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Abstract

We have previously reported that cannabidiol (CBD) lowers the incidence of diabetes in young non-obese diabetes-prone (NOD) female
mice. In the present study we show that administration of CBD to 11—14 week old female NOD mice, which are either in a latent diabetes stage
or with initial symptoms of diabetes, ameliorates the manifestations of the disease. Diabetes was diagnosed in only 32% of the mice in the CBD-
treated group, compared to 86% and 100% in the emulsifier-treated and untreated groups, respectively. In addition, the level of the proinflam-
matory cytokine IL-12 produced by splenocytes was significantly reduced, whereas the level of the anti-inflammatory IL-10 was significantly
elevated following CBD-treatment. Histological examination of the pancreata of CBD-treated mice revealed more intact islets than in the con-
trols. Our data strengthen our previous assumption that CBD, known to be safe in man, can possibly be used as a therapeutic agent for treatment

of type 1 diabetes.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Type 1 diabetes mellitus (TIDM — insulin-dependent dia-
betes) is an autoimmune disease resulting in destruction of
insulin-producing pancreatic 3 cells, a process which is assumed
to be mediated mainly by CD4 Thl and CD8 T lymphocytes
(Atkinson and Leiter, 1999; Mandrup-Poulsen, 2003). The
NOD mouse is the animal used most often for pre-clinical
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evaluation of prophylactic and therapeutic treatments of diabe-
tes. When the NOD mouse is not treated, it develops a disease
with characteristics similar to autoimmune insulitis in man
(Anderson and Bluestone, 2005).

Insulitis is an inflammation of the islands of Langerhans
and is the initial lesion of insulin-dependent diabetes mellitus,
during which leukocytes, lymphocytes in particular, surround
and infiltrate the islets.

While numerous approaches have successfully been used to
prevent diabetes in young NOD mice, the amelioration of di-
abetes after onset, or around onset time, is much more difficult
to achieve. Importantly, some of the therapies found to be ef-
fective in this mice model, have subsequently shown efficacy
in clinical trials. Raz et al. have reported immunomodulation
with DiaPep277 in a phase 2 clinical trial (Raz et al., 2001)
and Keymeulen et al. have successfully employed anti-CD3
antibodies (Keymeulen et al., 2005).
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Cannabidiol (CBD) is a potent anti-inflammatory agent. It
is effective in suppressing IFN-y and TNF-a production and
progression of autoimmune Th1-mediated rheumatoid arthritis
by inhibition of T cell proliferation (Malfait et al., 2000). This
observation led us to investigate the possible effects of CBD
on additional autoimmune diseases. Recently we demonstrated
that CBD lowers the incidence of diabetes in young NOD
mice. It also significantly reduces the plasma levels of the
proinflammatory cytokines IFN-y and TNF-a, lowers Thl-
associated cytokine production in vitro and augments Th2-
associated cytokines IL-4 and IL-10 (Weiss et al., 2006).
Following this observation, which shows that CBD partly
prevents initiation of diabetes, we decided to explore the pos-
sibility that CBD can also prevent the development of overt or
latent diabetes.

In our present report we found that CBD significantly in-
hibited insulitis in 11—14 week old NOD female mice.

2. Materials and methods
2.1. Mice

Non-obese female NOD/Lt] mice, 11—14-week-old, were obtained from
Harlan, Israel. Female NOD mice develop diabetes after 12—18 weeks.
BALB/c female mice (11—14 weeks old) were also obtained from the same
supplier. Mice were fed standard laboratory animal chow ad libitum and
were kept in pathogen free (SPF) animal house facility. The study was con-
ducted in compliance with the international laws on animal experimentation
and approved by the Ethical Committee of the Hebrew University Medical
School.

2.2. Cannabidiol (CBD)

CBD was extracted from Cannabis resin (hashish) and purified as previ-
ously reported (Gaoni and Mechoulam, 1971). The crystalline CBD, melting
point 66—67 °C, presented a single peak on gas chromatography analysis.
CBD was first dissolved in ethanol and then the same amount of Cremophor
EL (Sigma) was added. This solution was then further diluted with saline so
that the final solution was ethanol/cremophor/saline (1:1:18).

