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Jeffrey S. Block
1 The history of cannabis: a story of
coevolution and human discovery

Abstract: This chapter covers the known history of Cannabis sativa and its human
uses for food, fiber, insight, and medicine, including its role in discovering a key re-
ceptor system in animals. The chapter explores the archaeological and written re-
cords of where and how the plant evolved and spread with human migration across
the globe, from its origins in NE Asia and its travel along the Silk Road to India, Greece
and the Middle East, and Europe, before spreading to Britain, the Americas, Africa,
and finally Australia. The chapter describes the natural evolution of various pheno-
types of cannabis as it adapted to the new environments and how that natural adapta-
tion influenced the diverse uses to which the plant has been put in different cultures,
with a primary distinction between fiber hemp and psychoactive cannabis. The chal-
lenges of chemical analysis of cannabis lipids are discussed, along with the history of
discovery of the endogenous cannabinoid system, a ubiquitous lipid-based receptor
system that is responsible for regulating all other bodily systems. Actions of the primary
phytocannabinoids, delta-9 tetrahydrocannabinol and cannabidiol, are described, along
with the development of modern cannabinoid medications. The change in regulatory
approaches in the U.S. are summarized, from colonial requirements to cultivate hemp,
to the Marihuana Tax Act of 1937 and prohibition since 1970, to the relegalization of
hemp with the 2018 Farm Bill. Effects of modern hybridization and the unintended con-
sequence of prohibition (an increase in THC potency and decrease in CBD in cannabis
phenotypes) are also described.

Keywords: Cannabis history, Cannabis sativa, Hemp, Co-evolution, Endogenous can-
nabinoid system, ECS, Cannabinoids, Cannabinoid receptor, Biochemistry, Lipid chem-
istry , Anandamide, 2-AG, Tetrahydrocannabinol, Cannabidiol, Cannabis migration,
Medicinal cannabis, Medical marijuana, Cannabis policy, Chinese medicine, Ayurve-
dic medicine

“Nature is the best medicine” is how we translate the Greek phrase attributed to Hip-

pocrates, the classical physician most famous for originating the oath modern doctors

1 A more literal rendering of the Greek phrase “Néowv @Uoei intpoi” is “Nature is the physician of
diseases.”
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2 —— Jeffrey S. Block

still take. This ancient maxim acknowledges that the human body has powerful natu-
ral defenses and mechanisms for healing that can cope with the various maladies that
afflict us. The saying also extends to the varieties of plants that have always nurtured
and sustained us. One of the most remarkable of those plants that have symbiotically
coevolved with humans is Cannabis sativa. As controversial and stigmatized as the
plant became at the turn of the twentieth century, it is one of the original crops of
human cultivation that has provided food, fiber, insight, and medicine for thousands
of years. This chapter will explore the history of where and how the plant evolved
and spread with human migration across the globe, transforming itself as it adapted
to each new climate and was adopted by cultures in every corner of the world. It
would stave off starvation, provide clothing and paper, sustain seafaring societies,
and become part of the ancient medical wisdom recorded by four ancient cultures’
“fathers of medicine”: Hippocrates, Chang Chung-ching, Acharya Charak, and Imho-
tep. In the modern era, it would provide the keys to unlocking the biological secrets of
human health, and agricultural ingenuity would again transform the plant, creating
chemotypes of cannabis not seen in nature (Figure 1.1).

Figure 1.1: Vitruvian man surrounded by historic cultures’ physicians: illustration by Jeannette Aquino.
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1.1 Contemporary discoveries meet historical
considerations

The genetic diversity of Cannabis sativa, due to both natural selection and modern
breeding programs, encompasses major differences in chemotypes and phenotypes.
Some plants are tall, thin, and reed-like with little intoxicant potential. Others are
squat and shrub-like and contain remarkably potent quantities of psychoactive chem-
icals. The differences have spurred considerable debate about whether cannabis is a
single species or several. Some have proposed that three species be recognized: Can-
nabis sativa for the lanky type historically associated with fiber uses, Cannabis indica
for the shrubby type used for its medicinal and psychotropic properties, and Cannabis
ruderalis for a short type with little intoxicating potential that developed in Central
and Eastern Europe. However, contemporary botanists have largely concluded that
all such plants belong to the species Cannabis sativa documented by the Swedish tax-
onomist Carl Linnaeus in his 1753 Systema Naturea. Whether a single species or not,
the diversity of the plants poses a challenge for distinguishing between types and clas-
sifying them accurately and consistently, something that is increasingly important as
interest in its medicinal use expands. Several professional groups have established
standards of analysis for purity and identity, and the United States Pharmacopeia
(USP) formed a Cannabis Expert Panel (which includes the editor of this book) that
reached a consensus recommendation to adopt three broad categories of cannabis
based on their chemotype of prevailing bioactive chemicals. Those three are varieties
in which (1) tetrahydrocannabinols (THC) dominate, (2) cannabidiol (CBD) dominates,
and (3) those that contain a more balanced profile of both THC and CBD.

This chapter will consider in detail the history of discovery of those chemicals,
known collectively as cannabinoids as well as their significance in human use. It will
also recount some of the differences in evolutionary development of these chemotypes
and the divergent uses to which they have historically been put. In history, those plant
types and uses have been largely bifurcated: one type used primarily for its medicinal
and intoxicating properties and another used as a source of fiber, food, and fuel oil. All
are properly known as Cannabis sativa, a name taken from the Greek, but the names
used historically have differed and not just by language (Figure 1.3). In English, “hemp”
was the name commonly used for the plant, with “India hemp” sometimes used to dis-
tinguish the drug-type from its fiber-type sibling, but many of the medical extracts of
cannabis developed by pharmaceutical companies in the late nineteenth century were
labeled “hemp tincture.” In the U.S. during the 1930s, “marihuana” or “marijuana” was
adopted in legislation as the name of the plant, and today U.S. federal law makes a for-
mal distinction between marijuana (the THC-rich chemotype), which is prohibited, and
hemp (the low-THC, high-CBD chemotype), which is legal for cultivation and interstate
commerce. In this chapter, “hemp” will be used to refer to cannabis plants historically
used primarily for fiber or those currently legal for cultivation under U.S. federal law.
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Both will receive attention, as will intoxicating cannabis types. Last, understanding the
meandering botanical history of cannabis and the promise the plant holds for modern
medicine requires us to also consider the much longer history of human biological de-
velopment, as there lies a remarkable evolutionary coincidence that explains both what
we have done to the plant and what it has taught us about ourselves.

Both the use and cultivation of cannabis predates written human history.? Today,
cannabis grows on all continents except for Antarctica, but it is native to Asia, likely
originating in the northeast. From there it traveled with humans south to India, then
to the Middle East and Greece, and across Europe with the Romans before being
brought to the New World with Spanish colonial explorers and British settlers, and
then finally to Australia with the first British settlers there (see Figure 1.2). For many
thousands of years, cannabis use and cultivation were centered in Asia, extending
from what is now southeastern Russia into India. Cannabis went global with Euro-
pean colonial expansion from the sixteenth to eighteenth centuries, owing in part to
the critical role cannabis fiber played in the operation of sailing ships.

Archaeological evidence exists for prehistoric humans using cannabis plants in a
variety of ways — stalks for fiber, seeds for food, and flowers and seed husks for medici-
nal and spiritual purposes. The specific uses differed in prevalence by global regions,
influenced at least in part by the differences in plant morphology and chemotype re-
sulting from natural genetic adaptation to the environments in which the plants grew.
For instance, the Hindu-Kush region of northern India where the most potent drug vari-
eties of cannabis developed through natural selection is noted for its extreme altitude
and cold temperatures, containing most of the world’s 8,000 meter peaks and base ele-
vations that exceed the tallest mountains on other continents. The cannabis that devel-
oped in that region had considerably higher concentrations of oil-filled trichomes — the
tiny bulbous hair-like structures that cover the flowers and leaves of the cannabis
plant — which may function as a protective mechanism against the intense ultraviolet
light radiation experienced at high altitudes and are much shorter and bushier in
shape than the cannabis found in more equatorial climates. Natural selection in those
warmer, more humid environments favored tall, lanky cannabis plants that are more
reed-like, have less of the intoxicating chemicals, and produce long bast fibers that are
exceptionally strong and durable, making them a superior material for making rope,
cloth, and paper.

Most of the prehistoric evidence of cannabis fiber comes from sites in China and
Taiwan, with one artifact in Taiwan dating to 10,000 BCE. Retting is an ancient process in
which the long stems of the plants are soaked in water for a prolonged length of time
used to free the bast fibers. The impressions of cannabis seeds offer more dispositive

2 Many good accounts of the evolution and migration of cannabis and histories of its discoveries
have been published, including Godwin [1], Abel [2], Robinson [3], Fleming and Clarke [4], Pertwee [5],
Russo [6], Iverson [7], and Clarke and Merlin [8].
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evidence than impressions of fabric or cordage because the shape and size of the seeds
are so distinctive. Retting ponds have provided solid evidence of fiber processing, but the
identity of fiber remains has been established primarily by the contexts in which they
have been found and the known prevalence of cannabis cultivation and use in ancient
China. Fabric impressions on Neolithic pots in East Asia are considered to have been
cannabis material, as the fabric is too coarse for silk and the artifacts predate the
development of cotton and other cloth. While there is less subsequent written and
cultural evidence of cannabis fabric use in ancient Europe, impressions of plant fiber
cordage on clay fragments from a site in the Czech Republic that dates back nearly
27,000 years are thought likely to be of woven wild cannabis or nettles, a close cousin.
Laboratory analysis can distinguish cannabis fiber from other plant fibers such as flax,
but working with degraded fibers is difficult, and such analysis has been rarely used.

Far better evidence of cannabis cultivation and use is found in the form of seeds,
which are distinctive and readily identifiable, even when partial or split in halves.
Seed remains, which are found primarily in Europe, often appear in batches of partial
seeds, indicating areas where retting took place.

Cannabis seeds are a nutritious source of fiber, B vitamins, polyunsaturated fats,
and complex proteins. They can be eaten raw, hulled, or ground to make powders or
milks. There is evidence that cannabis seeds were collected and stored as emergency
rations against famine. In ancient China, cannabis was one of the five staple food
crops known as wu gu, and stores of seeds have been found there in tombs dating
back more than 6,600 years. Cannabis seeds have also been found in Russian tombs
from the Iron Age.

Evidence of medicinal use of cannabis in the written record is found in the Chi-
nese herbal guide Pen-ts’ao from the first or second century, but archaeological find-
ings show its use for such purposes precedes that. Archaeologists identified a burial
site in northern China that contained a Caucasian man who had been buried between
2,400 and 2,800 years ago with a “shroud” of 13 complete female cannabis plants. As a
dioecious species, cannabis has both male and female plants, with females producing
large flowers rich in therapeutic and intoxicating cannabinoids and other active
chemicals. Other archaeological sites along the Silk Road in China’s Turpan Basin
have uncovered evidence that female cannabis plants were gathered and processed
for uses as medicines and spiritual intoxicants. Cannabis seeds were also found bur-
ied with a woman in Siberia who showed signs of having died of breast cancer. Its
psychoactive use in that region appears to have been rare though not unknown. This
contrasts with at least a thousand years of intoxicant use in India, which has a story
of the Hindu god Shiva falling asleep in the shade of a cannabis plant, eating some
leaves upon awakening, and becoming so enamored of them that cannabis became
his favorite food. Shiva is known as the Lord of Bhang, the potent cannabis edible
concoction that has been added to food and beverages in India for thousands of years
and figures in Hindu festivals and rituals.
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1.2 Six millennia of cannabis cultivation

So long as it has rich soil, cannabis needs less human intervention to thrive in concen-
trated areas than many crops, so it was almost certainly used for thousands of years
before it was domesticated. Commerce in cannabis was underway in China about
6,500 years ago, but the consensus view puts the start of cannabis cultivation at roughly
6,000 years ago in several areas of northeast Asia. Areas of northern China have evi-
dence of continuous use of cannabis from the Neolithic to the present. During the Tang
Dynasty (618-907 CE), cannabis was a primary crop used for food, fiber, medicine, and
spiritual purposes (Figure 1.4). The hemp varieties of cannabis have more cellulose con-
tent than wood pulp and resists rot better than cotton. Surviving hemp cloth has been
found in Chinese graves from the early eighth century. Papermaking originated in
China, and hemp fiber was often a component of ancient paper. Hemp papermaking
dates to the Western Han Dynasty in China, a time when the physician Chang Chung-
ching (Zhang Zhongjing) created the herbal manual that has influenced traditional Chi-
nese medicine to the present day. The oldest known paper fragment was made from
hemp and was discovered in a tomb in China that has been dated to between 140 and
87 BCE. Papermaking reached Europe via the Middle East in the thirteenth century, and
hemp remained a mainstay of paper production until the nineteenth century.

Cannabis cultivation appears to have reached India about 3,000 years ago. Unlike
China and Asiatic Russia where many cannabis-laden burial areas have been found,
archaeological sites in India have revealed no older evidence of cannabis use. As
long-distance trade developed along what is known as the Silk Route for one of the
primary commodities that made its way from China through India into Europe, can-
nabis moved with it. Cannabis was cultivated in Greece and the Middle East more
than 2,000 years ago. Cannabis rope and fabric-making were widespread throughout
Hellenic Greece, and the Greek historian Herodotus mentions its use as an intoxicant
or medicine (ca. 100 CE). From the Middle East and Greece, the plant spread to Italy®
and then north and west to the British Isles in the hands of Vikings, who cultivated it
throughout Scandinavia.

Archaeological finds of hemp fabric in Britain are as old as 750 BCE, but evidence
suggests that widespread cultivation did not begin there until the incursion of the
Anglo-Saxons in the fifth century following the withdrawal of the Romans. Britain’s
many ancient retting sites for processing hemp fiber show regional concentrations,
with pollen records suggesting that hemp comprised 15% of all the acreage under cul-
tivation near the southeastern coast of England.*

3 The first Roman written record of cannabis use dates to about 100 BCE.
4 Historians estimate that the British fleet of 1588 that defeated the Spanish Armada used 10,000 acres
of cultivated hemp. A single ship would require about half a square mile of hemp every two years.
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Cannabis was brought to the Americas in the sixteenth century as part of the Co-
lumbian exchange — the massive transfer of plants, animals, human populations, and
diseases between the New World, the Old World, and West Africa — that occurred in the
wake of Christopher Columbus’s journey across the Atlantic. Enslaved peoples from An-
gola brought cannabis with them to Brazil in that era and planted it in the Amazon,
where it became known as the “opium of the poor” [9] because it was a less expensive
analgesic alternative. In North America, hemp seeds came with the pilgrims on the
mayflower. Indeed, British sailing vessels were not only outfitted with acres of sails,
rigging, and rope made from cannabis, they also carried hemp seeds with them so
crews could plant this essential strategic crop wherever they landed. Hemp was culti-
vated at the behest of the British navy by settlers from Canada to the southernmost col-
onies, and many colonies required farmers to reserve a portion of their fields for hemp
cultivation, as per a 1632 edict of the Virginia Assembly. By the American Revolution,
Virginia and Maryland were the colonies producing the most hemp, and many of the
“founding fathers” grew it, including the Virginians Thomas Jefferson and George
Washington. While the emphasis of cultivation in North America in that era was for
fiber, the medicinal and intoxicating qualities of cannabis were not unknown to the col-
onists or others in the west. Letters from George Washington to his friend William
Pearce refer frequently to Washington’s “East India Hemp” plantings at Mt. Vernon,
and Washington recommended that his friend plant it too and take care to separate the
female plants from the males — a practice aimed at increasing the potency of the fe-
males by preventing their fertilization. Fiber cultivation in the U.S. reached its apex in
the mid-nineteenth century, with surges during both World War I and World War II to
accommodate naval demand. The adaptability of the plant meant that it could be culti-
vated coast to coast in all the climate zones of the U.S., but the states with the most
production historically were Illinois, Indiana, Iowa, Kentucky, Minnesota, and Wiscon-
sin. Commercial cannabis fiber cultivation largely ceased in the U.S. after the Mari-
huana Tax Act of 1937 rendered it prohibitively expensive, but the prevalence of
historical planting meant feral cannabis, often called “ditch weed,” was found through-
out rural areas for decades.

When cannabis came to Africa is uncertain. Physical evidence of its use dates to
the sixteenth century, though some scholars suggest that it reached the continent as
much as 4,000 years ago. Traces of cannabis have been found in pipes in Morocco and
Ethiopia from the 1500s and similar devices were in use in southwest Africa at that
time. Travel accounts and anthropological reports from the seventeenth and eigh-
teenth centuries show that there was a culture of cannabis use in Sub-Saharan Africa
then, and by the 1800s, cannabis was a popular intoxicant and used as currency for
trade in many areas of the continent, with the apparent exception of West Africa.

As they were in North America, British settlers were responsible for introducing
cannabis to Australia. A botanist on the HMS Endeavour’s 1770 exploration of Aus-
tralia, Sir Joseph Banks, returned to England with plans for large-scale hemp cultiva-
tion in Australia. The British loss of the war with the American colonists in 1783
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Figure 1.3: Cannabis written word used in ancient languages.

meant that they had just been cut off from a primary source of cannabis fiber and
needed a new one. In 1788, 11 British ships transported the first convicts to what is
now Sydney to establish a penal colony and settlement. At that time, the British navy
was in dire need of new supplies of rigging materials, so the cultivation of hemp for
that purpose was one of the priorities of the settlement in New South Wales.

Cannabis rope and sails were an important strategic resource for colonial expan-
sion. Prior to the advent of nylon ropes, ships at sea relied on hemp for its rigging.
The sailing ships of Spain, England, Portugal, and other nations were all rigged with
materials made from hemp. The strategic need for large supplies of hemp fiber to
equip their navies and trade ships spurred the spread of cannabis cultivation in the
New World and eventually Australia. In the nineteenth and twentieth centuries, wars
repeatedly cut off supplies of hemp fibers from China and Russia to other nations that
needed it for naval rigging. The British introduction of cannabis to Australia and Can-
ada was directed at developing consistent supplies of cannabis fiber. In the United
States, attempts to eradicate cannabis drug cultivation in the late 1930s and early
1940s swept up cannabis varietals cultivated for fiber. When World War II started,
the U.S. Navy found itself in need of more hemp rope than it could get, in part be-
cause demand increased but also because supplies from northern Russia and
China were cut off. To supply materials for the war effort, the U.S. Department of
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Agriculture prepared an educational video called Hemp for Victory to encourage
U.S. farmers to again grow fiber varieties of cannabis. What is most remarkable
about this educational film is that, less than a decade earlier, Congress had taken a
significant step to eliminate all cannabis cultivation, including nonpsychoactive
hemp, with the passage of the 1937 Marihuana Tax Act, which levied a prohibitive
tax on the plant. It had been successful in not just stopping the cultivation of intox-
icating plant varieties that included the THC-rich plants that U.S. pharmaceutical
companies had used to manufacture cannabis medicines since the mid-nineteenth
century, but also the domestic production of hemp fiber so familiar to colonial
North Americans.

