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Abstract

After a traumatic childhood in Europe during the Second World War,
I found that scientific research in Israel was a pleasure beyond my expec-
tations. Over the last 65 year, I have worked on the chemistry and pharma-
cology of natural products.During the last few decades,most of my research
has been on plant cannabinoids, the endogenous cannabinoids arachidonoyl
ethanolamide (anandamide) and 2-arachidonoyl glycerol, and endogenous
anandamide-like compounds, all of which are involved in a wide spectrum of
physiological reactions. Two plant cannabinoids, �9-tetrahydrocannabinol
and cannabidiol, are approved drugs. However, the endogenous cannabi-
noids and the anandamide-like constituents have not yet been well inves-
tigated in humans. For me, intellectual freedom—the ability to do research
based on my own scientific interests—has been the most satisfying part of
my working life. Looking back over the 91 years of my long life, I conclude
that I have been lucky, very lucky, both personally and scientifically.
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CHILDHOOD

I was born in Sofia, Bulgaria, in 1930.My father, who had studied in Vienna, Austria, was a promi-
nent physician and head of a hospital in Sofia. My mother had studied in Berlin, Germany. For
them, a broad education, in many languages, was regarded as the obvious pathway for their chil-
dren. For several years I went to an American grade school in Sofia. For me, Mrs. Woodruff,
the principal, was then, and still is, the best of America. Her message, which I well recall, was
“help the less fortunate and struggle against the villains in the world.” In 1941, with the Second
World War going on, the pro-German government closed the American School and later even
declared war on the United States. It passed severe anti-Semitic laws and made the day-to-day life
of Jews extremely difficult. My parents believed that our family would be safer in small villages in
the Balkans that badly needed physicians. We spent most of the war years in these poor villages,
where little had changed over decades. I recall my daily trips to the common village pump to bring
home pails of water for our needs. And I read the few available books by sitting close to a candle
in the evenings. Although my father was the only physician in the village and its nearby area, he
was taken to a concentration camp in 1944, but survived.

In the autumn of 1942, the Bulgarian government planned to send the Bulgarian Jews, about
50,000, to the death camps in Poland, as it had done with the Jews in the territories it had occupied
from former Yugoslavia. And then a miracle happened. The supposedly unbeatable German Field
Marshal Erwin Rommel lost the battle at El-Alamein in Egypt and started withdrawing. Within
a few months, the Germans lost North Africa and were defeated at Stalingrad (now Volgograd).
The Bulgarian King Boris—a dictator—apparently realized that the Germans might lose the war
and that sending the Jews to the death camps would not help him retain royal power after the
war. He cancelled the expulsion. It was claimed that the strong opposition to the expulsion by
the Bulgarian Church and by some politicians led to the change of mind by the King. Indeed,
all the metropolitans of the Church and a parliament member had the courage to oppose the
expulsion.

Many years later, I realized that the defeat of Rommel at El-Alamein—which saved us—was due
to computer science. The British had built a highly secret computer, based on the advances made
by Alan Turing, the early star cryptographer. This computer helped break the German military’s
Enigma code. British computer scientists were reading Rommel’s battle plans and were also aware
of the timing of shipments of supplies, in particular, spare parts for tanks being sent from Italy
to Rommel’s army. Accordingly, only 30% of shipments were getting through, and thus Rommel
had no chance of winning the battle at El-Alamein. Science saved my life and the lives of many
others. Years later, as Rector of the Hebrew University of Jerusalem, one of my first projects was
to help establish a computer science department.

IN ISRAEL

In 1949 we immigrated to Israel. I studied at the Hebrew University of Jerusalem and graduated
with a MSc degree in biochemistry. In 1953 I was conscripted and spent about two years doing
research in anArmymedical research unit.Most ofmyworkwas in chemistry, in collaborationwith
pharmacologists. We published several papers on insecticides (1, 2)—the first one was published
65 years ago. I found this type of work to be intellectually appealing. Indeed, much of my later
work was in collaboration with biologists and clinicians. My PhD research (with Professor Franz
Sondheimer at the Weizmann Institute in Rehovot, Israel) and postdoctoral work (with Professor
William Pelletier at the Rockefeller Institute in New York) followed the same pathway: synthesis
of novel molecules (3, 4) or extraction and identification of natural products and evaluation of
their chemistry and, in collaboration with pharmacologists, their biological activity.
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INDEPENDENT RESEARCH

In the early 1960s, I was appointed to an academic position at theWeizmann Institute and initiated
independent research. A few years later, I moved to the Hebrew University of Jerusalem, where
I continued my research for the next 55 years. My interest in natural products led me to read
the literature on the chemistry and pharmacology of Cannabis. I was surprised to note that an
active compound had apparently never been isolated in pure form and that its structure was only
partially known. Even the structure of a major crystalline component, cannabidiol (CBD), which
had been isolated more than two decades previously, was not fully elucidated. Their biological
effects as pure or semipure compounds had barely been investigated.

How does one get Cannabis—a strictly regulated illicit drug—in sufficient amounts to ini-
tiate research? In 1963! Again, I was lucky. The administrative head of my Institute knew a
police officer, who was presumably the number two (or possibly the number three) in the
Israeli Police hierarchy. He phoned and told him that a Dr. Raphael Mechoulam needed hashish
for research and that he—meaning me—was completely reliable (though he barely knew me). I
just went to Police headquarters, had a cup of coffee with the policeman in charge of the storage
of illicit drugs, and got 5 kg of confiscated hashish, presumably smuggled from Lebanon.

