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Abstract 

Arachidonyl ethanolamine, which is commonly known as anandamide, was the first 

endogenous compound to be identified which binds to the cannabinoid receptors.  

Anandamide mimics many of the physiological effects of ∆9-tetrahydrocannabinol 

(∆9-THC), including hypothermia, antinociception, immobility, catalepsy, and immune 

modulation.  In the present studies we show that anandamide caused a 

concentration-dependent inhibition of interleukin-2 in primary splenocytes.  The CB1 

and CB2 antagonists, SR141716A and SR144528, when used in combination, did not 

antagonize the inhibition of interleukin-2 by anandamide.  Additionally, neither UCM707, 

the inhibitor of the putative anandamide membrane transporter (AMT), nor methyl 

arachidonoyl fluorophosphonate (MAFP), the inhibitor of fatty acid amidohydrolase 

(FAAH), were able to affect the inhibitory activity of anandamide upon interleukin-2.  

Interestingly, arachidonic acid caused a concentration-dependent inhibition of 

interleukin-2 secretion (IC50=10.3 µM), which was similar to that of structurally-related 

anandamide (IC50=11.4 µM).  The inhibition of interleukin-2 by anandamide and 

arachidonic acid was partially reversed by pretreatment with the nonspecific 

cyclooxygenase inhibitors, flurbiprofen and piroxicam.  Moreover, NS398, a 

cyclooxygenase-2 specific inhibitor, also attenuated the inhibitory effects of anandamide 

and arachidonic acid upon interleukin-2 secretion.  Finally, pretreatment with a PPARγ-

specific antagonist, T0070907, partially antagonized anandamide-mediated suppression 

of IL-2 secretion.  Collectively, the aforementioned studies suggest that inhibition of 

interleukin-2 secretion by anandamide is independent of CB1/CB2 and the AMT/FAAH 

system.  Additionally, these studies also suggest that inhibition of interleukin-2 is 
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mediated by a PPARγ, which is activated by a cyclooxygenase-2 metabolite of 

anandamide. 
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Introduction 

Two cannabinoid receptors have been isolated and cloned to date, CB1 and CB2 

(Matsuda et al., 1990; Munro et al., 1993).  CB1 is widely distributed in the central 

nervous system, but is also found in a number of other tissues (Matsuda et al., 1990).  

CB2 is the predominant cannabinoid receptor expressed in cells of the immune system, 

although CB1 is also detected in many immune cells at lower levels (Kaminski et al., 

1992; Munro et al., 1993).  Both receptors have seven transmembrane domains and are 

G-protein coupled.  CB1 and CB2 share only 44% homology, which increases to 68% 

when comparing only the transmembrane regions that contain the ligand-binding 

domains (Munro et al., 1993).  Arachidonyl ethanolamine, also known as anandamide, 

was the first endogenous cannabinoid receptor ligand to be identified through 

radioligand binding analysis and was therefore termed an endocannabinoid (Devane et 

al., 1992).  

Recently published studies suggest that CB2 may be involved with a number of 

immunomodulatory effects, including inhibition of macrophage-dependent T cell 

activation, induction of the immunosuppressive cytokine, transforming growth factor β, in 

human peripheral blood lymphocytes stimulated with anti-CD3, inhibition of antigen 

processing by macrophages, and induction of cytokine and chemokine production in 

HL-60 cells (McCoy et al., 1999; Buckley et al., 2000; Derocq et al., 2000; Gardner et 

al., 2002).  Although CB1 is typically expressed at much lower levels in immune cells 

than CB2, there is also evidence to suggest a role for CB1 in certain immunological 

effects, such as inhibition of tumor necrosis factor α and interleukin-12 in LPS-treated 

mice as well as induction of interleukin-6 in mouse astrocytes (Molina-Holgado et al., 
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1998; Smith et al., 2001).  Anandamide has been shown to modulate a number of 

immunological responses, including inhibition of nitric oxide and cytokine production in 

macrophages as well as inhibition of tumor necrosis factor α and neutrophil recruitment 

in lipopolysaccharide-induced pulmonary inflammation in mice (Berdyshev et al., 1998; 

Chang et al., 2001).  Whether these effects are in fact mediated through the 

cannabinoid receptors has yet to be rigorously examined, however. 

Anandamide can be synthesized by a variety of cell types, including neurons, 

RBL-2HE basophils, and J774 macrophages (Sugiura et al., 2002).  It has been 

proposed that anandamide is rapidly inactivated by a reuptake system consisting of the 

anandamide membrane transporter (AMT), which transports anandamide into the cell 

where fatty acid amidohydrolase (FAAH) hydrolyzes anandamide into arachidonic acid 

and ethanolamine (Di Marzo et al., 1994).  Although FAAH appears to be the primary 

enzyme responsible for the hydrolysis of anandamide, an acid amidase has recently 

been identified which is also capable of hydrolyzing anandamide (Ueda et al., 2001b).  

In addition to metabolism by FAAH and the acid amidase, anandamide can also be 

oxygenated by cyclooxygenase-2 into prostaglandin E2 ethanolamide and perhaps other 

cyclooxygenase products as well (Yu et al., 1997). Prostaglandin E2-ethanolamide 

appears to mediate physiological effects similar to those produced by prostaglandin E2 

(Ross et al., 2002).   

