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Studies on the Mechanism of Caffeine Action in Alveolar Macrophages:
Caffeine Elevates Cyclic Adenosine Monophosphate Level

and Prostaglandin Synthesis

Mahvash Jafari and Azra Rabbani

e have previously reported that the effects of caffeine on alveolar macrophages are dose-dependent; thus, at low

oncentrations caffeine prevents apoptosis and at moderate concentrations, the cells proceed into apoptosis. In the current

tudy, the mechanism of caffeine action via prostaglandin synthesis and cyclic adenosine monophosphate (cAMP) was

nvestigated using moderate concentrations of caffeine. The results show that the combination of caffeine with indomethacin,

n inhibitor of prostaglandin synthesis, mediated caffeine’s effect by increasing cellular viability and lowering superoxide

nion production and DNA fragmentation. However, addition of exogenous prostaglandin E2 (PGE2) to the culture in the

resence of caffeine had the opposite effect, in which the viability was decreased and anion superoxide production was

ncreased. Incubation of macrophages with exogenous dibutyryl cAMP showed nearly similar effects to caffeine. At low

oncentrations (<50 �mol/L), higher viability and lower superoxide production pattern were evident and at higher concen-

rations (>50 �mol/L) the cells proceeded into apoptosis. Therefore, it is suggested that caffeine exerts its effects on

acrophages by altering cAMP level and prostaglandin synthesis.
2004 Elsevier Inc. All rights reserved.
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AFFEINE (1,3,7 trimethylxanthine) is the most wide
consumed, behaviorally active substance in the w

he main sources are coffee, tea, and caffeinated cola drin1-3

he diuretic, respiratory, cardiovascular, and central stim
roperties of caffeine have been known for decades. Caf
as been used therapeutically to treat narcolepsy, asthm
pnea, and as an analgesic adjunct.4-6 The effects of caffeine i
oth humans and animals are biphasic in nature. In hum

ow doses elicit a central stimulation and high doses e
npleasant effects, sometimes referred to as “caffinism.”2,7 The
ain mechanism of action of caffeine occurring at circula

oncentration is the antagonism at the level of adenosin
eptors, while higher doses would be required for signifi
nhibition of phosphodiesterases, the enzyme that breaks
yclic adenosine monophosphate (cAMP).8-10 Also, caffeine
an stimulate prostaglandin synthesis, which induces a
rease of cAMP level.11,12

Alveolar macrophages are the most abundant phagocytic
n the lung, and have adopted important functions in the indu
nd regulation of acquired (humoral and cellular) immune rea
nd in the control of cell functions of many nonphagoc
ells.13,14 Our previous results have shown that the effec
affeine on alveolar macrophages is dose- and time-depende
ow concentrations, caffeine prevents apoptosis, whereas at
rate concentrations it induces apoptosis.15 However, the mecha

ism of this effect of caffeine is unknown.
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In the present study we planned to investigate the mecha
f caffeine action on cell survival, superoxide anion prod

ion, and DNA fragmentation in alveolar macrophages u
xogenous indomethacin, prostaglandin E2 (PGE2),
AMP. We conclude that caffeine exerts its function via cA
nd prostaglandin synthesis.

MATERIALS AND METHODS

hemicals

Trypan blue, cytochrome C, superoxide dismutase (SOD), dibu
AMP, and PGE2 were purchased from Sigma Chemical Co (St L
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688 JAFARI AND RABBANI
o). Diphenylamine (DPA) and other chemical compounds were ob-
ained from Merck. Dulbecco’ s modified eagle medium (DMEM) and
etal calf serum (FCS) were from Gibco. DMEM supplemented with 30
g/L of asparagine and antibiotics (120 mg/mL penicillin and 200
g/mL streptomycin) pH 7.4 was prepared, and after sterilization by

.45- �m millipore filters kept at 4°C until use. Caffeine (Merck) was
reshly dissolved in DMEM culture medium immediately before use.
GE2 and indomethacin were dissolved in absolute ethanol at a stock
oncentration of 1 mg/mL and 0.5 mg/mL, respectively; appropriate
ilutes were made using DMEM before use.

nimals

Male Sprague-Dawley rats (Hesarak Institute, Tehran, Iran) weight-
ng of 200 to 250 g were used throughout the experiments.

