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Abstract-The induction of alkaline phosphate activity in HeLa cells by S-i~o-~-deoxyuridine (IUdR) or 
hydrocort~sone was inhibited in a dose-de~ndent manner by the addition of the xanthine derivatives caffeine, 
theophylline or 3-isobutyl-l-methylxanthine to the culture medium during the 72 hr of the induction. 
Pretreatment with theophylline from -24 to 0 hr or treatment from 0 to 24 hr with any of the xanthine 
derivatives was ineffective in inhibiting alkaline phosphatase induction produced by treatment with IUdR 
from 0 to 72 hr. The induction of alkaline phosphatase activity produced by treatment with hydrocortisone 
from 0 to 72 hr was inhibited by pretreatment with theophylline from -24 to 0 hr, although this inhibition 
was only about 60 per cent as great as that seen with treatment from 0 to 72 hr. As judged by heat inactivation 
studies, IUdR predomin~tIy increased the heat-labile form of alkaline phosphatase activity, while hydrocor- 
tisone predom~~dy increased the heat-stable form. Regardiess of the inducer used, the xanthine derivatives 
mainly decreased the heat-stable form of alkaline phosphatase activity. Treatment with imidazole over a 72- 
hr period produced over a 2-fold induction of alkaline phosphatase activity, which could be inhibited 
completely by concurrent treatment with theophylline. 

The addition of 5-iodo-~-deoxyuridine (IUdR) to the 
medium of HeLa cells over a 72-hr period results in at 
least a 3- to 4-fold increase in alkaline phosphatase 
specific activity [ 1, 21. Hydrocortisone will produce a 
similar effect with the magnitude and time course of the 
induction similar to that observed with IUdR [ 3 I. Ap- 
parently, both of these phenomena are a result of a 
change in the catalytic efficiency of the enzyme rather 
than an increase in the total number of enzyme mole- 
cules per cell 14, 51, although the alterations in the 
enzyme responsible for the increase in activity are not 
known. The action of compounds which inhibit the 
induction might provide clues as to what processes are 
involved in the control of alkaline phosphatase activity 
expression. 

Since caffeine has been shown to inhibit the induc- 
tion of oncogenic viruses in cultured mouse cells by 
IUdR [61, we decided to investigate whether this com- 
pound, along with the related xanthine derivatives theo- 
phylline and 3-isobutyl- 1-methylxanthine (IBMX), 
would also inhibit the induction ofalkaline phosphatase 
activity by IUdR or hydr~o~isone. 

MATERIALS AND METHODS 

Materials. Hydrocortisone-2 1-succinate, 2-amino-2- 
methyl- 1-propanol, p-nitrophenylphosphate, caffeine 
and theophylline were obtained from the Sigma Chemi- 
cal Co. (St. Louis, MO). 3Isobutyl- 1-methylx~thine 
was obtained from the Aldrich Chemical Co. (Milwau- 
kee, WI). Imidazole was purchased from Eastman Ko- 
dak (Rochester, NY) and 5-iodo-2’-deoxyuridine was 
obtained from Nutritional Biochemicals (Cleveland, 
OH). Tissue culture medium and serum were from the 
Grand Island Biological Co. (Grand Island, NY). Ail 

other chemicals were purchased from the Fisher Chem- 
ical Co. (Atlanta, GA). 

Cell culture. HeLa S3 cells were grown in 25 cm2 
plastic flasks (Corning Glass Works, Corning, NY) in 
5 ml of Eagle’s minimum essential medium supple- 
mented with 10% fetal calf serum. Cells were detached 
from monolayers for subculturing by exposure to a 
minimal volume of 0.02% sodium ethylenediamine 
tetra-acetate in phosp~te buffered saline (PBS) solu- 
tion (137 mM NaCl, 8.1 mM Na,HPO,, 2.6 mM KCI 
and 1.4 mM KZHPO,) and resuspended in prewarmed 
medium. The cells were seeded at a density of 3 to 
4 x lo4 cells per cm2 and were allowed to grow for at 
least 24 hr prior to the start of an experiment. 

deviation of cell extracts. The cells were harvested 
by scraping them into 10 ml PBS with a rubber police- 
man. After centrifugation, the cell pellet was resus- 
pended in 1.0 ml of 50 mM Tris-HCl (pH 8.6) and 
frozen. Prior to assay, the cells were disrupted with a 
sonicator (model W- 185, Heat Systems-Ultrasonics, 
Plainview, NY) for two IO-set bursts. 