Anandamide is well known to cause a number of immunomodulatory effects 

including modulation of cytokine production, but nothing to date has been published 

concerning the effects of anandamide upon IL-2 secretion. Moreover, previously 

published studies from this laboratory have shown that, 2-arachidonyl glycerol, a 
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compound that is closely related to anandamide structurally, causes inhibition of 

interleukin-2 production in activated T cells (Ouyang et al., 1998).  The objective of the 

present studies was then to determine the effect of anandamide upon interleukin-2 

secretion.  Interleukin-2 is an autocrine/paracrine factor secreted by activated T cells, 

which promotes T cell proliferation.  Interleukin-2 has virtually no basal level of 

expression, but is rapidly secreted upon T cell stimulation such that it is a hallmark of T 

cell activation.  The current studies demonstrate that anandamide causes a 

concentration-dependent inhibition of interleukin-2 secretion in primary splenocytes, 

which is independent of CB1/CB2 and involves the activation of PPARγ by a 

cyclooxygenase-2 metabolite of anandamide. 
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Methods 

 

Reagents – Anandamide, SR141716A and SR144528 were provided by the National 

Institute of Drug Abuse.  UCM707, MAFP, piroxicam, NS398, and T0070907 were 

purchased from Cayman Chemical (Ann Arbor, MI).  All other reagents were purchased 

from Sigma Chemical Co. (St. Louis, MO) unless otherwise indicated. 

 

Animals and cell cultures – Female B6C3F1 mice, 6 weeks of age, were purchased 

from Charles River (Dortage, MI).  On arrival, mice were randomized, transferred to 

plastic cages containing sawdust bedding (5 animals/cage), and quarantined for 1 

week.  Mice were given food (Purina Certified Laboratory Chow) and water ad libitum.  

Mice were not used for experimentation until their body weight was 17-20 g. Animal 

holding rooms were kept at 21-24ºC and 40-60% relative humidity with a 12 h light/dark 

cycle.  Spleens were isolated aseptically and made into single-cell suspensions (1 x 106 

c/ml).  Cells were cultured in RPMI-1640 supplemented with 100 units penicillin/ml, 100 

units streptomycin/ml, 50 µM 2-mercapoethanol, and 2% bovine calf serum. 

 

Interleukin-2 protein quantification – Splenocytes were cultured in triplicate (1 x 106 

c/ml) in 48-well culture plates (800 µL/well).  The cells were pretreated with antagonist 

or vehicle (or not pretreated in the case of the anandamide and arachidonic acid 

concentration responses) for 30 min prior to treatment with either anandamide or 

arachidonic acid.  Splenocytes were activated 30 min later with 40 nM PMA and 0.5 µM 

ionomycin.  The supernatants were collected 24 h after stimulation and interleukin-2 
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protein was quantified using a sandwich enzyme-linked immunosorbent assay (ELISA) 

method previously described (Faubert Kaplan et al., 2003).  The interleukin-2 standard 

(mouse recombinant interleukin-2), purified rat anti-mouse interleukin-2 antibody, and 

biotinylated anti-mouse interleukin-2 antibody were purchased from Pharmingen (San 

Diego, CA).   

 

Statistical Analysis – The mean ± SE was determined for each treatment group in the 

individual experiments.  Homogeneous data were evaluated by a parametric analysis of 

variance (ANOVA).  For those experiments with two factors, a 2-way ANOVA was 

employed.  Dunnett’s two-tailed t test was used to compare treatment groups to the 

vehicle control when significant differences were observed (Dunnett, 1955).  IC50 values 

were calculated from the average of four different concentration responses using Prism 

Graphpad software. 
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Results 

 

Anandamide causes a robust inhibition of interleukin-2 secretion, which is unaffected by 

pretreatment with the CB1/CB2 antagonists.  Previous studies from our laboratory have 

shown that the endogenous cannabinoid, 2-AG, produced a concentration-dependent 

inhibition of interleukin-2 in activated T cells (Ouyang et al., 1998).  In light of these 

findings, a similar analysis of anandamide was performed.  In splenocytes activated with 

PMA and ionomycin, anandamide caused a concentration-dependent inhibition of 

interleukin-2 with an IC50 of 11.4 µM (Fig. 1).  The subsequent experiments were 

designed to determine the mechanism by which anandamide causes inhibition of 

interleukin-2 with the initial studies focusing upon the cannabinoid receptors.  Although 

CB2 is the predominant cannabinoid receptor expressed in immune cells, low levels of 

CB1 transcripts have been detected in many immune cells, including T cells (Galiegue 

et al., 1995).  Therefore, the role of both CB1 and CB2 on the inhibition of interleukin-2 

secretion by anandamide was evaluated.  Pretreatment of primary splenocytes with the 

CB1 and CB2 antagonists, SR141716A and SR144528, used in combination (0.05/0.05, 

0.5/0.5, and 5/5 µM), prior to treatment with anandamide (10 µM) did not attenuate 

anandamide-mediated inhibition of interleukin-2 secretion (Fig. 2).  At the highest 

concentration used (5/5 µM), SR141716A and SR144528 when employed in 

combination in the absence of anandamide, caused inhibition of interleukin-2 secretion.  

Additionally, neither pretreatment with SR141716A nor SR144528 alone attenuated 

anandamide-mediated suppression of interleukin-2 secretion (data not shown).  
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Arachidonic acid also causes a concentration-dependent inhibition of interleukin-2 

secretion.  Because it was unclear whether the inhibitory effect of anandamide upon 

interleukin-2 secretion was due to the parent molecule or a hydrolysis product of 

anandamide, the effect of arachidonic acid upon interleukin-2 secretion was also 

evaluated.  Treatment of primary splenocytes with various concentrations of arachidonic 

acid (0.1 – 20 µM) caused a concentration-dependent inhibition of interleukin-2 

secretion (Fig. 3).  The magnitude of interleukin-2 inhibition produced by arachidonic 

acid was very similar to that observed with anandamide as evidenced by the calculated 

IC50 values: 11.4 µM and 10.3 µM for anandamide and arachidonic acid, respectively. 

