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a b s t r a c t

Cannabinoids are a group of compounds present in Cannabis plant (Cannabis sativa L.). They mediate

their physiological and behavioral effects by activating specific cannabinoid receptors. With the recent

discovery of the cannabinoid receptors (CB1 and CB2) and the endocannabinoid system, research in this

field has expanded exponentially. Cannabinoids have been shown to act as potent immunosuppressive

and anti-inflammatory agents and have been shown to mediate beneficial effects in a wide range of

immune-mediated diseases such as multiple sclerosis, diabetes, septic shock, rheumatoid arthritis, and

allergic asthma. Cannabinoid receptor 1 (CB1) is mainly expressed on the cells of the central nervous

system as well as in the periphery. In contrast, cannabinoid receptor 2 (CB2) is predominantly

expressed on immune cells. The precise mechanisms through which cannabinoids mediate

immunosuppression is only now beginning to be understood and can be broadly categorized into

four pathways: apoptosis, inhibition of proliferation, suppression of cytokine and chemokine

production and induction of T regulatory cells (T regs). Studies from our laboratory have focused on

mechanisms of apoptosis induction by natural and synthetic cannabinoids through activation of CB2

receptors. In this review, we will focus on apoptotic mechanisms of immunosuppression mediated by

cannabinoids on different immune cell populations and discuss how activation of CB2 provides a novel

therapeutic modality against inflammatory and autoimmune diseases as well as malignancies of the

immune system, without exerting the untoward psychotropic effects.

& 2009 Elsevier GmbH. All rights reserved.
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Introduction

Cannabinoids are a group of compounds found in the

marijuana plant (Cannabis sativa L.). Marijuana has been used

both for recreational and medicinal purposes for several centuries.

Cannabinoids have been shown to be effective in the treatment of

nausea and vomiting associated with cancer chemotherapy,

anorexia and cachexia seen in HIV/AIDS patients, as well as

neuropathic pain, and spasticity in multiple sclerosis (Guzman

2003; Tramer et al. 2001; Inui 2002; Pollmann and Fenenberg

2008). More recently, the anti-inflammatory properties of canna-

binoids are drawing significant attention. In the last 15 years,

studies with marijuana cannabinoids led to the discovery of

cannabinoid receptors (CB1 and CB2) and their endogenous

ligands, which make up what is known as the endocannabinoid

system. Both CB1 and CB2 are heterotrimeric Gi/o-protein coupled

receptors. CB1 is expressed in the tissues of both the central

nervous system (CNS) and the periphery, with a predominant

ARTICLE IN PRESS

Contents lists available at ScienceDirect

journal homepage: www.elsevier.de/imbio

Immunobiology

0171-2985/$ - see front matter & 2009 Elsevier GmbH. All rights reserved.

doi:10.1016/j.imbio.2009.04.001

� Corresponding author.

E-mail address: pnagark@uscmed.sc.edu (P. Nagarkatti).

Immunobiology 215 (2010) 598–605



ARTICLE IN PRESS

expression on presynaptic nerves. CB2, sometimes referred to as

the ‘‘peripheral cannabinoid receptor’’, is mainly expressed on

immune cells but can also be found on other peripheral tissues

such as the retina and in the CNS (Croxford and Yamamura 2005;

Mackie 2006). The endocannabinoid system modulates many

functions such as movement, memory, appetite, regulation of

body temperature, pain and immune functions. The natural and

synthetic cannabinoids are derived from marijuana plants,

whereas endocannabinoids are metabolites of arachidonic acid

(Klein and Cabral 2006). Table 1 shows a summary of some well-

known natural and synthetic cannabinoids, as well as their source

and receptors.

There is a ‘hierarchy’ of cannabinoid receptor expression

within the immune system (B cells4Natural Killer cells4Mono-

cytes4Neutrophils4CD8 leukocytes4CD4 leukocytes), and the

level of expression is dependent on the stimulus and the

activation state of the cell (Lee et al. 2001). For instance,

stimulation of splenocytes with LPS led to CB2 mRNA down-

regulation, whereas CD40 co-stimulation resulted in CB2 mRNA

upregulation (Lee et al. 2001). In vitro studies on human and

mouse T cells demonstrated that low doses of THC stimulated T

cell activation, while high doses of THC inhibited responses to LPS,

T cell mitogens and anti-CD3 antibody (Klein et al. 1995). It is not

clear if cannabinoids have a direct or indirect effect on B cells;

however, the biphasic role of cannabinoids has also been shown

in B cell studies. Derocq et al. (1995) demonstrated increased B

cell proliferation as a response to THC and CP55,940; whereas

Klein et al. (1995) showed decreased response to LPS by B cells

upon cannabinoid treatment. Anandamide (AEA), an endogenous

cannabinoid, inhibited proliferation of T and B lymphocytes after

mitogen stimulation and induced apoptosis in low doses (Schwarz

et al. 1994). Several studies have shown that cannabinoids

negatively regulate phagocytosis, cell-spreading and antigen

presentation by macrophages (Cabral and Mishkin 1989; Lopez-

Cepero et al. 1986; McCoy et al. 1995).