2.3. Experimental design

NOD female mice, 11—14 week old, with impaired glucose tolerance and
14 week old mice with normal glucose tolerance were assigned to three groups
(Gross et al., 1998). One group received CBD, the second group received Cre-
mophor/ethanol/saline (vehicle) and the third group remained untreated.

CBD was administered i.p. at a dose of 5 mg/kg per day, in 0.1 ml. The
experiment was continued for 4 weeks, each mouse receiving 5 administra-
tions per week. The mice were observed until 24 weeks of age.

The level of urine glucose was assayed once or twice a week by test strips
(Medi-Test Combi 9 Macherey-Nagel, Duren) and was considered positive af-
ter the appearance of glucosuria (>1000 mg/dl) in at least two determinations,
according to the manufacturer’s information. A level of 1000 mg/dl glucose in
the urine was found to correlate with >200 mg/dl. glucose in the blood.

2.4. Peritoneal macrophage culture

Peritoneal lavages from each mouse, containing approximately 40% mac-
rophages (PM6), were collected in phosphate buffer saline (PBS), centrifuged
and the pellets were then resuspended and plated in 24-well plates for two
hours. The wells were washed to remove non-adherent cells and fresh DMEM
with 10% fetal calf serum (FCS) was added to the cells, mostly macrophages

>90%, for further over night incubation. Harvested supernatants were centri-
fuged to remove any cells and stored at —80 °C until assayed for cytokines.

2.5. Splenic lymphocyte culture

Spleen cells from each mouse were removed aseptically, the cells were re-
leased, washed in PBS, resuspended in RPMI complete medium supplemented
with 10% FCS, 100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM L-glu-
tamine (Beith Haemek, Israel), counted with Trypan-blue dye exclusion to dis-
tinguish the live cells (unstained) and dispensed into 24-well plates (Greiner
Labs, Germany) at 2 x 10° cells/ml medium per well. Cells were stimulated
with 2.5 pg/ml Concanavalin A (ConA) (Sigma St. Louis, MI, USA) and cul-
tured at 37 °C in a 5% CO, humidified incubator. Supernatants were harvested
after 48 h incubation, cleared by centrifugation and stored at —80 °C until
assayed for cytokines.

2.6. Cytokine assay

Levels of cytokines in the plasma and in the supernatants of splenic lym-
phocytes and peritoneal macrophages of the mice were assayed by the “‘sand-
wich” ELISA technique. ELISA reagents were purchased as Opt. EIA
Cytokine ELISA sets from BD Biosciences (San Diego, CA, USA) and
were used according to the manufacturer’s protocol as previously described
(Ji et al., 2003).

2.7. Histopathology

Pancreatic tissue was fixed in 4% buffered formalin, embedded in paraffin,
and 5-pum sections were stained with hematoxylin and eosin. Twenty sections
were screened and scored by two independent observers and were graded as
follows: intact islets; partially infiltrated islets and peri-infiltrated islets; totally
infiltrated islets; destroyed islets.

2.8. Statistical analysis

The statistical significance of the results of diabetes occurrence in Fig. 1
was calculated by the Kaplan—Meier method, and statistical significant differ-
ences between the curves were analyzed by log rank. Differences between ex-
perimental and control values (Table 1) were analyzed for significance
(p <0.05) by one-tail distribution-free Mann—Whitney U-test.
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Fig. 1. Incidence of diabetes in NOD mice treated with 5 mg/kg CBD i.p., ve-
hicle control and untreated mice. The incidence of diabetes in the CBD treated
group, compared with vehicle-treated mice and untreated controls was signif-
icant p < 0.001 (log rank test).
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Table 1
Cytokine levels in the plasma and supernatants of peritoneal macrophages and
spleen cells from untreated and CBD treated mice at 24 weeks of age

