthine (Xt 066) Et n-Pent H
41 1-Pentyl-3-propyl-7-methylxanthine (Xt 078) n-Pent n-Pro Me
42 1-Pentyl-3-butylxanthine (Xt 049) n-Pent n-Bu H
43 1-Hexylxanthine (Xt 105) n-Hex H H
44 3-Hexylxanthine (Xt 040) H n-Hex H
45 1-Hexyl-3-methylxanthine (Xt 058) n-Hex Me H
46 1-Methyl-3-hexylxanthine (Xt 069) Me n-Hex H
47 1-Hexyl-3-ethylxanthine (Xt 062) n-Hex Et H
48 1-Ethyl-3-hexylxanthine (Xt 070) Et n-Hex H
49 1-Hexyl-3-propyl-7-methylxanthine (Xt 079) n-Hex n-Pro Me
50 1-Hexyl-3-butylxanthine (Xt 050) n-Hex n-Bu H

Each compound tested is listed in the first column. The compounds are placed
in order of increasing number of carbons from radical 1 to radical 7. The
columns labeled group 1, 3 or 7 are based on the structure shown in Figure 1
and indicate hydrogen (H), methyl (Me), ethyl (Et), propyl (n-Pro), butyl
(n-Bu), pentyl (n-Pent) and hexyl (n-Hex).
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Table II. The inhibitory activity of the 1,3,7-substituted alkylxanthines on EGF-induced neoplastic transformation in JB6 Pþ cells

No. Compound name Concentration of compound in agar/% of colonies relatively untreated control ICT50

mM

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
1 Xanthine 93.90 ± 6.67 96.09 ± 11.54 84.61 ± 9.46 54.75 ± 5.72 6.24 ± 1.33 0.45
2 1-Methylxanthine 97.70 ± 8.11 94.57 ± 6.93 82.65 ± 7.03 60.37 ± 4.97 23.96 ± 3.15 0.53
3 3-Methylxanthine 96.49 ± 5.84 84.89 ± 5.60 84.86 ± 4.68 53.17 ± 3.69 15.70 ± 1.79 0.47

0.5 mM 1 mM 2 mM 2.5 mM 3 mM
4 7-Methylxanthine 85.59 ± 34.59 2.96 ± 2.00 1.42 ± 0.45 1.79 ± 0.97 1.37 ± 0.46 1.18

0.125 mM 0.250 mM 0.5 mM 1.0 mM 1.5 mM
5 1,3-Dimethylxanthine (theophylline) 111.32 ± 12.96 85.00 ± 11.55 51.35 ± 6.13 20.97 ± 3.44 11.69 ± 2.36 0.75

0.5 mM 1 mM 2 mM 2.5 mM 3 mM
6 1,7-Dimethylxanthine (paraxanthine) 89.67 ± 31.28 46.01 ± 21.14 1.33 ± 0.45 0.82 ± 0.04 1.34 ± 0.50 1.27

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
7 3,7-Dimethylxanthine (theobromine) 123.80 ± 3.65 92.67 ± 4.23 81.17 ± 4.05 48.99 ± 2.22 15.93 ± 0.75 0.47
8 1,3,7-Trimethylxanthine (caffeine) 100.24 ± 3.88 97.67 ± 4.97 92.86 ± 5.09 78.92 ± 4.22 1.93 ± 0.28 0.48
9 1-Ethylxanthine (Xt 101) 151.60 ± 19.78 119.83 ± 17.38 85.85 ± 14.20 57.16 ± 7.29 8.41 ± 0.76 0.49

0.05 mM 0.1 mM 0.2 mM 0.3 mM 0.4 mM
10 3-Ethylxanthine (NY 457) 129.15 ± 11.49 106.49 ± 8.37 97.15 ± 4.16 82.65 ± 4.25 73.40 ± 5.38 0.51

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
11 1-Ethyl-3-methylxanthine (Xt 054) 111.19 ± 10.89 106.55 ± 8.54 84.92 ± 9.46 42.24 ± 4.10 21.93 ± 3.15 0.24

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
12 1,3-Diethylxanthine (Xt 023) 100.30 ± 16.38 93.62 ± 16.90 50.54 ± 10.48 39.40 ± 8.45 13.41 ± 1.68 0.38
13 1-Propylxanthine (Xt 102) 121.72 ± 17.02 62.27 ± 5.21 42.76 ± 5.33 21.38 ± 2.66 10.69 ± 1.33 0.43