The mechanism of immunosuppression by cannabinoids has

been investigated both in vitro and in vivo studies; however, there

still remain many questions. In general, it is known that since

cannabinoids bind to CB1 and CB2, they exert their effects

through inhibition of adenylate cyclase activity; thereby blocking

forskolin-stimulated cAMP activation. This process leads to

decreased activity of protein kinase A, and subsequently to lesser

binding of transcription factors to CRE consensus sequences, and a

dysfunction in IL-2 production (Condie et al. 1996). In NK cell

studies, Zhu and colleagues (1995) demonstrated that when

pretreated with THC, NK cells had a defect in IL-2 receptor with

decreased IL-2 binding sites; therefore, IL-2 stimulated cells were

unable to kill EL-4 tumor cells. Yebra et al. (1992) showed that

decreased proliferation of thymocytes upon THC treatment was

due to inhibition of Ca2+ stabilization within the cell. There are

few reports also showing receptor-independent actions of

cannabinoids, such as in B cells and rat cortical neurons

(Hampson et al. 1998; Chen and Buck 2000).

Cannabinoids clearly modulate immune responses during

inflammatory processes and their immunosuppressive effects

have been studied in many disease models such as multiple

sclerosis, diabetes, septic shock, rheumatoid arthritis, and allergic

asthma (Croxford and Yamamura 2005; Klein and Cabral 2006).

Studies in these disease models along with many in vitro

experiments show that cannabinoids exert their immunosupres-

sive properties in four main ways: (1) induction of apoptosis, (2)

inhibition of cell proliferation, (3) inhibition of cytokine and

chemokine production, and (4) induction of regulatory T cells

(T regs). There have been many published reviews on the effect of

cannabinoids on the immune system especially discussing second

and third pathways mentioned above (Klein et al. 1998, 2000;

Klein and Cabral 2006). In this review, we focus on cannabinoids

and immune cell apoptosis, and we review the effects of natural

and synthetic cannabinoids on different immune cell populations.

Apoptosis is the process of programmed cell death that can be

induced by intrinsic factors, extrinsic factors or both (Hengartner

2000; Igney and Krammer 2002). Because apoptosis eliminates

damaged, harmful and unwanted cells, it is significant in

biological processes including development, morphogenesis, and

homeostasis. During apoptosis, many morphological changes

occur such as membrane blebbing, cell shrinkage, mitochondria

leakage, and nuclear fragmentation. Molecular changes underlie

these morphological changes, and they make up the two different

pathways of apoptosis: (1) intrinsic pathway – via mitochondria,

and (2) extrinsic pathway – through death receptors (Hengartner

2000; Igney and Krammer 2002). Briefly, the intrinsic pathway is

initiated by an imbalance in anti-apoptotic and pro-apoptotic

members of Bcl-2 family of proteins that regulate the perme-

ability of the mitochondrial membrane. The imbalance towards

the latter leads to cytochrome c leakage into the cytosol.

Cytochrome c then combines with pro-caspase 9, ATP and APAF-

1 to form the apoptosome. The apoptosome results in the

formation of active caspase 9, cleaves pro-caspase 3 into active

Table 1

Some well-known natural and synthetic cannabinoids and their receptors.

Cannabinoids Source Receptor/role

Anandamide (AEA) Expressed in CNS (hippocampus, striatum, cerebellum)

and periphery (spleen, kidney, skin, uterus)

CB14CB2

2-Arachidonylglycerol (2-AG) CNS4 immune cells CB1ECB2

D9-Tetrahydrocannabinol (THC) Cannabis derived CB1ECB2

D8-Tetrahydrocannabinol (THC) Cannabis derived CB1ECB2

Cannabinol Cannabis derived CB1ECB2

Cannabidiol Cannabis derived CB2a

HU-210 Synthetic CB1ECB2

HU-308 Synthetic CB2 select agonist

JWH-133 Synthetic CB2 select agonist

HU-211 Synthetic N/A

CP-55,940 Synthetic Analog of THC

WIN-55,212-2 Synthetic CB1 select agonist

SR141716 Synthetic CB1 antagonist

SR144528 Synthetic CB2 antagonist

EHas similar affinity.