lveolar Macrophage Collection

Alveolar macrophages were collected from rat lungs using the bron-
hoalveolar lavage procedure previously described.16 Lungs were la-
aged 5 to 6 times each with 10 mL saline. The cells were collected by
entrifugation at 2,000 � g for 10 minutes (4°C), washed once with
MEM medium supplemented with 10% FCS, and examined under
icroscope. Methylen green was used for cell count and cell viability
as determined by trypan blue exclusion.

reatment of Cells With cAMP, PGE2, and Indomethacin
ombined With Caffeine

Freshly isolated cells were suspended at a density of 2 � 106

ells/mL in DMEM with 10% FCS and 1 mL suspension in duplicate
nd preincubated for 30 to 45 minutes in plastic Petri dishes (Nunc) at
7°C in a 95% air, 5% CO2 in atmosphere and fully humidified
ondition. Caffeine, cAMP, indomethacin, PGE2 or a combination of
hem at desired concentrations were then added to the cultures, which
ere mixed thoroughly and incubated for 24 hours under the condition
oted above.

ssay for Superoxide Release

After incubation of macrophages in the absence and presence of
arious concentrations of compounds for 24 hours, the cells were
ollected by rubber policeman followed by centrifugation for 10 min-
tes at 2,000 � g. The packed cells were washed twice with phosphate-
uffered saline (PBS) and then to each sample 200 �L cytochrome C
160 �mol/L) and 200 �L phorbol 12-myristate 13-acetate (10�6

ol/L) were added. Also to the control was added 17 �L (1 �g/mL)
OD (60 U). The samples were incubated at 37°C for 15 minutes and

hen centrifuged at 6,000 � g for 10 minutes at 4°C. Superoxide anion
roduction was determined from absorbance reading against the control
t 550 nm using U.V 260 Shimadzu spectrophotometer.17

uantitative Analysis of DNA Fragmentation

Treated alveolar macrophages and controls were collected by cen-
rifugation at 2,000 � g for 10 minutes at 4°C. The cell pellets were
ysed in 0.5 mL lysis buffer containing 10 mmol/L tris-HCI (pH 8), 1
mol/L EDTA, and 0.2% Triton X-100, and centrifuged at 10,000 rpm

Eppendorf) for 20 minutes at 4°C. After resuspending in 0.5 mL of
ysis buffer, to the pellets and the supernatants 0.5 mL of 25% trichlo-
oacetic acid (TCA) was added and incubated at 4°C for 24 hours. The
amples were centrifuged for 20 minutes at 10,000 rpm (Eppendorf) at
°C and the pellets were suspended in 80 �L of 5% TCA, followed by
ncubation at 83°C for 20 minutes. Then to each sample 160 �L of
PA solution (150 mg DPA in 10 mL glacial acetic acid with 150 �L
f sulfuric acid and 50 �L acetaldehyde 16 mg/mL) was added and

18
ncubated at room temperature for 24 hours. The proportion of m
ragmented DNA was calculated from absorbance reading at 600 nm
sing the formula:

% Fragmented DNA � OD (S)/OD (S) � OD (P) � 100.

tatistical Analysis

All calculations were performed using Instat statistical software.
esults were analyzed by analysis of variance (ANOVA), paired t test,
nd unpaired t test. P values less than .05 were considered statistically
ignificant. Results were expressed as means � SD mean, with n
enoting the number of experiments performed.

RESULTS

Macrophages obtained from rat lungs were 95% to 98%
iable when examined under microscope and trypan blue ex-
lusion procedure. Figure 1 shows the survival curve of the
ells cultured for 24 hours with various concentrations of
affeine in the absence and presence of 3 �mol/L indometha-
in, as an inhibitor of prostaglandin synthesis. At low concen-
rations of caffeine (�5 mmol/L) alone, viability was markedly
nhanced and the peak of enhancement was observed at 2.5
mol/L. Between 5 mmol/L and 15 mmol/L of caffeine, the

iability of the cells was still higher than the control level. At
0 mmol/L it reached to the control level and at higher con-
entrations caffeine inhibited cell survival and killed a fraction
f the population. The viability pattern of low concentrations of
affeine (�5 mmol/L) combined with indomethacin (3
mol/L) was nearly similar to caffeine-alone samples, but at
igher concentrations of caffeine (�10 mmol/L) viability was
ncreased and the maximal effect was observed at 80 mmol/L,
hich represented 79.8% of the viability (compared to 80

Fig 1. Effect of indomethacin in the absence and presence of

arious concentrations of caffeine on 2 � 106 alveolar macrophages

rom rat lung for 24 hours of incubation. (�) With indomethacin; (■ )

ithout indomethacin; Ind, indomethacin. Data are means � SD of 4

xperiments. aP < .05 v control (no caffeine); bP < .05 v the same

oncentrations of caffeine; cP < .05 v indomethacin (3 �mol/L).
mol/L, caffeine-treated cells of 63%, P � .001). The viability
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689EFFECTS OF CAFFEINE ON ALVEOLAR MACROPHAGES
f the cells in the presence of indomethacin alone (3 �mol/L)
howed no significant change compared to the control.