Alkaline p~osp~atase assay. The alkaline phospha- 
tase reaction mixture consisted of 90 mM 2-amino-2- 
methyl- I-propanol (pH 10.5) 1 .O mM MgCl,, 8.0 mM 
p-nitrophenylphosphate and an appropriate dilution of 
cell extract in a final volume of 2.1 ml. Duplicate tubes 
were incubated at 37” until the solution turned yellow, 
at which time the reaction was stopped by the addition 
of 0.1 ml of 6 N NaOH, and the product of the reaction, 
p-nitrophenol, was measured by absorbance at 4 10 nm. 
A unit of alkaline phosphatase activity was defined as 
the formation of 1 nmole p-nitrophenol/ml/min. 

Protein content was measured by the method of 
Lowry et al. [ 71, using bovine serum albumin as the 
reference standard. 
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Thermostability studies. Tubes containing cell ex- 
tract, diluted such that each tube contained approxi- 
mately 100 pg protein, 94.5 mM 2-amino-2-methyl- l- 
propanol (pH 10.5) and 1.05 mM MgCl, in a final 
volume of 2.0 ml, were heated at 65’ in a water bath 
with gentle agitation. The tubes were removed at the 
times indicated and cooled rapidly in a salted ice-water 
slurry. After the samples reached 0- lo, 0.1 ml p-nitro- 
phenylphosphate was added such that the final concen- 
tration was 8.0 mM and the samples were assayed for 
alkaline phosphatase activity as described above. 

RESULTS 

Inhibition of the induction of alkaline phosphatase 
activity. Figure 1 shows the alkaline phosphatase spe- 
cific activity measured 72 hr after the addition of either 
3 PM IUdR (panel A) or 1.0 PM hydrocortisone (panel 
B) and various concentrations of caffeine, theophylline 
or IBMX. All three compounds produced dose-depend- 
ent decreases in the inductions produced by either 
IUdR or hydrocortisone, and at all the dosages tested 
the order of potency was IBMX >theophylline >caf- 
feine. IMBX produced significant inhibitions at con- 
centrations as low as 0.1 mM, while caffeine and theo- 
phylline were not effective until concentrations greater 
than 0.3 3 mM. At dosages greater than 0.3 3 mM, each 
xantbine derivative appeared to cause a slightly greater 
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inhibition of the IUdR induction than of the hydrocorti- 
sone induction. 

Alkaline phosphatase in HeLa cells has been referred 
to as a “self-inducing” enzyme, that is, as the cells grow 
to confluence, the alkaline phosphatase specific activity 
increases [ 8 1. When an experiment was begun in which 
the cells reached confluence at 72 hr, the three xanthine 
derivatives inhibited this “self-induction” in a dose- 
dependent manner (for examples see Table 2 and Fig. 
5). 

Since these xanthine derivatives have been reported 
to block thymidine transport into cultured cells 19, 101, 
and since IUdR is an analog of thymidine, it was 
necessary to examine whether the xanthines were inhib- 
iting the induction of alkaline phosphatase activity by 
blocking the transport of IUdR into the cells. In these 
experiments, cultures were treated from 0 to 24 hr with 
3 PM IUdR. The ability of IUdR to induce alkaline 
phosphatase activity in HeLa cells over a 72-hr period 
has been shown to be the same whether the drug is 
present from 0 to 24 hr or from 0 to 72 hr [ 1 I. The 
xanthine derivatives were added to the medium in a final 
concentration of 1.0 mM either (a) from 0 to 24 hr, 
when the IUdR was present in the medium, (b) from 24 
to 72 hr, after the IUdR had been removed from the 
medium, or(c) for the entire 72 hr of the experiment. If 
these compounds were acting only by inhibiting IUdR 
transport, treatment from 0 to 24 hr, when IUdR was 
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Fig. 1. Inhibition by the xanthine derivatives of the induction of alkaline phosphatase activity by IUdR or 
hydrocortisone. Inhibition of the induction was produced by treatment with either caffeine (A-A), 
theophylline (W--O) or IBMX (O-O). Cells were harvested 72 hr after the addition of 3 nM IUdR 
(panel A) or 1 PM hydrocortisone (panel B) and various concentrations of the xanthine derivatives. In panel 
A, alkaline phosphatase specific activity for untreated cultures was 12.8 1 + 0.87 units/mg of protein and 
65.08 + 1.37 units/mg of protein for cells treated with IUdR. In panel B, untreated cultures had an alkaline 
phosphatase specific activity of 11.74 & 0.37 units/mg of protein and 97.7 + 2.86 units/mg of protein for 

hydrocortisone-treated cells. Each value is the mean + standard error from triplicate samples. 
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Table 1. Effectiveness of inhibition by xanthine derivatives of induction of alkaline phosphatase 
activity relative to the time of addition during induction * 