a Several reports have shown the receptor-independent action of cannabidiol; however, in some cases CBD has been shown to act via CB2.
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caspase 3, and leads to apoptosis (Kroemer and Reed 2000). The

extrinsic pathway is triggered with the ligation of death receptors

such as tumor necrosis factor receptor family (i.e. CD95), and

results in the formation of Death Inducing Signaling Complex

(DISC). DISC contains caspase 8 and caspase 10 as the initiator

caspases, and these caspases activate caspase 3, resulting in

apoptosis (Hengartner 2000).

Cannabinoid-induced apoptosis in T cells

While marijuana smoking or exposure to marijuana cannabi-

noid may cause lung injury, Delta9-etrahydrocannabinol (THC) in

experimental models has been shown to suppress immune

functions and increase susceptibility to infections (Tashkin et al.

2002). In vitro studies revealed that THC may exert a direct effect

on immune cells by inhibiting the proliferation of lymphocytes in

culture, although the precise mechanisms remained unclear. In

1994, anandamide, an endogenous cannabinoid receptor ligand

was shown to induce apoptosis in human lymphocyte cultures

(Schwarz et al. 1994). This study was also extended to murine

macrophages and T cells by showing that THC treatment of

cultured immune cells triggered apoptosis through the regulation

of Bcl-2 and caspase activity (Zhu et al. 1998). While these studies

opened new avenues to further investigate apoptosis as a

mechanism of in vivo immunotoxicity induced by THC, there

were no additional studies to demonstrate these effects in vivo.

One of the reasons could have been that apoptosis detection

in vivo is difficult because the apoptotic cells are rapidly and

efficiently cleared through phagocytosis. Studies from our

laboratory established this fact using a number of drugs and

chemicals including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

and dexamethasone (Kamath et al. 1997; Camacho et al. 2001;

Singh et al. 2008). In these studies, we noted that if the immune

cells exposed to an apoptotic chemical in vivo, are cultured in vitro

for an additional 12–24h, they exhibit marked increase in

apoptosis because of their inability to be cleared in vitro by

phagocytes.

We therefore conducted a systematic investigation on whether

cannabinoids induce apoptosis in vivo, using normal mice and

demonstrated conclusively that THC and other cannabinoids do

so, which may account for the immunotoxicity in vivo. In these

studies, we demonstrated that THC administration in vivo (10mg/

kg body weight) decreased the cellularity in the spleen and

thymus, affecting several cell populations such as T cells, B cells

and macrophages. The conclusive evidence for apoptosis not only

came from the observation that the in vivo exposed cells

underwent enhanced spontaneous apoptosis in vitro but also that

exposure of mice to a pan caspase inhibitor prior to THC

administration blocked apoptotic effects of THC in vivo (McKallip

et al. 2002b).

In addition, extensive in vitro studies demonstrated that naı̈ve

or mitogen-stimulated splenocytes, underwent apoptosis when

cultured with THC as measured by TUNEL assay and AnnexinV/PI

staining. At a lower concentration (10mM) THC only induced

AnnexinV+ cells, which is indicative of early apoptotic cells. At

higher concentrations of THC (i.e. 20mM), the splenocytes were

both AnnexinV and PI positive, which represent late apoptotic as

well as necrotic cells. One interesting finding was that in cultures

that had been treated with THC alone, and in the absence of

mitogen, the levels of apoptosis were greater when compared to

those seen in cultures that contained both THC and mitogen

(McKallip et al. 2002b). These results suggested that THC may

affect naı̈ve lymphocytes to a greater degree than activated

lymphocytes. Furthermore, it was noted that activated lympho-

cytes downregulated expression of CB2, thereby explaining

decreased sensitivity of activated lymphocytes to THC. Use of

CB2 antagonists blocked THC-induced apoptosis in these cells,

while CB1 antagonists failed to show a significant effect. These

data indicated that THC-induced apoptosis in splenocytes in a CB2

receptor-dependent way. Similar results were observed when the

experiments were repeated with thymocytes (McKallip et al.

2002b).

The fact that activation of CB2 triggers apoptosis in immune

cells suggested that targeting CB2 may constitute a novel

approach to treat inflammatory and autoimmune diseases. Such

a treatment would not exert psychotropic effects and may

selectively target immune cells. To this end, Lombard et al.

