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Abstract

Previous studies showed that endogenous adenosine, an anti-inflammatory agent, was released at
sites of injury and inflammation thereby decreasing the excessive production of pro-inflammatory
cytokines. Caffeine, a non-specific adenosine blocker, has been reported in several studies to have
opposing immune-modulatory effects. In this study, the effects of caffeine and adenosine on TLR-4
in promoting or decreasing the production of TNF-a and IL-12 by LPS-stimulated monocytes were
investigated. Monocytes were isolated using Pluribead® kit from pooled blood obtained from ten
volunteers. The monocytes were then incubated for 24 hours with Lipopolysaccharide (pLPS) ex-
tracted from Escherichia coli (aTLR-4 ligand activator), adenosine, caffeine and LPS extracted from
Rhodobacter sphaeroides (LPS-RS, a TLR-4 ligand blocker), each alone or in different combinations.
Later, the levels of pro-inflammatory cytokines TNFa and IL-12 were assessed in supernatants us-
ing an Enzyme Linked Immuno Assay (ELISA). Caffeine and adenosine significantly reduced the
amount of TNFa and IL-12 produced by LPS-stimulated monocytes. Regarding non-stimulated and
LPS-RS blocked monocytes, the presence of adenosine and caffeine significantly decreased TNFa
levels produced by these cells but had little or non-significant effect on the levels of IL-12. In con-
clusion, both caffeine and adenosine blocked the production of the pro-inflammatory cytokines by
pLPS-stimulated-monocytes. TLR-4 did not appear to be involved in the signaling pathway of
caffeine and adenosine since blocking of TLR-4 did not abolish the effects of adenosine and caffe-
ine on production of cytokines, in particular TNF-a.
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1. Introduction

Pathogenic Lipopolysaccharide (pLPS) containing six fatty acyl groups is a constituent of the cell wall of pa-
thogenic Gram-negative bacteria such as Escherichia coli [1] [2]. Binding of pLPS to Toll-Like Receptor-4
(TLR-4), results in the activation of two signaling pathways that lead to the production of pro-inflammatory cy-
tokines, such as IL-12 and TNF-a. Cytokine release results in the initiation of an inflammatory cascade aimed at
elimination of the invading pathogen [3]-[5]. On the other hand, LPS containing 4 or 5 fatty acyl groups such as
the LPS of the photosynthetic bacterium, Rhodobacter sphaeroides (LPS-RS), which binds to TLR-4, does not
activate the signaling pathways and block pLPS from doing so [6] [7].

Adenosine, an endogenous anti-inflammatory agent, is normally present at low concentrations in the body as
it is produced by almost all cells as a by-product of metabolism [8]. However, during inflammation, stress, or
tissue injury, adenosine is released in high amounts reaching 10 - 100 folds in an attempt to control the inflam-
matory response [8]. Referred to as “retaliatory metabolite”, adenosine exerts its anti-inflammatory role by
binding to its receptors (Al, A2A, A2B, and A3) present on different immune cells [9]. While the activation of
different adenosine receptors results in opposing immune-modulatory effects, it is shown that during stress,
adenosine binds and activates A2A receptors which are anti-inflammatory in nature [8]. Previous studies dem-
onstrated that binding of adenosine to its A2A receptors specifically, decreased TNF-« and IL-12 production in
pLPS-stimulated monocytes and neutrophils, and thus suppressed inflammation [10]-[12].

On the other hand, caffeine, the widely consumed psychostimulant, is a non-specific adenosine antagonist
which blocks all adenosine receptors [13]. Despite being a weak phosphor-diesterase (PDE) blocker, it is be-
lieved that at normal physiological concentrations the major effects of caffeine are exerted via adenosine recep-
tors inhibition and not PDE blockage [13]. Being a blocker of an anti-inflammatory molecule, the role of caffe-
ine on immunity had been assessed before. However, previous studies concerning caffeine and immunity had
been controversial; while most studies showed that caffeine decreased cytokines production during inflamma-
tion and tissue injury [14] [15], other studies showed that caffeine either worsens inflammation or plays no sig-
nificant role at all [16]-[18]. One of the previous studies indicating a possible anti-inflammatory role of caffeine
suggested that caffeine reduced cytokine levels by increasing endogenous cAMP levels [14] [15]. However,
other studies argued that the elevation in cAMP was due to phosphor-diesterase (PDE) inhibition which was un-
likely to occur at normal physiological concentrations of caffeine [13]. Another study by Verani et al. reported
that caffeine upregulated the anti-inflammatory A2A receptors and thus decreased inflammation [19].