My colleague, Yehiel Gaoni, and I extracted the hashish and by repeated column chromatogra-
phy were able to isolate about 10 compounds—most of them unknown—and elucidate their struc-
tures. All of them were either already crystalline or we were able to prepare crystalline derivatives.
A few of these compounds were present both as acids and as neutral constituents.We assumed that
the acids are the actual plant products, which upon decarboxylation lead to the neutral derivatives
(5, 6). We thought that cannabigerolic acid (5) is the primary cannabinoid synthesized by the
plant and that, by several mechanisms, is converted into the rest of the plant cannabinoids. To-
day, more than 100 cannabinoid molecules are known to be synthesized by Cannabis. However,
the biological activities of only two constituents have been investigated in depth: CBD (7) and
�1-tetrahydrocannabinol (THC), the principal active constituent (8, 9) (Figure 1).�1-THC was
later renamed �9-THC.

My first publication on cannabinoids described the elucidation of the structure of CBD (7).
This constituent does not cause any of the typicalCannabis effects but has many therapeutic effects
(mostly only determined in animal assays) on inflammation, anxiety, type 1 diabetes, autoimmune
diseases (such as rheumatoid arthritis), neurological diseases, and so on (10). CBD binds to many
receptors. As it is essentially nontoxic, CBD is widely used as a drug for numerous diseases but
unfortunately, in most cases, without a sufficient published medical background. It is US Food
and Drug Administration (FDA) approved for certain epileptic conditions in children (see below).
CBD, or its derivatives (for examples, see 11, 12), will also probably be approved for other diseases
when sufficient biological/therapeutic data become available.Table 1 presents some of the disease
states for which many patients use CBD or medical marijuana with high levels of CBD. Figure 2
is a photo of the author trying to explain the stereochemistry of CBD.

OH OH

HOO

THC CBD

Figure 1

The structures of �9-tetrahydrocannabinol (THC) and cannabidiol (CBD).
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Table 1 A limited list of disease states that are positively affected by CBD

Disease Reference(s)
Epilepsy Cunha et al. (18), Devinsky et al. (19)
Inflammation Pacher et al. (63)
Pain Campos et al. (64)
Rheumatoid arthritis Malfait et al. (65)
Depression Kirkland et al. (66)
Schizophrenia Kirkland et al. (66)
Obsessive-compulsive disorder Kirkland et al. (66)
Anxiety and stress Kirkland et al. (66)
Diabetes (type 1) Weiss et al. (67)
Hypoxia/ischemia injury Martínez-Orgado et al. (68)
Parkinson’s disease Giuliano et al. (69)
Huntington’s disease Cristino et al. (70)
Alzheimer’s disease Watt & Karl (71)
Airway obstruction Dudášová et al. (72)
Cancer O’Reilly et al. (73)

We isolated THC in pure form and elucidated its structure in 1964 (8). It is an approved drug
for nausea and vomiting due to cancer therapy, but it is apparently a minor drug for this indication
due to its side effects. Indeed, Nora Volkow (Director, National Institute on Drug Abuse) stated,
regarding THC, that “It would be fantastic if we have a drug that would actually calm you when
you need it, that makes you feel groovy, more social, and there are no negative consequences. But
that’s not the case. . .We’re seeing an increase in the number of people that end up in emergency
departments with acute psychosis from cannabis use, which may be due to the increased potency
of cannabis products on the market today” (N. Volkow, personal communication).

In the 1960s and early 1970s, in collaboration with colleagues at a nearby biological institute,
we tested the major plant cannabinoids for typical Cannabis activities in monkeys. Although all
the cannabinoids assayed were rather closely related chemically, only THC was active (9). Hence,

Figure 2

Raphael Mechoulam showing the stereochemistry of cannabidiol in 1970.
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except forCBDandTHC,very little researchwas published on the other cannabinoid constituents
for a few decades.However, over the last few years, interest in themhas increased.Pharmacological
work in numerous areas has indicated that some of these constituents are active in a variety of
assays (13). Thus, we found that cannabigerol (CBG) derivatives reduce inflammation, pain, and
obesity (14) and cannabidiolic acid (as its methyl ester) suppresses nausea and anxiety (15), reduces
depression-like effects (16), and is a potent antihyperalgesic molecule (17).

We were eager to find out whether the historical use of Cannabis for a variety of disease states,
over thousands of years, was based on more than its antianxiety effects. We started with epilepsy.
Together with colleagues in São Paulo, we tested THC and CBD for such activity in mice. Both
were active. As CBD showed no toxicity or side effects, we undertook a small double-blind clinical
trial on 18 patients with epilepsy, who were not helped by the existing drugs (18). Due to the
high doses needed (200–300 mg per day), we had to obtain large amounts of hashish from the
police and extract the CBD from it. The patients were treated for over 3 months, and the results
were impressive. Some of the patients had almost no attacks,while others were significantly helped.
The results were published in 1980 (18).As new antiepileptic drugs were badly needed,we assumed
that these results would be expanded by pharmaceutical companies, but nothing happened for
over 30 years. However, when parents of epileptic children—mostly in the United States—started
treating their children with medical marijuana that had high levels of CBD, a British company
initiated a large trial in the 2010s (19). On the basis of the positive results from this trial, a drug
containing almost pure CBD (named Epidiolex) was approved by the FDA and is now widely used,
particularly in children. Thousands of patients could have been helped over the four decades since
our original publication. I believe that the stigma associated with Cannabis was the main reason
for the delay.