(2007) from our laboratory tested the effects of a CB2 synthetic

agonist, JWH-015, on T and B cells. It was noted that JWH-015

in a dose-dependent fashion not only inhibited proliferation

but also induced apoptosis in naı̈ve- and activated-splenocytes

and -thymocytes. In this study, the results confirmed that

both the death receptor pathway and the intrinsic pathway

were involved, because caspase 8 and caspase 9 inhibitor

treatments were able to block the apoptosis induced by

JWH-015. In vivo administration of JWH-015 (150mg/kg body

weight) inhibited the proliferation of splenocytes ex vivo, when

stimulated with ConA. In addition, JWH-015 decreased the

antigen-specific response in mice that were exposed to

Staphylococcal Enterotoxin A, determined by decreased prolifera-

tion of SEA-responsive Vb3+ and Vb11+ T cells (Lombard et al.

2007).

Recently, a group of investigators studied the effects of a non-

psychoactive cannabinoid, cannabidiol (CBD), on immune cell

apoptosis (Lee et al. 2008). They demonstrated that CBD induced

apoptosis in CD4+ and CD8+ T cell populations in a time- and

dose-dependent manner. Treatment of splenocytes with 4–8mM
CBD increased apoptosis significantly, and this was determined by

the percentage of hypodiploid cells and TUNEL positive cells.

Furthermore, the investigators showed that apoptosis was due to

the formation of reactive oxygen species (ROS), activation of

caspase 8 and caspase 3. The same group also reported that CBD

had similar effects on murine thymocytes and EL-4 cells.

Ajulemic acid (Aja) is a metabolite of THC, and it is a potent

analgesic and anti-inflammatory agent (George et al. 2008). Aja

belongs to a class of cannabinoids called carboxy tetrahydrocan-

nabinols. In controlled trials of patients with neuropathic pain, Aja

proved as effective as morphine and in rats, it significantly

reduced severity of adjuvant-induced arthritis (Karst et al. 2003;

Zurier et al. 1998). One study investigated the effects of Aja on

human peripheral blood T lymphocytes. This study showed that

Aja reduced T cell proliferation by �75%, and induced apoptosis

in a dose-dependent manner (at 1, 3 and 10mM). Incubation of the

cells with Aja (10mM) for 6h increased caspase 3 activity 9-fold,

and DNA fragmentation 2.471.3-fold. There was a wide range in

the observed effects of Aja on T cells from donors, and this

suggested that each donor’s cells had different levels of sensitivity

to Aja induced apoptosis (Fig. 1).

The ability of cannabinoids to trigger apoptosis immune cells

in vivo suggested that THC can be very effective against

inflammatory diseases. In a ConA-induced hepatitis model, we

illustrated that THC was able to alleviate liver damage in ConA-

treated mice through induction of increased levels of apoptosis in

activated T cells (Hegde et al. 2008). Interestingly, however, we

also noted that THC treatment increased the number of Foxp3+ T

reg cells. Such T regs may have inhibited the induction of

cytokines induced in vivo by ConA. Together, these studies

demonstrated that T regs, unlike other T cells, may be resistant

to apoptosis induced by THC and may suppress the activation of T

cells that escape apoptosis. Further studies are necessary to

address this possibility.

S.A. Rieder et al. / Immunobiology 215 (2010) 598–605600
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The endocannabinoid system also plays a role during disease

processes. In the blood of patients with septic shock, 4-fold

increase in AEA and 2-AG was detected (Wang et al. 2001), and

this was also seen in LPS-induced hypotension (Varga et al. 1998).

Use of CB1 antagonists in the hypotension model, alleviated the

effects of cannabonids, showing that these compounds contrib-

uted to the degree of inflammation. On the other hand, WIN

compounds had protective roles in septic shock, since they

decreased infiltration of lymphocytes and inhibited cytokine

production (Di Fillippo et al. 2004). Once again, this example

demonstrates the biphasic role of cannabinoids in general.

Sensitivity of B cells to cannabinoid-induced apoptosis

B cells are the antibody producing cells of the immune system,

and they express the highest amount of CB2 on their cell surface.

Several reports have shown that cannabinoids have different

effects on B cells such as decreased cell proliferation and reduced

antibody production (reviewed by Croxford and Yamamura 2005).