Hemp cultivation has historically been centered in Siberia, China, and Canada,
but there has been a recent resurgence of hemp planting in parts of the U.S. and
Europe (Romania). In the U.S., federal lawmakers have taken steps to reestablish a
market in varieties of cannabis with low levels of THC defined in U.S. law as hemp
if its dry weight contains 0.3% or less THC. In 2014, the annual Agricultural Act,
which covers farm subsidies and regulations and is known as the Farm Bill, estab-
lished a pilot program for hemp cultivation under the supervision of state depart-
ments of agriculture and research universities. The success of that program led to
these low-THC varieties of cannabis being classified in the 2018 Farm Bill as an ag-
ricultural commodity that is not subject to the Controlled Substances Act of 1970,
the omnibus drug bill that established a scheduling system for drugs both licit and
illicit that outlawed cannabis in the U.S. The 2018 Farm bill allows each state to
submit a production plan to the U.S. Department of Agriculture (USDA) for the li-
censure and supervision of commercial cultivation of hemp. Less than two years
later, the U.S. had at least 157,000 acres under cultivation. As of May 2022, the
USDA had approved hemp cultivation plans in 44 states, Puerto Rico, and the U.S. Virgin
Islands and directly licensed cultivators in the remaining six states. Native American
tribes are also entitled under the Farm Bill to submit hemp cultivation plans, and nearly
60 have received USDA approval at this time. Even though the more potent cannabis
rich in THC that is used for medicinal purposes and intoxication remains illegal under
federal law, the re-legalization of hemp varieties of cannabis marks a pivot from the
prohibitionist impulse of the early twentieth century that drove the passage of the first
federal ban in 1937.°

5 The 2014 and 2018 Farm Bills were not the only legislative attempts at reforming or repealing canna-
bis prohibition, just the first successful ones. For a history of the bipartisan bills introduced in every
Congress since the CSA was enacted in 1970, see Chapter 3 of The Medicalization of Marijuana [10].
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1.3 Documented therapeutic uses

Cannabis preparations are among the oldest medicines, with archaeological evidence
of therapeutic use in China as long ago as 2,700 BCE. The earliest written reference to
cannabis is found in Assyrian tablets from 700 BCE. The first descriptions of specific
therapeutic uses of cannabis are found in the Pen-ts’ao, the nearly 2,000-year-old Chi-
nese herbal pharmacopeia attributed in myth to the deity Shen Nung, a text which
was supplemented and used by physicians for many centuries. Once the nomadic
tribes of northeast Asia carried cannabis across the mountains to India in the Neo-
lithic period, its use expanded beyond the medicinal and ritual, and the edible canna-
bis preparations known as bhang became integrated into Indian culture. Ancient
Indian texts refer to cannabis as one of the “five kingdoms of herbs” and note that it
is a remedy for anxiety. The oldest Indian medical text describing cannabis is the
Atharva Veda, which dates to the same era as the Chinese Pen-ts’ao. Cannabis appears
several hundred years later in Ayurvedic medical practices, which distinguished be-
tween three types of cannabis preparations and therapeutic actions. Bhang was pre-
pared from plant leaves, ganja from female flowers, and charas is the plant’s resin,
which is notably thick on the surface of cannabis grown at high altitudes. The Indian
pharmacopeia describes the various types of cannabis preparations being useful for a
variety of conditions and purposes, including analgesia, aphrodisia, inflammation, se-
vere coughing, and digestive and skin conditions [11].

The first western pharmacopeia, the Herbal of Dioscorides from 60 CE, included
indications for the use of cannabis, and subsequent herbal manuals in Britain and the
U.S. adopted Dioscorides recommendations on cannabis wholesale (as well as a great
number of much more suspect ones). Medicinal use of cannabis was known in the
West for centuries, as ancient Greek and Roman medical authorities were read by
many of the physicians of the seventeenth and eighteenth centuries, but it was the
traditional use of cannabis in India that proved indirectly responsible for its populari-
zation in western medicine in the nineteenth century. A British physician in India,
William B. O’Shaughnessy, a Victorian-era polymath who was also a professor of
chemistry, had observed local cannabis practices with interest and began to conduct
systematic investigations. His experiments with administering escalating doses of can-
nabis to a variety of birds, fish, and mammals, including his patients and students
were the first to demonstrate the remarkable safety profile of cannabis [12]. O’Sh-
aughnessy used cannabis to treat a variety of ailments, including cholera, rabies, teta-
nus, and rheumatism, and he published his findings first in Calcutta and then in
England. On his return to London, he brought a large quantity of cannabis with him
and engaged a pharmacist in preparing cannabis medicines. His publications and
work with drug development influenced a generation of Victorian physicians and
launched the commercial development of cannabis tinctures by pharmaceutical com-
panies on both sides of the Atlantic. From 1840 to 1900, western medical journals pub-
lished nearly 100 articles about medicinal uses of cannabis, most describing its utility
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as an analgesic and antispasmodic. Most major pharmaceutical companies of the time
manufactured several formulations of cannabis medicines. The United States Pharma-
copoeia recognized cannabis as a medicine in 1852; it would remain there for 90 years
until the pharmaceutical cost of producing cannabis medicines became impossible
due to an exorbitant tax Congress had imposed in 1937. Cannabis would remain part
of the British Pharmacopeia until 1973.

The Marihuana Tax Act of 1937 passed Congress after short hearings that consisted
primarily of lawmakers holding up newspaper clippings with lurid headlines about the
insanity and violence that ensued from use of this “new” dangerous drug now dubbed
“marijuana.” The one voice of dissent was that of Dr. William C. Woodward, a physician
and attorney who served as the legislative counsel of the American Medical Association.
Dr. Woodward warned that the action Congress was proposing “loses sight of the fact
that future investigation may show that there are substantial medical uses for canna-
bis” [13]. He could not have known that the prohibition of cannabis would delay that
research for more than half a century and continue to impede clinical trials and drug
development 85 years later. But in his assessment, he was already aware of what future
research could find. Contemporary research on cannabis and how it works is revolu-
tionizing our understanding of how our bodies function. What cannabis reveals about
the biology of humans and other animals may prove to be one of the most important
parts of the plant’s history.

1.4 Challenges to cannabis chemistry

Chemists of the nineteenth century had considerable success working with plants
such as coca and opium poppies because their active chemicals are water-soluble
alkaloids. These plant alkaloids create crystalline solids when combined with acids,
making them easily separable from plant material. This led to the creation and com-
mercial development of drugs such as morphine, cocaine, quinine, atropine, and aspi-
rin, forming the foundation of the modern pharmaceutical industry. Cannabis is not
S0 cooperative.

Instead of alkaloids, the primary chemicals in cannabis are lipids or fats. The dis-
tinctive trichomes that cover the flowers and leaves of the plant are tiny oil-filled
globules. Those oils are easily extracted using a variety of techniques, including such
traditional methods as hand rubbing the plants or boiling them in water or milk with
other oils such as butter and contemporary methods such as agitating plant material
in ice baths or separating the oils using butane or CO, techniques. Getting the oil off
the plant is one thing; persuading it to divulge its makeup is another matter. Because
lipids are not water soluble (as every cook knows, oil and water do not mix), combin-
ing lipids with an acid in water will not precipitate a solid. Unlocking the chemistry of
phytocannabinoids had to wait for the development of new techniques.
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The first phytocannabinoid to be isolated was cannabinol (CBN), the chemical to
which the psychoactive A>-THC degrades. While that was achieved in the late nine-
teenth century, the chemical structure was not elucidated. The next was cannabidiol
(CBD), which was identified in 1940 in the laboratory of Roger Adams. Adams was also
the first to identify the tetrahydrocannabinols in 1942, though he was not able to fully
describe the chemical structure or biosynthesis of either THC or CBD. It would be an-
other 20 years before that was achieved in the laboratory of Israeli chemist Raphael
Mechoulam. Mechoulam and chemists working with him described first the molecular
stereochemistry of CBD in 1963 and then THC the following year. After thousands of
years of human use, scientists could now start investigating not only how cannabis
works but also why it impacts human beings.

Searching for answers about biology based on plant evidence has been successful
before. The scientific process of identifying plant compounds that produce effects,
then using that knowledge to find bodily systems on which they act, had yielded re-
sults with plant alkaloids; but that process was rarely quick or easy. After nearly a
century of commercial use treating pain, we knew that aspirin had analgesic proper-
ties long before scientists identified prostaglandins as the pharmaceutical answer for
how and why aspirin works. It took even longer to understand opium’s analgesic ef-
fects, which were known for thousands of years before endorphins and enkephalins
were identified.

What we have learned about the chemistry of Cannabis sativa has led to impor-
tant discoveries about the central biological regulatory mechanisms of all animals,
not just people. Following the identification of the primary phytocannabinoids (THC
and CBD), the two most prominent active chemicals in the plant, a search ensued for
how those chemicals produce their effects in humans and other animals.

Scientists understood that the drugs made from plant alkaloids such as morphine
exploit receptor systems in the body, mimicking natural body chemicals (endogenous
ligands) just well enough to cause the receptors to fire and produce a discernible ef-
fect such as pain reduction or sedation. In the case of cannabis, the psychoactive ef-
fects of THC and, to a lesser extent, CBN were the targets of investigation. Where was
the endogenous cannabinoid system (ECS) and how does it operate? Rather than work
with the phytocannabinoids, which were difficult to isolate, chemists used new syn-
thetic cannabinoids developed by Pfizer to investigate biologic action. Chemists devel-
oped two in vitro assays for cannabinoids that could reveal their presence in a
laboratory test tube. One assay looked for a chemical, adenylate cyclase, that cannabi-
noids inhibit. The other used a radioactive material that binds to the cannabinoids.
Using these two methods, Allyn Howlett’s lab at St. Louis University found conclusive
evidence of a G-protein-coupled cannabinoid receptor in the mid-1980s, with William
Devane collaborating on the radio-labeled ligand assay. This receptor was called “can-
nabinoid receptor” in recognition of how the study of Cannabis led to its discovery.
By 1990, these in vitro findings were confirmed with two in vivo experiments. Tom
Bonner’s lab at the National Institute of Health successfully cloned a rat CB1 receptor
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that year, while Catherine Gérard and colleagues achieved the same in Brussels with
a human CB1 receptor. In 1993, Sean Munro’s laboratory in Cambridge discovered
a second G-protein-coupled cannabinoid receptor, CB2. Now that these two cannabi-
noid receptors had been identified, work could begin on developing ways of monitor-
ing when and how they are activated or blocked. The search for the native chemicals
that those receptors use began.

Mechoulam’s lab would claim those discoveries, too. The first endogenous canna-
binoid was isolated in 1992 by two chemists in Mechoulam’s lab, William Devane and
Lumir Hanus. Identified chemically as arachidonoyl ethanolamide, the research team
somewhat whimsically named it anandamide after the Sanskrit word for bliss and
joy, ananda, a choice which has proven apt for describing the cannabinoid’s role in
sustaining a balanced, healthy life. Later that year, Mechoulam’s lab discovered 2-
arachidonoylglycerol, which got the more prosaic abbreviation 2-AG. Anandamide
proved to be what is known as a partial agonist at CB1, meaning it does not fully acti-
vate the receptor. 2-AG is the more complete agonist at both CB1 and CB2 and appears
to be more responsible for ECS function. Of the two, anandamide most resembles the
phytocannabinoid THC in its partial receptor agonist impact. This is not to say that the
phytocannabinoid and its endogenous counterparts are chemically similar. They are
not, as the accompanying figure illustrates. What they do have in common are remark-
ably similar lipid solubilities and that unique chemistry is what allows the cannabis
plant’s bioactive constituents to activate cannabinoid receptors (Figures 1.5 and 1.6).
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Anandarmide, AEA 2-Arachidonoylglycerol, 2-AG

When compared to natural endocannabinoids (Anandamide & 2-AG),
the Cannabis plant’s phytocannabinoids (THC & CBD) evidence very
different molecular structures.

However, these chemicals share remarkably similar lipid solubilities,
thus explaining their bioactivity on animal Cannabinoid receptors.

Plants: %M

Delta-9-tetrahydrocannabinol (THC) Cannabidiol

Figure 1.5: Comparison of cannabinoid molecular structures.

Just as phytocannabinoids differ from other biologically active plant compounds by
being lipids or fat-based, so too do the endogenous cannabinoid receptors differ from
other receptors and their endogenous ligands in being the only lipid-based neuro-
transmitter system. Both anandamide and 2-AG are generated on-demand within a
lipid ring that keeps the endocannabinoids and their receptors sequestered from the
aqueous environments in which they reside. The ECS also appears to be the only
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system with both dual receptors and dual ligands, indicating a different degree of
modulatory capacity than systems that are effectively on or off. Cannabinoid recep-
tors are involved in nearly all physiological functions of the peripheral and central
nervous systems (CNSs) as well as various peripheral organs. Many types of receptors
can influence the activity of other receptors by enhancing or inhibiting them, but the
ECS operates continuously, fine-tuning the action of all other receptor systems.

Since the discovery of 2-AG and anandamide, several other apparent cannabinoid
receptor agonists have been identified. The work of better describing the complex mo-
lecular mechanisms for the biosynthesis, activation, and degradation of these lipid
mediators is far from complete. Nonetheless, the picture of this critical system is be-
coming clearer.

THE CO-EVOLUTION OF
ANIMAL AND PLANT LIFE:

CANNABINOID PHYLOGENESIS

Endocannabinoids:
Evolved in invertebrates & vertebrates during
the Cambrian Period 543 x 107 years ago;
and in Human Beings only 3 x 10¢ years ago.

Phytocannabinoids:
Evolved later in eudicot plants during the
Cretaceous Period 130 x 107 years ago; and
in Cannabis that evolved 28 x 107 years ago.

Figure 1.6: Cannabinoids and coevolution.

What we have discovered so far is that all animals from 600-million-year-old sea
squirts to humans have this unique receptor system. All animals, vertebrates and
even invertebrates, have an ECS. Only insects and arachnids do not. Because it was
identified through the investigation of how plant-derived cannabinoids exert their ef-
fects, it is known as the ECS. We have also discovered that cannabinoid receptors are
not just the most ubiquitous in the body, far out numbering all others, but it is also
the master regulatory system, responsible for managing the function of all other re-
ceptor systems to maintain homeostasis, the healthy balance point of an organism’s
various systems. The ECS regulates appetite and metabolism, pain response, mood,
memory, immune function, and the sleep-wake cycle of circadian rhythms, among
other things. The role of the ECS is so central to how our bodies not just function
under normal circumstances but respond to illness and injury that a review by
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researchers at the National Institute of Health concluded that “modulating ECS activ-
ity may have therapeutic potential in almost all diseases affecting humans” [14].

The ECS achieves this remarkable mastery by operating in a completely different
fashion than other receptor systems. Rather than signaling “downstream” across a
neuron’s synapse, the ECS ligands are postsynaptic and travel retrograde, sending sig-
nals backward as a feedback loop on neurotransmitters, telling neurons to produce
more or less of endogenous chemicals such as serotonin or endorphin. That modula-
tory action combined with the centrality of endocannabinoids to all the functions of
the body helps explain why cannabis preparations are among the oldest medicines. It
is also an essential part of the story about how all successful life forms have evolved
on Earth, evidencing their abilities to cope with the dangers in their environment.

The ECS in humans and other animals is continuously balancing five general
functions that are essential to sustaining life from birth to death. The general purpose
of the ECS is to support the ability to eat, sleep, relax, and forget as well as mitigate
the consequences of disease as age advances. That our growth and development de-
pend on the right balance of eating and sleeping is obvious, and this is a critical role
of CB, receptor function. The ability to rest and recover from physical and psychologi-
cal stress also stems from endocannabinoids and includes the ability to forget. New
memories are processed in the brain’s hippocampus, an area rich with CB; receptors
that helps to filter out memories from traumatic experiences — this is a neurocogni-
tive protective mechanism essential for behavioral health. Some physical, psychologi-
cal, and even spiritual experiences can be intolerable. Forgetting them, or at least
remembering them less acutely, is a cannabinoid-based coping mechanism. When it
fails, pathological pain-avoidance behavior can result, such as is seen in people suffer-
ing from posttraumatic stress disorders (PTSDs). On the flip side, pleasurable experi-
ences that remain too prominent in memory can also produce problems when they
lead to an inability to control pleasure-seeking behavior and addiction results. These
are roughly what appear to be some of the critical functions of CB1 receptors.

CB2 receptors provide different functions that are no less critical. Instead of being
concentrated in the CNS, CB2 receptors are primarily found in the gut where they man-
age immune function and provide the brain:gut connection that is the subject of much
current investigation. Interestingly, CB2 receptors appear on demand in the CNS in re-
sponse to injury such as a traumatic brain injury or the development of Parkinsonism.
CB2 receptors help the body mount defenses and corrective physiologic action. It ap-
pears that CB2 receptors are integral to the body’s ability to manage diseases, halting
progression that would otherwise result in death and rendering those diseases chronic.

Also worth noting is where cannabinoid receptors are not found: in the part of the
brain responsible for breathing. This is unique from the receptors to which opioids and
many other drugs attach and helps explain the unusual safety profile of cannabis and
phytocannabinoids. Opioids, alcohol, and the like can kill by overloading brain recep-
tors in ways that stop breathing. Cannabinoids cannot. Both phytocannabinoids and en-
dogenous cannabinoids are responsible for a broad range of receptor activity. Where
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phytocannabinoids and endogenous cannabinoids differ is the locations they affect and
their duration of action. Endogenous cannabinoids are created and degraded rapidly
on-site and on-demand. Phytocannabinoids typically produce system-wide effects that
persist far longer.

The evolutionary coincidence of cannabis and the much older endogenous system
developing independently, yet able to interact, is astonishing. The ECS is a lipid-based
receptor system, unlike others. The lipid cannabinoids the plant developed are similarly
unusual. The ECSs universal in animals developed at least 600 million years ago, as evi-
denced by the fossil record of sea squirts which have survived to the present day. Then,
after at least 550 million more years of animal evolution, the plant kingdom produces
the botanical family that includes cannabis, a plant that can interact with that regulatory
system. When exactly cannabis emerged is unclear from the fossil record, but its closest
genetic relative, hops, does not appear until around 6 million years ago [15]. That the
concatenation of random repeated rolls of the genetic dice could produce a plant with
chemicals that dovetail so neatly with animal biology seems like a coevolutionary mira-
cle, even if it took nearly 600 million years and trillions of genetic iterations to achieve.

Common “Life Source” Molecules:

Chlorophyll & Hemoglobin
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Plants & Human Beings Share

Remarkably Similar Molecular Biochemistry

Figure 1.7: Chlorophyll and hemoglobin: life kingdom defining molecules share remarkably similar
biochemistry.