During the late 1970s and 1980s, we and many groups throughout the world looked into var-
ious pharmacological aspects of THC, CBD, and novel, synthetic cannabinoids, including their
metabolic pathways. A few clinical trials were also reported. However, the mechanism of THC
activity remained obscure. As both enantiomers of THC were reported to be biologically active,
it was generally assumed that THC acts through a nonspecific mechanism. However, when we
addressed this problem again—with very potent (+) and (−) THC derivatives—we found that,
actually, only the (−) enantiomer caused the well-known effects of marijuana (20). Hence, a spe-
cific activity mechanism was expected to exist.

In parallel to research on Cannabis, my interest in ancient drugs led me to investigate incense,
the resin of the Boswellia plant, whose sacrificial burning has been a central ceremony in the re-
ligious and cultural life of many—probably most—ancient tribes and nations in the Middle East.
In ancient Egypt, incense burning signified a manifestation of the presence of the gods and a
tribute to them. The ancient Greeks burned incense as an offering to the gods. In ancient Judea,
it was a central ceremony in the Temple. Wars were fought over incense in the ancient Middle
East. Tiglath-Pileser III, who ruled Assyria in the eighth century BCE, attacked Gaza in order to
control incense routes. Incense is still used today in religious ceremonies.

When we tested incensole acetate, a major constituent, in mice in standard assays, it lowered
anxiety and caused antidepressive-like behavior. To investigate the action of incensole acetate on
different brain regions, we studied its effect on c-Fos formation in mouse brains. We found that
incensole acetate significantly changed c-Fos levels in brain areas known to be involved in the
expression of emotions and in nerve circuits that are affected by antianxiety drugs (21, 22).

RESEARCH ON THE ENDOGENOUS CANNABINOID SYSTEM

In the mid-1980s, Allyn Howlett reported the existence of a cannabinoid receptor, known today
as CB1 (23). As receptors do not exist for compounds present only in a plant, we looked for the
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endogenous molecules, which we thought would be present in the animal brain. As pigs are very
close biochemically to humans, I presumed that pig brains would be the most promising source.
Bill Devane, who had worked as a PhD student on the receptor in Howlett’s lab and was now a
postdoc in my group, and I would drive to Tel Aviv to buy such brains.We knew that immigrants
from some of the Balkan states loved to eat cooked pig brain, and hence it was commercially
available!

As THC is a lipid-soluble compound, we assumed that an endogenous agonist would also be a
lipid and planned our research on this basis. First, we had to prepare a radiolabeled cannabinoid
probe, as our route for the discovery of a CB1 agonist was based on the displacement of such a
probe bound to the receptor (24). Then we looked at extracts of the pig brains, which were chro-
matographed for the separation of lipids. Promising fractions, namely those that displaced the
probe, were further purified by low- and medium-pressure column chromatography and by thin
layer chromatography. After about a year of column-after-column work, we were able to identify a
brain constituent that inhibited the specific binding of the radiolabeled cannabinoid probe to the
membranes in a manner typical of competitive ligands. It was then sent to Roger Pertwee in the
United Kingdom, who found that this brain constituent produced a concentration-dependent in-
hibition of the electrically evoked twitch response of the mouse vas deferens, a characteristic effect
of psychotropic cannabinoids. The isolated amounts of the agonist were minimal (0.6 mg from
4.5 kg of brain), but data from gas chromatography–mass spectroscopy and repeated nuclear mag-
netic resonance evaluations led us to propose a tentative structure—arachidonoyl ethanolamide
(Figure 3)—which we found to be correct by undertaking a total synthesis (25). We named the
brain constituent anandamide based on the Sanskrit word anandameaning bliss—we believed that
it had to do with emotions—and on the chemical nature (an amide) of the compound (25).

Anandamide and THC are structurally completely different. THC is a terpene-resorcinol
derivative, while anandamide is a fatty acid amide with ethanolamine. And yet, we found that their
biological activities were closely related (26, 27). A few years later, we isolated a second endoge-
nous agonist, 2-arachidonoyl glycerol, best known as 2-AG (28) (Figure 3). Amounts of 2-AG in
the body are considerably larger than those of anandamide.

These two endocannabinoids have been extensively investigated. Our original publications on
these two compounds have been cited thousands of times. The main reason for this interest is that
they represent the chemical basis of a new biochemical/physiological network: the endocannabi-
noid system. This system, as seen today, in addition to the two endocannabinoids, also covers the
enzymes needed to synthesize and hydrolyze the endocannabinoids as well as two receptors: CB1
and CB2.The endocannabinoid system is of central importance in the animal body and represents
an important modulatory network in the brain (29, 30). Indeed, Pacher &Kunos (31, p. 1918) have
suggested that “modulating endocannabinoid system activity may have therapeutic potential in al-
most all diseases affecting humans” and have summarized published data on a large number of such
diseases, citing publications on obesity/metabolic syndrome; diabetes and diabetic complications;
neurodegeneration; inflammatory, gastrointestinal, and skin diseases; and pain and cancer, among
many others.

OH
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2-AGAnandamide

Figure 3

The structures of anandamide and 2-arachidonoyl glycerol (2-AG).
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However, although extensive data are available for the endocannabinoids, they have not been
investigated in, or even administered to, humans—more than 25 years since they were reported!
Are we missing something?