The aims of this study are to determine the effect of both caffeine and adenosine on pLPS-stimulated monocytes
and to assess whether TLR-4, the LPS receptor, is implicated in the signaling of either adenosine or caffeine.

2. Materials and Methods
2.1. Reagents

LPS extracted from Escherichia coli 111:B4 strain (Invivogen 3950 sorrento Valley Blvd., San Diego CA-
92121-USA), adenosine (Sigma, 3050 Spruce Street, Saint Louis, USA), caffeine (Sigma, 3050 Spruce Street,
Saint Louis, USA), and LPS extracted from Rhodobacter sphaeroides (Invivogen, 3950 Sorrento Valley Blvd.,
San Diego CA-92121-USA).

2.2. Blood Specimens and Isolation of Monocytes

Human monocytes were isolated from blood withdrawn from 10 informed healthy volunteers (age > 18 years
old) using vacutainers containing an anticoagulant. Blood specimens were pooled and monocytes were separated
using the PluriBeads® M-kit (PluriSelect Life Science, Leipzig, Germany) (viability, >95%). Collected cells
were then cultured in 0.5 ml RPMI medium containing 1% pen-strep, 1% L-glutamine, and 10% heat-inacti-
vated FBS at a concentration of 2 x 10° cells/ml.

Recruitment of volunteers was approved by the Institutional Review Board of American University of Beirut
(IRB-AUB). Volunteers refrained from caffeine consumption for at least 48 hours before blood withdrawal to
insure that previous high plasma caffeine levels could not interfere with the purpose of the study.

2.3. Culture of Monocytes

Monocyte culture was performed in a 48 well plate. Cells were incubated with the different reagents at 37°C and
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5% CO, for 24 hours according to the protocol indicated in Table 1. Each well contained 2 x 10° monocytes/ml
and were incubated with 2 pl of 0.1 pug/ml pLPS extracted from Escherichia coli 111:B4 strain, 381 ul of 100M
adenosine, 121 ul of 100 M caffeine and 10 ul of 1 pg/ml LPS-RS extracted from Rhodobacter sphaeroides,
each alone or in different combinations in 0.5 ml culture media (Table 1). LPS-RS (TLR-4 antagonist) and
caffeine (adenosine antagonist) were added to the cells before the other reagents at time t = —2 hours and t = -1
hour respectively. Following incubation for 24 hours, cytokine levels in supernatants were determined.

2.4. TNF-a and IL-12 Levels

TNF-a and IL-12, in supernatants were determined using ELISA (Abcam TNF alpha Human ELISA kit
(Ab46087) and Abcam IL-12 human ELISA kit; (Abcam company, Moscow, Russia) according to the manu-
facturer’s instructions.

2.5. Statistical Analysis

The unpaired student T-test was implemented to assess the sample variations between groups using the Graph-
pad online software. Results were considered to be statistically significant when p value was <0.05.

3. Results

3.1. Effect of Adenosine on pLPS-Stimulated Monocytes

The addition of adenosine to pLPS-stimulated monocytes resulted in a significant six fold decrease in the level
of TNF-a (p = 0.0024) and one-and-a-half fold decrease in IL-12 (p = 0.023) levels as compared to LPS-stimu-
lated monocytes alone (Figure 1 and Figure 2).

3.2. Effect of Adenosine on TLR-4

To assess the effect of adenosine on TLR-4, adenosine was added to non-stimulated monocytes and to LPS-RS
blocked monocytes. This resulted in a significant decrease in TNF-a levels by four folds (p = 0.0003) and
two-and-half fold (0.0011) as compared to non-stimulated monocytes and LPS-RS blocked monocytes respec-
tively. However, no significant reduction in 1L-12 levels was observed (p > 0.05) (Figure 1 and Figure 2).

Table 1. Culture and treatment of monocytes.