 

Neither inhibition of the AMT nor inhibition of FAAH attenuates suppression of 

interleukin-2 by anandamide.  Because arachidonic acid produced a concentration-

responsive suppression of interleukin-2 secretion with a profile of inhibition which 

resembled that of anandamide, it seemed reasonable that inhibition of interleukin-2 by 

anandamide was mediated by arachidonic acid, which is likely formed from the 

hydrolysis of anandamide, rather than by the parent molecule of anandamide itself.  It 

has been postulated that the AMT may be coupled to FAAH, the chief enzyme 

responsible for anandamide hydrolysis and that these two proteins represent a major 

mechanism for the uptake and catabolism of anandamide (Giuffrida et al., 2001).  As 

such, the potential roles of the AMT and FAAH in anandamide-mediated interleukin-2 

inhibition were studied.  Pretreatment with the AMT inhibitor, UCM707, at various 

concentrations (1 - 20 µM), did not attenuate anandamide-mediated suppression of 

interleukin-2 secretion (Fig. 4).  Prior to evaluation of the effect of the FAAH inhibitor, 
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MAFP, upon anandamide-mediated interleukin-2 inhibition, the effect of MAFP upon 

interleukin-2 in the absence of anandamide was determined.  MAFP caused a 

concentration-responsive inhibition of interleukin-2 secretion at concentrations of 5 µM 

and higher (data not shown).  Because MAFP is also a PLA2 inhibitor and previous 

studies from this laboratory have shown that PLA2 inhibitors cause a decrease in 

interleukin-2 production, the inhibitory effect of MAFP upon interleukin-2 secretion was 

not unexpected (Ouyang and Kaminski, 1999).   Based upon the aforementioned study, 

1 µM MAFP was the maximum concentration used for subsequent experiments due to 

the absence of an effect upon interleukin-2 coupled with the fact that the concentration 

is sufficient to inhibit FAAH (IC50 = 2.5 nM).  Pretreatment with a broad range of 

concentrations of MAFP (0.001 – 1 µM) did not attenuate the inhibition of IL-2 secretion 

by anandamide (Fig. 5). 

 

Suppression of interleukin-2 secretion by anandamide and arachidonic acid is 

attenuated by the nonspecific cyclooxygenase inhibitors, flurbiprofen and piroxicam.  

Due to the similarity in the concentration responses of anandamide and arachidonic 

acid in the inhibition of interleukin-2, the role of the cyclooxygenase enzymes was 

investigated.  Initial evaluation of concentration responses of flurbiprofen determined 50 

µM to be the optimum concentration for inhibition of cyclooxygenase-1 and 

cyclooxygenase-2 in splenocytes (data not shown).  The higher concentration of 100 µM 

flurbiprofen caused marked inhibition of interleukin-2 by itself, which is not surprising 

since flurbiprofen (in the range of 100 – 1000 µM) is known to inhibit the activation of 

nuclear factor κ of B cells, an important transcription factor for interleukin-2 transcription 
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(Tegeder et al., 2001).  Although 50 µM flurbiprofen caused inhibition of interleukin-2 

secretion in the absence of anandamide or arachidonic acid, the inhibition was far less 

robust than that which was caused by 100 µM flurbiprofen and nonetheless still caused 

an almost complete reversal of anandamide-mediated interleukin-2 inhibition (Fig. 6a).  

Likewise, flurbiprofen pretreatment also significantly attenuated the suppression of 

interleukin-2 mediated by arachidonic acid (Fig. 6b).  Similar to flurbiprofen, 

pretreatment of primary splenocytes with piroxicam partially attenuated the inhibitory 

activity of both anandamide as well as arachidonic acid upon interleukin-2 secretion 

(Fig. 7).  Moreover, the effect of piroxicam upon anandamide-mediated suppression of 

interleukin-2 is concentration-dependent (Fig. 9a). 

 

NS398, a cyclooxygenase-2 specific inhibitor, partially attenuated the inhibition of IL-2 

secretion by anandamide and arachidonic acid.  In order to determine whether the 

inhibitory activity of anandamide and arachidonic acid upon interleukin-2 was mediated 

by a cyclooxygenase-1 or cyclooxygenase-2 metabolite, the ability of NS398, a 

cyclooxygenase-2 specific inhibitor, to attenuate suppression of interleukin-2 by 

anandamide and arachidonic acid was evaluated.  Similar to flurbiprofen and piroxicam, 

NS398 also attenuated the inhibition of IL-2 secretion by anandamide and arachidonic 

acid (Fig. 8).  In addition, the attenuation by NS398 of anandamide-mediated inhibition 

of IL-2 secretion is also concentration-dependent (Fig. 9b).  Conversely, the 

cyclooxygenase-1 specific inhibitors, SC560 and FR122047, did not have an effect 

upon the suppression of interleukin-2 secretion by anandamide (data not shown). 
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Suppression of interleukin-2 secretion by anandamide is partially antagonized by 

pretreatment with T0070907, a PPARγ antagonist.  Because activated PPARγ has been 

shown to cause inhibition of interleukin-2 secretion and a number of cyclooxygenase 

products, such as PGD2 and 15-deoxy-∆12,14 PGJ2, have been shown to be endogenous 

agonists of PPARγ; the ability of T0070907, a specific PPARγ antagonist, to antagonize 

inhibition of interleukin-2 secretion by anandamide was examined.  Pretreatment of 

primary splenocytes with T0070907, at various concentrations (0.1 – 10 µM) caused a 

concentration-dependent antagonism of anandamide-mediated suppression of 

interleukin-2 secretion.  Although the highest concentration of T0070907 used (10 µM) 

caused inhibition of interleukin-2 in the absence of anandamide, T0070907 nevertheless 

still caused a significant reversal of the effects of anandamide upon interleukin-2 at this 

concentration. 
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Discussion 

The present studies demonstrate that anandamide causes a concentration-dependent 

inhibition of interleukin-2 secretion.  The current studies also show that suppression of 

interleukin-2 secretion mediated by anandamide is not attenuated by pretreatment with 

the cannabinoid receptor antagonists, SR141716A and SR144528, suggesting that it is 

independent of both CB1 and CB2.  Interestingly, arachidonic acid also caused a 

concentration-responsive inhibition of interleukin-2, which is similar to that of 

anandamide.  The similarity was also evident from the calculated IC50 values, which 

were 11.4 µM and 10.3 µM for anandamide and arachidonic acid, respectively.  