After the discovery of anandamide and 2-AG, we spent several years examining their effects.
We undertook this research in close collaboration with pharmacologists who work on various
assays in numerous countries. We found that inactive endogenous fatty acid glycerol esters en-
hance 2-AG cannabinoid activity and named this action an entourage effect (32). It differs from
the better-known symbiotic effect, which addresses the interaction of two active compounds. In
the popular press, entourage effects are also assumed to be relevant to the notion that extracts
from the Cannabis plant are more active than THC, but there are very few publications on this
topic.

In collaboration with colleagues and members of my laboratory, we examined the actions of
anandamide and 2-AG on the hypothalamo-pituitary-adrenal axis (33), feeding and suckling (34),
cognitive function and levels of neurotransmitters and corticosterone (35), the inhibition of the
pharmacological effects of THC by low doses of anandamide (36), the reduction of sperm fer-
tilizing capacity in sea urchins (37), myocardial resistance to arrhythmogenic effects of coronary
occlusion (38), and a few other biological systems. We were then, and still are today, amazed at
the huge number of effects of anandamide.

Together with E. Shohami, we initiated a project on the effects of endocannabinoids on brain
trauma.We found that after brain trauma in mice, the level of 2-AG in the brain was significantly
elevated. We thought that this was a protective reaction. We administered synthetic 2-AG to the
mice after the injury. The treated mice compared to control mice had a significant reduction of
brain edema, better recovery, and reduced inflammation, infarct volume, and hippocampal cell
death (39). When 2-AG was administered together with inactive 2-acyl-glycerols that are nor-
mally present in the brain, functional recovery was significantly enhanced. The beneficial effect of
2-AGwas dose-dependently attenuated by SR-141761A, an antagonist of the CB1 receptor.More-
over, improved recovery of neurobehavioral functions was noted in mice that received 2-AG up to
3 months after the brain trauma. Later, we found that 2-AG also protected the blood-brain barrier
after closed head injury and inhibited messenger RNA expression of proinflammatory cytokines
(40). As drugs to treat brain trauma are badly needed, these results may help in the development
of such drugs.

Additional endocannabinoids have also been reported.We isolated linoleoyl ethanolamide and
docosatetraenoyl ethanolamide, which are chemically and pharmacologically closely related to
anandamide (41). In docosatetraenoyl ethanolamide, the fatty acid chain is two carbon atoms
longer. In contrast to the many publications on anandamide, there are very few papers on these
active endocannabinoids (42). Again, are we missing something?

ACTIONS OF ANANDAMIDE-LIKE COMPOUNDS

The biosynthetic pathway for the synthesis of anandamide involves a fatty acid and an amino acid
derivative. As numerous fatty acids and amino acids are present in the animal body, a large number
of anandamide-like compounds are biosynthesized (43) (Figure 4). Some of these compounds have
been found to play major roles in animal biochemistry (for reviews, see 44, 45).

Vasodilation

We found that both anandamide and arachidonoyl serine (ArA-S) produce endothelium-
dependent vasodilation of rat mesenteric arteries and abdominal aorta, with ArA-S being consid-
erably more active (46). It stimulates phosphorylation of p44/42 mitogen-activated protein kinase
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Figure 4

The structure of some representative endocannabinoid-like molecules.

and protein kinase B/Akt in cultured endothelial cells. ArA-S also suppresses lipopolysaccharide-
induced formation of tumor necrosis factor-α in a murine macrophage cell line in wild-type mice,
as well as in mice deficient in CB1 or CB2 receptors, indicating that it does not act through the
endocannabinoid mechanism (46).

Bone Formation

In the early 2000s, my late colleague Itai Bab and I were looking at the biochemistry of bone
formation. We were aware of a publication that indicated that Greeks had a lower incidence of
osteoporosis than did citizens of northern European countries, which was attributed to their olive
oil consumption—an oil with high levels of oleic acid (47). Nevertheless, we were quite surprised
to find that oleoyl serine (OS), an endogenous N-acyl amide, was a bone constituent that modu-
lated bone remodeling and mass (48). OS is the amide of oleic acid with the amino acid serine.We
found that OS triggers a Gi protein–coupled receptor, mitigates osteoclast number by promoting
osteoclast apoptosis through the inhibition of Erk1/2 phosphorylation and receptor activator of
nuclear factor κB ligand (RANKL) expression in bone marrow stromal cells, and enhances os-
teoblast activity. In healthy mice it has minor activity, but in a model for osteoporosis, OS rescues
bone loss by increasing bone formation and restraining bone resorption (48, 49). Thus, OS rep-
resents a novel lipid regulator of bone remodeling. May an OS-type drug be a future treatment
for osteoporosis?

An Endogenous Antiaddiction Mechanism

Until recently, addiction was assumed to be mainly a psychological state. Now it is believed that it
represents a central nervous system disorder.GeorgeKoob, an eminent researcher in the addiction
field, and colleagues (50, p. 26) state in their book on addiction, “The view that drug addiction
and alcoholism are the pathology that result from an allostatic mechanism that usurps the circuits
established for established natural rewards provides an approach to identifying the neurobiological
factors that produce the vulnerability to addiction and relapse.”

Assuming that an animal’s body recognizes addiction as an undesirable state, it was plausible to
think that the body may try to establish ways to lower the effects of such a disorder. Indeed, some
individuals do not get addicted using addictive drugs, while others become addicted. The reason
for these differences is not known.