Alkaline phosphatase specific activity 

Treatment Theophylline Caffeine IBMX 

IUdR (O-24) + xanthine (O-24) 124.31 + 4.10 126.73 & 3.51 135.14 t 3.11 
IUdR (O-24) + xanthine (24- 
72) 57.06 2 2.78 66.35 It 2.98 25.73 + 2.01 
IUdR (o-24) + xanthine (O-72) 53.04 i: 4. IS 68.75 i 3.66 22.49 ir: 1.99 

l Cultures were treated from 0 to 24 hr with 3 @M IUdR. In addition, 1.0 mM caffeine, 
theophylline or IBMX was added for the times indicated. All cultures were harvested and 
assayed for alkaline phosphatase activity at 72 hr. Cells treated with only control medium had 
an alkaline phosphatase specific activity of 11.75 k 1.02 units/mg of protein, while those 
treated with IUdR alone had a specific activity of 123.11 t 2.56 units/mg of protein. All values 
are the mean +_ standard error for triplicate samples. 

present, should be as effective as treatment for the entire 
72 hr, and treatment from 24 to 72 hr should be ineffec- 
tive. The results of this experiment are shown in Table 
1. Treatment with either theophylline or caffeine from 0 
to 24 hr caused no inhibition of the induction of 
alkaline phosphatase activity produced by IUdR, while 
treatment with IBMX from 0 to 24 l-u caused a slight 
stimulation of the induction. With all three compounds, 
treatment from 24 to 72 hr was as effective as treatment 
from 0 to 72 hr. The magnitude of the inhibition and the 
order of potency of the xanthine derivatives were simi- 
lar to those seen in Fig. 1. Thus, the inhibition of the 
induction after treatment with the xanthine derivatives 

was not due to inhibition of IUdR transport into the 
cells. 

A difference between the inhibitions by theophylline 
of the inductions produced by IUdR or hydrocortisone 
was revealed when cells were pretreated with theophyl- 
line. Figure 2 shows alkaline phosphatase specific activ- 
ities measured in cells that were treated either from -24 
to 0 hr (pretreatment) or from 0 to 72 hr (continuous 
treatment) with 1.0 mM theophylline. Alkaline phos- 
phatase activity was induced by treatment with either 
3.01.tM IUdR (left panel) or l.OpM hydrocortisone 
(right panel) from 0 to 72 hr. Theophylline inhibited 
the induction when it was present with either inducer 

’ -24 0 24 48 72 -24 0 24 48 72 
HOURS 

Fig. 2. Effect of pretreatment with theophylline on induction of alkaline phosphatase activity by IUdR or 
hydrocortisone. Alkaline phosphatase specific activities were induced in cells by treatment Born 0 to 72 hr 
with either 3 PM IUdR (left panel) or 1 pM hydrocortisone (right panel). Cultures were treated either 
with the inducer alone (M), or were also treated either from -24 to 0 hr (O-O) or from 0 to 72 hr 

(+A) with 1.0 mM th~phyll~e. Each value is the mean & standard error of triplicate samples. 
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from 0 to 72 hr to approximately the same extent as 
shown in Fig. 1. Although pretreatment for 24 hr with 
theophylline caused no inhibition in the induction by 
IUdR, it did produce a significant inhibition of the 
induction by hydrocortisone. Pretreatment with theo- 
phylline, however, was only about 60 per cent as 
effective an inhibitor of alkaline phosphatase induction 
by hydrocortisone as theophylline treatment from 0 to 
72 hr. 