Although the suppression of interleukin-2 by arachidonic acid suggests that inhibition of 

interleukin-2 by anandamide may be mediated by a product of anandamide hydrolysis 

rather than the parent molecule itself, neither pretreatment with an AMT inhibitor nor a 

FAAH inhibitor attenuated suppression of interleukin-2 secretion by anandamide.  

Pretreatment with two different nonspecific cyclooxygenase inhibitors, flurbiprofen and 

piroxicam, partially attenuated inhibition of interleukin-2 secretion by both anandamide 

and arachidonic acid, suggesting a role for the cyclooxygenase enzymes.  Likewise, 

NS398, a cyclooxygenase-2 specific inhibitor also attenuated the inhibition of 

interleukin-2 secretion by both anandamide and arachidonic acid, while the 

cyclooxygenase-1 specific inhibitors, SC560 and FR122047, had no effect (data not 

shown).  In addition, T0070907, a PPARγ specific antagonist, caused a concentration-

dependent partial antagonism of anandamide-mediated inhibition of interleukin-2.  

Collectively, the aforementioned observations suggest that the inhibition of interleukin-2 
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secretion is partially mediated by PPARγ, which is activated by a cyclooxygenase-2 

metabolite of anandamide. 

 The concentrations of anandamide, which cause inhibition of interleukin-2 

secretion, are in the low micromolar range.  While concentrations of anandamide have 

been detected in the nanomolar range in rat and human plasma, the local 

concentrations of anandamide at the various target sites have yet to be determined.  

Because anandamide is synthesized de novo from membrane components, it seems 

likely, however, that concentrations of anandamide might be quite high within the 

microcosms of the target regions.  Measurements of anandamide are further 

confounded by the lability of the compound.  Moreover, anandamide has generally been 

measured in normal healthy tissue and plasma samples, whereas these levels may 

differ substantially in inflamed or damaged tissues.  Arachidonic acid levels, for 

instance, have been shown to increase into the upper micromolar range in damaged 

tissues (Patel et al., 2003).  Furthermore, arachidonic acid mobilization has been linked 

to increased anandamide synthesis (Pestonjamasp and Burstein, 1998). 

 Although there have been a number of effects of endocannabinoids attributed to 

CB1/CB2, there are also a growing number of reports of endocannabinoid activities 

which are independent of CB1/CB2 in keeping with the studies reported here (Smart et 

al., 2000, Ross et al., 2002).  One potential mechanism for cannabinoid 

receptor-independent activity is the vanilloid receptor, VR1.  VR1 is a ligand-gated 

cation channel, which is activated by heat or capsaicin.  Anandamide is a full agonist of 

VR1 albeit at concentrations 10 to 20 times higher than those at which it activates CB1 

(Smart et al., 2000).  It is notable that the VR1 agonist, capsaicin, does not cause 
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inhibition of interleukin-2 secretion and that the VR1 antagonist, capsazepine, does not 

attenuate anandamide-mediated interleukin-2 inhibition (data not shown).  The current 

study is unique in that it not only demonstrates anandamide-mediated activity which is 

independent of CB1/CB2 and VR1, but also in that it shows that the metabolism of 

anandamide does not always lead to the cessation of physiological effects, but in 

certain circumstances may actually be responsible for the biological activity observed.  

 There have been a number of reports that anandamide mediates arachidonic 

acid release from various cell types, including human peripheral blood mononuclear 

cells (Berdyshev et al., 1997; Di Marzo et al., 1997).  Therefore, an alternative 

explanation for the observations of the current investigation is that anandamide causes 

release of arachidonic acid from the primary splenocytes.  The released arachidonic 

acid is then subsequently metabolized into an eicosanoid, which mediates the inhibition 

of interleukin-2 secretion.  While the current studies do not negate the possibility that 

anandamide causes arachidonic acid release, the striking similarity in the concentration 

responses of anandamide and arachidonic acid suggests that the same moiety is 

responsible for the activity of both anandamide and arachidonic acid.  Further studies 

will be needed to determine whether this is the case, however. 

 The primary mechanism, which has been identified, for the hydrolysis of 

anandamide is through the enzyme, FAAH.  FAAH has been detected in a variety of 

different tissues with the highest levels found in the brain, liver, small intestine, and 

testes, whereas relatively low levels have been found in the spleen (Bisogno et al., 

2002).  Although FAAH seems to be the primary mechanism for the hydrolysis of 

anandamide, at least one other enzyme has been identified which hydrolyzes 
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anandamide.  Unlike FAAH, the other amidase has an optimal pH of 5, is not inhibited 

by MAFP, and is also reported to have a high level of activity in the spleen (Ueda et al., 

2001a).  Under the conditions used for the current studies, it is likely that anandamide is 

either hydrolyzed by the acid amidase, another amidase which has yet to be identified, 

or is directly metabolized by cyclooxygenase-2. 