There have also been studies on marijuana smoking populations,

and the results from these studies vary significantly, because

many factors such as the age and the genetic background of the

users, the amount of marijuana consumed, and the duration of use

were all different. Some reports from human studies showed

reduced B cell numbers along with decreased IgG and IgM (El-

Gohary and Eid 2004), while others showed no change in B cell

numbers and increase in IgE levels (Rachelefsky et al. 1976).

Derocq et al. (1995) demonstrated that the activity of can-

nabinoids is not restricted to immunosuppression, and nanomolar

concentrations of synthetic (CP55,940 and WIN55212-2) and

natural (THC) cannabinoids increase proliferation in human

tonsillar B cells co-stimulated with either anti-Igs or anti

CD40-antibodies. They argued that this effect of cannabinoids

was mediated through CB2 receptor since blocking of CB1

receptor with SR141716A did not inhibit the proliferation. The

investigators mentioned that they also tested the cannabinoids at

1–100mM range, and these indicated high concentrations inhib-

ited proliferation.

A receptor-independent mechanism of cannabinoid-induced

cell death has been shown in cultured human B lymphoblastoid

cells (Chen and Buck 2000). The investigators showed that THC,

cannabinol, and cannabidiol protected human B lymphoblastoid

cells (5/2) from serum-deprived cell death at submicromolar

concentrations. In addition, they illustrated that the action of

cannabinoids did not correlate with their binding affinity to the

CB1 and CB2 receptors and there was no stereoselectivity, which

suggested a receptor-independent action of cannabinoids. They

also performed experiments with a-tocopherol, the most potent

isomer of the antioxidant vitamin E and with retinod anhydror-

etinol, which induces oxidative cell death, either in the presence

or absence of THC. Their results demonstrated that similar to the

effect of a-tocopherol, and unlike retinoid anhydroretinol, THC

was able to protect 5/2 cells from oxidative stress and cell death.

Cannabinoid-induced apoptosis in antigen-presenting cells

Dendritic cells (DCs) are the most potent and specialized

antigen-presenting cells of the immune system, and cannabinoids

have been shown to induce apoptosis in these cells via CB1 and

CB2 receptors. Do et al. (2004) demonstrated that THC (5mM or

greater) and AEA (20mM) induced apoptosis in bone marrow-

derived dendritic cells from C57BL/6 mice that were cultured in

serum-free medium, through the engagement of both receptors. It

was shown that THC treatment led to many molecular changes

such as activation of caspases 2, 8, and 9, cleavage of Bid (a Bcl2-

family protein), cytochrome c release, a decrease in mitochondrial

membrane potential, and an increase in phosphorylation of Ikb-a.
This study also demonstrated the in vivo effects of THC

administration, and showed that there was a decrease in the

number of splenic DCs, and in the expression of MHCII on DCs.

Caspase 8
Caspase 9

Caspase 8

Caspase 3

ROS

CBD

(4-8µM)

Ajulemic Acid

(1, 3, 10µM)

Apoptosis

Apoptosome

Cytochrome c

Apaf-1

JWH-015

(5, 10, 20µM)

CB2

THC

(20µM)

Bcl-2 mRNA

Caspase 1

Fig. 1. Natural and synthetic cannabinoids induce apoptosis in T cells. THC (20mM) and JWH-015 (5, 10, 20mM) induce apoptosis in T cells through ligation of CB2 receptor.

JWH-015 activates both the intrinsic pathway and the extrinsic pathway, and THC downregulates Bcl-2 mRNA and induces caspase 1 activity. It is not known if CBD and Aja

exert their effects through receptor-dependent pathways; however, one report has shown that CBD may mediate its effect through CB2 receptor (McKallip et al. 2006).
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Lu et al. (2006) studied the immunosuppressive effects of THC

in Legionella pneumophila (Lp) infected dendritic cells, and focused

on Th1 immune suppression. Their results showed that Lp loading

in vitro into the dendritic cells, and subsequent administration

into mice led to immunization. However, when the dendritic cells

were pretreated with THC, the immunization potential of Lp-

loaded cells was suppressed. THC treatment suppressed IL-12p40

production by the dendritic cells as well as inhibited expression of

maturation markers such as MHCII, CD86, and CD40. The

investigators questioned whether this decrease in cytokines was

due to increase in apoptosis of the dendritic cells upon THC

treatment, and they demonstrated that 10mM THC did not induce

cell death in DCs after 24h. Their results contradict Do et al.’s

(2004) results; however, this may be attributed to differences in

experimental design. For example, Do et al. used serum-free

conditions in order to minimize the inhibitory effects of serum on

cannabinoid action, while Lu et al. used serum in their culture

conditions. In addition, Do et al. used DCs from the bone marrow

of C57BL/6 mice, while Lu et al. used DCs from the bone marrow

of Balb/c mice.