The biochemical evolutionary links between plants and animals become apparent
when comparing the critical energy molecules of plants and animals: chlorophyll and
hemoglobin. Chlorophyll enables plants to process light energy through photosynthesis,
while hemoglobin allows animals to derive energy from oxygen exchange. The mole-
cules are noticeably similar in structure, with merely a difference of 2* cation. Substi-
tute iron for the magnesium at the core of chlorophyll and you have hemoglobin (Figure 1.7).
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That two essential components of life in separate kingdoms could share such similarity of
molecular structure suggests that they may be descendants of a common chemical ancestor
in the evolutionary lineage.

As old as the ECS is in the animal kingdom and as young as cannabis is, cannabis
was already well established in NE Asia by the time Homo sapiens appeared in the
hominoid lineage, only 300,000 years ago. (Given that humans may have adopted can-
nabis use 50,000 years ago, we seem to have learned quickly.) Many plants have de-
veloped attributes that repel insect, animal, and disease threats while attracting
animals that will disseminate their seeds. Humans have been this special plants’ most
effective co-evolutionary partner, carrying seeds across oceans and modifying the en-
vironment on their behalf.

1.5 Complicated clinical correlations

A’-THC is the phytocannabinoid that has received most of the attention in modern
research as it is the primary psychotropic chemical in the plant and the one tied too
much of its therapeutic action. In recent years, however, attention has also turned to
cannabidiol (CBD) because it can also produce therapeutic effects such as fighting in-
flammation and has shown potential for treating anxiety and psychosis. Yet the two
cannabinoids are dramatically different in ways that shed further light on how the
ECS functions. In some respects, CBD and THC are oppositional. While THC is a partial
agonist of CB1 receptors, activating them by attaching to their orthosteric sites, CBD is
not an agonist at all. Instead, it is an allosteric modulator of CB1 receptors, meaning it
attaches to a different site on the receptor and changes its conformation, or shape, in
ways that not only reduce the effects of THC but also the endogenous cannabinoid
anandamide. CBD also activates complementary receptor functions, inhibits the diges-
tive metabolism of THC edibles, and potentiates the amino acid tryptophan, which is
famously responsible for elevated mood and relaxation following a turkey dinner. To-
gether, these properties make CBD a moderator of the psycho-toxic effects of THC’s
central impact, including counteracting the anxiety and paranoia that can result at
higher doses.

At CB2 receptors, CBD acts as a partial agonist, much as THC and anandamide are
at CB1, but CB2 receptors are those more prevalent in the gut and immune cells rather
than the CNS. CBD also interacts with many other biologic components, affecting their
function, including other G-protein-coupled receptors (GPCRs), transient receptor poten-
tial (TRP) channels, enzymes, ion channels, transporters, and nuclear hormone recep-
tors. Of these various targets, the TRP Vanilloid One channel (TRPV1) is particularly
consequential. Research continues, but TRPV1 activation appears to contribute to the
control of inflammation, pain, and temperature sensation. TRPV1 can be stimulated by
anandamide, CBD, and other less prevalent phytocannabinoids. Downregulation of
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TRPV1, which can result from being activated over time, may contribute to CBD’s anal-
gesic and anti-inflammatory effects. Those effects have spurred the development and
marketing of a host of topical CBD-infused preparations that people rub on arthritic
hands and sore muscles.

The mechanism by which CBD can control seizures remains unknown, but recent
research proposes that it may result from its action across a range or targets, including
TRPV1, an orphan GPCR, and a nucleoside transporter [16]. Regardless of how it works,
CBD has bheen lauded as a miracle drug for the treatment for severe childhood seizure
disorders. CBD extracted from cannabis has been shown in clinical trials and numerous
anecdotal reports to dramatically reduce seizures associated with several disorders,
even among patients who have responded to no other medications. CBD also has virtu-
ally no side effects, in comparison to several significant side effects of conventional anti-
seizure medications. As a result, the U.S. Food and Drug Administration (FDA) approved
the sublingual CBD medication Epidiolex™ in 2018, making it the first plant-derived, stan-
dardized, and dose-controlled medication approved in the United States.

It was not, however, the first standardized, dose-controlled cannabis medication.
That distinction belongs to another sublingual extract known as Sativex™, which con-
tains a 1:1 ratio of CBD and THC. The drug has not received FDA clearance as of 2022,
but it has been approved for use as an analgesic in the U.K,, Canada, and other coun-
tries. In addition to these two medicines manufactured directly from cannabis plants,
there are two FDA-approved synthetic cannabinoid medicines — dronabinol (Mari-
nol™) and nabilone (Cesamet™). Dronabinol is synthetically manufactured THC and is
chemically identical to the phytocannabinoid. It has been approved to treat nausea
and vomiting associated with cancer chemotherapy and wasting from appetite loss
associated with HIV/AIDS. Nabilone, which is also used in the treatment of nausea
and vomiting, is chemically similar to THC but more potent. Both drugs were devel-
oped as an outgrowth of what we have learned about the chemistry of the cannabis
plant, and future drug development will surely continue to exploit the chemical les-
sons of the plant. Some may mimic plant chemicals, as these two do, but others are
being developed to more selectively target the ECS. This holds great promise for treat-
ing virtually all diseases, but it is not without dangers.

The signal example of the risks associated with manipulating the ECS is the anti-
obesity drug rimonabant (Acomplia™). Brought to the pharmaceutical market in Eu-
rope in 2006, rimonabant suppresses appetite by acting as an inverse agonist at CB1.
This drug’s ability to occupy CB1 receptors, antagonize its effects, and suppress natu-
ral receptor action did, indeed, suppress appetite and produce weight loss in the peo-
ple who took it. Unfortunately, the ECS functions of CB1 receptors are considerably
more far reaching than just appetite. Blockading CB1 meant disabling a portion of the
master regulatory system in the body, which not only includes GI function but also
sleep cycles and mood regulation. Side effects included nausea and diarrhea, insom-
nia, anxiety, depression, and suicidal ideation. After several suicides among people
taking rimonabant, it was withdrawn from the market in 2008. This cautionary tale
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highlights the complexity of challenges facing pharmaceutical companies as they seek
to capitalize on the insights gained from studying human uses of cannabis.

That long history of therapeutic use points to a way forward. Though research has
been limited by the constraints of drug scheduling and other administrative barriers,
the evidence in support of cannabinoids as a treatment for a variety of medical condi-
tions is well summarized in a pair of reports commissioned by the U.S. government —
one from the Institutes of Medicine in 1999 [17] and the other from the National Acade-
mies of Sciences, Engineering, and Medicine in 2017 [18]. These reviews include preclini-
cal laboratory and animal studies as well as experimental and clinical trials with
humans. Empirical data are limited or of low quality for the use of cannabinoids in
treating many of the conditions for which there are anecdotal reports of efficacy, but
there have been a number of high-quality double-blind, placebo-controlled clinical trials
showing that cannabis is effective in the treatment of chronic pain. Multiple sclerosis is
another condition for which the experts at the National Academies found “substantial ev-
idence” of cannabinoid medicines being efficacious.

As has been noted in the discussion of the plant’s evolution, to say cannabis or can-
nabinoids are effective in treating one thing or another is to beg the question of exactly
which variety of cannabis or which ratio of particular cannabinoids is being discussed.
And since the effects of cannabinoids, particularly THC, are both highly dose-dependent
and often paradoxical — with a low dose producing one effect and a high dose producing
the opposite — any consideration of clinical applications or even so-called recreational
use must include a careful accounting of exactly how much of any given cannabinoid is
being consumed. Even then, the total THC or CBD content of any product does not tell the
whole story of its therapeutic effect. Whole-plant products containing many other chem-
icals acting in concert, including 100-plus minor cannabinoids and the terpenes and flavo-
noids that give cannabis varieties their distinctive aromas and flavors are at play.
Myrcene, for instance, a terpene also found in hops, lemongrass, and basil, is found in
high concentrations in Cannabis indica varieties known for their hypnotic, sedative ef-
fects. Those effects were previously thought to result from the cannabinoid profile, but
research has shown that it is the myrcene driving that experience, albeit likely potenti-
ated by the cannabinoids. Terpenes seem to be the chemicals largely responsible for the
diverse effects of different cannabis cultivars, though the mechanism of action remains
to be discovered.

Despite this new understanding, medical cannabis products are still often labeled
and marketed based on the phenotypes of cannabis plants, with squat indicas being
identified as sedative and lanky sativas as energizing. As discussed earlier, there is a
difference in the evolutionary development of plant phenotypes, with indica cannabis
varietals developing in northern latitudes (such as the highlands of India, for which it is
named), and sativa types developing in warmer, low-altitude equatorial regions. But
those evolutionary distinctions have largely been lost to the human-powered migration
of cannabis around the planet and even more so to the sophisticated modern breeding
programs that have crossed and back-crossed different phenotypes and chemotypes.
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Recent genomic analyses of cannabis plants reveal that almost all commercial cannabis
today are hybrids of the two historical types and share similar cannabinoid profiles.
What is different between varieties are the terpenes.

The modern process of hybridization has done more than flatten evolutionary dif-
ferences between the historical landraces identified as Cannabis sativa and Cannabis
indica; it has sharply increased the potency of the intoxicant class of cannabis. Ironi-
cally, this is one of the byproducts of the “War on Drugs” that ramped up in the 1980s
and 1990s. When most of the cannabis consumed in America was imported from Mex-
ico, the harvested flowers were typically from fertilized female plants, making them
seedy and relatively low in THC by current standards. Then zealous enforcement of
prohibition stopped much of the cannabis trafficking across the southern border in
the 1980s, and American cannabis enthusiasts turned to cultivating it themselves,
often in small amounts in tightly controlled indoor operations where culling males
was easy and more potent “sinsemilla” became the norm.® Their underground gar-
dens (often literally so, in basements) also allowed cultivators to create environments
far richer in nutrients, light, and carbon dioxide than nature provides, spurring un-
naturally robust plant growth. These enthusiasts also turned their attention to the
project of breeding more potent plants, with considerable success. Plant author Mi-
chael Pollan has written that he suspects that the greatest gardeners of his generation
were those growing underground cannabis. U.S. law enforcement scrutiny expatri-
ated many of those U.S. gardeners to Amsterdam, where cannabis laws had loosened
in the mid-1970s. There they found kindred spirits and commercial opportunities for
designer cannabis genetics. Dutch breeders and their American and Canadian coun-
terparts created commercial seed banks and mailed the new genetics around the
world.

The impact of that project can be seen clearly in the change in average potency of
cannabis. An analysis of cannabis seized in the U.S. from 1995 to 2014 found that the
percentage of THC tripled, while the ratio of CBD to THC dropped from 1:14 to a far
more diluted 1:80 [19]. More THC and less CBD results in cannabis products that ex-
press psychoactivity; but as with alcohol, potency does not equal dose. The difference
between a liter of beer and a liter of whiskey is clear, and users generally understand
how to adjust the quantity consumed to achieve its desired effect. Nonetheless, if only
high-potency cannabis products are available, consumer behaviors may be unfavor-
ably impacted.

6 Without male plants to fertilize them, female cannabis plants cannot produce seeds (hence the
Spanish “without seed” name), but the heroic effort they make to capture any male pollen substan-
tially increases the density of the cannabinoid-filled trichomes, making the flowers considerably more
potent. This technique has become so prevalent, that the “sensimilla” distinction used to mark the
strongest cannabis has disappeared. All commercial cannabis is without seeds now.
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Figure 1.8: A half-century of THC and CBD hybrid potency.

Cannabis bred to maximize intoxication may sacrifice therapeutic potential. Im-
portantly, medicinal benefits from THC are often achieved with relatively low doses,
and since effects can be both dose-dependent and paradoxical, more is generally not
better. Nevertheless, potential clinical exceptions appear to be for the treatment of
patients living with PTSDs or patients dealing with issues associated with cancer pain,
both of which appear to benefit from higher doses of THC.

On the other end of cannabis genetics is hemp, which has negligible amounts of
THC but now includes varieties bred to contain considerable amounts of CBD. The new
U.S. market in hemp includes products derived from it such as CBD, which is receiving
increasing attention for its potential in treatment but has fundamentally different
mechanisms of action from THC and a different efficacy profile. Between these two
ends of the THC-CBD spectrum lie the “intermediate” chemotype identified in the rec-
ommendations of the USP Cannabis Expert Panel, those plants with a more balanced
THC:CBD ratio closer to 1:1 (please see Figure 1.8). That appears to be the cannabinoid
ratio found in clinical trials to be most effective in treating pain. Other findings indicate
that substantial CBD amounts mitigate the potential for adverse side effects from THC.
There is also evidence that the most effective cannabis products are not isolates of any
single cannabinoid but rather a combination of various cannabinoids and terpenes
which work in concert to yield a synergistic “entourage” or ensemble effect superior to
its individual parts (Figure 1.9).

The complex chemistry of cannabis makes it exponentially more challenging to
research than single-molecule botanical medicines, and its widespread impact on the
ECS, a system with reach into every aspect of physiology, further complicate matters.
Misclassification of cannabis under the U.S. Controlled Substances Act and the UN
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Figure 1.9: Ideal versus paradoxical (inverted U) dose-response curves.

Single Convention on Narcotics, where it is treated similar to dangerous single-
molecule drugs with no medical use, has constrained drug policy around the world
and further limited research and new drug development. Compounding the problem
is both stigma and ignorance within the medical and wider scientific community.
Though the trend to normalization of cannabis use is strong, cannabis still carries
negative associations that affect professional standing and medical education. Physi-
cians and other medical professionals will benefit from learning more about cannabis
and the ECS, if for no other reason that they get questions from their patients about
using cannabis medicinally or taking CBD. This better understanding of the history of
cannabis and what it teaches us about ourselves helps strip away the myth and stigma
that has obscured the gifts of this extraordinary co-evolutionary relationship.
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2 Cannabis: botany and biomass production

Abstract: The plant cannabis belongs to the family Cannabaceae. It has been culti-
vated and used as a source of fiber, food, and medicine since ancient times. The plant
produces a unique class of terpenophenolic compounds called cannabinoids. So far,
more than 550 constituents have been isolated from Cannabis sativa, out of which 125
are phytocannabinoids. Among phytocannabinoids, A*-tetrahydrocannabinol is re-
ported to be the most psychoactive compound with a wide spectrum of therapeutic
potential. On the other hand, cannabidiol, a nonpsychoactive compound, is reported
to possess very promising pharmacological activities, most notably as an antiepileptic
agent, particularly for the treatment of intractable pediatric epilepsy. In view of the
variation in pharmacological activities of different cannabinoids, there is much inter-
est in growing compound-based crops for research purposes. In this chapter, we ad-
dress cannabis botany and its indoor and outdoor cultivation under good agricultural
practices (harvesting, processing, and storage to be used as a starting material), to de-
velop a botanical drug.

Keywords: Cannabidiol, botanical drugs, cannabinoids, cryopreservation, cultivation,
A-tetrahydrocannabinol, extraction, hydroponics, phytocannabinoids, micropropaga-
tion, propagation

2.1 Introduction
2.1.1 Medicinal and cultivational history

Plants have a long history of being used as drugs/medicine by humans. The knowledge
of plants as medicine is the foundation of many modern medicines and practices. Ac-
cording to the World Health Organization, 80% of the world’s population still depend
on plants for their primary healthcare needs, in one form or another. A single com-
pound-based drug originated from plants or a botanical drug (single species or a
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mixture of several plant species) faces unusual challenges during its journey from na-
ture (plant) to pharmaceuticals involving a multifaceted approach combining botani-
cal, phytochemical, biological, and molecular techniques. In the case of cannabis,
being a psychoactive substance, a major additional complexity is derived from the
regulatory angle with the concerns of its potential of abuse. The plant cannabis has
been used as a natural therapeutic herb since ancient times. Cannabis cultivation and
use is 5,000-6,000 years old, making it difficult to pinpoint the origin of this species
[1]. Cannabis has a long history of medicinal use in the Middle East and Asia, dating
back to the sixth century BC, while it was introduced in Western Europe as a medi-
cine in the early nineteenth century to treat epilepsy, tetanus, rheumatism, migraine,
asthma, trigeminal neuralgia, fatigue, and insomnia [2, 3]. Cannabis is valued for its hal-
lucinogenic and medicinal properties, having been used to treat a variety of ailments
including pain [4], glaucoma [5], nausea [6], depression [7], and neuralgia [8]. The thera-
peutic value of cannabis and phytocannabinoids has also been employed for HIV/AIDS
symptom management [9], in multiple sclerosis treatment [10], and as an antiepileptic
agent, particularly for the treatment of intractable pediatric epilepsy [11].

The plant is an annual herb which has been widely dispersed and cultivated by hu-
mans in almost all parts of the world. It is one of the oldest plant sources for seed oil,
intoxicant resin, medicine, and textile fiber [3, 12]. Archaeological evidences indicate that
cultivation of cannabis originated in China for fiber crop and subsequently spread to the
Middle East, Europe, and South America during the early sixteenth century [13, 14].
Hemp cultivation in Europe became widespread after 500 C.E. The crop was brought to
South America (Chile) in 1545 and North America (Port Royal, Canada) in 1606 [15]. But it
is really difficult to pinpoint its original geographical distribution since this species has
been spread and modified by humans for thousands of years. Cannabis is currently con-
sidered a schedule-I drug, and its cultivation in the United States is highly regulated
under the federal law. A detailed description of cannabis history is given in Chapter 1.

2.1.2 Cannabis constituents and cannabinoid biosynthesis

Based on chemistry, botany, and pharmacology of its number of constituents, cannabis is
considered as a complex plant. It is the natural source of cannabinoids, mainly accumu-
lated in the glandular trichomes of the plant. These compounds (phytocannabinoids),
present in the cannabis plant, are in the acid form and are the precursors of the neutral
compounds responsible for the pharmacological activities. Cannabinoid acids undergo de-
carboxylation process with age or heating to form neutral cannabinoids [16]. For exam-
ple, A’-tetrahydrocannabinol acid A (A%-THCA) forms A’-tetrahydrocannabinol (A’-THC),
and cannabidiolic acid (CBDA) forms cannabidiol (CBD). Chemical structures of THC and
CBD are shown in Figure 2.1.

The first cannabinoid to be isolated [17] and identified [18-20] from C. sativa was
cannabinol (CBN). CBD was subsequently isolated from Mexican marijuana [21], and
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Figure 2.1: Chemical structures of two major phytocannabinoids, responsible for most
of the pharmacological effects, present in cannabis: (a) A%-tetrahydrocannabinol (A%-THC)
and (b) cannabidiol (CBD).

the structure was determined by Mechoulam and Shvo [22] in 1963. The most psycho-
active compound A°-THC was isolated, and the structure was determined by Gaoni
and Mechoulam [23] in 1964. Since then, the number of cannabinoids and other com-
pounds isolated from or identified in cannabis has been continually increasing.
Today, more than 550 constituents have been reported in cannabis. Out of which, 129
are phytocannabinoids [24, 25] (Table 2.1). Details about cannabis constituents are
given in Chapter 4. Researchers have well documented the pharmacologic and thera-
peutic potency of Cannabis preparations and A°-THC [26-28]. In more recent days,
there has been a significant interest in CBD because of its reported activity as an anti-
epileptic agent, particularly its promise for the treatment of intractable pediatric epi-
lepsy [29].