 While the vast majority of research on anandamide metabolism has focused 

upon FAAH, there has also been considerable interest in the role of the cyclooxygenase 

enzymes.  There are two isoforms of the cyclooxygenase enzyme, cyclooxygenase-1 

and cyclooxygenase-2.  Cyclooxygenase-1 is constitutively expressed in most cell 

types, whereas cyclooxygenase-2 expression is induced in response to a stimulus only 

in certain cell types (Parente and Perretti, 2003).  Both cyclooxygenase enzymes have 

been found in most cells within the immune system, including T cells (Tilley et al., 

2001).  It has been reported that anandamide can bind directly to cyclooxygenase-2 and 

be metabolized into prostaglandin E2-ethanolamide and potentially other products as 

well (Yu et al., 1997).  The same studies have also demonstrated, however, that 

anandamide neither binds directly to, nor is oxygenated by cyclooxygenase-1. 

 There is evidence to support that a number of different prostanoids can cause 

inhibition of interleukin-2 secretion, including prostaglandin E2, 15-deoxy-∆12,14 

prostaglandin J2, and prostaglandin I2 (Marcinkiewicz and Chain, 1993; Harris et al., 

2002; Yang et al., 2000).  Of the aforementioned eicosanoids, 15-deoxy-∆12,14 

prostaglandin J2 (15d-PGJ2) is the most recent to be recognized to suppress 

interleukin-2 secretion.  There has been growing interest in 15d-PGJ2 in a number of 

different research areas due to its identification as one of the most potent endogenous 
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ligands of peroxisome proliferator activated receptor gamma (PPARγ).  Structurally 

related to the hormone receptors, PPARs are also members of the nuclear receptor 

superfamily.  Currently, there are three subtypes of PPARs, which have been identified: 

PPARα, PPARδ, and PPARγ.  While the function of PPARδ remains unclear, PPARα 

and PPARγ have been best been characterized for their roles in lipid metabolism and 

have only recently been discovered to also be involved with immunoregulation (Clark, 

2002).  Although both PPARα and PPARγ are expressed in T cells, only activated 

PPARγ causes an inhibition of IL-2 secretion.  Physical association of activated PPARγ 

with the transcription factor, NFAT, appears to suppress NFAT binding to the IL-2 

promoter, which is thought to be the mechanism for the decrease in interleukin-2 

production by PPARγ agonists (Yang et al., 2000).  Similarly, activated PPARγ has also 

been shown to cause decreased cytokine production in activated macrophages through 

direct protein-protein interaction with NFκB, a key transcription factor for a number of 

different cytokines (Ricote et al., 1998). 

 15d-PGJ2 is produced through the sequential metabolism of arachidonic acid by 

cyclooxygenase and PGD synthase, followed by a series of nonenzymatic 

transformations (Zhang and Young, 2002).  Whether 15d-PGJ2 is produced in vivo has 

been somewhat of a controversy, however recent studies have identified elevated levels 

of 15d-PGJ2 in LPS-stimulated RAW264.7 macrophages (Shibata et al., 2002).  Future 

studies will determine whether 15d-PGJ2 is produced in other cell types, but it is notable 

that both enzymes required for 15d-PGJ2 formation, cyclooxygenase and PGD 

synthase, are expressed in T cells.  While 15d-PGJ2 is one of the most potent activators 

of PPARγ, other cyclooxygenase products are also able to activate PPARγ.  More 
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studies will be needed to determine exactly which cyclooxygenase products are 

produced from anandamide metabolism and which are subsequently responsible for the 

observed inhibition of interleukin-2 production. 

 While several studies have emerged which suggest that under certain conditions, 

activated PPARγ may cause apoptosis in activated T cells; there are also a number of 

studies suggesting that PPARγ activation may be protective against apoptosis or have 

no effect upon viability (Clark, 2002, Wang et al., 2002).  While the cause of the 

differential effects of activated PPARγ upon T cell viability is unclear, it is likely that the 

concentration of 15d-PGJ2, the kinetics of cell treatment, and/or the state/mode of 

activation may be factors.  Under the specific conditions used in the present studies, 

there was no effect upon cellular viability.  It should be noted, however, that 

anandamide and arachidonic acid are likely to be metabolized into a number of different 

products, some of which may be protective against apoptosis. 

 While in the majority of cases studied thus far the metabolism of anandamide has 

been associated with the cessation of its physiological activity, the present studies are 

significant because they show that metabolism of anandamide in certain cases may 

yield a biologically active product.  It has been demonstrated here that the metabolism 

of anandamide by cyclooxygenase 2 yields a product, which causes inhibition of 

interleukin-2 secretion through activation of PPARγ.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 21

References 

Berdyshev E, Boichot E, Corbel M, Germain N and Lagente V (1998) Effects of 

cannabinoid receptor ligands on LPS-induced pulmonary inflammation in mice. 

Life Sci 63:L125-129. 

Berdyshev EV, Boichot E, Germain N, Allain N, Anger JP and Lagente V (1997) 

Influence of fatty acid ethanolamides and delta9-tetrahydrocannabinol on 

cytokine and arachidonate release by mononuclear cells. Eur J Pharmacol 

330:231-240. 

Bisogno T, De Petrocellis L and Di Marzo V (2002) Fatty acid amide hydrolase, an 

enzyme with many bioactive substrates. Possible therapeutic implications. Curr 

Pharm Des 8:533-547. 

Buckley NE, McCoy KL, Mezey E, Bonner T, Zimmer A, Felder CC and Glass M (2000) 

Immunomodulation by cannabinoids is absent in mice deficient for the 

cannabinoid CB(2) receptor. Eur J Pharmacol 396:141-149. 

Chang YH, Lee ST and Lin WW (2001) Effects of cannabinoids on LPS-stimulated 

inflammatory mediator release from macrophages: involvement of eicosanoids. J 

Cell Biochem 81:715-723. 

Clark RB (2002) The role of PPARs in inflammation and immunity. J Leukoc Biol 

71:388-400. 