Monocytes 2 x 10° cells/ml in 0.5 ml culture media

Wells pLPS (0.01 pg/ml*) LPS-RS (0.1 pg/ml) Adenosine (100 M) Caffeine (100 M)
T=0hr T=-2hr T=0hr T=-1hr
Well 1 - - -
Well 2 + - -
Well 3 - + -
Well 4 + + --
Well 5 -- -- +
Well 6 -- -- +
Well 7 -- -- + +
Well 8 + -- -- +
Well 9 + -- +
Well 10 + - + +
Well 11 - + - +
Well 12 - + +
Well 13 - + + +

“Concentrations used were: 2 pl of 0.1 ug/ml pLPS extracted from Escherichia coli 111:B4 strain, 381 pl of 100 M adenosine, 121 pl of 100 M caffe-
ine and 10 pl of 1 ug/ml LPS-RS extracted from Rhodobacter sphaeroides.
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Figure 1. TNF-a levels in supernatants determined by ELISA. Results
after 24 hrs incubation of monocytes with the presence or absence of 2 pl
of 0.1 pug/ml pLPS extracted from Escherichia coli 111:B4 strain, 381 pl
of 100 M adenosine, 121 pl of 100 M caffeine and 10 pl of 1 pg/ml
LPS-RS extracted from Rhodobacter sphaeroides. After incubation, su-
pernatant was used to assess the TNF-a level in each well. M = mono-
cytes, pLPS = E. coli Lipopolysaccharide, LPS-RS = Rh. sphaeroides Li-
popolysaccharide, A = adenosine and C = caffeine. Only significant p
values (<0.5) are displayed on figure.

~
o Q3
S <o S
6 7T
5 o o o
4
g/ml 3
2
1
0
Q\g%@@xvxo XQXQ xvxo xoxvxg
R FTFTDID v e & v& & v
\)\3 x\s\gx X x
> (x7 X SRR FEF S
%\Q% Q\@XQ\/X\’Q’%&
& @X@@X\s
< <

Figure 2. IL-12 levels in supernatants determined by ELISA. Results af-
ter 24 hrs incubation of Monocytes with the presence or absence of 2 pl of
0.1 ug/ml pLPS extracted from Escherichia coli 111:B4 strain, 381 ul of
100 M adenosine, 121 ul of 100 M caffeine and 10 pl of 1 pg/ ml LPS-RS
extracted from Rhodobacter sphaeroides. After incubation, supernatant
was used to assess the TNF-a level in each well. M = monocytes, pLPS =
E. coli Lipopolysaccharide, LPS-RS = Rh. sphaeroides Lipopolysaccha-
ride, A = adenosine and C = caffeine. Only significant p values (<0.5) are

displayed on figure.
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3.3. Effect of Caffeine on pLPS Stimulated Monocytes

This resulted in a significant nine fold decrease in the level of TNF-a (p = 0.0022) and a significant one-and-a-
half fold decrease in the level of IL-12 (p = 0.037) as compared to LPS-stimulated monocytes alone.

3.4. Effect of Caffeine on TLR-4

When caffeine was added to non-stimulated monocytes or LPS-RS blocked monocytes, it resulted in a signifi-
cant decrease in the levels of TNF-a by twenty nine fold and fifty fold respectively (p = 0.0001, and p = 0.0001
respectively) but IL-12 levels were not affected significantly (p > 0.05). Moreover, it is worth noting that in all
scenarios caffeine was decreasing TNF-a levels more than adenosine.

3.5. Effect of the Combination of Adenosine and Caffeine; (Figure 1 and Figure 2)

- On pLPS-stimulated monocytes; significantly decreased TNF-a levels by three hundred fold (p = 0.001) and
IL-12 levels by about 2 fold (p = 0.0097).

- On non-stimulated monocytes; significantly decreased TNF-a by fifty folds (p = 0.0001). Had no significant
effect on IL-12 levels (p > 0.05).

- On LPS-RS blocked monocytes; significantly decreased TNF-a by thirteen fold (p = 0.0008). Had no signif-
icant effect on IL-12 levels (p > 0.05).

- It is worth noting that the combination of adenosine and caffeine decreased TNF-a levels more than when
each reagent was used alone.