Table 2.1: Number of cannabinoids separated by subclasses
in Cannabis sativa L.

Cannabinoids 1980 1995 2005 Current
CBG type 6 6 7 16
CBC type 4 4 5 9
CBD type 7 7 7 13
A°-THC type 9 9 9 25
DE-THC type 2 2 2 5
CBL type 3 3 3 3
CBE type 5 5 5

CBN type 6 7 7 "
CBND type 2 2 2

CBT type 6 9 9 9
Misc. type 11 12 14 31
Total 61 66 70 129

CBG, cannabigerol; CBC, cannabichromene; CBD, cannabidiol;
THC, tetrahydrocannabinol; CBN, cannabinol; CBL, Cannabicyclol;
CBE, Cannabielsoin; CBND, Cannabinodiol and CBT, Cannabitriol.
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Besides A>-THC and CBD, other major cannabinoids of Cannabis include tetrahy-
drocannabivarin, cannabichromene, cannabigerol (CBG), and CBN. A8-THC is another
closely related isomer of A®-THC, which is much less abundant and less potent than
A°-THC [30].

The biosynthesis of cannabinoids has been extensively reviewed by several re-
searchers [31-34] (Figure 2.2). Two independent pathways, the cytosolic mevalonate
and the plastidial methylerythritol phosphate (MEP), are responsible for plant terpe-
noid biosynthesis. The plastidial MEP pathway is reported to lead terpenoid biosyn-
thesis [35]. Formation of olivetolic acid (OLA) is the first step in the cannabinoid
biosynthetic pathway. OLA and geranyl diphosphate (GPP) are derived from the

OH
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Geranyl pyrophosphate Olivetolic acid
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Figure 2.2: Biosynthetic pathway of cannabinoids.
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polyketide and the deoxyxylulose phosphate/MEP pathways, respectively. Cannabiger-
olic acid is obtained by the action of prenylase, GPP:olivetolate geranyltransferase,
which is further oxidocyclized by flavin adenine dinucleotide-dependent oxidases,
such as cannabichromenic acid (CBCA) synthase, CBDA synthase, and A’-THCA syn-
thase, producing CBCA, CBDA, and AS-THCA, respectively [36]. Detailed biosynthesis of
plant cannabinoids is described in Chapter 3.

2.2 Botanical aspects
2.2.1 Nomenclature

The plant cannabis is highly variable and complex in its morphology and genetics;
therefore, the number of species in the Cannabis genus is a matter of debate for a
long time. Modern hybrid varieties and/or cultivars with manipulation in genetics
and chemical constituents make the nomenclature of cannabis more difficult. The pio-
neer of modern taxonomy, Swede Carl Linnaeus [37], treated cannabis as a single spe-
cies, whereas Lamarck [38] described “Indian cannabis strain” as taxonomically
different than “European hemp” and gave it a specific name Cannabis indica. The bo-
tanical nomenclature of cannabis includes kingdom: Plantae (plants); subkingdom:
Tracheobionta (vascular plants); superdivision: Spermatophyta (seed plants); divi-
sion: Magnoliophyta (flowering plants); class: Magnoliopsida (dicotyledons); sub-
class: Hamamelididae; order: Urticales; family: Cannabaceae; genus: Cannabis; and
species: Cannabis sativa L.

In 1976 [39], Small and Cronquist reported cannabis as a single species (monospe-
cific concept) and have divided it into Cannabis sativa L. subsp. indica (L.) and
C. sativa L. subsp. sativa, whereas Hillig [40], on the basis of allozyme data, showed
that cannabis has been derived from two major gene pools, and on the basis of this
data, he recognized C. sativa and C. indica as separate species. Cannabis ruderalis, a
wild cannabis, native to Eastern Europe and Russia with low THC, was also consid-
ered a separate species from sativa and indica.

The taxonomic disagreement still revolves around how to assign scientific names
to different Cannabis strains with different morphological and chemical profiles, spe-
cifically the modern hybrid varieties. Based on the morphological and phenotypic var-
iations, a number of reports proposed Cannabis as a polytypic genus, whereas others
suggest as monotypic but highly polymorphic species, C. sativa L. [41-47]. At the
present day, based on morphological, anatomical, phytochemical, and genetic studies,
Cannabis is generally treated as a single but highly polymorphic species, C. sativa L.,
having different varieties such as C. sativa var. sativa, C. sativa var. indica, and
C. sativa var. ruderalis.
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On the other hand, in view of the highly hybridized and manipulated modern
cannabis varieties on the market, it is very difficult to categorize cannabis based on
morphophenological characters. Therefore, cannabis varieties are also characterized
based on their cannabinoid and terpenoid profiles (and contents) for more clarity and
scientific accuracy [48].

The plant has many local common names, and some of which are given in different
languages. Cannabis in Arabic is known as bhang, hashish, ginnib, hasheesh, kenneb,
and qinnibi til; in Chinese as xian ma and ye ma; Danish as hemp; Dutch as hennep;
in English as hemp, marihuana, and marijuana; Finnish as hamppu; French as Chan-
vre, chanvre d’Inde, chanvre indien, and chanvrier; German as hanf, haschisch, and
indischer hanf; Hindi as bhang, charas, and ganja; Japanese as Mashinin; Nepalese as
charas, gajiimaa, and gaanjaa; Portuguese as cinhamo and maconha; Russian as Kan-
nabis sativa; Spanish as cdfiamo, grifa, hachis, mariguana, and marijuana; and in
Swedish as porkanchaa.

2.2.2 Botanical identification

Cannabis, as the crude drug, consists of the flowering top of the female plants of
C. sativa L. The plant is an annual herb with generally dioecious (i.e., female and male
flowers found on separate plants) and rarely monoecious flowers (i.e., male and fe-
male flowers found on the same plant, commonly referred to as hermaphrodite).

They have palmately compound leaves with serrate margins, consisting typically
of 5 or 7, occasionally 9 or 11, and rarely more than 11 leaflets. The flowering top con-
sists of ascending branches, all longitudinally furrowed and bearing numerous bracts,
and in the axil of which small cymose inflorescence is nested. The bract may be sim-
ple and sessile, or palmately compound with three leaflets and shortly petiolate, each
having two small stipules; the laminae are lanceolate and have entire margins and
are usually 1.5-2.0 cm long and 0.2-0.4 cm wide.

The lower bracts are somewhat larger and resemble the foliage leaves; they are pal-
mately compound leaves with three to five leaflets that are narrowly lanceolate, with
serrate margins and acute apices, and the central and largest leaflet is about 3 cm long.
In the axil of each bract are two boat-shaped bracteoles with acute apices, each enclos-
ing a single pistillate flower. The flower consists of an ovary enveloped by a membra-
nous perianth, termed as perigone, and the ovary is about 2 mm long and is surmounted
by two long brownish-red stigmas; within the ovary, there is a single ovule.

The fruit is 5-6 mm long and 4 mm wide, ovoid with several longitudinal veins
due to the presence of the enlarged, persistent bracteole enveloping the fruit. The
seed fills the loculus and contains a large embryo and very scanty endosperm. All parts
of the plant, but particularly the bracts, stipules, and upper leaves, bear numerous tri-
chomes (hairs). Microscopically, a transverse section in the leaves and bracts has the
structure of a dorsiventral leaf.
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The palisade consists of a single layer, rarely two, of cylindrical cells and the
spongy tissue of two to four layers of rounded parenchyma; cluster crystals of calcium
oxalate are present in all parts of the mesophyll. The upper epidermis has cells with
straight anticlinal walls and bears unicellular, sharply pointed, curved conical tri-
chomes, about 150-220 um long, with enlarged bases having cystoliths of calcium car-
bonate; the lower epidermis bears conical trichomes which are longer, about 340-500
um long, and more slender, but without cystoliths. Both upper and lower epidermis
bear numerous glandular trichomes, especially over the midrib.

The glandular hairs have a long multicellular pluriseriate or short unicellular stalk
and multicellular head with about eight radiating club-shaped cells. Stomata of the
anomocytic type (i.e,, the stoma is surrounded by a varying number of cells that do not
differ from those of the epidermis generally) are present on the lower surface of the
leaf but are absent from the upper surface. The bracteoles have an undifferentiated me-
sophyll of about four layers of cells, the lower hypodermal layer having a cluster crystal
of calcium oxalate in almost every cell. The abaxial surface bears numerous glandular
trichomes and also unicellular conical trichomes, which are numerous on the bulging
part, but scattered thinly elsewhere. The stigmas have an epidermis nearly every cell
which extends as a unicellular papilla of about 90-180 um long with a rounded apex.

The slender stem axis has well-developed bundles of pericyclic fibers behind the
phloem bundles. There are large laticiferous tubes in the phloem and calcium oxalate
in cluster crystals, about 25-30 ym in diameter, in both the pith and the cortex. The
epidermis bears very few trichomes similar to those of the leaves. The laticiferous
tubes are unbranched.

Cannabis seeds germinate in 3-7 days. The first pair of leaves usually has a single
leaflet, the number gradually increasing up to 11 leaflets per leaf and rarely more
(usually 5-9), depending on the variety and growing conditions. Cannabis can grow to
a height of 5-7 m in a 4- to 6-month growing season. Under favorable conditions, it
can grow (vegetative stage, Figure 2.3A) up to 10 cm in height in a given day during
the long summer days. However, the growth of the plant slows down during the later
(flowering, Figure 2.3B) part of the season.

Stems of this plant are green, erect, sometimes hollow, and longitudinally grooved.
Most strains of Cannabis are short day plants and flower when exposed to a photope-
riod of less than 12 h. Cannabis is a dioecious plant, with staminate (male) and pistillate
(female) flowers occurring on separate plants. However, it is not unusual for individual
plants to bear both male and female flowers.

Monoecious Cannabis plants are often referred to as “hermaphrodites,” and bear
male and female flowers at different locations on the same plant. Cannabis, in general,
is described as a dioecious plant. It is difficult to identify male plants from females at
the vegetative stage. However, after the onset of flowering (based on flowering pattern),
male and female plants can easily be discriminated. Male flowers are normally borne
on loose panicles and female flowers are borne on racemes.
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Figure 2.3: (A) Vegetative and (B) flowering stages of cannabis plant.

2.2.3 Macroscopic identification

Cannabis is an annual herb. Morphological characteristics and variation in color are
influenced by the seed strain and by environmental factors such as light, water, nu-
trients, and space. As a dioecious herb, the flowers on individual plants of cannabis
are unisexual; however, the plant some time exhibits monoecious (flowers of the op-
posite sex on the same plant). Morphology of C. sativa plant is shown in Figure 2.5.
Male plants (Figures 2.4A and 2.5A) are usually taller, less robust, and flower earlier
than female plants. Stems are green, erect, sometimes hollow, and longitudinally grooved.
They can vary from 0.2 to 6 m, although most of the plants reach heights of 3-4 m during
regular outdoor cultivation. The extent of branching and plant height depends on envi-
ronmental and hereditary factors as well as the method of cultivation. The side branches
vary from opposite to alternate at any part of the main stem. The leaf arrangement
changes from decussate (oppositely arranged) to alternate on the extremities of the plant.
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Leaf stalks (petioles) are 2-7 cm long with a narrow groove along the upper side. The leaf
is palmate and consists of 1-14 leaflet blades of 3-15x 0.2-1.7 cm. The margins are
coarsely serrated, the teeth pointing toward the tips, and the veins run out obliquely
from the midrib to the tips of the teeth. The lower (abaxial) surfaces are pale green with
scattered, white to yellowish brown, resinous glands. Each staminate (male) flower con-
sists of five whitish-green minutely hairy sepals about 2.5-4 mm long and five pendulous
stamens, with slender filaments and stamen.

Figure 2.4: (A) Male and (B) female plants (flowers) of Cannabis sativa.

The pistillate (female) flowers (Figures 2.4B and 2.5B) are more or less sessile and are
borne in pairs. Each flower has a small green bract enclosing the ovary with two long,
slender stigmas projecting well above the bract. The fruit, an achene, contains a single
seed with a hard shell tightly covered by the thin wall of the ovary, ellipsoid, slightly
compressed, smooth, about 2-5 mm long, generally brownish, and mottled. The fruit
is commonly regarded as a seed.
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Figure 2.5: Morphology of C. sativa: (A) Male and (B) female flower tops; (C) adaxial
and (D) abaxial leaf surfaces; (E) seeds; (F) stem; (G) roots; and (H) a fully developed cannabis plant.

2.2.4 Microscopic identification
2.2.4.1 Based on trichomes

Cannabis can be identified by microscopic trichomes, that is, hair-like projections
from a plant’s epidermal cell, on the surface of the plant. These trichomes can be ob-
served with a microscope at 40x magnification (Figure 2.6).

Based on their formation/structures, trichomes are categorized into two distinct
classes:
(a) Glandular trichomes
(b) Nonglandular trichomes

The glandular trichomes produce and store the cannabinoid-containing resin. They
are mainly associated with the flower structures (pistillate plants being particularly
rich in these structures), but they can also be found on the underside of the leaves
and occasionally on the stems of young plants. Glandular trichomes are divided into
three different categories: (1) glandular stalked, (2) glandular sessile, and (3) bulbous
glandular trichomes.
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Figure 2.6: Glandular and nonglandular trichomes in C. sativa (C: LM; all other SEM; A, B, G: colorized SEM
images). (A) Portion of bract displaying glandular and nonglandular trichomes; (B-D) capitate stalked
glandular trichomes (note an “eyespot” on the glandular head in image (B); the glandular disk and cuticular
membrane in (C); and a slightly broken “neck” of glandular head showing four-cell arrangement, in image (D);
(E) a capitate stalked glandular trichome and two of the bulbous glandular trichomes; (F) a group of

capitate sessile glandular trichomes on a young leaf; a sessile glandular trichome on abaxial leaf surface

(note the presence of stomata); (H) morphology of conical cystolith trichomes on adaxial leaf surface;

and (I) cystolith trichomes in sectional view showing large cystolith crystals.

Gh, glandular head; Gt-1, capitate stalked glandular trichome; Gt-2, capitate sessile glandular trichome;
Gt-3, bulbous glandular trichome; Ng, nonglandular trichome; Nk, “neck”; Sk, stalk; St, stomata.
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Nonglandular trichomes are unicellular, rigid, curved hairs with a slender pointed
apex and are of two major types: (1) cystolithic and (2) noncystolithic trichomes.

Cystolithic trichomes found on the upper surface of the leaves have a characteris-
tic bear claw shape and may have calcium carbonate crystals (cystoliths) visible at
their bases. Noncystolithic trichomes occur mainly on the lower side of the leaves,
bracts, and bracteoles, and lack the enlarged base.

2.2.4.2 Based on anatomical characteristics of cannabis leaf

Anatomical characteristics of cannabis leaf are shown in Figure 2.7. In transection,
the leaf of C. sativa shows thin lamina and major veins, which are depressed ahove
and prominently raised beneath. Each of the upper and lower epidermis is unilay-
ered. In surface view, the epidermal cells show slightly undulate anticlinal walls.
Upper epidermis shows the characteristic cystolith trichomes with an enlarged base
containing large cystolith crystal. Numerous nonglandular and glandular trichomes
are present on the lower epidermis.

Stomata are numerous on the lower epidermis and are not observed in the upper
epidermis. The mesophyll consists of palisade and spongy tissue. Palisade is unilay-
ered, consists of thin columnar cells, and occupies more than half thickness of the
lamina. Spongy cells are loosely arranged with large air spaces, leading to stomatal
cavities. Transection of midrib (Figure 2.7) shows a single collateral vascular bundle.
Small groups of collenchyma cells are present beneath the upper epidermis and inside
the lower epidermis. A few laticifer ducts with yellow-brown secretions are found in
the phloem [49]. Cluster crystals of calcium oxalate are commonly found in the meso-
phyll and phloem parenchyma of the veins [50].

2.2.5 Cannabis: drug and fiber types

Based on morphology and with plant growth and development, cannabis is divided into
two distinct categories: (a) drug-type and (b) fiber-type plants. Drug-type varieties have
more robust growth and grows like a Christmas tree with big branches at the lower part
of the stem, whereas fiber-type varieties grow skinny and tall with very few branches.
Cannabis is considered a chemically complex species based on its numerous natu-
ral constituents [51]. The concentration of A>-THC in dried inflorescence (leaves and
buds) is used to determine its psychoactivity. Quantitative and qualitative analyses of

Figure 2.6 (continued)
Reprinted from “Chandra S, Lata H, Elsohly MA (Eds.) Cannabis Sativa L.: Botany and Biotechnology,
Springer Cham, 2017” with permission from Springer Nature.
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Figure 2.7: Anatomy of C. sativa (A and C: LM; all other SEM). (A, B) Transection (TS) of leaf through
midrib; (C, D) TS of leaf through lamina; (E) TS of stem, with a portion enlarged (F).

Ch, chlorenchyma; Co, collenchyma; Ct, cystolith trichome; Fu, furrows; Gt-2, capitate sessile glandular
trichome; Gt-3, bulbous glandular trichome; La, lamina; Ld, laticifer duct; Le, lower epidermis; Mr, midrib;
Ngt, nonglandular trichome; Pa, palisade; Pf, pericyclic fibers; Ph, phloem; Pi, pith; Ri, ridges; Sp, spongy
tissue; Up, upper epidermis; Xy, xylem.

Reprinted from “Chandra S, Lata H, Elsohly MA (Eds.) Cannabis Sativa L.: Botany and Biotechnology,
Springer Cham, 2017” with permission from Springer Nature.

cannabis can be employed to characterize their phenotype and phytocannabinoid
profile [52]. Cannabis can be divided into three distinct phenotypes:
Phenotype I (drug type), with A>-THC >0.5% and CBD <0.5% (A°~THC/CBD > 1) [53].
Phenotype II (intermediate type), with CBD as the major cannabinoid but with
AS-THC also present at various concentrations (A%-THC/CBD ~ 1) [54].
Phenotype III (fiber type or hemp), with especially low A°-THC content (A%
THC/CBD < 1) [53].
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Figure 2.8: (A) Fiber-type cannabis (CBD > THC), (B) intermediate-type cannabis (THC ~ CBD),

and (C) drug-type cannabis (THC > CBD).
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Representative GC-FID (gas chromatography-flame ionization detection) chromato-
grams of drug-type, intermediate-type, and fiber-type cannabis biomass samples are
shown in Figure 2.8.