Determination of superoxide anion production of macro-
hages cultured in the absence and presence of caffeine and in
ombination with indomethacin showed that up to 2.5 mmol/L
affeine alone, no significant SOD-inhibitable reduction of
ytochrome C was observed. At higher concentrations of caf-
eine (�5 mmol/L), the superoxide production was augmented,
ut in combination with indomethacin (3 �mol/L), the rate of
uperoxide anion production decreased; thus, at 80 mmol/L,
.782 nmol anion production was obtained (Fig 2). In the
resence of indomethacin alone (3 �mol/L) there was no sig-
ificant change in the rate of O2

� production.
Quantitative DNA fragmentation analysis determined by

PA reaction to the procedure is presented in Fig 3. Cells
xposed to high concentrations of caffeine (�10 mmol/L)
howed a profound increase in DNA fragmentation. As at 80
mol/L, nearly 2-fold increase was observed when compared

o the control with no caffeine. However, caffeine in combina-
ion with indomethacin showed a significant decrease in DNA
ragmentation (P � .05). In the presence of indomethacin
lone, the rate of DNA fragmentation was similar to the con-
rol.

To determine whether the effects seen above were the result
f the inhibition of PGE2 synthesis, the effects of PGE2 on
urvival rate and superoxide anion production of macrophages
ultured in the absence and presence of caffeine were exam-
ned. For simplicity, 2 concentrations of caffeine, 5 and 10
mol/L, were chosen. Figure 4 shows the viability of caffeine-

reated macrophages incubated for 24 hours in the absence and
resence of various concentrations of PGE2. Addition of ex-
genous PGE2 (up to 10�7 mol/L) to the cultures increased the

�5

Fig 2. Effect of indomethacin in the absence and presence of

arious concentrations of caffeine on superoxide anion release from

lveolar macrophages incubated for 24 hours. (�) With indometha-

in; (■ ) without indomethacin; Ind, indomethacin. Data are means �

D of 4 experiments. bP < .05 v the same concentrations of caffeine;

P < .05 v indomethacin (3 �mol/L).
urvival rate of macrophages (P � .01), but at 10 mol/L, P
Fig 3. Effect of indomethacin in the absence and presence of

arious concentrations of caffeine on DNA fragmentation from alve-

lar macrophages incubated for 24 hours. (�) With indomethacin; (■ )

ithout indomethacin; Ind, indomethacin. Data are means � SD of 4

xperiments. aP < .05 v control (no caffeine); bP < .05 v the same

oncentrations of caffeine; cP < .05 v indomethacin (3 �mol/L).
Fig 4. Effect of various concentrations of PGE2, 5 and 10 mmol/L

affeine on 2 � 106 alveolar macrophages from rat lung cultured for

4 hours. C, caffeine, P, PGE2. Results are expressed as the means �

D of data from at least 4 separate experiments. aP < .05 v control

no caffeine and no PGE2); bP < .05 v the same concentrations of
c
GE2; P < .05 v the same concentrations of caffeine.
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690 JAFARI AND RABBANI
iability was markedly decreased (P � .05) when compared to
he control with no PGE2. In the presence of both 5 and 10
mol/L caffeine, viability of the cells was decreased, and at 10
mol/L concentration, the effect was no longer visible.
Figure 5 shows the effect of PGE2 on superoxide anion

elease from alveolar macrophages cultured for 24 hours in the
bsence and presence of caffeine. Different concentrations of
GE2 showed different effects on superoxide anion production;

hus, at 10�7 mol/L, O2
� production was decreased and at

0�5 mol/L, significant increase was observed. However, in the
resence of caffeine (5 and 10 mmol/L) and the 3 concentra-
ions of PGE2, the rate of O2