4. Discussion

In the presence of Gram negative bacteria, TLR-4 recognizes pLPS and initiates an inflammatory response in an
attempt to eliminate these bacteria. While inflammation is usually beneficial, excessive inflammation can result
in tissue injury or sepsis. To control the inflammatory response, adenosine is released at sites of tissue injury and
inflammation where it acts as an endogenous anti-inflammatory agent [8]. It has been reported that adenosine
decreases TNF-a and IL-12 production in LPS-stimulated monocytes and thus suppresses inflammation [10]-
[12].

Our results indicated that when adenosine was added to pLPS-stimulated monocytes, a significant decrease in
both cytokines, IL-12 and TNFa, was observed. These results are consistent with previous studies demonstrating
that adenosine decreases the production of pro-inflammatory cytokines in pLPS-stimulated monocytes [10] [11].
On the other hand, the addition of adenosine to LPS-RS blocked monocytes or to non-stimulated monocytes
significantly decreased TNFa levels but had little effect on the levels of 1L-12 released by these cells. Such re-
sults suggest that TLR-4 is probably not implicated in the signaling of adenosine since the blockage of TLR-4
by LPS-RS or the lack of its stimulation in non-stimulated monocytes did not prevent adenosine from exerting
its anti-inflammatory role and decreasing TNFa levels mainly.

Caffeine, a popular psychostimulant, belongs to the methyl xanthine family of drugs [13]. It is a non-specific
adenosine blocker that antagonizes all adenosine receptors. Previous studies investigating the role of caffeine in
immunity were controversial. While most studies agreed that caffeine decreases inflammation [14]-[16], other
studies presented evidence on caffeine increasing tissue injury, inflammation, or even playing no significant role
in immunity [14] [18]. Thus, the aim was to assess the role of caffeine in promoting or decreasing inflammation
in pLPS stimulated monocytes. Moreover, knowing that caffeine has no identified receptors yet, we investigated
the role of TLR-4 in caffeine signaling. The results indicated that caffeine significantly decreased the levels of
both TNFa and IL-12 produced by pLPS stimulated monocytes. These findings are in agreement with previous
studies suggesting that caffeine decreases cytokines production in pLPS-stimulated monocytes and might play
an anti-inflammatory role [14] [15]. The addition of caffeine to LPS-RS blocked monocytes and to non-stimu-
lated monocytes resulted in a significant decrease in TNFa levels but had a little effect on the levels of IL-12 re-
leased by these cells. These results again indicate that TLR-4 might not be involved in the signaling of caffeine
since a significant decrease in cytokines, in particular TNFa, was still observed when TLR-4 receptor was not
stimulated or blocked. It is worth noting that in all cases the decreased TNFa level caused by caffeine was
greater than that caused by adenosine. This reinforces the possibility that caffeine is an immune-modulatory

molecule.
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This result concurs with the report of Verani et al. who showed that caffeine had an anti-inflammatory effect
[19]. They suggested that caffeine upregulated the adenosine anti-inflammatory A,, receptors. Thus, despite
previous data stating that the major effects of caffeine are due to adenosine antagonism, caffeine does not seem
to block the anti-inflammatory adenosine receptors present on monocytes.

It had been noted that in LPS-RS blocked monocytes and non-stimulated monocytes, the addition of adeno-
sine, caffeine, or both reagents decreased TNFa levels significantly but did not result in significant changes in
IL-12 levels. This different effect can be due to the fact that TNF-a is usually produced in higher levels than
IL-12 and thus we expect that the decrease in TNF-a levels, upon blockage of TLR-4 in LPS-RS blocked mo-
nocytes or the lack of its stimulation in monocytes alone, will be more pronounced than that of 1L-12. Another
possible explanation is that the production of IL-12 is regulated by different mechanism than that of TNF-a [20].

5. Conclusion

In conclusion, both caffeine and adenosine blocked the production of the pro-inflammatory cytokines by pLPS-
stimulated monocytes. TLR-4 did not appear to be involved in the signaling pathway of caffeine and adenosine
since blocking of TLR-4 did not abolish the effects of adenosine and caffeine on production of cytokines, in par-
ticular TNF-o..