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
14 3-Propylxanthine (enprofylline) 80.52 ± 8.15 60.59 ± 8.11 66.70 ± 5.49 49.05 ± 9.29 17.48 ± 4.42 0.37
15 1-Propyl-3-methylxanthine (Xt 055) 108.71 ± 8.48 100.70 ± 10.17 97.74 ± 6.19 61.49 ± 2.31 1.47 ± 1.74 0.47

0.5 mM 1 mM 2 mM 2.5 mM 3 mM
16 3-Propyl-7-methylxanthine (Xt 016) 54.95 ± 3.54 8.22 ± 1.61 3.25 ± 0.38 2.42 ± 0.37 2.24 ± 0.19 0.56

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
17 1,7-Dimethyl-3-propylxanthine (Xt 017) 82.19 ± 7.22 53.78 ± 4.57 27.48 ± 2.93 6.69 ± 0.78 4.13 ± 0.54 0.20

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
18 1-Propyl-3-ethylxanthine (Xt 059) 101.16 ± 5.78 81.10 ± 6.62 71.97 ± 8.07 28.37 ± 3.38 6.25 ± 0.78 0.12

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
19 1-Ethyl-3-propylxanthine (Xt 015) 95.92 ± 5.89 71.29 ± 5.03 64.97 ± 7.14 41.85 ± 3.59 14.68 ± 0.93 0.38
20 3-Propyl-7-ethylxanthine (Xt 018) 64.76 ± 8.71 58.31 ± 9.65 36.11 ± 8.07 15.09 ± 4.31 9.13 ± 1.53 0.16
21 1-Methyl-3-propyl-7-ethylxanthine (Xt 074) 84.03 ± 5.68 69.10 ± 6.01 40.03 ± 3.77 11.88 ± 1.24 4.63 ± 0.85 0.25
22 1-Ethyl-3-propyl-7-methylxanthine (Xt 071) 108.40 ± 22.55 87.18 ± 10.72 20.61 ± 8.04 12.11 ± 2.07 11.13 ± 1.72 0.30

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
23 1,3-Dipropylxanthine (Xt 043) 83.28 ± 8.23 75.56 ± 7.54 45.58 ± 6.02 10.35 ± 1.44 5.86 ± 0.97 0.13

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
24 3,7-Dipropylxanthine (Xt 019) 115.60 ± 5.65 88.33 ± 4.65 52.31 ± 4.87 9.97 ± 1.45 4.48 ± 0.68 0.33
25 1,3-Dipropylxanthine (Xt 072) 105.58 ± 15.58 83.52 ± 24.57 27.89 ± 4.56 27.54 ± 9.93 14.95 ± 3.45 0.32
26 1-Methyl-3,7-dipropylxanthine (Xt 075) 95.18 ± 7.97 74.91 ± 6.19 51.52 ± 4.82 13.63 ± 1.68 4.84 ± 0.75 0.30

0.04 mM 0.2 mM 0.4 mM 0.6 mM 0.8 mM
27 1-Butylxanthine (Xt 103) 179.88 ± 14.33 156.71 ± 13.76 100.70 ± 9.54 57.02 ± 6.84 34.41 ± 2.33 0.68

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
28 3-Butylxanthine (NY 466) 111.11 ± 7.71 85.74 ± 9.72 69.02 ± 5.42 32.50 ± 5.05 5.85 ± 0.67 0.29
29 1-Butyl-3-methylxanthine (Xt 056) 96.54 ± 8.16 81.13 ± 5.89 46.48 ± 4.37 11.67 ± 1.45 4.11 ± 0.33 0.30

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
30 1-Methyl-3-butylxanthine (Xt 011) 89.54 ± 6.13 76.49 ± 8.83 75.21 ± 6.52 30.18 ± 3.96 16.46 ± 2.18 0.18

0.005 mM 0.01 mM 0.02 mM 0.04 mM 0.05 mM
31 1-Butyl-3-ethylxanthine (Xt 060) 105.56 ± 4.23 101.22 ± 5.46 97.38 ± 8.02 69.72 ± 5.48 54.35 ± 4.53 0.05