Derocq JM, Jbilo O, Bouaboula M, Segui M, Clere C and Casellas P (2000) Genomic 

and functional changes induced by the activation of the peripheral cannabinoid 

receptor CB2 in the promyelocytic cells HL-60. Possible involvement of the CB2 

receptor in cell differentiation. J Biol Chem 275:15621-15628. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 22

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, 

Mandelbaum A, Etinger A and Mechoulam R (1992) Isolation and structure of a 

brain constituent that binds to the cannabinoid receptor. Science 258:1946-1949. 

Di Marzo V, De Petrocellis L, Bisogno T and Maurelli S (1997) The endogenous 

cannabimimetic eicosanoid, anandamide, induces arachidonate release in J774 

mouse macrophages. Adv Exp Med Biol 407:341-346. 

Di Marzo V, Fontana A, Cadas H, Schinelli S, Cimino G, Schwartz JC and Piomelli D 

(1994) Formation and inactivation of endogenous cannabinoid anandamide in 

central neurons. Nature 372:686-691. 

Dunnett (1955) A multiple comparison procedure for comparing several treatments with 

a control. J Am Stat Assoc 50:1096-1121. 

Faubert Kaplan BL, Rockwell CE, and Kaminski NE (2003) Evidence for cannabinoid 

receptor-dependent and -independent mechanisms of action in leukocytes. J 

Pharmacol Exp Ther 306:1077-1085. 

Galiegue S, Mary S, Marchand J, Dussossoy D, Carriere D, Carayon P, Bouaboula M, 

Shire D, Le Fur G and Casellas P (1995) Expression of central and peripheral 

cannabinoid receptors in human immune tissues and leukocyte subpopulations. 

Eur J Biochem 232:54-61. 

Gardner B, Zu LX, Sharma S, Liu Q, Makriyannis A, Tashkin DP and Dubinett SM 

(2002) Autocrine and paracrine regulation of lymphocyte CB2 receptor 

expression by TGF-beta. Biochem Biophys Res Commun 290:91-96. 

Giuffrida A, Beltramo M and Piomelli D (2001) Mechanisms of endocannabinoid 

inactivation: biochemistry and pharmacology. J Pharmacol Exp Ther 298:7-14. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 23

Harris SG, Padilla J, Koumas L, Ray D and Phipps RP (2002) Prostaglandins as 

modulators of immunity. Trends Immunol 23:144-150. 

Kaminski NE, Abood ME, Kessler FK, Martin BR and Schatz AR (1992) Identification of 

a functionally relevant cannabinoid receptor on mouse spleen cells that is 

involved in cannabinoid-mediated immune modulation. Mol Pharmacol 42:736-

742. 

Marcinkiewicz J and Chain BM (1993) Differential cytokine regulation by eicosanoids in 

T cells primed by contact sensitisation with TNP. Cell Immunol 149:303-314. 

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC and Bonner TI (1990) Structure of a 

cannabinoid receptor and functional expression of the cloned cDNA. Nature 

346:561-564. 

McCoy KL, Matveyeva M, Carlisle SJ and Cabral GA (1999) Cannabinoid inhibition of 

the processing of intact lysozyme by macrophages: evidence for CB2 receptor 

participation. J Pharmacol Exp Ther 289:1620-1625. 

Molina-Holgado F, Molina-Holgado E and Guaza C (1998) The endogenous 

cannabinoid anandamide potentiates interleukin-6 production by astrocytes 

infected with Theiler's murine encephalomyelitis virus by a receptor-mediated 

pathway. FEBS Lett 433:139-142. 

Munro S, Thomas KL and Abu-Shaar M (1993) Molecular characterization of a 

peripheral receptor for cannabinoids. Nature 365:61-65. 

Ouyang Y, Hwang SG, Han SH and Kaminski NE (1998) Suppression of interleukin-2 

by the putative endogenous cannabinoid 2- arachidonyl-glycerol is mediated 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 24

through down-regulation of the nuclear factor of activated T cells. Mol Pharmacol 

53:676-683. 

Ouyang Y and Kaminski NE (1999) Phospholipase A2 inhibitors p-bromophenacyl 

bromide and arachidonyl trifluoromethyl ketone suppressed interleukin-2 (IL-2) 

expression in murine primary splenocytes. Arch Toxicol 73:1-6. 

Parente L and Perretti M (2003) Advances in the pathophysiology of constitutive and 

inducible cyclooxygenases: two enzymes in the spotlight. Biochem Pharmacol 

65:153-159. 

Patel HH, Fryer RM, Gross ER, Bundey RA, Hsu AK, Isbell M, Eusebi LO, Jensen RV, 

Gullans SR, Insel PA, Nithipatikom K and Gross GJ (2003) 12-lipoxygenase in 

opioid-induced delayed cardioprotection: gene array, mass spectrometric, and 

pharmacological analyses. Circ Res 92:676-682. 

Pestonjamasp VK and Burstein SH (1998) Anandamide synthesis is induced by 

arachidonate mobilizing agonists in cells of the immune system. Biochim Biophys 

Acta 1394:249-260. 

Ricote M, Li AC, Willson TM, Kelly CJ and Glass CK (1998) The peroxisome 

proliferator-activated receptor-gamma is a negative regulator of macrophage 

activation. Nature 391:79-82. 

Ross RA, Craib SJ, Stevenson LA, Pertwee RG, Henderson A, Toole J and Ellington 

HC (2002) Pharmacological characterization of the anandamide cyclooxygenase 

metabolite: prostaglandin E2 ethanolamide. J Pharmacol Exp Ther 301:900-907. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 25

Shibata T, Kondo M, Osawa T, Shibata N, Kobayashi M and Uchida K (2002) 15-deoxy-

delta 12,14-prostaglandin J2. A prostaglandin D2 metabolite generated during 

inflammatory processes. J Biol Chem 277:10459-10466. 