In vivo Number In vitro Cytokine pg/ml p=
treatment of mice spleen evaluated mean + SE

of NOD cell

mice activation

CBD 5 Plasma IL-6 20+£2.0 0.016
Vehicle 4 Plasma 1IL-6 100.7 £ 44.1

CBD 4 PM6 IL-6 502+ 17.7 0.015
Vehicle 4 PM6 1IL-6 100.0 £ 20.0

CBD 3 PM6 IL-10 2347+ 853 0.05
Vehicle 3 PM6 IL-10 1.0+ 1.0

CBD 4 Sp IL-10 97.5£575 0.029
Vehicle 4 Sp IL-10 1.0+ 1.0

CBD 9 Sp TNFo 20.2+10.2 0.068
Vehicle 8 Sp TNFa 148.0 £44.0

CBD 13 Sp IL-12 369+ 153 0.018
Vehicle 9 Sp IL-12 114.0 £ 38.1

CBD 5 Sp IL-4 278 £97.9 0.056
Vehicle 4 Sp 1L-4 100 £ 21.9

Differences between CBD and control values were analyzed for significance
by one-tail distribution-free Mann—Whitney U-test.

3. Results

3.1. CBD partly prevents the development of overt
diabetes in NOD female mice

CBD was administered i.p. to 11—14 week old female NOD
mice. Treatment was continued for 4 weeks (5 days a week) at
a dose of 5 mg/kg per day. Treatment was then withdrawn and
the mice were observed until 24 weeks of age. A remarkable
reduction of diabetes development was observed in CBD-
treated mice, compared with vehicle-treated mice and un-
treated controls (p < 0.001, log rank test). At the end of the
24 weeks, only 8 of 25 (32%) of the CBD-treated mice devel-
oped glucosuria, compared with 18 of 21 (86%) vehicle-treated
mice and 100% (21 mice) of the untreated controls (Fig. 1).

3.2. Effect of CBD on cytokine profile

Cytokine concentration of IL-12, TNF-o, IL-6 and IL-10 in
the supernatants of NOD splenocytes and macrophages (stim-
ulated and unstimulated in vitro) as well as IL-6 in plasma
were assessed by ELISA. A significant reduction of IL-6 level
was noted in the plasma of CBD-treated mice (p = 0.016), as
well as in the levels of IL-6 and IL-12 in cell supernatants of
CBD-treated NOD mice, compared with the levels in vehicle-
treated mice (p =0.015 and p = 0.018, respectively). The
level of TNF-a in splenocyte supernatants was also reduced,
but the reduction was not significant (p = 0.068). In contrast
the levels of the Th2-associated cytokines, IL-10, in superna-
tants of macrophages and splenocytes and IL-4 secreted by
splenocytes were higher, although in the case of IL-4, the en-
hancement was not significant (p =0.05, p =0.029 and
p = 0.056 respectively) (Table 1). The changes in the cytokine
profile suggest that CBD administration induces a Thl — Th2
shift (Crane and Forrester, 2005; Chan et al., 1991).

3.3. Histology of pancreas

The morphological structure of intact islets from CBD-
treated NOD mice was similar to normal islets, in contrast to
the abundant mononuclear cell invasion into islets in vehicle-
treated and untreated mice. The number of intact islets in
pancreata taken from untreated (6 out of 73, 8%) and vehicle
treated mice (12 out of 94, 13%) decreased, compared to
CBD-treated mice (108 out of 140, 77%). As most islets in
the control diabetic mice were fully destroyed and disap-
peared, the total number of islets counted was lower than
that in the CBD-treated (Table 2).

Cell infiltration into islets (leading to insulitis) was also
lower in the pancreata of CBD-treated mice when they were
examined 6—8 weeks after the treatment was stopped. The
morphological appearance of intact islets was similar to that
of normal islets. In contrast, abundant mononuclear cell inva-
sion into islets and destroyed islets were seen in the pancreata
of vehicle and untreated controls (Fig. 2).

4. Discussion

Studying the levels of various cytokines secreted in vitro by
macrophages and splenocytes derived from CBD-treated NOD
mice demonstrated a decrease in production of IL-6, TNF-a
and IL-12. In contrast the levels of IL-10 (by PM6 and sple-
nocytes) and IL-4 (by splenocytes) were enhanced. However
the changes in TNF-o and IL-4 levels indicated a trend only,
as they did not achieve statistical significance. Numerous in-
vestigations have shown that suppression of proinflammatory
cytokines TNF-a, IL-6 as well as IL-12 inhibits inflammatory
damage. Moreover, the increase of IL-10 production, which
suppresses proinflammatory cytokines production, is known
to abrogate inflammatory manifestation.