THC also induced apoptosis in naı̈ve macrophages as well as in

LPS-activated macrophages isolated from the peritoneal cavity of

Balb/c mice (Zhu et al. 1998). The investigators tested the effects

of THC on macrophages with agarose gel electrophoresis and

TUNEL methods, and showed that at 5mg/ml concentration, the

drug caused DNA fragmentation but no membrane damage. The

higher drug concentration (10mg/ml) caused significant DNA

fragmentation and membrane damage after 24h of treatment. In

terms of the mechanism of action, the researchers focused on two

genes: Bcl-2 and caspase-1. Caspase-1 processes premature IL-1b

into mature IL-1b, and this aids in apoptosis (Zhu et al. 1994), and

when they used caspase inhibitor Ac-Tyr-Val-Ala-L- aspartic acid

aldehyde, DNA fragmentation induced by THC was suppressed.

Upon activation, macrophages upregulated Bcl-2 expression, but

THC treatment decreased the level of Bcl-2 at the mRNA level.

Similar results were also observed in splenocytes.

George et al. (2008) studied the effect of Aja in the precursor

cells of osteoclastogenesis, which are monocytes and macro-

phages, and in osteoclasts themselves. They used bone marrow

cells incubated with macrophage stimulating factor (M-CSF), and

a mouse macrophage cell line as precursor cells, and they added

RANKL to the precursor cells in order to obtain pure osteoclast

cells in vitro. In this study, they demonstrate that Aja induced

apoptosis both in precursor monocytes and macrophages as well

as in osteoclasts at concentrations between 15 and 30mM.

Effect of cannabinoids on malignant immune cells

In 2002, studies from our laboratory suggested for the first

time that targeting CB2 receptors on cancers of immune origin

may constitute a novel approach to treat such malignancies

(McKallip et al. 2002a). We first investigated the ability of

cannabinoids to induce apoptosis in malignant cells of immune

origin including lymphomas and leukemias (Lombard et al. 2005;

McKallip et al. 2006, 2002a). It was demonstrated that human

leukemia and lymphoma cell lines such as Jurkat cells and Molt-4

expressed CB2 receptors but express little or no significant levels

of CB1. These cells were found to be susceptible to apoptosis

induced by THC, HU-210, anandamide, and JWH-015 (McKallip

et al. 2002a). In the same study, it was noted that apoptosis was

also induced by THC and anandamide in murine tumor cells such

as EL-4 and LSA. In vivo administration of 3 and 5mg/kg

bodyweight THC was also effective in killing EL-4 tumor cells

that were injected into the peritoneal cavity, and upon THC

treatment, 25% of the mice survived the tumor challenge. Primary

lymphoblastic human leukemia cells were also tested for their

susceptibility to THC-induced apoptosis, and the cells taken from

two different donors showed increased apoptosis upon THC

treatments at 5mM or greater concentrations (McKallip et al.

2002a). Another observation by this study was that serum

interfered with the effects of THC; therefore in serum-containing

medium 10mM or greater concentrations were needed to induce

apoptosis; however, in serum-free conditions 3mM or higher

concentrations were sufficient to induce a significant increase in

apoptosis.

It is well established that THC induces apoptosis in Jurkat

leukemia cell lines, and this occurs through three different

mechanisms (Herrera et al. 2006; Jia et al. 2006; Lombard et al.

2005). The first mechanism was shown by Lombard et al. (2005),

where the investigators examined the effect of THC on wild type

as well as on FADD deficient, caspase 8 deficient, and caspase 9

deficient Jurkat cells. Their study demonstrated that THC-induced

apoptosis in Jurkat cells occurred primarily through the intrinsic

pathway including caspase 9 activation, and the release of

cytochrome c into the cytosol. However, the degree of apoptosis

in FADD deficient and caspase 8 deficient cells showed a partial

decrease, when measured by TUNEL. THC treatment of the cells

led to activation of caspases 2, 8, 9, and 10 in that order, and

cleavage of Bid occurred 2h after treatment. Overall, these studies

demonstrated that THC-induced apoptosis occurred through

cross-talk between the extrinsic and intrinsic pathways, with

the intrinsic pathway playing the primary role (Lombard et al.

2005).