Smart D, Gunthorpe MJ, Jerman JC, Nasir S, Gray J, Muir AI, Chambers JK, Randall 

AD and Davis JB (2000) The endogenous lipid anandamide is a full agonist at 

the human vanilloid receptor (hVR1). Br J Pharmacol 129:227-230. 

Smith SR, Terminelli C and Denhardt G (2001) Modulation of cytokine responses in 

Corynebacterium parvum-primed endotoxemic mice by centrally administered 

cannabinoid ligands. Eur J Pharmacol 425:73-83. 

Sugiura T, Kobayashi Y, Oka S and Waku K (2002) Biosynthesis and degradation of 

anandamide and 2-arachidonoylglycerol and their possible physiological 

significance. Prostaglandins Leukot Essent Fatty Acids 66:173-192. 

Tegeder I, Niederberger E, Israr E, Guhring H, Brune K, Euchenhofer C, Grosch S and 

Geisslinger G (2001) Inhibition of NF-kappaB and AP-1 activation by R- and S-

flurbiprofen. Faseb J 15:2-4. 

Tilley SL, Coffman TM and Koller BH (2001) Mixed messages: modulation of 

inflammation and immune responses by prostaglandins and thromboxanes. J 

Clin Invest 108:15-23. 

Ueda N, Yamanaka K, Katayama K, Goparaju SK, Suzuki H and Yamamoto S (2001a) 

Alkaline and acid amidases hydrolyzing anandamide and other N-

acylethanolamines. World Rev Nutr Diet 88:215-222. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 26

Ueda N, Yamanaka K and Yamamoto S (2001b) Purification and characterization of an 

acid amidase selective for N-palmitoylethanolamine, a putative endogenous anti-

inflammatory substance. J Biol Chem 276:35552-35557. 

Wang YL, Frauwirth KA, Rangwala SM, Lazar MA and Thompson CB (2002) 

Thiazolidinedione activation of peroxisome proliferator-activated receptor gamma 

can enhance mitochondrial potential and promote cell survival. J Biol Chem 

277:31781-31788. 

Yang XY, Wang LH, Chen T, Hodge DR, Resau JH, DaSilva L and Farrar WL (2000) 

Activation of human T lymphocytes is inhibited by peroxisome proliferator-

activated receptor gamma (PPARgamma) agonists. PPARgamma co-association 

with transcription factor NFAT. J Biol Chem 275:4541-4544. 

Yu M, Ives D and Ramesha CS (1997) Synthesis of prostaglandin E2 ethanolamide 

from anandamide by cyclooxygenase-2. J Biol Chem 272:21181-21186. 

Zhang X and Young HA (2002) PPAR and immune system--what do we know? Int 

Immunopharmacol 2:1029-1044. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 27

Footnotes 
 
• This work was supported with funds from the National Institute on Drug Abuse grant 

DA12740. 

 

 

 

 

 

 

 

Reprint requests:  Norbert E. Kaminski, Ph.D., Department of Pharmacology and 

Toxicology, Michigan State University, 315 Food Safety and Toxicology Building, East 

Lansing, MI 48824-1317  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 29, 2004 as DOI: 10.1124/jpet.104.065524

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #65524 

 28

Figure legends 

Figure 1.  Effect of anandamide upon PMA/Ionomycin-stimulated interleukin-2 

production in murine primary splenocytes.  Splenocytes (1 x 106 cell/ml) were treated 

with 0.01-20 µM of anandamide (AEA) or VH (0.1% ethanol) for 30 min followed by 

activation of the cells with PMA (40 nM) and ionomycin (0.5 µM).  Cells were harvested 

24 h later and the supernatants were analyzed for IL-2 protein by ELISA.  Cellular 

viability was ≥ 85% for all treatment groups as assessed by trypan blue exclusion.  The 

results are the mean ± standard error of triplicate cultures.  * p<0.05 compared to VH 

group.  These data are representative of at least four separate experiments. 

 

Figure 2.  Effect of cannabinoid receptor antagonists on anandamide-mediated 

inhibition of PMA/ionomycin-stimulated interleukin-2 production.  Splenocytes (1 x 106 

cells/ml) were pretreated with both SR141716A and SR144528 or VH (0.1% DMSO) for 

30 min followed by anandamide (AEA) treatment for 30 min.  Cells were then stimulated 

with PMA (40 nM) and ionomycin (0.5 µM) for 24 h.  The supernatants were harvested 

and interleukin-2 production was measured by ELISA analysis.  Cellular viability was ≥ 

85% for all treatment groups as assessed by trypan blue exclusion.  The results are the 

mean ± standard error of triplicate cultures.  * p<0.05 compared to the matched VH 

group.  These data are representative of at least three separate experiments. 

 

Figure 3.  Effect of arachidonic acid upon PMA/ionomycin-stimulated IL-2 production in 

murine primary splenocytes.  Splenocytes (1 x 106 cells/ml) were treated with 0.01-20 

µM of arachidonic acid (AA) or VH (0.1% ethanol) for 30 min followed by activation of 
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the cells with PMA (40 nM) and ionomycin (0.5 µM).  Cells were harvested 24 h later 

and the supernatants were analyzed for interleukin-2 protein by ELISA.  Cellular viability 

was ≥ 85% for all treatment groups as assessed by trypan blue exclusion.  The results 

are the mean ± standard error of triplicate cultures.  * p<0.05 compared to VH group.  

These data are representative of at least four separate experiments. 

 

Figure 4.  Effect of the anandamide membrane transporter inhibitor, UCM707, on 

anandamide-mediated inhibition of PMA/ionomycin-stimulated interleukin-2 production.  