A rare additional chemotype, characterized by a higher concentration of CBG and
very low concentration of CBD and THC, was reported by Fournier et al. [55].

Hemp is usually described as a nonpsychoactive cannabis plant with predomi-
nant CBD or CBG contentment [56]. From the regulatory point of view, cannabis con-
taining <0.3% THC is considered as hemp, whereas cannabis plant containing >0.3%
THC is considered as drug-type (controlled) substance.

Although environmental factors play a role in the number of cannabinoids pres-
ent in different parts of the plant at different growth stages [57], the distribution of
CBD:A’-THC ratios in most populations is under genetic control [58]. The phytocanna-
binoid content of cannabis is determined by the interaction of several genes, cultiva-
tion technique, and environmental factors [59-63]. Numerous biotic and abiotic
factors affect phytocannabinoid production, including the sex and maturity of the
plant [39], light cycle [64], temperature [59], fertilization [57], and light intensity [59].
Variations in phytocannabinoid content in different tissues for a specific plant have
also been reported [62].

In recent years, several studies have shown that molecular techniques (using geno-
mic DNA) such as “random amplified polymorphic DNA” and “restriction fragment poly-
morphisms” analysis can efficiently be used to differentiate cannabis varieties [65] or can
be used to identify genetic relationship among different varieties of Cannabis plants.

2.2.6 Cannabis: male and female plants

Cannabis is a dioecious plant, which means, if grown from seeds, a single seed turns
into either a male or a female plant (Figures 2.4 and 2.5A and B). Occasionally, canna-
bis plant shows monoecious nature, which means male and female, and both types of
flowers appear on different branches of a single plant.

Cannabis flowers under the shorter photoperiod (below 12 h photoperiod, shorter
days) and continues growing vegetatively under the longer (photoperiods) days. At
the vegetative stage, it is difficult (almost impossible) to differentiate between male
and female plants due to their morphological similarities. However, separation of
male from female is possible at the early flowering stage based on their different mor-
phological appearance. However, in the last few years, there are reports describing
techniques to discriminate between male and female cannabis plants at the early
growth (vegetative) stage using molecular markers [66].

Cannabis is a wind-pollinated plant with allogamous (cross-pollination or fertili-
zation) nature. If grown from seeds (indoor or outdoor), it is difficult to maintain
chemical profile of a cannabis biomass product, especially with other varieties. In the
modern horticulture, “sinsemilla” (a Spanish term for seedless plants) cannabis plants
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are preferred over “seedlings” for the production of research/pharmaceutical-grade
biomass for several reasons.
First, in the presence of male plants, female cannabis plants produce seeds, and
therefore, less inflorescence (leaves and buds), whereas maximum biomass pro-
duction is of utmost goal of any cultivation setup.
Second, if the crop is grown through seeds in open fields and male plants are re-
moved as they appear, almost 50% field area becomes empty unless the space is
filled by female plants grown through cuttings or seeds.
Third, and most important, if seedlings of several cannabis varieties are being
grown together, in the presence of male plants, cross-pollination occurs among
varieties that affect the genetic makeup of harvested seeds and biomass, resulting
in subsequent product (seeds and biomass) inconsistent in its cannabinoid profile
and content from the original batch.

Batch-to-batch consistency in chemical profile is an important factor for any pharma-
ceutical-grade biomass product. In cannabis production, this can be achieved by
screening and selection of mother clones with desired chemical profile, their conser-
vation, and cultivation to produce a biomass product consistent in chemical profile.

2.2.7 Screening and selection of mother clones

A schematic diagram of screening and selection of female mother clones is shown in Fig-
ure 2.9. As described earlier, cannabis is a highly polymorphic plant and is very difficult
to maintain consistency in the final biomass product if grown from seeds. Plant-to-plant
variations in terms of cannabinoid content are reported in seed-raised cannabis biomass,
even though seeds are obtained from a single plant. To avoid this phenomenon, seeds are
grown individually in small jiffy pots under the climate-controlled indoor growing envi-
ronment. Once germinated and well rooted, plants are transferred to bigger pots for the
vegetative growth (18 h photoperiod). After achieving the desired vegetative growth, few
“well-developed healthy plants (mother plants)” are selected for the screening (these
plants are always maintained under the vegetative light environment throughout the
screening). Each plant is given a unique identification number. Cuttings are made from
each mother plant, and brought to a desirable vegetative (18 h photoperiod) growth and
then subjected for flowering (12 h photoperiod). On flowering, all the male cuttings and
their related “mother plants” are removed from the growing room, and the female cut-
tings at flowering are grown till the formation of mature buds. Biomass samples from
mature buds of each plant are analyzed for cannabinoid content using GC-FID. Based on
cannabinoid analysis, high-yielding candidates are identified and their related mother
plants are selected as elite “mother plants” for future propagation.
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Selection of seeds of desirable Cannabis sativa variety
Seeds were germinated
Seedlings were grown under the vegetative light environment

Among the seedlings, few ‘well-developed healthy plants (mother plants)’ were selected for the
screening (these plants are always maintained under the vegetative light environment
throughout the screening). Each plant was given a unique identification number

\

Cuttings were made from each mother plant

These cuttings were raised up to a desirable vegetative (18h photoperiod) growth and then
subjected for flowering (12h photoperiod)

On flowering all the male cuttings and their related ‘mother plants’ were removed from the
growing room

\

Female cuttings were grown till the formation of mature buds. Biomass samples
from mature buds of each plants were analyzed for cannabinoids content using
GC-FID

\

Based on cannabinoids analysis, high yielding candidates were identified and their related
mother plants were selected as elite ‘mother plants’ for the future propagation.

Figure 2.9: Screening and selection of elite mother plant of Cannabis sativa for the propagation
of true to type plants.

2.3 Biomass production

C. sativa L. is an annual herb, which means it grows vegetatively during long summer
days and flowers and make buds during short days as the winter season approaches.
The plant eventually dies if not harvested at the peak flowering stage. Cannabis can
be grown “indoor” and “outdoor” efficiently. However, each cultivation option has its
advantages and disadvantages. Under the outdoor conditions, the life cycle of the
plant completes in 5-7 months depending on the time of plantation and the variety,
whereas growing indoor, flowering can be triggered by regulating the photoperiod.
Outdoor cultivation is affected by factors such as wind and rain that can destroy the
cannabis plants. Other environmental variables such as temperature, light, water
availability, and plant spacing also affect the growth and development of cannabis
plants, causing variations in quantity and quality of biomass.



44 —— Hemant Lata, Suman Chandra and Mahmoud A. EISohly

2.3.1 Indoor cultivation

Indoor cultivation of C. sativa under controlled environmental conditions provides
many benefits compared to outdoor cultivation, including total control on “plants life
cycle at different stages of growth” and “the quality,” and “quantity” of the biomass
product. The following parameters are to be considered for indoor production:

2.3.1.1 Environmental parameters

The goal of indoor growth is to produce a “biomass product” consistent in chemical
profile and content. This is achieved through providing optimum environmental con-
ditions to the plants through their lifecycle. A strict control on the following environ-
mental parameters of the grow room is critical for effective cultivation of cannabis
plants and to avoid pest and diseases.

Photosynthetic photon flux density (PPFD) and photoperiod: Optimum light quality
(wavelengths, photosynthetically active radiation, ranging from 400 to 700 nm), quan-
tity (PPED, umol/m? s), and photoperiod (light hours) are the most important factors to
maximize biomass production of an indoor grown crop. Light quality and quantity
have a profound influence on photosynthesis which ultimately affects the plant growth
and development [67]. Optimum light quality and quantity provided to plants make
them bushier with shorter distance between the nodes. Cannabis, in particular, is re-
ported to be benefited from high PPFD for photosynthesis and growth [59]. Different
light sources can be used for indoor propagation such as fluorescent light bulbs (mainly
for young cuttings), metal halide bulbs, high-pressure sodium lamps, induction bulbs,
and light-emitting diodes (LEDs). LEDs are meant to produce less heat as compared to
metal halide and sodium lamps. To avoid overheating, a safe distance is maintained be-
tween bulbs and plants. A photoperiod of 18 h or more is desirable for vegetative
growth, whereas 12-h photoperiod is recommended for the initiation of flowering.

Temperature: Temperature dependence of photosynthesis is reviewed by several
authors in different plant species [68—71]. In cannabis, plant development and growth
of different varieties vary depending upon their original growth habitat and the ge-
netic makeup. In general, 25 'C growth temperature is found to be optimum for most
varieties of cannabis [59, 72]. However, it is important to maintain an ideal combina-
tion of light intensity and grow room temperature for optimum growing. High light
intensity with high temperature is reported to have an adverse effect on the photo-
synthesis of cannabis plants [59].

Irrigation and relative humidity: Cannabis requires high humidity at the juvenile
(cutting or seedling) stage, whereas a comparatively drier environment at the flower-
ing stage is needed. Humidity plays a critical role at every stage of cannabis plant. In
a close grow room environment, accumulation of humidity or moisture is quite common
due to irrigation and water evaporated by plants. Proper ventilation, air circulation, and
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sometimes dehumidification are required to maintain optimum conditions. The amount
of water and the frequency of watering of cannabis plants vary with the growth stage,
size of the plants and containers, growth temperature, humidity, and many other factors.
Vegetative cuttings require a regular water spray on the leaves to maintain a high humid-
ity in its microclimate until the plants are well rooted. Once established, the top layer of
soil must be allowed to dry out before the plants are watered again. Humidity around
75% is recommended during the juvenile stage and about 50-55% during the active vege-
tative and flowering stages.

Carbon dioxide concentration: Constant air circulation, proper ventilation of air,
and drier grow room environment can prevent mold formation and several plant’s
related diseases. Air flow around the plants and a steady fresh air flow from outdoor
are recommended in indoor grow room for healthy cannabis crop.

Several studies suggest that elevated CO, causes increased photosynthesis in plants
[73-77]. A close correlation between photosynthesis and plant biomass yield is reported
by Zelitch [78]. Doubling in CO, concentration has been reported to increase the yield
by 30% or more in many crops [79]. In C. sativa, doubling of CO, concentration (~750
ppm) was reported to stimulate the rate of photosynthesis in different varieties by
38-48% as compared to ambient CO, concentration [80]. Therefore, supplementing CO,
to the existing amount in the grow room during the light cycle is recommended for vig-
orous cannabis growth.

2.3.1.2 Propagation through seeds and vegetative cuttings

For cultivation of Cannabis, seeds have been the main source of propagation. Well-
aerated and moist soil is preferred for sowing seeds in small jiffy pots. If the seed bed
is outdoor and the nights are cold, heat mat can be used below the pots to increase
the temperature. The seedling should begin to sprout by the fourth day, and most of
the viable seeds germinate by 2 weeks.

Variation in the rate of seed germination depends on the variety, seed age, stor-
age condition, and soil and water temperatures. Cannabis cultivated outdoors need
full sunlight to grow profusely, mature properly, and produce high resin content. Ger-
minated seedlings can be kept under cool fluorescent light with 18-h photoperiod till
the seedlings are big enough to transplant in bigger pots. These pots can be kept
under full-spectrum grow light (18-h vegetative photoperiod). After enough vegetative
growth, plants may be exposed to 12-h photoperiod for flowering. Onset of flowering
normally occurs in 2 weeks. At this stage, male plants can be identified. Since male
flowers appear before female flowers, male plants can be immediately separated
from the female plants if sinsemilla buds are to be produced. Cuttings can be taken
from the vegetative branches of selected high-yielding female plants (based on GC-FID
analysis) and can be kept under vegetative stage for future propagation.



46 —— Hemant Lata, Suman Chandra and Mahmoud A. EISohly

Vegetative propagation is also referred to as cloning. The technique of growing
plants from cuttings from a selected mother plant is a great way to generate crop of
consistent quality and reproducibility. Once a particular clone is screened and selected,
a fresh nodal segment about 6-10 cm in length containing at least two nodes from the
mother plant can be used for vegetative/conventional propagation either in solid (soil)
or in liquid medium (hydroponics). Micropropagation, another in vitro vegetative prop-
agation technique, can also be used for the mass propagation of C. sativa [81-92].

2.3.1.3 Propagation through hydroponics or aeroponics

Hydroponics and/or aeroponic techniques can be used to grow cannabis plants out-
doors (Figure 2.10) as well as in indoor growing (Figure 2.11) conditions. There is a
minor difference between the two techniques. In hydroponics, plant roots are con-
stantly submerged in the balanced nutrient solution, whereas in aeroponic technique,
roots are misted periodically with nutrient solution. Rock wool and hydrotones (clay
balls) are used as a support medium for its growth.

Figure 2.10: Hydroponic cultivation of Cannabis sativa under outdoor conditions.
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Figure 2.11: Indoor hydroponic cultivation of Cannabis sativa under controlled environmental conditions.

A small branch consisting of a growing tip with two or three leaves is cut and
immediately dipped in distilled water. Prior to dipping the cutting in a rooting com-
pound, a fresh cut is made just above the first cut. The cuttings are inserted 1 inch
deep into a rockwool cube or a hydrotone clay ball supporting medium. Plants are
supplied with a vegetative fertilizer formula and exposed to a diffused light:dark
cycle (18:6) for vegetative growth. Rooting initiates in 2-3 weeks, followed by trans-
plantation to a bigger hydroponic system.

2.3.1.4 Micropropagation

In vitro culture is one of the key tools of plant biotechnology, based on the concept of
totipotency: the ability of plant, cells, and tissues capable of developing into a complete
organism or differentiating into any cell types of an organism [93]. It has been used as a
tool for the propagation of genetically superior clones, somaclones, ex situ conservation
of valuable germplasm, and synthesis of many secondary compounds [94]. The tech-
nique reduces the labor and space requirements for producing new varieties of desired
characteristics. Micropropagation, defined as the “true-to-type” propagation of a se-
lected genotype is a proven system of regeneration, increasingly being used for Canna-
bis propagation. It has been used as an important aid to conventional methods of
propagation. Since Cannabis is highly heterozygous and outcrossing in nature, clonal
propagation is essential in maintaining genetic fidelity [95]. Moreover, the recent legali-
zation of medicinal cannabis in many countries has opened the doors for cannabis in-
dustry, which has immensely applied in vitro propagation approach for multiplication
of elite superior varieties. The goal of cannabis micropropagation is to obtain many ge-
netically identical, physiologically uniform, and developmentally normal plantlets in a
reduced time and at a lowered cost. Although several micropropagation protocols have
been published over the last decade in vitro propagation of cannabis is still challenging.
One of the limiting factors in the tissue culture of cannabis variants is associated with
the use of different strains, making developed protocols more difficult to establish
when another cultivar is being micropropagated [96]. Moreover, it is known that suc-
cess of in vitro cultivation strongly depends on the genotype, explant type, and phyto-
hormones used in the culture medium [97]. Furthermore, donor conditions of the plant,
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the age, and physiological state of the parent plant contribute to the success of organo-
genesis in cell culture facing challenges, where organogenesis responses were difficult
to predict even when the same medium was being used [98].

In our laboratory at the University of Mississippi we have developed several proto-
cols to micropropagate cannabis germplasm using apical segment (direct organogenesis)
[88, 99] (Figure 2.12), leaf disk (indirect organogenesis) [91], nodal segment in slow growth
medium [100], and nodal segment in sodium alginate gels (synthetic seeds) [101], for the
conservation and further cultivation [102].

Figure 2.12: Micropropagation of Cannabis sativa L. A: In vitro rooted plants; B, Acclimatization under
climatic controlled environment and C: Fully developed cannabis plants.

2.3.1.4.1 Organogenesis through callus formation (indirect organogenesis)

The hypothesis of organogenesis differentiation by Torrey [103] is an outcome of the
process of dedifferentiation followed by redifferentiation of cells. Dedifferentiation favors
unorganized cell growth known as callus that is comprised of irregularly differentiated
vacuolated cells interspersed with smaller meristematic cells. In our laboratory, we have
developed a high-frequency plant regeneration system from leaf tissue-derived callus of
a high-yielding variety of C. sativa [91, 92]. The concentration and combination of
plant growth regulators are the key factors influencing indirect shoot organogenesis
in C. sativa cultures. The calli were introduced from leaf explants on Murashige and
Skoog (MS) medium supplemented with different concentrations (0.5, 1.0, 1.5, and
2.0 uM) of TAA (indole-3-acetic acid), IBA (indole-3-butyric acid), NAA (naphthalene ace-
tic acid), and 2,4-dichlorophenoxyacetic acid in combination with 1.0 uM TDZ (thidia-
zuron) for the production of callus. The optimum callus growth and maintenance were
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in 0.5 uM NAA plus 1.0 uM TDZ. The 2-month-old calli were subcultured in MS media
containing different concentrations of cytokinins (BAP, kinetin (KN), and TDZ). The rate
of shoot induction and proliferation was highest in 0.5 uM TDZ. Regenerated shoots
rooted best on half-strength MS medium supplemented with 2.5 uM IBA of various aux-
ins (IAA, IBA, and NAA) tested. Although organogenesis through indirect process offers
opportunity to uncover natural variability in plants, regeneration through indirect shoot
organogenesis has been shown to produce more somaclonal variants leading to genetic
instability of micropropagated plants [104, 105].

2.3.1.4.2 Emergence of adventitious organs directly from explant
(direct organogenesis)

Although different routes are available for plant tissue culture regeneration, direct
organogenesis is a common method of micropropagation that involves tissue regener-
ation of adventitious organs or axillary buds directly or indirectly from the explants.
Direct organogenesis holds advantages including less culture stages (no callus stage),
less or no chances of somaclonal variations, and allowing recovery of genetically sta-
ble and true-to-type progeny. We have successfully established direct organogenesis
protocol for C. sativa using nodal segments.

The explants (nodal segments containing axillary buds) were collected from
screened and selected high-yielding C. sativa clone grown in an indoor cultivation fa-
cility housed at the Coy-Waller Laboratory, University of Mississippi. The explants
were cut into small pieces as *1 cm in length and were then treated with 0.5% NaOCl
(15% v/v bleach) and 0.1% Tween 20 for 20 min and later washed in sterile distilled
water three times for 5 min prior to inoculation on the culture medium. Out of differ-
ent concentrations of various growth regulators (benzyladenine, BA;KN; and TDZ)
tested, the quality and quantity of shoot regenerants in cultures were better with
0.5 uM TDZ. Elongated shoots when transferred to half-strength MS medium supple-
mented with 500 mg/L activated charcoal and 2.5 uM IBA (as compared to different
concentrations of IAA and NAA) resulted in highest rooting. This two-step regenera-
tion protocol utilizes more than one type of growth regulators, that is, TDZ for shoot
formation and multiplication, and IBA for rooting [88]. Role of action of TDZ for direct
organogenesis has been evaluated by many researchers. Laloue and Pethe [106] pro-
posed that TDZ influences the metabolism of endogenous auxins, thus altering the
auxin to cytokinin ratio within the tissue, and eventually stimulating regeneration,
and has been supported by several other researchers [107, 108]. TDZ appears to stimu-
late cells in the apical meristem to divide and multiply for bud differentiation to
occur [109]. Thinh [110] suggested that TDZ either increases the levels of nucleoside or
the accumulation and synthesis of purine cytokinins as well as promoting the conver-
sion of adenine to adenosine.