References

[1] Alexander, C. and Rietschel, E.T. (2001) Invited Review: Bacterial Lipopolysaccharides and Innate Immunity. Journal
of Endotoxin Research, 7, 167-202. http://dx.doi.org/10.1177/09680519010070030101

[2] Fujihara, M., Muroi, M., Tanamoto, K.I., Suzuki, T., Azuma, H. and Ikeda, H. (2003) Molecular Mechanisms of Ma-
crophage Activation and Deactivation by Lipopolysaccharide: Roles of the Receptor Complex. Pharmacology & The-
rapeutics, 100, 171-194. http://dx.doi.org/10.1016/j.pharmthera.2003.08.003

[3] Park, B.S. and Lee, J.O. (2013) Recognition of Lipopolysaccharide Pattern by TLR4 Complexes. Experimental & Mo-
lecular Medicine, 45, e66. http://dx.doi.org/10.1038/emm.2013.97

[4] Bryant, C.E., Spring, D.R., Gangloff, M. and Gay, N.J. (2010) The Molecular Basis of the Host Response to Lipopoly-
saccharide. Nature Reviews Microbiology, 8, 8-14.

[5] Liaunardy-Jopeace, A. and Gay, N.J. (2014) Molecular and Cellular Regulation of Toll-Like Receptor-4 Activity In-
duced by Lipopolysaccharide Ligands. Frontiers in Immunology, 5, 473. http://dx.doi.org/10.3389/fimmu.2014.00473

[6] Teghanemt, A., Zhang, D., Levis, E.N., Weiss, J.P. and Gioannini, T.L. (2005) Molecular Basis of Reduced Potency of
Underacylated Endotoxins. The Journal of Immunology, 175, 4669-4676.
http://dx.doi.org/10.4049/jimmunol.175.7.4669

[7] Coats, S.R., Pham, T.T.T., Bainbridge, B.W., Reife, R.A. and Darveau, R.P. (2005) MD-2 Mediates the Ability of Te-
tra-Acylated and Penta-Acylated Lipopolysaccharides to Antagonize Escherichia coli Lipopolysaccharide at the TLR4
Signaling Complex. The Journal of Immunology, 175, 4490-4498. http://dx.doi.org/10.4049/jimmunol.175.7.4490

[8] Haskd, G. and Cronstein, B.N. (2004) Adenosine: An Endogenous Regulator of Innate Immunity. Trends in Immunol-
ogy, 25, 33-39. http://dx.doi.org/10.1016/}.it.2003.11.003

[9] Haské, G., Linden, J., Cronstein, B. and Pacher, P. (2008) Adenosine Receptors: Therapeutic Aspects for Inflammatory
and Immune Diseases. Nature Reviews Drug Discovery, 7, 759-770. http://dx.doi.org/10.1038/nrd2638

[10] McNeill, B.W. (2004) Adenosine Receptor Mediated Inhibition of Tumor Necrosis Factor Alpha in Human Monocytic
Cells. Doctoral Dissertation, University of Georgia.

[11] McColl, S.R., St-Onge, M., Dussault, A.A., Laflamme, C., Bouchard, L., Boulanger, J. and Pouliot, M. (2006) Immu-
nomodulatory Impact of the A,o Adenosine Receptor on the Profile of Chemokines Produced by Neutrophils. The
FASEB Journal, 20, 187-189.

[12] Hamano, R., Takahashi, H.K., Iwagaki, H., Kanke, T., Liu, K., Yoshino, T. and Tanaka, N. (2008) Stimulation of
Adenosine A, Receptor Inhibits LPS-Induced Expression of Intercellular Adhesion Molecule 1 and Production of
TNF-¢ in Human Peripheral Blood Mononuclear Cells. Shock, 29, 154-159.
http://dx.doi.org/10.1097/shk.0b013e31812385da

[13] Horrigan, L.A., Kelly, J.P. and Connor, T.J. (2006) Immunomodulatory Effects of Caffeine: Friend or Foe? Pharma-
cology & Therapeutics, 111, 877-892. http://dx.doi.org/10.1016/j.pharmthera.2006.02.002

[14] Horrigan, L.A., Kelly, J.P. and Connor, T.J. (2004) Caffeine Suppresses TNF-a Production via Activation of the Cyclic
AMP/Protein Kinase A Pathway. International Immunopharmacology, 4, 1409-1417.