Heat inactivation of alkaline phosphatase activity. 
HeLa cell alkaline phosphatase is a variant of the 
placental from of the enzyme [ 11, 121, and as such is 
insensitive to heat inactivation at a neutral pH [ 13 1. At 
an alkaline pH, the enzyme is inactivated in a biphasic 
manner, with a rapid initial decline in activity followed 
by a slower steady rate of inactivation [ 131. Figure 3 
shows the patterns of heat inactivation of alkaline 
phosphatase activity from both control and IUdR- 
treated cultures grown with and without 1.0 mM theo- 
phylline. Induction with IUdR caused an increase in the 
proportion of the rapidly inactivated form of the en- 
zyme activity (e.g. that inactivated by 2.5 min) as 
compared to controls. Addition of theophylline to 
either control or IUdR-treated cultures further in- 
creased the proportion of the more labile form of the 
activity. A line of best fit by the method of least squares 
was calculated for each treatment for the more stable 
form of the enzyme activity (e.g. that remaining after 
heating for between 2.5 and 15 min). The line was 
projected back to the ordinate to solve for the percent- 
age of the stable enzyme activity present before heating. 

Table 2 shows the original alkaline phosphatase specific 
activity of both the stable and labile forms of the 
enzyme calculated as described above. In experiment I 
(calculations from the data shown in Fig. 3), induction 
with IUdR caused a 6-fold increase in alkaline phos- 
phatase specific activity, and treatment with 1.0 mM 
theophylline inhibited both the IUdR induction and the 
“self-induction” seen in the control cells. Although 
IUdR increased the specific activity of both the stable 
and labile forms of the enzyme activity, the labile form 
was increased over 20-fold, while the stable form was 
increased only about 4-fold. Treatment with theophyl- 
line had effects predominantly on the stable form of the 
enzyme activity both in control and IUdR-treated cells. 
In the cells treated with IUdR, the heat-stable form of 
the alkaline phosphatase enzyme was almost 3-fold 
lower after treatment with 1.0 mM theophylline. The 
heat-labile form, however, was only about 25 per cent 
lower after treatment with the xanthine derivative. 

In experiment II, the induction of alkaline phospha- 
tase activity by IUdR was inhibited with 1.0 mM caf- 
feine. The pattern of changes seen in the different form 
of the enzyme was similar to that seen in experiment I 
with treatment with theophylline. 

In experiment III, in contrast to the case with IUdR, 
the induction of alkaline phosphatase specific activity 
with hydrocortisone predominantly increased the heat- 
stable form of the enzyme more than the heat-labile 
form, as had been reported earlier [ 141. There was 
almost a lo-fold increase in the heat-stable form of the 
enzyme activity after treatment with hydrocortisone, 
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Fig. 3. Heat inactivation of alkaline phosphatase activity. Cultures were harvested 72 hr after the addition of 
either control medium (open symbols) or 3 PM IUdR (closed symbols). One mM theophylline was also 
added to either control or IUdR-treated cells (dashed lines). Alkaline phosphatase activity was inactivated by 
heating at 65’ at pH 10.5 as described under Materials and Methods. Each point is the mean of nine samples. 
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Table 2. Heat-stable and heat-labile alkaline phosphatase activity after treatment of 
cells with compounds that promote or inhibit induction of enzyme activity* 

Alkaline phosphatase specific activity 

Treatment Total Heat-stable Heat-labile 

Experiment I 
Control 20.65 18.62 2.03 
IUdR 120.92 77.38 43.59 
Theophylline 11.75 8.74 3.01 
IUdR + theophylline 59.05 27.5 1 31.54 

Experiment II 
Control 15.86 12.14 3.72 
IUdR 86.73 56.20 30.53 
Caffeine 9.18 6.07 3.11 
IUdR + caffeine 49.18 20.44 28.74 

Experiment III 
Control 17.95 12.86 5.09 
Hydrocortisone 140.39 119.33 21.06 

‘Theophylline 12.88 8.05 4.83 
Hydrocortisone + theophylline 69.3 1 50.68 18.63 

* Cultures were harvested 72 hr after the addition of the drugs indicated and the 
alkaline phosphatase activity was inactivated by heating samples to 65’ at pH 10.5. 
The amounts of the heat-labile and heat-stable activity were calculated as described 
under Results. All values are the mean of nine samples. 
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while the heat-labile form increased only 4-fold. Treat- 
ment with theophylline caused reductions only in the 
heat-stable form of the enzyme, similar to the effects 
seen in cells induced with IUdR. 