We have further improved and refined the existing protocol from two steps to one
step for the mass propagation of C. sativa. This one-step regeneration protocol is based
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on the adventitious shoot induction as well as an effective rooting using novel aromatic
cytokinin, meta-topolin (mT) [111]. The best response in terms of explants producing
maximum number of shoots with maximum shoot length and percent explants produc-
ing shoots was recorded on MS medium supplemented with 2 yM mT. Shoots multiplied
in the same medium for two subcultures were able to induce healthy roots within 4-6
weeks. mT (an aromatic cytokinin), identified by Strnad et al. [112] and Tarkowska and
coworkers [113] in Populus spp., which has been studied in plant tissue culture [114], is
a hydroxylated analogue of BA with a hydroxyl group attached at its N6 side chain
which results in the formation of O-glucoside metabolites that can be reversibly seques-
trated in plants to produce active cytokinin forms when needed. The presence of these
free bases of mT proclaims higher activity in cell division, cell growth, and differentia-
tion than the other cytokinins [115]. Many reports indicate that mT and its derivatives
are useful in improving shoot production and secondary metabolite production and/or
reducing tissue culture-induced abnormalities in some plant species such as Pyrus com-
munis [116-118]. The properties of mT subsequently enhance the rhizogenesis and accli-
matization of plantlets [114]. mT has also been successfully employed in rooting of
Malus domestica [119] and Ananas comosus [120], acclimatization in Uniola paniculata
[121], and complete regeneration and acclimatization of Aloe polyphylla [122], Sesamum
indicum [123], and Salvia sclarea [124]. Higher rooting percentage, root number, and
length have been reported in Prunus rootstocks [125].

In vitro-propagated C. sativa plants using mT have been successfully hardened
and grown to full maturity in soil without any detectable variation in morphological
or growth characteristics. The regenerated plants are highly comparable with the
mother plants in terms of physiological, biochemical, and genetic profile [60, 89].

2.3.1.4.3 Assessment of genetic stability of micropropagated plants

Molecular marker is an important tool being used in the analysis of genetic fidelity
and true-to-type nature of micropropagated plants. Although clonal propagation
through tissue culture should generate clones similar to the mother plant, the use of
plant growth regulators, culture conditions such as light and humidity, and frequency
of subculture can initiate genetic instability due to genetic and epigenetic (somaclo-
nal) variations among the regenerated plants [126]. Morphological, cytological, and
biochemical changes occurring in plants can be an indicator of genetic alterations.
Hence, a quality checkup for true-to-type planting material at an early stage of devel-
opment is considered to be very useful in plant tissue culture [127].

In comparison to various morphological, cytological, and protein markers used
for detection of variations in tissue-cultured plants, molecular markers are stable,
highly reproducible, detectible in almost all tissues, reliable, easy to access, and fast to
assay, independent of development environment, and thus have been successfully
employed to assess the genomic stability of regenerated plants.



2 Cannabis: botany and biomass production =—— 51

In our laboratory, a DNA-based inter-simple sequence repeat (ISSR) markers have
been successfully used to monitor the genetic stability of the micropropagated plants
of C. sativa. ISSR technique is simple, fast, cost-effective, and a highly reliable tech-
nique in which a single sequence repeat motif is used as a primer for amplification of
regions between microsatellites. The regenerated cannabis plants were stable up to 30
passages in culture and hardened in soil for 8 months [128]. Fifteen ISSR primers gen-
erated a total of 115 distinct and reproducible bands. The banding pattern for each
primer was uniform and comparable to the mother plant from which the cultures
had been established. Based on our results, the true-to-type nature of the in vitro
raised clones was confirmed using ISSR markers.

The ISSR molecular markers have also been used in the evaluation of the genetic
stability of different micropropagated plant species, such as Glycyrrhiza glabra L. [129]
and Tetrastigma hemsleyanum [130]. Based on our results, the micropropagation proto-
col standardized for C. sativa can be used commercially with a minimum possibility of
any in vitro-induced variability.

2.3.1.4.4 Assessment of chemical profile and cannabinoid content
of micropropagated plants

GC-FID has been used to assess cannabinoid profile and content to identify differences,
if any, in the chemical constituents of in vitro propagated plants versus vegetatively
grown plants and mother plant. In general, THC content in all groups increased with
plant age up to a highest level during budding stage, where the THC content reached a
plateau before the onset of senescence. The pattern of changes observed in the concen-
tration of other cannabinoid content with plants age has followed a similar trend in all
groups of plants. Qualitatively, the cannabinoid profile obtained using GC-FID, in
mother plants, vegetatively grown plants, and in vitro propagated plants, was found to
be similar to each other and to that of the mother plant of C. sativa. Minor differences
were observed in cannabinoid concentration within and among the groups were not
statistically significant [128, 131]. These results confirm the clonal fidelity of in vitro
propagated plants of C. sativa and suggest that the biochemical mechanism used in this
study to produce the micropropagated plants does not affect the metabolic content and
can be used for mass propagation of true-to-type plants of this species.

2.3.1.4.5 Conservation of cannabis germplasm

The conservation of germplasm can take advantage of innovative techniques which
allow preservation in vitro (slow growth storage) or in liquid nitrogen (cryopreserva-
tion) of the plant material. Slow growth storage refers to techniques enabling the
in vitro conservation of shoot cultures in aseptic conditions by reducing markedly the
frequency of periodic subculturing, without affecting the viability and regrowth of
shoot cultures. Cryopreservation refers to the storage of explants from tissue culture
at ultra-low temperature (-196 °C).
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In order to develop a secure and stable in vitro clonal repository of the elite clones
of cannabis, germplasm conservation of a high A*-THC yielding a variety of C. sativa
L. was successfully attempted in our laboratory by using synthetic seed technology and
media supplemented with osmotic agents [100], cryopreservation using axillary buds
[102], and shoot tips [132]. Explants of nodal segments containing single axillary bud
were excised from proliferated shoot cultures and encapsulated in high-density sodium
alginate (230 mM) hardened by 50 mM CaCl,. The “encapsulated” (synthetic seeds)
nodal segments were stored at 5, 15, and 25 °C for 8, 16, and 24 weeks and monitored for
the regrowth and survival frequency under the tissue culture conditions (16 h photope-
riod, 25 °C) on MS medium supplemented with TDZ (0.5 uM). “Encapsulated” nodal seg-
ments could be stored at low temperature of 15 °C up to 24 weeks with maximum
regrowth ability and survival frequency of 60%. Well-developed plantlets regenerated
from “encapsulated” nodal segments were successfully acclimatized inside the grow
room with 90% survival frequency.

The protocols developed would be helpful for large-scale mass propagation of
elite cannabis varieties for further use in phytopharmaceuticals.

2.3.2 Outdoor cultivation

Cannabis cultivated outdoors need full sunlight to grow profusely. The outdoor culti-
vation of cannabis in Mississippi (Figure 2.13) starts at late March/early April, when
the weather starts warming up, and could last till November or early December de-
pending on the variety.

Starting from seeds, plants may be raised in small biodegradable (jiffy) pots and
well-rooted healthy seedlings may than be planted in the field. Alternatively, seeds
can also be directly planted to the field. Male flowers start appearing within 2-3
months (around middle of July) followed by female flowers. Male plants are generally
removed from fields for several reasons: (1) male plants contain less THC as compared
to female plants; (2) to avoid pollination within a variety which produces seeds in ma-
ture crop and results in less yield of biomass and ultimately THC as compared to the
seedless (sinsemilla) mature plants; (3) to avoid cross-pollination (if different varieties
are grown in close plots) among the varieties. It is difficult to maintain consistency in
chemical profiles of selected high THC-producing genotypes under field conditions if
grown from seeds. Therefore, vegetatively propagated cuttings of a screened and se-
lected mother plants (based on its chemical profile) are used to cultivate biomass
batches consistent in its chemical profile. Similar to propagation from seed, cuttings
can be raised in biodegradable jiffy pots, and well-rooted cuttings are planted directly
in field using automated planter.

Tetrahydrocannabinol (THC) content increases with the age of plant, reaching the
highest level at the budding stage and achieve a plateau before the onset of senes-
cence. The maturity of the crop is determined visually and confirmed based on the
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Figure 2.13: Outdoor cultivation of Cannabis sativa L.: (A) crop at vegetative
stage and (B) flowering stage.

THC and other cannabinoid content (using GC-FID) in samples collected at different
growth stages of the plants. Since the whole plant does not mature at the same time,
mature upper buds are harvested first and other branches are given more time to
achieve their maturity. Field-cultivated cannabis plants are generally bigger and con-
tain higher biomass compared to indoor grown plants.

Other than field plantation, cuttings can be grown in hydroponic systems out-
doors (Figure 2.10). Hydroponic cultivation is less labor intensive and produces a
cleaner harvest as compared to cultivation in soil.

2.3.2.1 Harvesting

Identifying the optimum harvesting stage is a critical step in cannabis cultivation.
Daily monitoring of the THC content allows the harvesting material with the desired
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THC content. Since it is observed that the levels of THC are higher during the morning
hours and gradually decrease with the noon and afternoon hours, harvesting is rec-
ommended during the morning hours. Within the plant, the top mature buds may be
harvested first and the rest of the immature buds may allow some time to mature.
Figure 2.13B shows a field-grown mature, ready-to-harvest plants of C. sativa L.

2.3.2.2 Postharvest processing

Hygiene of biomass material should be the utmost priority during harvest. If the bio-
mass is being used as a starting material for pharmaceutical interest, its contact with
the ground should be avoided. Dry and large leaves may be removed from mature
buds before drying.

Depending on the size of cultivation, drying facility can be selected. For large-
scale cultivation, the plants are dried in industrial-grade “forced-air” drying barn,
such as BulkTobac, Gas-Fired Products, Inc., Charlotte, NC, USA, and for the small sam-
ples, simple laboratory oven may be used for overnight drying at 40 °C.

Once the plant material is dried properly, it can be hand manicured. Big leaves,
left from the clipping before drying, should be separated from buds. These buds can
be gently rubbed through screens of different sizes to separate small stems and seeds
(if any) from the dried biomass. Automated machines designed for plant processing
can also be used to separate big stems and seeds from the useable biomass.

Dried and processed cannabis biomass can be stored in an FDA-approved sealed
fiber drums containing polyethylene bags inside at ~18-20 °C for short-term storage.
However, for long-term storage, —10 °C (freezer), in the absence of light, is recom-
mended. Stability of A>THC and other cannabinoid content in cannabis biomass and its
products is reviewed by several authors [133-135]. Extraction of plant materials is done
either by supercritical fluid extraction or solvent extraction. Decarboxylation of acid
cannabinoids to the neutral cannabinoids is accomplished using the extract, where the
plant material itself is subjected to the decarboxylation step before extraction.

2.4 Extraction of cannabinoids

Extraction of plant material is accomplished by one of two different methods: (1) sol-
vent extraction or (2) supercritical fluid extraction. Cannabis extract can be kept at -
20 °C for long-term storage. Decarboxylation of the acid cannabinoids to the neutral
cannabinoids can be done either before extraction by heating the biomass or after
extraction by heating the extract.
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2.5 Current status and future prospects:
cannabis-based drug development

Plant-based natural products play an important role in modern medicine. The pro-
cess, however, is costly and time consuming. Therefore, using traditional knowledge
with scientific focus would lead to developing botanical-based drugs to treat a specific
disease condition.

In the United States, the Food and Drug Administration has developed guidance
for the development of “Botanical Drugs” Products [136]. In the case of cannabis,
Sativex® (THC and CBD in a 1:1 ratio) is the only pharmaceutical product that contains
phytocannabinoids (GW Pharmaceuticals), which is available mainly in European and
Canadian market. The prospect for developing new cannabis-based pharmaceuticals
is wide open, and the change in the regulatory landscape in the United States will cer-
tainly encourage that prospect.
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Mahmoud A. EISohly*, Shahbaz W. Gul and Waseem Gul
3 A comprehensive review of cannabis
phytocannabinoids

Abstract: Cannabis sativa is one of the most extensively studied plants globally. It has
been cultivated for thousands of years across the world for a variety of uses. While
the seeds are of good nutritional value, fibers are used in textile products due to their
durability. The plant has long been used in both recreational and medicinal purposes
due to its psychotic and therapeutic effects. As such, it is highly important to under-
stand the composition of the cannabis plant. This chapter provides a brief synopsis of
the history, isolation, and structural elucidation for each of the 129 constituents classi-
fied as cannabinoid-type constituents.

Keywords: cannabis, cannabinoids, history, isolation, structural elucidation, biomass

3.1 Introduction

For over 6,000 years, Cannabis sativa L. (C. sativa) has been cultivated across the
world. Cannabis has many different names; marijuana (above ground portion, USA),
bhang (dried leaves, India), hashish, or hasheesh and many other preparations of the
plant [1]. C. sativa is the most widely abused drug by millions of people throughout
the world where one form or another of cannabis is consumed, and about 18% of
Americans used it at least once in 2019 [2].

This annual herbaceous plant has been used as a valuable fiber source for the
majority of known history, constituting various textile products given its durability,
strength, and water resistance [3]. The oldest evidence for use of this plant was uncov-
ered in 1974 in China, dating from approximately 4,000 BC [4].

Cannabis itself is a unique plant that has more than 100 variants or races. In the
past some of these variants were regarded as different species because of their differ-
ent morphology and or constituents. Today, it is regarded as one genus belonging to
family Cannabaceae.
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In 1964, Gaoni and Mechoulam [5] identified A°-THC as the primary psychoactive
constituent of C. sativa.

The term “cannabinoids” was first coined by Mechoulam and Gaoni in 1967 [6],
where the term describes a group of terpenophenols restricted in occurrence only to
C. sativa and not to any other plant, sparking the first surge of research for the next
three decades [7]. After the initial surge, the number of publications, as well as inter-
est in cannabis, slowly declined until the early 1990s.

The most common and biologically significant are the cannabinoids with a C5
side chain in the form of an n-pentyl (or n-amyl) group. The most common of these is
A%-tetrahydrocannabinol (A°-THC), cannabidiol (CBD), and cannabinol (CBN). So far,
129 known cannabinoids have been isolated and characterized [8].

The discovery and cloning of the cannabinoid receptors, in addition to the identi-
fication of anandamide, an endogenous cannabinoid by Dr. Mechoulam, sparked re-
newed interest in cannabis and cannabinoids [9].

On November 5, 1996, California became the first state to legalize medical mari-
juana, paving the path to 37 other states legalizing medical marijuana in the years to
come. The interest in pharmacological, therapeutic, and psychoactive effects of canna-
binoids continues today, with groundbreaking research dealing with different deriva-
tives of cannabinoids as compared to the parent cannabinoids.

3.2 Hemp and marijuana are not the same

It appears that the physical and chemical variations among cannabis numerous races
are triggered by environmental factors. Cannabis variants are often divided into fiber
types which produce little psychoactive ingredients but have strong phloem fibers
useful in making ropes, for example, some Canadian and Turkish plants and pheno-
drug variants or drug type which are rich in psychoactive compounds, for example,
South African, Mexican, and Columbian variants.

On February 7, 2014, the Agricultural Improvement Act of 2014 (2014 Farm Bill)
was signed into law by President Obama. Four years later, a revision of the 2014 Farm
Bill, dubbed the 2018 Farm Bill, was passed on December 11, 2018. The 2018 Farm Bill
included a distinct separation between “hemp” and “marijuana.” Hemp is not a con-
trolled substance and must meet two conditions: (a) the cannabis plants and extracts
from hemp must contain less than 0.3% equivalent of A’-THC and (b) must be pro-
duced under a state program approved by the USDA. Any cannabis material that fails
either of these two criteria is classified as marijuana.

Marijuana, on the other hand, is a Schedule I Controlled Substance and is subject
to DEA and state regulations. This distinction, as well as the legalization of marijuana
for both medicinal and recreational use, has generated much controversy, leaving the
future of cannabis growth and research uncertain.
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3.3 Historical review of the chemical research
on cannabis

Throughout the nineteenth century there was a great deal of chemical work on natu-
ral products, especially alkaloids, for example, morphine, cocaine, strychnine, and
many others. However, most of the terpenoids were not isolated until the end of the
century or even much later. The reason behind this disparity is that alkaloids are rela-
tively easy to isolate whereas terpenes occur mostly as difficult to separate mixtures.
The research for the active constituents in cannabis took place in 1821 with no clear
results. This was followed in 1840 by preparing a volatile oil fraction from cannabis,
an alcohol extract in 1848, and then in 1885 a resin was obtained by extracting alkalin-
ized plant material in the hope that the active ingredient might be an alkaloid.

At the turn of the century (1896) attempts were made to separate the active com-
ponent by fractional distillation of an ether extract. This resulted in the production of
an active fraction. This fraction was highly impure however because as it turned out
many cannabinoids boil at the same temperature. Later in 1898-1899, this volatile
fraction was further purified by acetylation to give a crystalline fraction that upon
hydrolysis gave a pure crystalline compound C,;Hy¢0, which was named CBN. Thus,
CBN represents the first natural cannabinoid to be obtained in pure form.

The isolation of CBN had a component of luck to it as it occurs in cannabis in very
small amounts, unless it is too old, and in this case, some or most of the active constit-
uent (A>-THC) is oxidized by atmospheric air and light, producing CBN. The structure
of CBN was established largely by Cahn [10].

3.4 Cannabinoid-type constituents of C. sativa

Over 500 total constituents of C. sativa have been identified, of which 129 are cannabi-
noids (Table 3.1). Cannabigerolic acid (CBGA) is the precursor for all of the major can-
nabinoids. Three different synthase enzymes then convert CBGA to the three other
major cannabinoid acids: A%-tetrahydrocannabinolic acid (THCA) synthase produces
A°-THCA; cannabidiolic acid (CBDA) synthase produces CBDA; and cannabichromenic
acid (CBCA) synthase produces CBCA.

Upon irradiation of CBCA with UV light, cannabicyclolic acid (CBLA) is formed.
Reacting CBDA with epoxidase results in the production of cannabielsoic acid
(CBEA). Decarboxylation of THCA, CBDA, CBCA, CBEA, and CBLA through nonenzymatic
means, such as the use of heat, yields the neutral form of each cannabinoid, namely
THC, CBD, cannabichromene (CBC), cannabielsoin (CBE), and cannabicyclol (CBL), re-
spectively. Below are the cannabis phytocannabinoids in their major types and their
chemical structures.
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Table 3.1: Number of
cannabinoids in each chemical
class in Cannabis sativa.