http://dx.doi.org/10.1016/j.intimp.2004.06.005



http://dx.doi.org/10.1177/09680519010070030101
http://dx.doi.org/10.1016/j.pharmthera.2003.08.003
http://dx.doi.org/10.1038/emm.2013.97
http://dx.doi.org/10.3389/fimmu.2014.00473
http://dx.doi.org/10.4049/jimmunol.175.7.4669
http://dx.doi.org/10.4049/jimmunol.175.7.4490
http://dx.doi.org/10.1016/j.it.2003.11.003
http://dx.doi.org/10.1038/nrd2638
http://dx.doi.org/10.1097/shk.0b013e31812385da
http://dx.doi.org/10.1016/j.pharmthera.2006.02.002
http://dx.doi.org/10.1016/j.intimp.2004.06.005

S. Moodad et al.

[15]

[16]

[17]

(18]

[19]

[20]

Deree, J., Martins, J.0., Melbostad, H., Loomis, W.H. and Coimbra, R. (2008) Insights into the Regulation of TNF-a
Production in Human Mononuclear Cells: The Effects of Non-Specific Phosphodiesterase Inhibition. Clinics, 63, 321-
328. http://dx.doi.org/10.1590/S1807-59322008000300006

Ramakers, B.P., Riksen, N.P., van den Broek, P., Franke, B., Peters, W.H., van der Hoeven, J.G. and Pickkers, P.
(2011) Circulating Adenosine Increases during Human Experimental Endotoxemia but Blockade of Its Receptor Does
Not Influence the Immune Response and Subsequent Organ Injury. Critical Care, 15, R3.
http://dx.doi.org/10.1186/cc9400

Ohta, A., Lukashev, D., Jackson, E.K., Fredholm, B.B. and Sitkovsky, M. (2007) 1, 3, 7-Trimethylxanthine (Caffeine)
May Exacerbate Acute Inflammatory Liver Injury by Weakening the Physiological Immunosuppressive Mechanism.
The Journal of Immunology, 179, 7431-7438. http://dx.doi.org/10.4049/jimmunol.179.11.7431

Meiners, 1., Hauschildt, S., Nieber, K. and Miinch, G. (2004) Pentoxyphylline and Propentophylline Are Inhibitors of
TNF-o Release in Monocytes Activated by Advanced Glycation Endproducts. Journal of Neural Transmission, 111,
441-444. http://dx.doi.org/10.1007/s00702-003-0066-y

Varani, K., Portaluppi, F., Gessi, S., Merighi, S., Vincenzi, F., Cattabriga, E. and Borea, P.A. (2005) Caffeine Intake
Induces an Alteration in Human Neutrophil A, Adenosine Receptors. Cellular and Molecular Life Sciences CMLS, 62,
2350-2358. http://dx.doi.org/10.1007/s00018-005-5312-z

Aste-Amezaga, M., Ma, X., Sartori, A. and Trinchieri, G. (1998) Molecular Mechanisms of the Induction of IL-12 and
Its Inhibition by IL-10. The Journal of Immunology, 160, 5936-5944.



http://dx.doi.org/10.1590/S1807-59322008000300006
http://dx.doi.org/10.1186/cc9400
http://dx.doi.org/10.4049/jimmunol.179.11.7431
http://dx.doi.org/10.1007/s00702-003-0066-y
http://dx.doi.org/10.1007/s00018-005-5312-z

	Is There a Relation between Adenosine and Caffeines’ Mechanisms of Action and Toll-Like Receptor-4 (TLR-4)?
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Reagents
	2.2. Blood Specimens and Isolation of Monocytes
	2.3. Culture of Monocytes
	2.4. TNF-α and IL-12 Levels
	2.5. Statistical Analysis

	3. Results
	3.1. Effect of Adenosine on pLPS-Stimulated Monocytes
	3.2. Effect of Adenosine on TLR-4
	3.3. Effect of Caffeine on pLPS Stimulated Monocytes
	3.4. Effect of Caffeine on TLR-4
	3.5. Effect of the Combination of Adenosine and Caffeine; (Figure 1 and Figure 2) 

	4. Discussion
	5. Conclusion
	References