The second proposed mechanism came from a research group

in Spain, and in this particular study, the researchers investigated

if ceramide accumulation is involved in THC-induced apoptosis in

Jurkat cells (Herrera et al. 2006). They demonstrated that upon

2mM THC treatment, ceramide levels were increased within the

cell. They inhibited ceramide synthesis with a pharmacological

inhibitor or transfected the cells with a dominant negative form of

the enzyme that catalyzes ceramide production, and demon-

strated that this led to decreased levels of apoptosis in the

presence of THC. Apoptosis was mediated through loss of

mitochondrial membrane potential, cytochrome c release, and

caspase activation. When a pan caspase inhibitor was used,

apoptosis was prevented but there still was loss of the membrane

potential of the mitochondria. Therefore, this study showed that

the first step in the apoptotic pathway was ceramide production,

and that this led to loss of membrane potential, and caspase

activation, respectively (Herrera et al. 2006).

Our studies have further demonstrated that THC interferes

with MAP kinase signaling pathway, which plays a critical

role in apoptosis of Jurkat cells (Jia et al. 2006). Specifically,

THC inhibited the MAPK/MEK/ERK signaling pathway, which

resulted in translocation of Bad into mitochondria, and eventually

apoptosis. It was also demonstrated that THC-induced apoptosis

in Jurkat T cells in a dose-dependent manner, and the use

of CB1 and CB2 antagonists (SR141716 and SR144528, respec-

tively) significantly decreased the amount of apoptosis induced by

THC. It was shown that THC treatment led to reduced phosphor-

ylation of Raf-1, MEK1/2, and ERK1/2, with no change in

total proteins, and that this process was caspase-independent.

Furthermore, interruption of Raf-1/MEK/ERK/RSK signaling

pathway, and not the PI3K/Akt pathway, played a role in

dephosphorylation and translocation of a Bcl-2 family protein,

Bad, into the mitochondria. This paper shed more light on the

mechanism of THC induced apoptosis in leukemic T cell lines, and

demonstrated that ligation of CB1 and CB2 receptors by THC led

to: (1) the disruption of a main cell survival pathway, (2)

translocation of Bad into the mitochondria, and (3) apoptosis

(Fig. 2).
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In another study from our laboratory, McKallip et al. (2006)

investigated cannabidiol-induced apoptosis in mouse (EL-4) and

human (Jurkat) leukemia cells, and demonstrated that CBD-

induced apoptosis occurred through (1) ligation of the CB2

receptor, (2) activation of caspases 8, 9 and 3, (3) cleavage of

Bid, (4) increased cytochrome c in the cytosol, (5) increased ROS

production, and (6) increased NADPH oxidases Nox4 and

p22phox. In addition, the investigators showed that CBD treat-

ment led to reduced p-p38 levels but p-ERK and p-JNK levels were

unaffected. In vivo, this study demonstrated that CBD treatment

decreased tumor burden and increased apoptotic tumors in

C57BL/6 mice.

Maccarrone et al. (2000) studied the effect of endocannabi-

noids on human lymphoma U937 cells and showed that

anandamide but not other endocannabinoids such as 2-AG and

LEA (linoleoylethanolamide) caused apoptosis in these cells

in a dose- and time-dependent manner. AEA was effective in

0.25–1mM range, and there was a 6-fold increase in apoptosis

after 48h compared to the controls. Treatment of cells with CB1

and CB2 antagonists did not affect the degree of apoptosis, while

the treatment of cells with a selective vanilloid receptor

antagonist, capsazepine, led to a 30% decrease in apoptosis

induced by AEA. When the investigators treated the cells with a

vanilloid receptor agonist, capsaicin, there was a 5-fold increase in

the amount of apoptotic bodies. Overall, this study illustrated that

cannabinoids may not always exert their effects through CB1 or

CB2 alone.

Effect of cannabinoids on non-immune cells

Cannabinoids affect cell fate in many other cell types such as

transformed neural cells, breast cancer cells, hepatocytes, and

prostate cancer cells (Guzman et al. 2002; Hegde et al. 2008). As

discussed previously, the presence of the cannabinoid receptors

on the cell surface is a key determinant on how the cannabinoids

will affect a certain cell population. One study explored the effects

of THC on murine and human breast cancer cell lines as well as in

an in vivo model of breast cancer in mice (McKallip et al. 2005).

The investigators demonstrated that mouse mammary carcinoma

4T1, and human breast cancer cell lines MCF-7 and MDA-MB-231

expressed low to undetectable levels of CB1 and CB2; therefore

were resistant to THC-induced cell death. In addition, this study

demonstrated that THC created an immune-compromised host,

and helped in 4T1 tumor growth and metastasis in C57BL/6 mice.