We have previously shown that treatment of NOD mice (6—
12 weeks old) with CBD, leads to augmentation of IL-4 and
IL-10 production by splenocytes and decrease in IFN-y (Weiss
et al., 2006). We assumed that this phenomenon demonstrates
a Thl to Th2 cytokine shift, a mechanism that may prevent
development of diabetes (Elenkov et al., 2005).

The results of the present study indicate that treatment of
11—14 weeks old female NOD mice, either in a latent diabetes
stage (after 14 weeks) or with initial symptoms of diabetes
(appearing up to 14 weeks), with CBD for 4 weeks, led to sus-
tained inhibition of insulitis. CBD treatment induced a qualita-
tive modification of the islets infiltrates by mononuclear cells,

Table 2
Histological analysis of pancreas tissue from mice treated with CBD, or with
vehicle or untreated

Treatment  No. of Intact  Total Full Partial Percent
scored  islets ruined infiltrated  infiltrated intact
islets islets islets islets islets

Control 73 6 29 28 5 8

Vehicle 94 12 30 43 7 13

CBD 140 108 - 12 15 77
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Fig. 2. Representative histology of Hematoxylin-Eosin stained pancreases from (A) untreated control mice, mag. x800, (B) vehicle treated mice, mag. x800, and
(C) CBD-treated mice, mag. x800. Abundant mononuclear cell invasion into islets and pri-insulitis in the pancreata of untreated and vehicle treated mice (A and
B). The pancreas of CBD-treated non-diabetic mice showed neither cell-infiltration nor islet destruction (C).

inhibited specific destruction of the islets and eventually pre-
vented diabetes (Fig. 2, Table 2). CBD treatment reduced
diabetes from 86% in untreated mice to 32% in CBD-treated
mice. The direct effect of CBD on glucose load tests (i.e.
2 g/kg i.p.) in BALB/c versus NOD mice showed no difference
in treatment with saline compared to CBD. This result show
no direct effect of CBD on glucose levels in the blood. It
was also demonstrated that CBD treatment inhibited IL-12
production by splenocytes. IL-12 is a cytokine that plays a
major role in autoimmunity including diabetes (Rothe et al.,
1996; Trembleau et al., 1995; Rabinovitch et al., 1996;
Trinchieri, 1995). Macrophages and dendritic cells are known
to produce IL-12, which triggers generation of IFN-y (Verma
et al., 2006).

Th1 cytokines activate cytotoxic T cells and stimulate macro-
phages to produce proinflammatory cytokines and nitrogen free
radicals (NO). Macrophages and dendritic cells are known to
produce IL-12, which triggers generation of IFN-y (Verma
et al., 2006). All these molecules contribute to islet destruction.
These results indicate that, CBD suppression of macrophage IL-
12 production can inhibit Th1 mediated autoimmunity.

The difference between Thl and Th2 cells in diabetes are
discussed in various studies (Rabinovitch 2003; Meierhoff
et al., 2002). The aim in treatment of diabetes is to decrease
cytokine levels of the Thl related cytokines IFN-y and IL-
12 and to increase Th2 related cytokines IL-4, IL-10.

The data in our NOD study suggest that IL-6 participates in
islet inflammation, and CBD, by significant suppression of IL-
6 production, decreases islet destruction. Additional factors,
such as proinflammatory cytokines and mediators presumably
participate in the pathological events.

Furthermore, in this study, we show that immune cells from
CBD-treated mice enhance in vitro IL-4 and IL-10 cytokine
production. These cytokine alterations correlated with disease
suppression. Several reports support that immunological inter-
ventions, which enhance Th2 immune responses in NOD mice
are protective against the disease. For example, treatment of
NOD mice with IL-4, a Th2 cytokine, prevents overt diabetes
(Rapoport et al., 1993; Cameron et al., 1997; Tominaga et al.,
1998) and local expression of IL-4 in pancreatic beta cells in
transgenic mice inhibits insulitis (Mueller et al., 1996; Shi
et al., 2006) have demonstrated that abrogation of recurrent
autoimmunity requires host IL-4. In addition, levels of IL-10,
a Th2 associated cytokine, correlate with protection (Mueller
et al., 1996) and IL-4 and IL-10 inhibit diabetes by suppress-
ing Th1 cytokine production in islet grafts (Rabinovitch et al.,
1995).