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
32 1-Ethyl-3-butylxanthine (Xt 031) 61.71 ± 4.95 50.36 ± 3.45 17.41 ± 2.72 4.24 ± 0.27 4.32 ± 0.41 0.05
33 1-Propyl-3-butylxanthine (Xt 047) 93.76 ± 9.15 73.28 ± 5.58 37.86 ± 4.45 5.50 ± 1.01 4.49 ± 0.63 0.12

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
34 1-Butyl-3-propyl-7-methylxanthine (Xt 073) 51.20 ± 5.39 26.31 ± 3.68 9.26 ± 1.99 3.79 ± 0.17 5.10 ± 0.74 0.05

0.05 mM 0.1 mM 0.2 mM 0.3 mM 0.4 mM
35 1-Methyl-3-propyl-7-butylxanthine (Xt 077) 83.40 ± 5.11 36.74 ± 2.62 4.14 ± 0.40 3.60 ± 0.26 3.35 ± 0.15 0.13

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
36 1,3-Dibutylxanthine (Xt 048) 107.24 ± 10.92 84.39 ± 8.50 45.38 ± 5.13 7.08 ± 1.51 8.11 ± 1.70 0.15

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
37 1-Pentylxanthine (Xt 104) 121.73 ± 14.79 119.54 ± 18.21 96.79 ± 10.64 69.26 ± 12.95 17.51 ± 2.98 0.56

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
38 1-Pentyl-3-methylxanthine (Xt 057) 72.30 ± 6.38 69.41 ± 7.35 35.33 ± 1.93 7.39 ± 1.51 4.99 ± 0.65 0.10

0.005 mM 0.01 mM 0.02 mM 0.04 mM 0.05 mM
39 1-Pentyl-3-ethylxanthine (Xt 061) 92.14 ± 5.87 92.34 ± 7.19 74.11 ± 6.32 64.23 ± 5.24 55.70 ± 3.80 0.05

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
40 1-Ethyl-3-pentylxanthine (Xt 066) 44.80 ± 2.76 18.26 ± 1.43 5.61 ± 0.68 5.20 ± 0.55 5.59 ± 0.66 0.15

0.02 mM 0.03 mM 0.04 mM 0.05 mM 0.1 mM
41 1-Pentyl-3-propyl-7-methylxanthine (Xt 078) 76.22 ± 12.06 62.22 ± 9.33 43.47 ± 9.08 27.83 ± 4.45 23.82 ± 2.58 0.04

0.005 mM 0.01 mM 0.02 mM 0.04 mM 0.05 mM
42 1-Pentyl-3-butylxanthine (Xt 049) 98.91 ± 7.68 83.33 ± 6.90 74.80 ± 4.22 31.88 ± 3.51 29.54 ± 2.93 0.03

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
43 1-Hexylxanthine (Xt 105) 121.59 ± 13.15 117.87 ± 13.39 73.30 ± 9.01 14.20 ± 2.95 8.33 ± 1.51 0.39

0.01 mM 0.02 mM 0.04 mM 0.06 mM 0.08 mM
44 3-Hexylxanthine (Xt 040) 114.66 ± 3.05 96.63 ± 3.47 49.69 ± 3.78 31.29 ± 2.17 14.95 ± 0.95 0.05

0.04 mM 0.1 mM 0.4 mM 0.6 mM 0.8 mM
45 1-Hexyl-3-methylxanthine (Xt 058) 115.21 ± 18.06 36.53 ± 8.65 29.59 ± 7.37 22.87 ± 5.35 24.52 ± 4.95 0.36