On the above basis we—a joint group from Canada (L. Parker and E. Rock), Italy (V. Di
Marzo), United States (A. Lichtman), and my lab—looked for a natural antiaddiction defense
mechanism. We started this research based on an observation made by Naqvi et al. (51), who
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reported that cigarette smokers with traumatic brain injury, which included insula cortex damage,
abruptly ceased their nicotine addiction. This observation, along with more recent data showing
that the insula may control processes that moderate or inhibit addictive behavior (52), suggested
the existence of a neurochemical, sensitive to brain injury, that might counteract nicotine reward
and dependence.

After a long period of research we found that, after trauma, mouse insula produces another
anandamide-type molecule [oleoyl glycine (OlGly)], which has powerful antinicotine addiction
properties (53).OlGly is the amide of oleic acid with the amino acid glycine.OlGly inmice blocked
the establishment of nicotine conditioned place preference (CPP), a test for addiction forma-
tion, and reduced withdrawal responses in nicotine-dependent mice. In morphine-dependent rats,
OlGly reduced withdrawal responses but did not affect morphine CPP, demonstrating selectivity
(54). We also found a tentative mechanism of the antinicotine addiction effect: OlGly activated
peroxisome proliferator–activated receptor alpha (PPAR-α) in vitro, and a PPAR-α antagonist re-
stored nicotine CPP in OlGly-treated mice (53).

We assumed that, as an amide, OlGly might be readily degraded by amidases in the body.
Hence, we synthesized a derivative, oleoyl alanine (OlAla), in which the amide bond is somewhat
protected (55). Indeed, we noted that OlAla, which turned out to also be an endogenous molecule,
was a more stable and effective treatment for opiate withdrawal than was OlGly (55, 56). OlAla
was effective in reducing opioid withdrawal responses in rats experiencing both acute and chronic
opioid withdrawal. However, neither OlGly nor OlAla modifies tolerance to nociception and hy-
perthermia or suppression of activity produced by morphine (56).

On the basis of the above recent discoveries, we believe that administration of OlAla, or com-
pounds with similar characteristics, may help prevent the nicotine addictive state and nicotine and
opiate withdrawal.

ANTIMICROBIAL ACTION AGAINST METHICILLIN-RESISTANT
STAPHYLOCOCCUS AUREUS

Infections caused by antibiotic-resistant strains of Staphylococcus aureus are of majormedical impor-
tance (57). Staphylococci form biofilms that are associated with increased antimicrobial resistance
and are generally less affected by host immune factors. Therefore, there is an urgent need for
novel agents that not only treat multidrug-resistant pathogens but also will act as antibiofilms.
My colleague D. Steinberg and I investigated the antimicrobial activity of anandamide and the
above-mentioned AraS against methicillin-resistant S. aureus (MRSA) strains (58). We observed
that both agents strongly inhibited biofilm formation of all tested MRSA strains and reduced
metabolic activity of preformedMRSA biofilms.Moreover, staphylococcal biofilm-associated vir-
ulence determinants such as hydrophobicity, cell aggregation, and spreading ability were altered
by both anandamide and AraS. In addition, the agents modified bacterial membrane potential.
Importantly, both compounds prevent biofilm formation by altering the surface of the cell with-
out killing the bacteria (59). These and related compounds may act as a natural line of defense
against MRSA or other antibiotic-resistant bacteria. The antibiofilm action of these agents, to-
gether with suitable antibiotics, may be a promising advance in antibiotic therapeutics against
biofilm-associated MRSA infections.

CANCER

Omega-3 fatty acids such as docosahexaenoic acid and eicosapentaenoic acid are known to inhibit
breast and prostate cancer cell growth. Brown et al. (60, 61) found that the ethanolamides of
these acids, namely docosahexaenoyl ethanolamide and eicosapentaenoyl ethanolamide, displayed
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greater antiproliferative potency than did their parent omega-3 fatty acids in certain prostate
cancer cells. These amides activated cannabinoid CB1 and CB2 receptors in vitro with significant
potency.

FINAL THOUGHTS

The endocannabinoid system is a latecomer to our knowledge in chemistry, pharmacology,
and physiology. Its involvement in biological processes is enormously wide, but most of the
endogenous anandamide-like compounds and 2-AG-like compounds have yet to be investigated
for their activity.

We have speculated (29) that the large cluster of chemically related anandamide-type com-
pounds in the brain (43) may be related to the chemistry of human personality and individual
temperamental differences. It is tempting to propose that the enormous possible variability of the
levels and ratios of substances in such a cluster of compounds may allow an infinite number of
individual differences, the raw substance that, of course, is sculpted by experience. Indeed Redlich
et al. (62) have recently shown that there is a significant association between anandamide, brain
function during reward feedback, and a personality measure of reward dependence.

The structure-activity relationships of most anandamide-like and 2-AG-like compounds are
unknown. Investigations in these areas seem to me to be highly promising.

I want to stress that in the endocannabinoid area, as well as in other areas, close collaboration
between scientists working in medicinal chemistry and pharmacology is a wonderful and fruit-
ful pathway to the discovery of novel biological traits. It has been a pleasure to work with my
colleagues in Israel and abroad. I have learned a lot from them. And I hope to learn more.

DISCLOSURE STATEMENT

The author is not aware of any affiliations,memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

I am grateful to the many members of my lab for their devotion to and enthusiasm for research
and to the USNational Institute onDrug Abuse (NIDA), which supported my work over 40 years.