Chemical class Number of
cannabinoids

CBG 16
A°-THC 25
CBT 9
A.-THC 5
CBN 11
CBD 13
CBND 2
CBE 5
CBC 9
CBL 3
Miscellaneous 31
Total 129

3.4.1 CBG-type cannabinoids

There is a total of 16 cannabinoids in this cannabinoid class. The structures for these
cannabinoids can be seen in Figures 3.1-3.3.

Ry

1 (E)-CBG, R=H, R,=CsHj, Ry=H
2 (E)-CBGM, R=H, R;=CsHjy, R,=CH;
3 (E)-CBGA, R=COOH, Ry=CsHy, Ry=H
4 (E)-CBGAM, R=COOH, R=CsHyy, R,=CH3
5 (E)-CBGV, R=H, Ry=CsHy, R=H
6 (E)-CBGVA, R=COOH, R=C3Hy, R,=H

Figure 3.1: Structures of six CBG-type cannabinoids (1-6).

Cannabigerol (E-CBG, 1) was first isolated from cannabis resin in 1963. Florisil chromatog-
raphy was used for the isolation of compound 1 and its structure was confirmed through
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synthesis [11]. Two years later, the monomethyl ether of E-CBG (CBGM, 2) was isolated
from a benzene extract of hemp. The extract was first heated in toluene for seven hours
and then CBGM was purified through silica-gel column chromatography using benzene
as the eluent [12]. In 1975, both CBGA (3) [13] and the monomethyl ether of CBGA (CBGAM,
4) were isolated [14]. Cannabigerovarin (CBGV, 5) and cannabigerovarinic acid (CBGVA, 6)
were both isolated from “Meao” variant of cannabis from Thailand. The chemical struc-
tures for both cannabinoids were determined using IR, NMR, and UV spectroscopy [15,
16]. The structures for these six CBG-type cannabinoids are shown in Figure 3.1.

The cis isomer of CBGA ((Z)-CBGA, 7) was isolated through silica-gel column chroma-
tography in 1995 from an acetone extract of the leaves of a Mexican strain of C. sativa.
The chemical structure of (Z)-CBGA (7) was determined through NMR spectroscopy and
confirmed via synthesis [17]. The polar dihydroxycannabigerol derivative (camagerol, 8)
was isolated from the aerial parts of the Carma C. sativa strain through reversed-phase
(Cyg) silica-gel column chromatography, followed by normal-phase silica gel chroma-
tography, and then through normal phase-high performance liquid chromatography
(NP-HPLC) in 2008. The wax of the aerial parts of the Carma strain was hydrolyzed and
purified through silica gel and alumina column chromatography, which produced
both waxy and nonwaxy fractions. From one of the waxy fractions, the farnesyl preny-
logue of cannabigerol (sesquicannabigerol, 9) was isolated [18]. The structure of sesqui-
cannabigerol was elucidated by 'H and *C-NMR techniques and semisynthesis. The
structures of these three CBG-type cannabinoids are shown in Figure 3.2.

OH

N Xy OH X

COOH OH
HO CSHl 1
HO CsHy,

OH

7 (Z)-CBGA 8 Carmagerol
OH
N A
HO CsHy

9 Sesquicannabigerol

Figure 3.2: Structures of three CBG-type cannabinoids (7-9).

Four epoxy cannabigerol derivatives (10-13) were isolated from Mississippi grown high
potency C. sativa. For the isolation and purification of these compounds, vacuum liquid
chromatography (VLC), flash chromatography, and HPLC were used. The chemical struc-
tures of these derivatives were determined to be (+)-6,7-cis-epoxycannabigerol (10),
(+)-6,7-trans-epoxycannabigerol (11), (+)-6,7-cis-epoxycannabigerolic acid (12), and (+)-6,
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10a 10b

10 (+)-6,7-cis-epoxycannabigerol

AVAVARAt
A AL H JENS - N B
I1a 11b 13a 13b
11 (£)-6,7-trans-epoxycannabigerol 13 (£)-6,7-trans-epoxycannabigerolic acid

OH O
2

OR

| HO CsH,,
R=
14 S-acetyl-4-hydroxycannabigerol

15 y-cudesmyl- 16 o-cadinyl-
cannabigerolate cannabigerolate

Figure 3.3: Structures of seven CBG-type cannabinoids (10-16).

7-trans-epoxycannabigerolic acid (13) using NMR and HRESIMS spectroscopic techniques
[19]. The same group isolated 5-acetyl-4-hydroxy-cannabigerol (14) [20] from the buds
of C. sativa, using NP-HPLC of polar fractions, as well as two esters of CBGA, namely
y-eudesmyl-cannabigerolate (15) and a-cadinyl-cannabigerolate (16), from high-potency
C. sativa using chiral HPLC [21]. The structures of these seven CBG-type cannabinoids are
shown in Figure 3.3.

When compared to the level of activity of A’-THC, the activity of CBG-type canna-
binoids is negligible [22, 23]. CBD potentiated pentobarbital induction and sleeping
time, while CBG antagonized it [24]. There is also relative data demonstrating the de-
crease in the rate of absorption and excretion of pentobarbital [25] due to CBG (1) as
well as exhibiting activity against nuclear membrane bound ribosomes of infant rat
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brain cells [26]. Rat brain cortex slices were used to show the inhibiting effect of CBG
(1) on the incorporation of both leucine and uridine into the proteins and nucleic
acids of the slices, respectively [27].

3.4.2 A°-THC-type cannabinoids

There is a total of 25 cannabinoids in this class. The structures for these cannabinoids
can be seen in Figures 3.4-3.6.

At least two different numbering systems are used in cannabinoids. The first system is
mostly used in the USA, and it depends on pyran-type cannabinoids as dibenzopyrans as
follows: 3-pentyl-6a,7,8,10a-tetrahydro-6,6,9-trimethyl-6 H-dibenzo[4]pyran-1-ol. The second
system is used by Israeli and European scientists and it depends on cannabinoids as substi-
tuted p-mentha derivative (A-THC based on p-mentha). Using this system, the carbon atoms
retain their numbers in going from pyran type to nonpyran-type cannabinoids. Further-
more, the system has a biogenetic significance as cannabinoids are monoterpene deriva-
tives. The International Union of Pure and Applied Chemistry is yet to have a ruling on the
system of numbers that should be used. The numbering systems can be seen in Figure 3.4.

17 A’-THC, R,=CsH,,. R,=H
18 A>-THCAA, R=COOH, R,=CsH,,, R,=H
19 A’-THCAB, R=H, R=CsHy;, R,=COOH
20 A>-THCV, R=H, R,=C;H,, R,=H
21 A>-THCVA, R=COOH, R,=C3Ha, R,=H
22 A’-THCO, R=H, R,=CH;, R,=H
23 A’-THC-C4, R=H, R,=C,Ho, Ry=H
24 A’-THCAA-C4, R=COOH, R;=C4Ho, Ry=H
25 A>-THCOA, R=COOH, R,=CHj, R,=H

A-THC (Second numbering system based on p-menta) 9

26 A>-THC-aldehyde, R=CHO, R,=CsHj,, Ry=H

Figure 3.4: Structures of ten A’-THC-type cannabinoids (17-26).

Pure (-)-trans-A>-THC (17), the predominant cannabinoid as well as the primary psy-
choactive ingredient of C. sativa was isolated in 1964 from a hexane extract of hashish
using Florisil column chromatography [5]. Three years later, (-)-trans-A’tetrahydrocannabinolic
acid A (A*-THCAA, 18) was isolated from cannabis using a cellulose powder column eluted with
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a mixture of hexane and dimethylformamide followed by preparative thin-layer chromatog-
raphy (TLC) [28]. Another A’-THC acid, namely (-)-trans-A’-tetrahydrocannabinolic acid
B (A%-THCAB, 19), was isolated from the purification of a hashish sole through a silicic
acid column eluted with a mixture of ether in petroleum ether [29]. In 1971, (-)-trans
-A-tetrahydrocannabivarin (A%-THCV, 20) was isolated from a light petroleum ether
extract of a cannabis tincture of Pakistani origin using the countercurrent distribu-
tion technique [30].

Two years later, in 1973, (—)-trans—Ag-tetrahydrocannabivarinic acid (A°-THCVA, 21)
was isolated from fresh C. sativa leaves from South Africa [31]. The same year, a new
A°-THC type cannabinoid, namely (-)-trans-A°-tetrahydrocannabiorcol (A’-THCO
or AB-THC-Cl, 22) was identified in the light petroleum ether extract of Brazilian mari-
juana [32]. The ethyl acetate extracts of police confiscated cannabis leaves, resins, and
tinctures were analyzed using gas chromatography coupled with mass spectrometry
(GC-MS). From this analysis, new A’-THC-type cannabinoids were identified and charac-
terized, namely (-)-A’-trans-THC-C4 (23), (-)-A-trans-tetrahydrocannabinolic acid A-C,
(A-THCAA-C,, 24), and (-)-A°-trans-tetrahydrocannabiorcolic acid (A>-THCOA, 25) from the
ethyl acetate extracts of police confiscated cannabis leaves, resins, and tinctures [33]. In
2015, the aldehyde derivative of A*THC, (-)-A%-trans-tetrahydrocannabinal (A>-THC alde-
hyde, 26) was isolated [34]. These 10 A9-THC-type cannabinoids are shown in Figure 3.4.

Eight cannabinoid esters, namely a-fenchyl-A%-tetrahydrocannabinolate (27),
B-fenchyl-A’-tetrahydrocannabinolate (28), bornyl-A%-tetrahydrocannabinolate (29), epi-
bornyl-A’-tetrahydrocannabinolate (30), a-terpenyl-A’-tetrahydrocannabinolate (31),
4-terpenyl-A’-tetrahydrocannabinolate (32), a-cadinyl-A’-tetrahydrocannabinolate
(33), and y-eudesmyl-A°-tetrahydrocannabinolate (34) were isolated from a hexane
extract of a high potency variety of C. sativa using a variety of chromatographic tech-
niques, including VLC, Cg semipreparative HPLC, and chiral HPLC [17]. These esters
are shown in Figure 3.5.

Three cannabinoid-type compounds were isolated and identified in 2015, namely
8a-hydroxy-(-)-A%-trans-THC (35), 88-hydroxy-(-)-A°’-trans-THC (36), and 11-acetoxy-
(-)-A%-trans-THC (37) from high potency C. sativa using multiple chromatographic
techniques, including silica gel VLC, Cg-solid-phase extraction, and HPLC [35]. In addi-
tion, the same group also isolated 8-oxo-(-)-A%-trans-THC (38) from the same cannabis
variety [30]. Through flash silica gel column chromatography, cannabisol (39) was iso-
lated from a group of illicit cannabis samples received under the cannabis potency
monitoring program at the University of Mississippi. The GC-MS analysis of these
samples indicated the dimeric nature of the compounds due to the presence of two
molecular peaks at m/z 314 and m/z 328, corresponding to A>-THC (17) and 2-methyl-
AS-THC, respectively [36]. The structures for these cannahinoids can be found in Figure 3.6.

Two new A’-THC-type cannabinoids were isolated from a medicinal cannabis va-
riety (Italian FM2), namely (—)-Ag-trans-tetrahydrocannabiphorol (A%-THCP, 40) and
(—)-Ag-trans-tetrahydrocannabihexol (A%-THCH, 41). These cannabinoids were shown
to induce a variety of effects in cannabinoid tetrad pharmacological test, including
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Figure 3.5: Structures of eight A’>-THC esters (27-34).
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R

35 8a-OH-A’-THC, R=a-OH, R;=H
36 8,8—OH—A9—THC, R=B-OH, R;=H
37 ll—acetoxy—Ag»TIIC, R=H, R;=0OAc
38 8~Ox04A9—TIIC, R=0, R;=H

39 cannabisol

CsH1s
40 A’-THCP 41 A’-THCH

Figure 3.6: Structures of seven A>-THC-type cannabinoids (35-41).
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analgesia, catalepsy, hypomotility, and decreased rectal temperature. Multiple spec-
troscopic techniques were used to elucidate their chemical structures, namely 'H and
B3C-NMR, circular dichroism (CD), and UV absorption spectroscopy, and LC-HRMS; the
structure was confirmed through stereoselective synthesis. It is theorized that A°>-THCP
(40) could be partially responsible for some of the pharmacological properties of multi-
ple cannabis varieties which are problematic to assign solely to A>-THC (17) [37, 38].

As A°-THC is the active constituent of cannabis, the pharmacological studies pub-
lished regarding this class of cannabinoids are numerous, numbering in the thou-
sands. There are a few good sources, however, to have a good understanding of the
pharmacology of A>-THC [39-43]. On the other hand, A>THCA (A or B) was identified
to have an agonistic effect on the contraction of isolated rat ileum induced by three
neurotransmitters, namely acetylcholine, histamine, or barium chloride [44]. Two
studies also reported the biological activity of AS-THCV [31, 45] one of which deter-
mined that the effect of A>-THCV in humans was about one-fourth that of A*-THC.

3.4.3 Cannabitriol-type cannabinoids

There is a total of nine cannabinoids in this cannabinoid class. The structures for
these cannabinoids can be seen in Figure 3.7.

The identification of cannabitriol (CBT, 42) was reported in 1966 [46], but its
chemical structure was elucidated 10 years later [47] in 1976, and its stereochemistry
determined by X-ray analysis in 1984 [48]. It was reported that the specific rotation
for (-)-trans-CBT was -107°; however, upon analyzing that of (+)-trans-CBT (43), its
specific rotation turned out to be 7°, proving that the isolated (+)-trans-CBT (43) was a
partially racemized mixture [48]. In 1995, all nine CBT-type cannabinoids were re-
ported, including (+)-cis-CBT (44), (-)-trans-OEt-CBT (45), (+)-trans-CBT (46), CBT-C;
(47), (-)-trans-OEt-CBT-C; (48), 8-OH-CBT-C5 (49), and CBDA-Cs-9-O-CBT-Cs ester (50)
[49]. ElSohly et al. [50] isolated the compounds (+)-trans-CBT (43) and (-)-trans-ethoxy-
CBT (45) from the ethanolic extract of cannabis, by silica gel column chromatography
and identified by GC-MS. The CBT-type cannabinoid CBDA-9-O-CBT ester (50) was iso-
lated in 1968 from an extract of hashish [51]. The pharmacological properties of these
hydroxylated cannabinoids have not been established.

3.4.4 A%-THC-type cannabinoids

There is a total of five cannabinoids in this cannabinoid class. The structures for these
cannabinoids can be seen in Figure 3.8.

The cannabinoid (-)-A%-trans-THC (51) was isolated in 1966 from the flowers and
leaves of Maryland grown cannabis [52]. Silicic acid chromatography was used to
purify A®-THC from petroleum ether extract. The carboxylic acid of A®-THC, namely
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Figure 3.7: Structures of nine CBT-type cannabinoids (42-50).

AB-THCAA (52) was isolated from Czechoslovakian cannabis as the methyl ester [53].
Three hydroxylated A®-THC-type cannabinoids were isolated from high potency
C. sativa, namely 10a-OH-A®-THC (53), 105-OH-A%-THC (54), and 10aa-OH-10-0x0-A%-
THC (55). The structure elucidation for these three cannabinoids was carried out
using 1D and 2D-NMR spectral analysis [34, 35].

The pharmacological effect of A®-THC (51) is very similar to that of ATHC (17),
albeit less activity. Hence, there are many sources that are available describing the
pharmacology associated with A®-THC (51) [54, 55].
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o CsHy1
51 AB-THC, R-H, R,-H, Ro-H
52 ASTHCAA, R-COOH, R, Ry-H
53 10a-OH-A®-THC, R-H, Ri-a-OH, Ry-H
54 10B-OH-A®-THC, R-H, R=p-OH, Rp=H
55 10a0-10-0x0-OH-A>-THC, R-H, R,-0, Ry-OH

Figure 3.8: Structures of five A>-THC-type cannabinoids (51-55).

3.4.5 CBN-type cannabinoids

A total of 11 cannabinoids are reported into this cannabinoid class. The structures for
these compounds are shown in Figures 3.9 and 3.10.

This class of cannabinoids contains the fully aromatized derivatives of A>-THC. Seven
CBN-type cannabinoids, namely CBN (56), cannabinolic acid (CBNA, 57), CBN-C, (58),
CBN-C; (59), CBN-C, (60), cannabiorcol (CBN-Cy, 61), and cannabinol methyl ether (CBNM,
62) were all identified from different extracts through various chromatographic and
spectral analyses [55-57]. Both 8-hydroxycannabinol (8-OH-CBN, 63) and 8-hydroxy-
cannabinolic acid A (8-OH-CBNAA, 64) were isolated from a high potency variety of C. sativa
in 2009 and chemically identified based on NMR and high-resolution mass spectrometry
(HR-MS) analysis [20]. In addition, the isolation of 1'S-hydroxycannabinol (1'S-OH-CBN, 65)
and 4-terpenyl cannabinolate (66) were reported from the same high potency C. sativa vari-
ety six years later; their chemical structures were elucidated via GC-MS analysis [35].

The pharmacology associated with CBN (56) has been studied extensively over the
years. It has shown to have a multitude of properties, including immunological prop-
erties [58], anticonvulsant activity [59], and anti-inflammatory activity [60]. CBN (56)
has also shown to potentiate the effects of AS-THC (17) [61, 62]; on the other hand, its
activity is approximately only 10% of that of A>-THC (17). There are also many other
studies that deal with the pharmacological activity of CBN (56) [40, 54, 55, 63].



76 —— Mahmoud A. ElSohly, Shahbaz W. Gul and Waseem Gul

OR
R4
(0] R,
56 CBN, R=H, Ri=H, Ry=CsHyy
57 CBNA, R=H, R;=COOH, Ry=CsHy,
58 CBN-Cy, R=H, R;=H, Ry=C4Hy
59 CBN-C3, R=H, Ry=H, R,=C;3Hy
60 CBN-C,, R=H, R;=H, R,=C,H;
61 CBN-Cy, R=H, R;=H, R,=CHj;
62 CBNM, R=CH;, Rj=H, R,=CsHyy

Figure 3.9: Structures of seven CBN-type cannabinoids (56-62).

63 8-OH-CBN, R=H, R;=H, Ry=OH
64 8-OH-CBNA, R=COOH, R;=H, R,~OH
65 1'S-OH-CBN, R-=H, Ri=a-OH,  Ry=H

o CsHyq4

66 4-terpenyl-cannabinolate

Figure 3.10: Structures of four CBN-type cannabinoids (63-66).
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3.4.6 CBD-type cannabinoids

A total of 13 cannabinoids are identified in this class, the structures of which are
shown in Figure 3.11.