0.005 mM 0.01 mM 0.02 mM 0.04 mM 0.05 mM
46 1-Methyl-3-hexylxanthine (Xt 069) 83.41 ± 5.69 73.10 ± 3.99 37.82 ± 4.33 11.70 ± 1.85 11.09 ± 1.92 0.02
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each of which has a hexyl group at position 1, and xanthine 70, which has
a hexyl group at position 3. Xanthine 79 has a methyl group at position 7
and xanthine 50 has only a hydrogen group at position 7, but a butyl
group at position 3. In this case, the compound that has a group with
a one carbon alkyl chain at position 7 seemed to be more effective in
inhibiting cell transformation compared with a compound that has
a group with a one carbon alkyl chain at position 3. To determinewhether
the inhibition of transformation by thesexanthine analogues involves the
suppression of AP-1 activity, we measured AP-1 transactivation in JB6
cells stably transfected with an AP-1 luciferase reporter plasmid. Con-
sistent with the results above, xanthines 40, 50, 69, 70 or 79 inhibited
EGF-induced transactivation of AP-1 at concentrations 125, 250 or
500 lM in a dose-dependent manner, whereas caffeine did not (Figure
2A). Theobromine exerted an inhibitory effect at a concentration of 250
and 500 lM, whereas theophylline and xanthines 58 and 78 were only
effective at 500 lM (Figure 2A). These results indicated that xanthines
40, 50, 69, 70 or 79 were substantially more effective than caffeine or
theophylline in suppressing AP-1 transactivation in JB6 Pþ cells,
which may account for their antitumor-promoting activity. For exam-
ple, xanthine 70 at 125 lM was significantly more effective for in-
hibition of EGF-induced transactivation of AP-1 than caffeine
(P , 0.05) or theophylline (P , 0.05) as indicated by the Mann–
Whitney U-test (Figure 2B). In addition, we found that xanthine 70
at 5 lM significantly inhibited EGF-induced transactivation of AP-1 in
JB6 Pþ cells (Figure 2C), suggesting that AP-1 might be primarily
involved in xanthine 70-mediated inhibition of cell transformation.

Xanthine 70 inhibits TPA- or H-Ras-induced neoplastic
transformation of JB6 Pþ cells

Our previous studies showed that TPA induces anchorage-independent
growth in JB6 Pþ cells (21,24). Various human cancers exhibit muta-
tions and overexpression of ras genes and one of the most frequent
events in carcinogenesis is the uncontrolled activation of the Ras sig-
naling pathway (33). Theophylline, when used in combination with
cisplatin to treat ovarian carcinoma cells or granulosa cells transformed
with SV40 and the ras oncogene, could efficiently inhibit the prolifer-
ation of these cells (16). We examined the potential inhibitory effect of
xanthine 70 on TPA-induced cell transformation. Based on the number
of cell colonies, xanthine 70 at a concentration of 10 lM inhibited
TPA-induced neoplastic transformation by 78.2% (P , 0.0001)
(Figure 3A and B). Caffeine or theophylline (up to 80 lM) did not
affect TPA-induced neoplastic transformation (data not shown). Xan-
thine 70 (0–40 lM) inhibited H-Ras-induced neoplastic transformation
in a dose-dependent manner, and xanthine 70 at a concentration of
10 lM inhibited H-Ras-induced neoplastic transformation by 62.0%
(P , 0.0001) (Figure 3C and D). These results supported the idea that
xanthine 70 is a potent inhibitor of neoplastic transformation.

Discussion

A serving of instant, filtered or percolated coffee contains 60–115 mg
caffeine (34,35) and the human plasma concentration of caffeine

Table II. Continued

No. Compound name Concentration of compound in agar/% of colonies relatively untreated control ICT50

mM

0.05 mM 0.1 mM 0.2 mM 0.4 mM 0.8 mM
47 1-Hexyl-3-ethylxanthine (Xt 062) 57.03 ± 4.86 32.44 ± 3.10 5.94 ± 0.68 7.02 ± 1.01 5.57 ± 0.62 0.05

0.005 mM 0.01 mM 0.02 mM 0.04 mM 0.05 mM
48 1-Ethyl-3-hexylxanthine (Xt 070) 66.93 ± 5.64 43.87 ± 2.51 16.01 ± 2.35 4.08 ± 0.52 3.38 ± 0.32 0.01

0.02 mM 0.03 mM 0.04 mM 0.05 mM 0.1 mM
49 1-Hexyl-3-propyl-7-methylxanthine (Xt 079) 60.70 ± 5.46 44.24 ± 7.90 40.55 ± 1.97 24.09 ± 3.41 18.88 ± 2.14 0.03

0.02 mM 0.04 mM 0.08 mM 0.2 mM 0.4 mM
50 1-Hexyl-3-butylxanthine (Xt 050) 59.79 ± 5.41 16.90 ± 2.36 5.88 ± 0.75 6.31 ± 0.84 5.10 ± 0.73 0.03

The compounds are placed in order of increasing number of carbons from radical 1 to radical 7. Each data point is represented as the mean ± SE from 12 measurements of the
number of colonies in soft agar (anchorage-independent assay). The numbers are indicated as the percentage of colonies relative to the untreated control for each
concentration of each compound. Inhibition of cell transformation is represented as the ICT50 (last column, bold), which indicates 50% inhibition compared with the EGF-
only treated control.