Induction of alkaline phosphatase activio by imida- 
zole. Figure 4 shows alkaline phosphatase specific ac- 
tivities in cultures treated from 0 to 72 hr with various 
concentrations of imidazole, a compound which has 
been shown to stimulate cyclic nucleotide phosphodi- 
esterase [ 151. Addition of imidazole in a final concen- 
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Fig. 4. Induction of alkaline phosphatase activity by imida- 
zole. Alkaline phosphatase activity was measured in cells 
72 hr after addition of the indicated concentration of imida- 
zole to the culture medium. Control samples had an alkaline 
phosphatase specific activity of 13.11 + 1.04 units/mg of 
protein. Each point is the mean + standard error of six 

samples. 

tration of between 0.05 and 2.5 mM caused a dose- 
dependent increase in alkaline phosphatase specific 
activity. At the peak of the dose-response curve 
(2.5 mM), the alkaline phosphatase specific activity 
was approximately 225 per cent of control values. 

Figure 5 shows the inhibition of the induction of 
alkaline phosphatase activity by imidazole when the 
cultures were also treated with theophylline. Imidazole 
alone produced approximately a 3-fold induction in 
activity at 72 hr. Both the induction by imidazole and 

0 24 48 72 
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Fig. 5. Inhibition by theophylline of the induction of alkaline 
phosphatase activity by imidazole. Alkaline phosphatase spe- 
cific activity was measured at various times after the addition 
of either control medium (open symbols) or medium contain- 
ing 2.5 mM imidazole (closed symbols). One mM theophyl- 
line was added to either control or imidazole-treated cultures 
(dashed lines). Each point is the mean of triplicate samples. 
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the “self-induction” seen in the control cells were inhib- 
ited completely by the addition of theophylline. 

DISCUSSION 

In these experiments we have shown that the three 
xanthine derivatives, caffeine, theophylline and IBMX, 
inhibited the induction of alkaline phosphatase activity 
produced by either IUdR or hydrocortisone. These 
compounds produced their effects in a dose-dependent 
manner and at concentrations that had little or no effect 
on cellular growth rates. The xanthines seemed to 
specifically alter the expression of the heat-stable com- 
ponent of the enzyme regardless of the agent that 
produced the induction. These effects are not due to 
alterations in the amount of total protein per cell, since 
when enzyme activity is expressed as units/IO6 cells, 
the results are identical. The forms of alkaline phospha- 
tase with differing heat stabilities which were differen- 
tially affected by treatment with either the inducers or 
the inhibitors cannot be separated by polyacrylamide 
electrophoresis or isoelectric focusing (unpublished 
data), and the molecular basis of these differences 
remains unknown. 

These compounds have been shown to inhibit cyclic 
nucleotide phosphodiesterase from adipose tissue in the 
same order of potency that they were found here to 
inhibit the induction of alkaline phosphatase activ- 
ity [ 16 I. The most obvious implication of these data is 
that cyclic nucleotides were involved in the induction or 
its inhibition. The observation that the phosphodiester- 
ase stimulator imidazole induced alkaline phosphatase 
activity is also consistent with the hypothesis that 
alterations in intracellular cyclic nucleotide concentra- 
tions are involved in the expression of the enzyme. 
Since the degree of phosphorylation of alkaline phos- 
phatase has been shown to change when monolayer 
cultures were treated with hydrocortisone [ 5 I, the role 
of cyclic nucleotides becomes of even more interest. On 
the other hand, we were unable to find a difference in 
phosphorylation between control enzyme or enzyme 
induced by either IUdR or hydrocortisone in cells 
grown in suspension culture 141. 

The xanthine derivatives used in these experiments 
have been reported to cause only short-lived changes in 
cellular cyclic AMP concentrations in HeLa 
cells [ 10, 17, 181, although a detailed time course of 
cellular cyclic AMP changes for the extended periods 
of treatment reported here has not been described in the 
literature. 

Even if these compounds do not cause long-term 
increases in total cellular cyclic nucleotide concentra- 
tions, the inhibition of the induction of alkaline phos- 
phatase activity still might be at least partially mediated 
by cyclic nucleotides. There are biological processes 

which have been shown recently to be mediated by 
cyclic nucleotides, but where the size of the pool of 
nucleotide responsible for these changes was not re- 
flected by the size of the total intracellular pool. Testos- 
terone production stimulated in Leydig cells after treat- 
ment with hCG does not correlate well with cellular 
cyclic AMP concentration [ 191, although the bound 
pool of the nucleotide does reflect the production of the 
steroid [ 201. 

Further studies measuring changes in cellular cyclic 
nucleotide concentrations after treatment with the xan- 
thine derivatives and investigating the role that cyclic 
nucleotides might play in mediating the expression of 
alkaline phosphatase activity are now underway. 
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