Immunosuppression was mediated through CB2 receptor, and a

switch from Th1 cytokines to Th2 cytokines such as IL-4 and IL-10

occurred upon THC treatment.

Hegde et al. (2008) examined the apoptotic effects of THC on

normal mouse hepatocyte cells, BNL.CL.2, and demonstrated that

these cells are resistant to THC-induced apoptosis as well. In this

study, the splenocytes were used as positive control, and the

investigators showed that the doses that induced cell death in

splenocytes were unable to cause any changes in cell viability in

hepatocytes. Furthermore, the investigators collected superna-

tants from ConA-activated splenocyte cultures (CS) and tested the

ability of THC to protect hepatocytes from CS-induced cell death.

They showed that THC decreased the percentage of apoptotic cells

in a dose-dependent manner. These results are in agreement with

a study that investigated the effect of a select CB2 agonist, HU-

308, in ischemia/reperfusion injury model in C57BL/6 mice, where

they established that HU-308 suppressed apoptosis in hepato-

cytes measured by caspase 3 activity and DNA fragmentation

assay (Rajesh et al. 2007).

One study targeted the cannabinoid receptors in order to treat

melanoma in a mouse model (Blazquez et al. 2006). They showed

that melanoma cells express CB1 and CB2 receptors, and that

receptor activation by THC and WIN-55,212-2 led to melanoma

cell-growth inhibition both in vitro and in vivo. Furthermore, they

demonstrated that THC andWIN-55,212-2 caused cell cycle arrest

in melanoma cells via inhibition of Akt and hypophosphorylation

of the tumor suppressor protein, retinoblastoma (Rb).

THC
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Fig. 2. THC induces apoptosis in Jurkat cells via three different mechanisms. (1) THC binds to CB1 and CB2, and leads to ceramide synthesis by serine palmitoyltransferase.

(2) Ceramide enters the mitochondria and results in cytochrome c leakage into the cytosol. (3) Cytochrome c combines with Apaf-1, caspase 9, and forms the apoptosome.

(4) The apoptosome converts procaspase 3 to active caspase 3, resulting in apoptosis. THC also activates the extrinsic pathway (caspases 8 and 10), and inhibits Raf/Mek/

Erk pathway. The inhibition of the cell survival pathway leads to dephosphorylation of Bad, and translocation of this Bcl-2 protein into the mitochondria, and subsequently

to apoptosis.
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Conclusion

Cannabinoids have been approved in some countries for the

treatment of chemotherapy-induced nausea and vomiting, and

clinical trials show cannabinoids’ effectiveness in pain inhibition

and appetite stimulation (Guzman 2003; Tramer et al. 2001).

Anti-inflammatory therapeutic potential of cannabinoids is also

evident from the studies discussed in this review paper. At the

optimal concentrations, cannabinoids do induce apoptosis in

immune cells, alleviating inflammatory responses and protecting

the host from acute and chronic inflammation. The cumulative

effect of cannabinoids on all cell populations of the immune

system can be beneficial, when there is a need for immune

suppression. For example, in patients with autoimmune diseases

such as multiple sclerosis, arthritis and lupus, or in those with

septic shock, where the disease is caused by activated immune

cells, targeting the immune cells via CB2 agonists may trigger

apoptosis and act as anti-inflammatory therapy. CB2 select

agonists are not psychoactive and because CB2 is expressed

primarily in immune cells, use of CB2 agonists could provide a

novel therapeutic modality against autoimmune and inflamma-

tory diseases. Clearly, additional research is necessary to validate

these studies in humans through clinical trials. However, in other

instances, such as in patients with breast cancer in which

cannabinoid receptors may not be expressed by the cancer cells,

cannabinoids may worsen the disease, because the immune

system is weakened, and the breast cancer cells are resistant to

cannabinoid-induced apoptosis. Thus, it is critical to balance the

immunsuppressive effects with the anti-cancer properties, which

require careful dose–response studies on these clinical outcomes.

Overall, there exists a biphasic role for cannabinoids, and it

depends on three key factors: (1) the type of cannabinoid, (2) the

dose of cannabinoid, and (3) the type of cell that the cannabinoid

is acting on. The degree of cannabinoid receptor expression may

play role in some cases; however, the receptor-independent

mechanism of action is evident for cannabinoids in some cell

populations. In addition to the use of exogenous cannabinoids,

in vivo manipulation of endocannabinoids may also offer novel

treatment opportunities against cancer and autoimmune diseases.
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