Table III. Multiple regression results for calculating ICT50

Regression equation No. of
cases

Radical P level of beta

ICT50 5 0.72546 � 0.06318
� R1 � 0.11207
� R3 � 0.01340 � R7

50 R1 beta 5 �0.06 P , 0.0001
R3 beta 5 �0.11 P , 0.0001
R7 beta 5 �0.01 P 5 0.6384

Significance level of the contributions of groups (R1 and R3) is highlighted in
bold (last two columns).

Fig. 1. The chemical structure of the 1,3,7-trialkylxanthines, caffeine and
xanthine 70. (A) The basic structure of the 1,3,7-trialkylxanthines. (B) Chemical
structure of caffeine. Caffeine has R1 5 R3 5 R7 5 methyl. (C) Chemical
structures of xanthine 70. Xanthine 70 has R1 5 ethyl, R3 5 hexyl,
R7 5 hydrogen.
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obtainable is �10–30 lM (36). A recent study has shown that caffeine
(500 lM) can suppress EGF- or TPA-induced malignant cell trans-
formation (11). However, these results suggested that the caffeine
concentrations required to exert these effects may be difficult to
achieve by drinking only a few cups of coffee each day. Therefore,
developing more potent analogues of caffeine with fewer side effects
may provide a feasible means of achieving an effective physiologic
concentration. In this study, we found that xanthine derivatives in-
hibited cell transformation and that the potency increased as the num-
ber of carbons increased at group 1 or 3, but not 7. Notably, a longer
carbon chain at R3 may be more important than at R1 for the in-
hibition of neoplastic transformation. Our results also suggested that
xanthine 70 may be a potential anticancer agent.

All alkylxanthines that were investigated in the present study
should have similar characteristics for absorption and cell permeation,
which would be important for physiologic involvement in intracellu-
lar processes. Xanthines of this group have molecular weights ranging
from 152 (xanthine) to 292 (xanthine 50 or 79), which is suitable for
good absorption and permeation (37). Studies have shown that the
number of NH and OH groups is associated with cellular absorption
and permeability. In the present study, all 50 compounds had a similar
number of OH or NH groups even though the number of carbons of
R1, R3 or R7 was variable. Thus, the 50 compounds most probably
had similar absorption and permeability characteristics. An increase in
hydrophobicity of alkylxanthine derivatives may enhance the biolog-
ical activity of the xanthine molecule and be associated with the

Fig. 2. The effects of some selected xanthine analogues on EGF-induced AP-1 transactivation. (A) Effect of caffeine, theophylline, theobromine, xanthine 70,
xanthine 79, xanthine 50, xanthine 69, xanthine 40, xanthine 58 or xanthine 78 on EGF-induced AP-1 transactivation in JB6 Pþ cells. For the luciferase assay, JB6
cells stably transfected with an AP-1 luciferase reporter plasmid were cultured as described in Materials and methods. The cells were starved in 0.1% FBS–MEM
and then treated or not treated with selected xanthine analogues at increasing concentrations (125, 250 or 500 lM) for 1 h and then they were exposed to 10 ng/ml
EGF for 24 h. Luciferase activity was then assayed and AP-1 activity is expressed as the percent inhibition by each xanthine relative to cells treated with only EGF.
Data are represented as mean ± SD of AP-1 luciferase activity calculated from three independent experiments. (B) Effect of caffeine, theophylline and xanthine 70
on EGF-induced AP-1 transactivation in JB6 Pþ cells. Xanthine 70 at 125 lM was significantly more effective in inhibition of EGF-induced transactivation of AP-1
than caffeine or theophylline. Significant differences were determined by the Mann–Whitney U-test. The asterisk (�) indicates a significant difference (P , 0.05)
between the EGF-treated control cells and cells treated with each respective xanthine. (C) Effect of xanthine 70 on EGF-induced AP-1 transactivation in JB6 Pþ
cells. For the luciferase assay, JB6 cells stably transfected with an AP-1 luciferase reporter plasmid were cultured as described in Materials and methods. The cells
were starved in 0.1% FBS–MEM and then treated or not treated with selected xanthine analogues at increasing concentrations (5, 10, 20 or 40 lM) for 1 h and then
they were exposed to 10 ng/ml EGF for 24 h. Luciferase activity was then assayed and AP-1 activity is expressed as the percent inhibition by each xanthine relative
to cells treated with only EGF.
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inhibition of cell transformation. The addition of a single methyl
group that can occupy a receptor pocket has been shown to improve
binding by �0.7 kcal/mol (38). Thus, one might assume that alkyl-
xanthine derivatives with groups containing a larger number of car-
bons might interact more strongly with hydrophobic protein-binding
pockets.