Splenocytes (1 x 106 cells/ml) were pretreated with UCM707 or VH (0.1% ethanol) for 

30 min followed by anandamide (AEA) treatment for 30 min.  Cells were then stimulated 

with PMA (40 nM) and ionomycin (0.5 µM) for 24 h.  The supernatants were harvested 

and interleukin-2 production was measured by ELISA analysis.  Cellular viability was ≥ 

85% for all treatment groups as assessed by trypan blue exclusion.  The results are the 

mean ± standard error of triplicate cultures.  The groups that were treated with both 

UCM707 and AEA were not significantly different from the control group, VH + AEA.  

These data are representative of at least three experiments. 

 

Figure 5.  Effect of the FAAH inhibitor, MAFP, on anandamide-mediated inhibition of 

PMA/ionomycin-stimulated interleukin-2 production.  Splenocytes (1 x 106 cells/ml) were 

pretreated with MAFP (1 µM) or VH (0.01% DMSO) for 30 min followed by anandamide 

(AEA) treatment for 30 min.  Cells were then stimulated with PMA (40 nM) and 

ionomycin (0.5 µM) for 24 h.  The supernatants were harvested and interleukin-2 

production was measured by ELISA analysis.  Cellular viability was ≥ 85% for all 
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treatment groups as assessed by trypan blue exclusion.  The results are the mean ± 

standard error of triplicate cultures.  * p<0.05 compared to VH + AEA group.  These 

data are representative of at least three experiments. 

 

Figure 6.  Effect of the nonselective cyclooxygenase inhibitor, flurbiprofen, on inhibition 

of interleukin-2 secretion by anandamide and arachidonic acid.  Splenocytes (1 x 106 

cells/ml) were pretreated with 50 µM flurbiprofen (FBN) or VH (0.05% ethanol) for 30 

min followed by treatment with either A.) anandamide (AEA) or B.) arachidonic acid 

(AA) for 30 min.  Cells were then stimulated with PMA (40 nM) and ionomycin (0.5 µM) 

for 24 h.  The supernatants were harvested and interleukin-2 production was measured 

by ELISA analysis.  Cellular viability was ≥ 85% for all treatment groups as assessed by 

trypan blue exclusion.  The results are the mean ± standard error of triplicate cultures.  

a denotes p<0.05 compared to VH + VH group.  b denotes p<0.05 compared to FBN + 

VH group.  c denotes p<0.05 compared to the matched VH group.  These data are 

representative of at least three experiments. 

 

Figure 7.  Effect of the cyclooxygenase-1 selective inhibitor, piroxicam, on the inhibition 

of IL-2 secretion by AEA and AA.  Splenocytes (1 x 106 cells/ml) were pretreated with 

piroxicam (20 or 50 µM) or VH (0.1% ethanol) for 30 min followed by treatment with 

either A.) anandamide (AEA) or B.) arachidonic acid (AA) for 30 min.  Cells were then 

stimulated with PMA (40 nM) and ionomycin (0.5 µM) for 24 h.  The supernatants were 

harvested and interleukin-2 production was measured by ELISA analysis.  Cellular 

viability was ≥ 85% for all treatment groups as assessed by trypan blue exclusion.  The 
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results are the mean ± standard error of triplicate cultures.  a denotes p<0.05 compared 

to VH + VH group.  b denotes p<0.05 compared to piroxicam + VH group.  c denotes 

p<0.05 compared to the matched VH group.  These data are representative of at least 

three experiments. 

 

Figure 8.   Effect of the cyclooxygenase-2 specific inhibitor,NS398, on the inhibition of 

IL-2 secretion by AEA and AA.  Splenocytes (1 x 106 cells/ml) were pretreated with 

NS398 (10 µM) or VH (0.02% ethanol) for 30 min followed by treatment with either A.) 

anandamide (AEA) or B.) arachidonic acid (AA) for 30 min.  Cells were then stimulated 

with PMA (40 nM) and ionomycin (0.5 µM) for 24 h.  The supernatants were harvested 

and interleukin-2 production was measured by ELISA analysis.  Cellular viability was ≥ 

85% for all treatment groups as assessed by trypan blue exclusion.  The results are the 

mean ± standard error of triplicate cultures.  a denotes p<0.05 compared to VH + VH 

group.  b denotes p<0.05 compared to piroxicam + VH group.  c denotes p<0.05 

compared to the matched VH group.  These data are representative of at least three 

experiments. 

 

Figure 9.  Piroxicam and NS398 attenuate the inhibition of IL-2 secretion by 

anandamide in a concentration-dependent manner.  Splenocytes (1 x 106 cells/ml) were 

pretreated with either A.) piroxicam or B.) NS398 for 30 min followed by treatment with 

either anandamide (AEA) or VH (0.04% ethanol) for 30 min.  Cells were then stimulated 

with PMA (40 nM) and ionomycin (0.5 µM) for 24 h.  The supernatants were harvested 

and interleukin-2 production was measured by ELISA analysis.  Cellular viability was ≥ 
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85% for all treatment groups as assessed by trypan blue exclusion.  The results are the 

mean ± standard error of triplicate cultures.  * denotes p<0.05 compared to VH + 

anandamide group.  These data are representative of at least three experiments. 

 

Figure 10.  Effect of the PPARγ-specific antagonist on anandamide-mediated inhibition 

of PMA/ionomycin-stimulated interleukin-2 production.  Splenocytes (1 x 106 cells/ml) 

were pretreated with T0070907 or VH (0.1% DMSO) for 30 min followed by treatment 

with 20 µM anandamide (AEA) for 30 min.  Cells were then stimulated with PMA (40 

nM) and ionomycin (0.5 µM) for 24 h.  The supernatants were harvested and interleukin-

2 production was measured by ELISA analysis.  Cellular viability was ≥ 85% for all 

treatment groups as assessed by trypan blue exclusion.  The results are the mean ± 

standard error of triplicate cultures.  * p<0.05 compared to the VH + anandamide group.  

These data are representative of at least three separate experiments. 
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