� production was increased
onsiderably. The O2

� production at 10 mmol/L caffeine and
0�5 mol/L PGE2 was higher than 5 mmol/L caffeine in the
ame condition. PGE2 at 10�7 mol/L concentration showed the
owest superoxide anion production level, which is in agree-
ent with the results obtained for the viability test.
In has been shown that PGE2 induces an increase of cAMP

evel through activating adenylate cyclase.11,12 In addition,
affeine is known as an inhibitor of phosphodiesterase.3,10

herefore, to study the effect of cAMP on alveolar macro-
hages and whether the effects observed above are exerted
hrough changes in the cAMP level, macrophages were cul-
ured in the presence of cAMP added exogenously to the media.
igure 6A illustrates the viability of cells incubated for 24
ours in the absence and presence of various concentrations of
AMP. In this case, a similar pattern to the effect of caffeine
as obtained.10 Low concentrations of cAMP (�50 �mol/L)

nhanced viability, and at 50 �mol/L, viability was still higher
han the control level. Higher concentrations of cAMP (�100

Fig 5. Effect of combination of PGE2 with 5 and 10 mmol/L caf-

eine on caffeine on superoxide anion release from alveolar macro-

hages at 2 � 106 cells/mL for 24 hours. C, caffeine; P, PGE2. Data

epresent means � SD means of 3 experiments. bP < .05 v the same

oncentrations of PGE2; cP < .05 v the same concentrations of caf-

eine.
mol/L) markedly decreased the cell survival rate; thus, at 200 .
mol/L, only 78% of the viability was retained (P � .001). In
ig 6B, the effect of cAMP on superoxide anion release and the
ercent of DNA fragmentation of alveolar macrophages is
hown. Up to 30 �mol/L of cAMP, the superoxide anion
roduction level was low and DNA fragmentation was de-
reased, but at higher concentrations (�50 �mol/L) both O2

�

roduction and DNA fragmentation were increased.

DISCUSSION

Macrophages are believed to play a major role in the devel-
pment of the inflammatory process19,20 and are known to
elease considerable amounts of prostaglandins.21-23 Caffeine is
n inhibitor of cyclic nucleotide phosphodiesterase, and in
ome tissues stimulates prostaglandin synthesis,11,24 both of
hich lead to increased cAMP level.22,23 Our previous results
ave shown that the effect of caffeine on cell survival, super-
xide production, and DNA fragmentation of alveolar macro-
hages is dose- and time-dependent.15 In the present study, the
echanism of caffeine action on macrophages via cAMP and

rostaglandin biosynthesis was examined.
The results demonstrate that in the presence of caffeine

lone, the cell survival rate at 2.5 mmol/L of caffeine was

Fig 6. Effect of cAMP on (A) viability and (B) superoxide anion

elease and DNA fragmentation of alveolar macrophages cultured for

4 hours in DMEM in the presence of 10% FCS. ( ) Superoxide anion

elease; (�) DNA fragmentation. Results are means � SD. (n � 3), P <

05.
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691EFFECTS OF CAFFEINE ON ALVEOLAR MACROPHAGES
ncreased remarkably, but at higher concentrations (�5
mol/L) caffeine inhibited cell survival. When a combination

f indomethacin with low concentrations of caffeine (�5
mol/L) was added to the cultures, there was no significant

ifference in the viability of the cells compared to the caffeine-
reated cells, while higher concentrations of caffeine (�10

mol/L) increased the viability. Also, a significant decrease in
oth superoxide anion production and DNA fragmentation
ere observed. These results show that indomethacin dimin-

shes the effect of caffeine. This is in agreement with the results
eported by De Pasquale et al that indomethacin, as an inhibitor
f prostaglandin biosynthesis, inhibits the effect of caffeine in
ats.25 Other studies have also shown that indomethacin induces
poptosis in different cells.26,27

The effect of PGE2 on the survival rate of alveolar macro-
hages is dose-dependent. The survival curves of cells in the
resence of 10�9 and 10�7 mol/L PGE2 remained higher than
he control, while at 10�5 mol/L, viability was decreased.

hen caffeine was added in combination with various PGE2
oncentrations, cell viability was decreased. These results sug-
est that probably both PGE2 (by activating adenylate cyclase
nzyme) and caffeine (by inhibition of phosphodiesterase) in-
rease cAMP levels in alveolar macrophages.12,28,29 On the
ther hand, it has been shown that an increase in cAMP level
roceeds apoptosis.30,31 This is in agreement with the results
eported previously that caffeine inhibits phosphodiesterase
nzyme following enhanced formation of PGE2,32 and that
GE2 can cause apoptosis in various types of cells.33-35 In other
ords, an increase in PGE2 synthesis elevates cAMP level.
Our results also show that the effect of cAMP on macro-
hages is dose-dependent. Low concentrations of cAMP (�50 t
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