LITERATURE CITED

1. Reuter S,Cohen S,MechoulamR,Kaluszyner A,Tabori AS. 1956.On themechanisms ofDDT resistance.
Riv. Parasitol. 17(2):125–27

2. Cohen S, Kaluszyner A, Mechoulam R. 1957. On the fluorination of DDT with HF and HgO. J. Am.
Chem. Soc. 79:5979–81

3. Sondheimer F,Mechoulam R. 1957. Synthesis of steroidal methylene compounds by theWittig reaction.
J. Am. Chem. Soc. 79:5029–33

4. Pelletier SW, Adityachaudhury N, Tomasz M, Reynolds JJ, Mechoulam R. 1964. Senegenic acid, a
pentacyclic nor-triterpene acid. Tetrahedron Lett. 5(41):3065–70

5. Mechoulam R, Gaoni Y. 1965. The isolation and structure of cannabinolic, cannabidiolic and
cannabigerolic acids. Tetrahedron 21(5):1223–29

6. Mechoulam R. 1970. Marihuana chemistry. Science 168(3936):1159–66
7. Mechoulam R, Shvo J. 1963. The structure of cannabidiol. Tetrahedron 19(12):2073–78
8. Gaoni Y,Mechoulam R. 1964. Isolation, structure and partial synthesis of an active constituent of hashish.

J. Am. Chem. Soc. 86:1646–47
9. Mechoulam R, Shani A, Edery H, Grunfeld Y. 1970. The chemical basis of hashish activity. Science

169(3945):611–12

10 Mechoulam



10. Parker LA, Rock EM,Mechoulam R. 2022.CBD: What Does the Science Say? Cambridge,MA: MIT Press
11. Kogan N, Rabinowitz R, Levi P, Gibson D, Sandor P, et al. 2004. Synthesis and antitumor activity of

quinonoid derivatives of cannabinoids. J. Med. Chem. 47(15):3800–6
12. Silva NR,Gomes FV, FonsecaMD,Mechoulam R,Breuer A, et al. 2017. Antinociceptive effects of HUF-

101, a fluorinated cannabidiol derivative. Prog. Neuropsychopharmacol. Biol. Psychiatry 79(Pt. B):369–77
13. Alexander SPH. 2016. Therapeutic potential of cannabis-related drugs. Prog. Neuropsychopharmacol. Biol.

Psychiatry 64:157–66
14. Kogan NM, Lavi Y, Topping LM, Williams RO, McCann FE, et al. 2021. Novel CBG derivatives can

reduce inflammation, pain and obesity.Molecules 26(18):5601–17
15. Pertwee RG,Rock EM,Guenther K, Limebeer CL, Stevenson LA, et al. 2018. Cannabidiolic acid methyl

ester, a stable analog of cannabidiolic acid, can produce 5HT1A receptor-mediated suppression of nausea
and anxiety in rats. Brit. J. Pharmacol. 175(1):100–12

16. Hen-Shoval D,Amar S, Shbiro L, SmoumR,Haj C, et al. 2018. Acute oral cannabidiolic acid methyl ester
reduces depression-like behavior in two genetic animal models of depression. Behav. Brain Res. 351:1–3

17. Zhu YF, Linher-Melville K, Niazmand MJ, Sharma M, Shahid A, et al. 2020. An evaluation of the anti-
hyperalgesic effects of cannabidiolic acid-methyl ester (CBDA-ME) in a preclinical model of peripheral
neuropathic pain. Br. J. Pharmacol. 177(12):2712–25

18. Cunha JM, Carlini EA, Pereira AE, Ramos OL, Pimentel G, et al. 1980. Chronic administration of CBD
to healthy volunteers and epileptic patients. Pharmacology 21(3):175–85

19. Devinsky O,Marsh E, FriedmanD,Thiele E, Laux L, et al. 2016.Cannabidiol in patients with treatment-
resistant epilepsy: an open-label interventional trial. Lancet Neurol. 15(3):270–78

20. Mechoulam R, Lander N, Srebnik M, Breuer A, Segal M, et al. 1987. Stereochemical requirements
for cannabimimetic activity. In Structure-Activity Relationships of the Cannabinoids, ed. RS Rapaka, A
Makriyannis, pp. 15–30.Washington, DC: Natl. Inst. Drug Abuse

21. Moussaieff A, Shein NA, Tsenter J, Grigoriadis S, Simeonidou C, et al. 2008. Incensole acetate: a novel
neuroprotective agent isolated from Boswellia carterii. J. Cereb. Blood Flow Metab. 28(7):1341–52

22. Moussaieff A,RimmermanN,BregmanT,Straiker A,Felder CC, et al. 2008. Incensole acetate, an incense
component, elicits psychoactivity by activating TRPV3 channels in the brain. FASEB J. 22(8):3024–34

23. Devane WA, Dysarz FA 3rd, Johnson MR,Melvin LS, Howlett AC. 1988. Determination and character-
ization of a cannabinoid receptor in rat brain.Mol. Pharmacol. 34(5):605–13

24. Devane WA, Breuer A, Sheskin T, Jarbe TUC, Eisen M, et al. 1992. A novel probe for the cannabinoid
receptor. J. Med. Chem. 35(11):2065–69

25. Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, et al. 1992. Isolation and structure of a
brain constituent that binds to the cannabinoid receptor. Science 258(5090):1946–49

26. Fride E, Mechoulam R. 1993. Pharmacological activity of the cannabinoid agonist anandamide, a brain
constituent. Eur. J. Pharmacol. 231(2):313–14

27. Vogel Z, Barg J, Levy R, Saya D, Heldman E, et al. 1993. Anandamide, a brain endogenous compound,
interacts specifically with cannabinoid receptors and inhibits adenylate cyclase. J. Neurochem. 61(1):352–
55

28. Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE, et al. 1995. Identification of
an endogenous 2-monoglyceride, present in canine gut, that binds to cannabinoid receptors. Biochem.
Pharmacol. 50(1):83–90

29. Mechoulam R, Parker L. 2013. The endocannabinoid system and the brain. Annu. Rev. Psychol. 64:21–47
30. De Melo Reis RA, Isaac AR, Freitas HR, de Almeida MM, Schuck PF, et al. 2021. Quality of life and a

surveillant endocannabinoid system. Front. Neurosci. 15:747229
31. Pacher P, Kunos G. 2013. Modulating the endocannabinoid system in human health and disease—

successes and failures. FEBS J. 280(9):1918–43
32. Ben-Shabat S, Fride E, Sheskin T,Tamiri T, Rhee MH, et al. 1998. An entourage effect: inactive endoge-

nous fatty acid glycerol esters enhance 2-arachidonoyl-glycerol cannabinoid activity. Eur. J. Pharmacol.
353(1):23–31

33. Weidenfeld J, Feldman S,MechoulamR. 1994.The effect of the brain constituent anandamide, a cannabi-
noid receptor agonist, on the hypothalamo-pituitary-adrenal axis in the rat.Neuroendocrinology 59(2):110–
12

www.annualreviews.org • A Delightful Trip 11



34. Fride E, Ginzburg Y, Breuer A, Bisogno T, Di Marzo V, et al. 2001. Critical role of the endogenous
cannabinoid system in mouse pup suckling and growth. Eur. J. Pharmacol. 419(2–3):207–14

35. Hao S, Avraham Y, Mechoulam R, Berry EM. 2000. Low dose anandamide affects food intake, cognitive
function, neurotransmitter and corticosterone levels in diet-restrictedmice.Eur. J. Pharmacol.392(3):147–
56

36. Fride E, Barg J, Levy R, Saya D, Heldman R, et al. 1995. Low doses of anandamides inhibit pharmaco-
logical effects of delta 9-tetrahydrocannabinol. J. Pharmacol. Exp. Ther. 272(2):699–707

37. Schuel H, Goldstein E, Mechoulam R, Zimmerman AM, Zimmerman S. 1994. Anandamide (arachi-
donylethanolamide), a brain cannabinoid receptor agonist, reduces sperm fertilizing capacity in sea
urchins by inhibiting the acrosome reaction. PNAS 91(16):7678–82

38. Krylatov AV, Uzhachenko RV, Maslov LN, Bernatskaya NA, Makriyannis A, et al. 2002. Endogenous
cannabinoids improve myocardial resistance to arrhythmogenic effects of coronary occlusion and reper-
fusion: a possible mechanism. Bull. Exp. Biol. Med. 133(2):122–24

39. Panikashvili D, Simeonidou C,Ben-Shabat S,Hanus L,Breuer A, et al. 2001.An endogenous cannabinoid
(2-AG) is neuroprotective after brain injury.Nature 413(6855):527–31

40. Panikashvili D, Shein NA, Mechoulam R, Trembovler V, Kohen R, et al. 2006. The endocannabinoid
2-AG protects the blood-brain barrier after closed head injury and inhibits mRNA expression of proin-
flammatory cytokines.Neurobiol. Dis. 22(2):257–64

41. Hanus L, Gopher A, Almog S, Mechoulam R. 1993. Two new unsaturated fatty acid ethanolamides in
brain that bind to the cannabinoid receptor. J. Med. Chem. 36(20):3032–34

42. Barg J, Fride E,Hanus L, Levy R,Matus-Leibovitch N, et al. 1995. Cannabinomimetic behavioral effects
of and adenylate cyclase inhibition by two new endogenous anandamides.Eur. J. Pharmacol.287(2):145–52

43. Bradshaw HB,Walker JM. 2005. The expanding field of cannabimimetic and related lipid mediators. Br.
J. Pharmacol. 144(4):459–65

44. Hanus L, Shohami E, Bab I, Mechoulam R. 2014. N-Acyl amino acids and their impact on biological
processes. BioFactors 40(4):381–88

45. Arul Prakash S, Kamlekar RK. 2021. Function and therapeutic potential of N-acyl amino acids. Chem.
Phys. Lipids 239:105114

46. Milman G, Maor Y, Abu-Lafi S, Horowitz M, Gallily R, et al. 2006. N-Arachidonoyl l-serine, a novel
endocannabinoid-like brain constituent with vasodilatory properties. PNAS 103(7):2428–33

47. Trichopoulou A, Georgiou E, Bassiakos Y, Lipworth L, Lagiou P, et al. 1997. Energy intake and
monounsaturated fat in relation to bone mineral density among women and men in Greece. Prev. Med.
26(3):395–400

48. SmoumR,Bar A,Tan B,MilmanG,Attar-NamdarM, et al. 2010.Oleoyl serine, an endogenous regulator
of skeletal mass. PNAS 107(41):17710–15

49. Baraghithy S, Smoum R, Drori A, Hadar AR, Gammal AS, et al. 2019.Magel2 modulates bone remodel-
ing and mass in Prader-Willi Syndrome by affecting oleoyl serine levels and activity. J. Bone Miner. Res.
34(1):93–105