Histological examination of the pancreas indicated the ab-
sence of insulitis in 77% of the islets in the CBD-treated
group, compared to 13% in the pancreas taken from vehicle
treated mice; thus, B cell destruction in the CBD-treated
mice was markedly suppressed (Table 2, Fig. 2C).
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We have previously shown that CBD treatment of young
NOD mice preserved more than 85% of the islets as deter-
mined by histological analysis (Weiss et al., 2006). We also re-
ported that CBD inhibited TNF-a production in vitro and in
vivo (Malfait et al., 2000) and have noted the same trend
now in a different system. We have also previously seen that
nitric oxide formation is decreased in vitro (Ben-Shabat
et al., 2006). As TNF-a and nitric oxide are important media-
tors of IL-1P induced B-cell damage (Corbett et al., 1991) it is
possible that this inhibition represents one of the protective
pathways through which CBD acts.

It was recently suggested by Carrier et al. (2006) that CBD
has anti-inflammatory properties due to its binding capacity to
A2A adenosine receptor, which leads to inhibition of adenosine
uptake and enhancement of endogenous adenosine signaling.
It was further demonstrated that adenosine transport inhibitors
suppress the production in vivo of TNF-o, one of the key
cytokines of inflammation. Thus the observed CBD effect in
diabetes may be due, at least partly, to its binding and activa-
tion of the A2A receptor. Indeed, there are several reports
which indicate that A2A receptor activation is involved in
causing diabetes although in some cases it may represent the
result of diabetes (Grden et al., 2005; Thong and Graham,
2002; Awad et al., 2006).

It is possible that CBD acts by antagonism of cannabinoid
agonists. Bermudez-Siva et al. (2006) demonstrated that acti-
vation of cannabinoid CB1 receptors induces glucose intoler-
ance in mice and Juan-Pico et al. (2006) reported that the
endocannabinoid 2-arachidonoyl glycerol (2-AG), through
CB2 receptors, affects Ca®" signals in B-cells and as a conse-
quence decreases insulin secretion. As CBD was recently
found to be an antagonist of CB1 and CB2 receptor agonists
(Thomas et al., 2007) it is possible that via this route it affects
the development of diabetes in NOD mice. Indeed the CB1
cannabinoid receptor antagonist, rimonabant, was reported to
lead to lower plasma glucose and insulin levels, as well as im-
proved insulin resistance in animals and to an improvement in
glycemic control in prediabetic and type 2 diabetic patients
(Gelfand and Cannon, 2006).

We have also demonstrated that in vivo CBD treatment
augments IL-4 and IL-10 production, which can prevent the
development of diabetes through a Thl — Th2 cytokine shift,
as other studies have noted (Weiss et al., 2006).

An extensive list of therapeutic strategies has been shown to
provide some protection from the development of overt diabetes
in the NOD mouse model. A number of clinically available im-
munomodulatory compounds, such as cyclosporine, FK506 and
Rapamycin may suppress the disease progression, but some of
them are toxic or they can augment the risk of infection and
tumorigenesis (Kai et al., 1993; Baeder et al., 1992).

Successful induction of remission in 17 of 25 diabetic mice
by CBD treatment long after cessation of treatment, indicates
that CBD exerts long lasting beneficial influence on B-cell
mass and glycemia. We assume that by effectively controlling
autoimmune effector T-cells or by influencing cytokine bal-
ance resulting in a Thl — Th2 shift, CBD caused ameli-
oration of autoimmune insulitis and allowed endogenous

precursor cells to slowly give rise to increased B-cell mass
and thus maintain normoglycemia.

Although insulin replacement therapies provide chronic
care for people with type 1 diabetes, this treatment does not
restore normal glucose control and is associated with signifi-
cant risk of hypoglycemia. Controlling autoimmunity may
represent an alternative therapeutic pathway aimed at restoring
pancreatic cell mass and function.

CBD is not psychoactive and has anti-inflammatory and
anti-autoimmune properties. Based on the above presented re-
sults, on the previously documented anti-inflammatory effects
of CBD (Malfait et al., 2000) and on its clinical safety (Cunha
et al., 1980), it seems reasonable to consider the use of CBD
for controlling type 1 diabetes at an early stage of the disease.
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