In general, our findings indicated that increasing the number of
carbons at the alkyl chain of the alkylxanthine groups appears to be
associated with enhancing the ability of the respective xanthine to
inhibit cell transformation. Previous studies (28,29) have shown an
inhibitory effect of trialkyl-substituted xanthines on the activity of
cyclic adenosine 3#,5#-monophosphate-phosphodiesterase that de-
pends on the number of carbons at R1 and R3. Substitution in a carbon
chain at R7 was shown to affect some activities (29). For example, the
relaxant action in the tracheal muscle and chronortopic action in the
right atrium were decreased by alkylation of alkylxanthines at the
7 position (29). However, in most cases, changes in the length of the
chain at R7 of alkylxanthines did not influence activities other than
cell viability (25–29). Importantly, in the present study, we used xan-
thines with a small variation in the number of carbons at group 7 (zero

to four), whereas the number of carbons at R1 or R3 varied from zero
to six. Also, in the present study, the xanthines contained a hydrogen
or methyl group at position 7, whereas in R1 and R3, only the number
of carbons was different.

AP-1 is an inducible eukaryotic transcription factor comprised of
proteins of the fos and jun oncogene families and plays a key role in
‘preneoplastic-to-neoplastic’ transformation and proliferation
(21,24). Furthermore, activation of AP-1 induces the expression of
target genes such as cyclooxygenase-2, fos, cyclin D1, matrix metal-
loproteinases, urokinase-type plasminogen activator and vascular
endothelial growth factor, which are involved in many disease processes
such as neoplastic transformation, inflammation, tumor progression,
metastasis and angiogenesis (39). A diverse variety of stimuli induce
AP-1 binding to the DNA of various genes that govern cellular pro-
cesses such as transformation and proliferation (40). Many reports
have suggested that AP-1 activity is a critical factor for tumor pro-
moter-induced cell transformation in JB6 Pþ cells (20,21,40–42).
EGF, TPA and H-Ras are commonly used experimental stimuli used
to activate AP-1 and induce cellular transformation in many different
cell types and animal models (20,21,40). Previous studies (40,43)
indicated that AP-1 plays a critical role in tumor promotion through
a comparison of the JB6 Pþ and P� cells. Caffeine was shown to
slightly attenuate EGF-induced AP-1 activation at 1 mM (11). We
found that xanthine 70 dose dependently suppressed AP-1 activation.
Nomura et al. (11) suggested that AP-1 activation might not be sub-
stantially involved in caffeine’s inhibition of cell transformation.
Some transcription factors such as p53, nuclear factor-jB or NFAT
are also related to the transformation of JB6 Pþ cells. We do not
exclude the possibility that xanthine analogues, depending on struc-
ture, can affect other transcription factors. However, the concentration
at which xanthine 70 inhibited cell transformation was similar to the
effective concentration at which it inhibited AP-1 activity, suggesting
that AP-1 might be primarily involved in xanthine 70-mediated
inhibition of cell transformation.

Taken together, the biological activities of the xanthine analogues
suggest the importance of the number of carbons at R1 or R3 in the
relationship of the structure of xanthine analogues and their antitu-
mor-promoting activities. Our findings lead us to conclude that the
ability of 1,3,7-trialkylxanthines to inhibit cell transformation in-
creases with the increase in the number of carbons from 7 to 10 at
groups 1 and 3 as follows: n-heptyl / n-octyl / n-nonyl / n-decyl.
Xanthine 70 shows promise as a possible antitumor-promoting agent.
Further study will be needed to understand the molecular basis for the
chemopreventive properties of xanthine 70 and other analogues,
which will be critical in the design of more effective agents to prevent
or treat cancer.
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