50. Koob GF, Arends MA, Le Moal M. 2014.Drugs, Addiction, and the Brain. Amsterdam: Elsevier
51. Naqvi NH,Rudrauf D,Damasio H, Bechara A. 2007.Damage to the insula disrupts addiction to cigarette

smoking. Science 315(5811):531–34
52. Naqvi NH, Gaznick N, Tranel D, Bechara A. 2014. The insula: a critical neural substrate for craving and

drug seeking under conflict and risk. Ann. N. Y. Acad. Sci. 1316:53–70
53. Donvito G, Piscitelli F, Muldoon P, Jackson A, Vitale R, et al. 2019. N-Oleoyl glycine reduces nicotine

reward and withdrawal in mice.Neuropharmacology 148:320–31
54. Petrie GN,Wills KL, Piscitelli F, Smoum R, Limebeer CL, et al. 2019. Oleoyl glycine: interference with

the aversive effects of acute naloxone precipitated MWD, but not morphine reward, in male Sprague–
Dawley rats. Psychopharmacology 236(9):2623–33

55. Ayoub SM, Smoum R, Farag M, Atwal H, Collins SA, et al. 2020. Oleoyl alanine (HU595): A stable
monomethylated oleoyl glycine interferes with acute naloxone precipitated morphine withdrawal in male
rats. Psychopharmacology 237(9):2753–65

12 Mechoulam



56. Rock EM,Limebeer CL, SullivanMT,DeVuonoMV,Lichtman AH, et al. 2021.N-Oleoylglycine andN-
oleoylalanine do not modify tolerance to nociception, hyperthermia, and suppression of activity produced
by morphine. Front. Synaptic Neurosci. 13:620145

57. Monserrat-Martinez A, Gambin Y, Sierecki E. 2019. Thinking outside the bug: molecular targets and
strategies to overcome antibiotic resistance. Int. J. Mol. Sci. 20(6):1255

58. Feldman M, Smoum R, Mechoulam R, Steinberg D. 2018. Antimicrobial potential of endocannabi-
noid and endocannabinoid-like compounds against methicillin-resistant Staphylococcus aureus. Sci. Rep.
8(1):17696

59. Feldman M, Smoum R, Mechoulam R, Steinberg D. 2020. Potential combinations of endocannabinoid/
endocannabinoid-like compounds and antibiotics against methicillin-resistant Staphylococcus aureus.PLOS
ONE 15(4):e023158

60. Brown I,CascioMG,Wahle KW,SmoumR,MechoulamR, et al. 2010.Cannabinoid receptor dependent
and independent anti-proliferative effects of omega-3 ethanolamides in androgen receptor positive and
negative prostate cancer cell lines. Carcinogenesis 31(9):1584–91

61. Brown I, Wahle KW, Cascio MG, Smoum-Jaouni R, Mechoulam R, et al. 2011. Omega-3 N-
acylethanolamines are endogenously synthesised from omega-3 fatty acids in different human prostate
and breast cancer cell lines. Prostaglandins Leukot. Essent. Fatty Acids 85(6):305–10

62. Redlich C, Dlugos A, Hill MN, Patel S, Korn D, et al. 2021. The endocannabinoid system in humans:
significant associations between anandamide, brain function during reward feedback and a personality
measure of reward dependence.Neuropsychopharmacology 46(5):1020–27

63. Pacher P, Kogan NM,Mechoulam R. 2020. Beyond THC and endocannabinoids. Annu. Rev. Pharmacol.
Toxicol. 60:637–59

64. Campos RMP, Aquiar AFL, Paes-Colli Y, Trindade PMP, Fereira BK, et al. 2021. Cannabinoid thera-
peutics in chronic neuropathic pain: from animal research to human treatment. Front. Physiol. 12:785176

65. Malfait AM, Gallily R, Sumariwalla PF, Malik AS, Andreakos E, et al. 2000. The non-psychoactive
cannabis-constituent cannabidiol is an oral anti-arthritic therapeutic inmurine collagen-induced arthritis.
PNAS 97:9561–66

66. Kirkland AE, Fadus MC, Gruber SA, Gray KM, Wilens TE, et al. 2022. A scoping review of the use of
cannabidiol in psychiatric disorders. Psychiatry Res. 308:114347

67. Weiss L, Zeira M, Reich S, Slavin S, Raz I, et al. 2008. Cannabidiol arrests onset of autoimmune diabetes
in NOD mice.Neuropharmacology 54:244–49

68. Martínez-Orgado J, Villa M, Del Pozo A. 2021. Cannabidiol for the treatment of neonatal hypoxic-
ischemic brain injury. Front. Pharmacol. 11:584533

69. Giuliano C, Francavilla M,Ongari G, Petese A, Rossini N, et al. 2021.Neuroprotective and symptomatic
effects of cannabidiol in an animal model of Parkinson’s disease. Int. J. Mol. Sci. 22:8920

70. Cristino L, Bisogno T, Di Marzo V. 2020. Cannabinoids and the expanded endocannabinoid system in
neurological disorders.Nat. Rev. Neurol. 16(1):9–29

71. Watt G, Karl T. 2017. In vivo evidence for therapeutic properties of cannabidiol (CBD) for Alzheimer’s
disease. Front. Pharmacol. 8:20

72. Dudášová A, Keir SD, Parsons ME, Molleman A, Page CP. 2013. The effects of cannabidiol on
the antigen-induced contraction of airways smooth muscle in the guinea-pig. Pulm. Pharmacol. Ther.
26(3):373–79

73. O’Reilly EM, Cosgrave JM, Gallagher WM, Perry AS. 2022. Plant-derived cannabinoids as anticancer
agents. Trends Cancer 8(5):350–57

www.annualreviews.org • A Delightful Trip 13