R

R4
67 CBD, R=H, R;=CsHyy, Ry=H
68 CBDA, R=COOH,  R;=CsHyj, Ro=H
69 CBDV, R=H, R=C;3H3, Ry=H
70 CBDM, R=H, R1=CsHj1, R,=CH;
71 CBD-C;,  R=H, Ry=CHj, Ro=H
72 CBD-C4,  R=H, R;=C4Ho, R,=H
73 CBDVA, R=COOH, R;=C3Hj, Ry=H
74 CBDP, R=H, R;=C;H}s, Ro=H
75 CBDH, R=H, R=CgH}3, R,=H

76  1,2-dihydroxycannabidiol 77

b ‘ OH HO
HO OH

79 CBDD

3,4-dehydro-1,2-dihydroxycannabidiol

SN
\\ HO

78 Hexocannabitriol

Figure 3.11: Structures of 10 CBD-type cannabinoids (67-79).
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The two major cannabinoids of the nonpsychotropic (fiber-type) variety of C. sativa
are namely CBD (67) and CBDA (68). CBD (67) was first isolated in 1940; after allowing
the oily CBD (67) to sit for several weeks, it was then crystallized [64]. CBDA (68) was
isolated in 1955 [65]. In 1969, the complete synthesis of CBD (67) was reported, along
with the designation of the absolute configuration as (-)-trans-(1 R,6 R) [66]. In the
same year, cannabidivarin (CBDV, 69), the C; analogue of CBD (67), was isolated from
the ligroin extract of hashish via silica gel column chromatography [67]. Cannabidiol
monomethyl ether (70) was isolated in 1972 from the ethanolic extract of the leaves
from the Minamioshihara No. 1 (M-1) variety of C. sativa [68]. Also, in 1972, the C,; ana-
logue of CBD (67), namely cannabidiorcol (CBD-Cy, 71), was isolated from a hexane ex-
tract of Lebanese hashish [27]. In 1976, cannabidiol-C, (CBD-C,, 72) was identified via its
mass and lack of methylene unit [33]. Cannabidivarinic acid (CBDVA, 73) was isolated
from a benzene extract of Thailand cannabis in 1977 [16].

Two new CBD-type cannabinoids were isolated from a medicinal cannabis variety
(Italian FM2), namely cannabidiphorol (CBDP, 74) and cannabidihexol (CBDH, 75). CBDP
(74) has a C; alkyl side chain, while CBDH (75) has a Cg alkyl side chain, two and one
carbon units longer than the Cs chain present in CBD (67), respectively. They were puri-
fied using a mixture of acetronitrile:0.1% aqueous formic acid 70:30 (v/v) as the mobile
phase using a semipreparative C;g HPLC column . In addition, their structures were de-
termined and elucidated using a combination of different spectroscopic techniques (*H-
NMR, 3C-NMR, UV, and HRESIMS) and confirmed via stereoselective synthesis [37, 38].

From a hemp extract, using chromatographic purifications, three new compounds
were isolated in the pure form. Their structures were elucidated as 1,2-dihydroxycannabi-
diol (76), as a pale yellow amorphous solid, 3,4-dehydro-1,2-dihydroxycannabidiol (77), the
34-unsaturated analogue of 76, was also isolated in small amounts as a pale yellow amor-
phous solid, and the derivative 2a-hydroxy-A"-hexahydrocannabinodiol (Hexocan-
nabitriol, 78), is proposed, was isolated as an optically active pale yellow amorphous
solid [69]. The structures of which are shown in Figure 3.11.

Last year, a dimer of CBD, namely cannabitwinol (CBDD, 79) was isolated from the
hexane extract of hemp, which was chromatographed using a silica-gel column and
eluted with hexane/DCM and semipreparative C;g-HPLC. The structure was determined
using 1D and 2D-NMR and confirmed via HREIMS and tandem mass spectrometry. The
compound was identified to be a dimer of CBD through a methylene bridge; the dimeriza-
tion of CBD, could be resulting from an enzymatic reaction involving a one carbon donor
enzyme like methylene tetrahydrofolate [70]. The structure of CBDD (79) can be seen in
Figure 3.11.

Rat brain cortex slices were used to show the inhibiting effect of CBD (67) on the
incorporation of both radio carbon-labeled leucine and uridine into the proteins and
nucleic acids of the slices, respectively [26]. In addition, CBD (67) has also shown con-
siderable anti-inflammatory [71] and anticonvulsant [41, 72-74] activity in a multitude
of studies. CBDA (68), on the other hand, was shown to have antibacterial activity on
several microorganisms [75] as well as against Staphylococcus aureus [76].
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3.4.7 Cannabinodiol (CBND)-type cannabinoids

There are only two cannabinoids in this cannabinoid class, the structures of which
are shown in Figure 3.12.

80 CBND-C3, R=C;H,

81 CBND-Cs, R=CsH11  Figure 3.12: Structures of two CBND-type cannabinoids (80-81).

In 1972, cannabinodivarin (CBND-Cs, 80) was detected in hashish by GC-MS analysis; five
years later, cannabinodiol (CBND, 81) was isolated from Lebanese hashish through silica
gel column chromatography [77]; five years later, the structural elucidation of CBND (81)
was determined through "H-NMR and confirmed via the photochemical transformation
of CBN [78].

3.4.8 CBE-type cannabinoids

There are five cannabinoids identified in this class, the structures of which are shown
in Figure 3.13.

82 CBE, R=H, Ri=CsH;;,  Ry=H
83 CBEAA, R=COOH, R=CsHj;, Ry=H
84 CBEAB, R=H, R=CsH;;,  R,=COOH
85 CBE-Cj, R=H, R,=C3H3, Ry-H
86 CBEAB-C3, R-=H, R=C3Hj, R,=COOH

Figure 3.13: Structures of five CBE-type cannabinoids (82-86).
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The parent cannabinoid of this class, namely CBE (82), was isolated in 1973 [79];
the configuration of the cannabinoid was determined to be 5aS, 6S, 9 R, and 9aR
one year later [80]. There is a total of two acids associated with CBE (82), namely can-
nabielsoic acid A (CBEAA, 83) and cannabielsoic acid B (CBEAB, 84). The structure elu-
cidation for CBEAA (83) and CBEAB (84) was carried out using both NMR spectroscopy
and chemical transformations [81]. The C; analogue of CBE, CBE-C; (85), as well as the
acidic C; analogue of CBEB, cannabielsoic acid B-C3 (CBEAB-Cs, 86), were both identi-
fied from cannabis in 1978 [82].

3.4.9 CBC-type cannabinoids

There are nine cannabinoids identified in this class, the structures of which are
shown in Figure 3.14.

OH
OH
_ R
~ =
0 R,
R, 0 CiHy,
OH
87 CBC, R=H, R=CsH,, R,=H .
93 (4)-3'-OH-A*-CBC
88 CBCA., R=COOH, R,=CsH,;, R,=H
() + - = = =
89 (4)-CBCYV, R=H, R,=C;H,,  R,=H oH
90 (+)-CBCYV, R=H, R,=C;H,,  R,=H HO
91 CBCVA, R=COOH, R =C:H,  R,=H X 0 CsHy,
92 4-acetoxy-CBC, R=H. R,=C<H,,, R,=OCOCH, 94 (-)-7-hydroxycannabichromane
C,H,

95 2-methyl-2-(4-methyl-2-pentyl)-7-propyl-2H-1-benzopyran-5-ol

Figure 3.14: Structures of nine CBC-type cannabinoids (87-95).

One of the first cannabinoids to be isolated in this class, cannabichromene (CBC, 87),
was isolated from a hexane extract of hashish in 1966 through Florisil column chroma-
tography [83]. The carboxylic acid of CBC, namely cannabichromenic acid (CBCA, 88),
was isolated from a benzene extract of hemp two years later [84]. Just two years after
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this, the racemic mix of the C; homologue of CBC, Cannabichromevarin ((+)-CBCV, 89)
was identified through GC-MS analysis. In the same report, the (R) isomer of CBCV,
namely ((+)-CBCV, 90) and cannabichromevarinic acid (CBCVA, 91), were also isolated
from “Meao” cannabis variety from Thailand [16]. In 1984, a CBC-C; derivative was re-
ported, namely 2-methyl-2-(4-methyl-2-pentyl)-7-propyl-2 H-1-benopyran-5-ol (92); the lo-
cation of the double bond in the isoprenyl side chain shifted positions from a C3-C,
double bond to a C,—C3 double bond [85]. Three other CBC derivatives, 4-acetoxy-CBC (93),
(+)-3-hydroxy-A*-CBC (94), and (-)-7-hydroxycannabichromane (95), were isolated
from high potency C. sativa using a variety of chromatographic methodologies, includ-
ing silica gel VLC, NP-HPLC, and C;5-HPLC. The spectral identification of these com-
pounds was carried out using 1D and 2D-NMR spectroscopic techniques [20].

CBC (87) was shown to have a sedative and ataxia effect in dogs [86]; however, it
showed no activity in human smoking experiments [87] or in the Rhesus monkey [88].
In rats, CBC (87) was shown to induce a slight loss of muscular coordination as well as
an increase in urination and cyanosis [89]. The interaction between CBC (87) and A°-THC
(17) has been theorized in a study using monkeys in 1978 [90].

3.4.10 CBL-type cannabinoids

There are three cannabinoids in this class, the structures of which are shown in
Figure 3.15.

H OH
Ho > l R
E 0 R
96 CBL, R=H, Ry1=CsHyy

97 CBLA, R=COOH, R|=CsHj;

98 CBLV,  R=H, Ri=C3H7  Figure 3.15: Structures of three CBL-type cannabinoids (96-98).

Cannabicyclol (CBL, 96) was isolated from hashish in 1967 [91]. The relative configuration
of this cannabinoid was determined three years later by X-ray analysis (96) [92]. In 1972,
the carboxylic acid of CBL, namely CBLA (97) and its C3 homologue, cannabicylovarin
(CBLV, 98) were hoth isolated as optically inactive crystals [27]. CBLA (97) was deter-
mined to be produced during the natural irradiation of CBCA (88); this demonstrates
that CBLA (97) is not a natural cannabinoid [68].
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3.4.11 Miscellaneous-type cannabinoids

There are 31 cannabinoids which are reported in this cannabinoid class. The struc-
tures for these compounds are shown in Figures 3.16-3.18.

In 1971, cannabicitran (99) was synthesized and named citrylidene-cannabis [93],
however, this cannabinoid was first isolated from Lebanese hashish three years later, in
1974 [94]. Four miscellaneous-type cannabinoids were isolated in 1975, namely dehydro-
cannabifuran (100), cannabifuran (101), cannabichromanone (CBCN-Cs, 102), and 10-oxo-
A%2199)_tetrahydrocannabinol (OTHC, 103) [95]. The cis-isomer of A>-THC, namely (-)-cis-
A’-THC (104), was identified in confiscated marijuana samples in 1977 [96]. CBCN-C; (105)
and cannabicoumaranone-C; (CBCON, 106) were both isolated in 1978; however, their ab-
solute configurations are not known [82, 97]. Then, the following year, (-)-cannabiripsol
((-)-CBR, 107) was isolated from a cannabis variety from South America [98]. Cannabi-
glendol-C; (8-OH-iso-HHCV-Cs, 108) was isolated in 1981 from an Indian cannabis variety;
the cannabinoid was identified through spectral means as well as by comparing it to the
synthetic Cs homologue prepared [99]. The same year, another miscellaneous-type canna-
binoid, namely (+)-A"-cis-iso-THCV-C; (109) was isolated [100]. In 1984, three new miscella-
neous-type compounds were isolated, namely (-)-cannabitetrol (110) [93], (-)-A’-trans-
(1 R,3 R,6 R)-iso-THCV-C; (111), and ()-A"-trans-1 R3 R,6 R)-iso-tetrahydrocannabinol-Cs
(112) [101]. The structures of these miscellaneous-type cannabinoids can be found in
Figure 3.16.

In 2008, six new miscellaneous-type cannabinoids were isolated from a high-
potency variety C. sativa. Three of these cannabinoids were variants of CBCNs,
namely CBCN B (113), CBCN C (114), and CBCN D (115) [102]. The absolute configura-
tion of these three cannabinoids was assigned based on inspection of their CD spec-
tra as well as on the basis of the Mosher ester. These cannabinoids were isolated
using semipreparative RP-HPLC. The other three cannabinoids, namely (-)-(7 R)-
cannabicoumaronic acid (116), 4-acetoxy-2-geranyl-5-hydroxy-3 n-pentylphenol (117),
and 2-geranyl-5-hydroxy-3 n-petnyl-1,4-benzoquinone (118), were isolated from the
buds and leaves of the cannabis plant. These three cannabinoids were isolated
through a variety of chromatographic techniques, including silica-gel VLC, solid-
phase extraction, RP columns, and NP-HPLC [21]. In the same year, the same group
also isolated another miscellaneous-type cannabinoid namely 5-acetoxy-6-geranyl-3-
n-pentyl-1,4-benzoquinone (119) [19]. Two years later, a new cannabinoid named can-
nabimovone (120) was isolated from a nonpsychotropic C. sativa variety. This cannabi-
noid is presumably a CBD metabolite degradation product and was isolated from a
polar fraction of hemp using flash chromatography over RP silica-gel followed by NP-
HPLC [103]. In 2022, for the first time anhydrocannabimovone (121), isolated for the
first time as a natural product from mother liquors obtained from crystallization of
CBD from hemp [69].

A tetracyclic cannabinoid, cannabioxepane (122) was isolated a year later from
the cannabis variety called carmagnole using many chromatographic techniques,
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including RP silica-gel column, NP-silica gel column, and NP-HPLC chromatography
[104]. The structures of compound 113-122 are shown in Figure 3.17.

In 2015, the same group reported the isolation of seven new miscellaneous-type
cannabinoids, the structures of which are shown in Figure 3.18. These compounds
were structurally determined to be 10a-hydroxy-A%“ hexahydrocannabinol (123),
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Figure 3.16: Structures of fourteen miscellaneous-type cannabinoids (99-112).
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Figure 3.17: Structures of nine miscellaneous-type cannabinoids (113-122).

98,10B-epoxy-hexahydrocannabinol (124), 9a-hydroxy-hexahydrocannabinol (125),
7-0x0-9a-hydroxy-hexahydrocannabinol (126), 10a-hydroxyhexahydrocannabinol (127),
10a-hydroxy-hexahydrocannabinol (128), and 9a-hydroxy-10-oxo-A**1%.THC (129)
[34, 35]. The structures of these cannabinoids are shown in Figure 3.18.
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Figure 3.18: Structures of seven miscellaneous-type cannabinoids (123-129).
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4 The non-cannabinoid constituents
of Cannabis sativa

Abstract: Although cannabinoids are the most studied constituents of Cannabis sativa
L. C. sativa, there have been over 400 non-cannabinoid constituents which have been
identified from C. sativa. These non-cannabinoids can be classified into four separate
chemical classes: alkaloids, flavonoids, phenols, and terpenes. Although the focus has
been on the cannabinoid-type constituents of cannabis, the non-cannabinoids are just
as vital and essential to define the chemical profile and the characteristic properties
associated with C. sativa. This chapter addresses the isolation and identification of the
most important and predominant non-cannabinoid-type constituents, classified into
four major classes.

Keywords: cannabis, non-cannabinoids, isolation, structural elucidation, volatile oil

4.1 Alkaloids

A total of only two spermidine alkaloids have been identified in cannabis. The first sper-
midine alkaloid was isolated in 1975 from a methanolic extract of the roots of a Mexican
variant of C. sativa that was grown in Mississippi. This alkaloid was later identified as
cannabisativine (1) through the use of X-ray crystallography [1]. Also, in 1975, cannabi-
sativine (1) was isolated from the ethanolic extract of dry leaves and small stems of a
cannabis strain grown in Thailand. This extract subjected to both acid-base partitioned
and subjected to two different chromatographic techniques, namely both thin-layer
chromatography and column chromatography. The compound was then crystallized
using acetone [2].

A year later, a second spermidine alkaloid, specifically anhydrocannabisativine (2)
was isolated from a Mexican variety of cannabis that was grown in Mississippi. The al-
kaloid was isolated from an extract of dry leaves and roots of this variety, which was
subjected to acid-base extraction, followed by silica gel column chromatography. The
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structural elucidation of anhydrocannabisativine (2) was confirmed via spectral data
analysis, as well as through the conversion of cannabisativine (1) to anhydrocannabisa-
tivine (2) [3]. A year later, the same research group in Mississippi reported the identifi-
cation of this compound in 15 different cannabis variants through the use of thin-layer
chromatography eluted with a mixture of chloroform:acetone:ammonia (1:1:1). The
compound was also identified in the roots and leaves of the same Mexican cannabis
variety in 1978 [4]. The chemical structures of both spermidine alkaloids are shown in
Figure 4.1.

OGO 000

HOm,,, o O
\/\/ \/\/
(1) Cannabisativine (2) Anhydrocannabisativine

Figure 4.1: Chemical structure of cannabis alkaloids.

4.2 Flavonoids

A total of 36 different compounds were isolated from C. sativa in the flavonoid category.
The basic skeletons of flavonoids can either be geranylated, glycosylated (carbon or ox-
ygen glycosides), methylated, or prenylated. Within the flavonoid class, there are seven
basic chemical structures, namely, apigenin, isovitexin, luteolin, kaempferol, orientin,
quercetin, and vitexin.

In 1979, three different flavonoid glycosides, namely, vitexin (7), cytisoside (11), and
cytisoside glucoside (12), were isolated from the seeds of a Canadian cannabis variety.
The chemical structures of these compounds were determined through the use of a hy-
drolytic test, thin-layer chromatography, and UV spectroscopic analyses [5]. Turner et al.
published a review in 1980, having the details of the isolation and chemical structures of
19 different flavonoids (3-6, 8-10, 13-19, 22-23, and 28-30) [6]. Two years later, two
methylated isoprenoid flavones, canniflavone 1 and canniflavone 2, were isolated from a
Cannabis strain grown in Thailand [7]. In 1986, the same two compounds were isolated
from an ethanolic extract of cannabis; however, the group renamed the two compounds
to cannflavin A (24); a geranyl flavone, and cannflavin B (25); a prenyl flavone. The
structures of these compounds were both determined and confirmed through a series of
different spectroscopic techniques, such as 'H-NMR, *C-NMR, and UV spectroscopy [8].
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Also, in 2008, three flavonoids were isolated, namely, 6-prenylapigenin (20), cannflavin C
(26), and chrysoeriol (27), by Radwan et al. from polar fractions of a cannabis variety
grown in Mississippi. Various chromatographic techniques were utilized, namely silica
gel column chromatography, reversed-phase high-performance liquid chromatography
(HPLC), and vacuum liquid chromatography (VLC). According to both 1D- and 2D-NMR, it
was determined that instead of the C-6, the geranyl moiety in cannflavin C (26) was at-
tached to C-8 [9]. In 2008, apigenin-6,8-di-C-f-D-glucopyranoside (21) was identified in a
methanolic extract of cannabis [10]. From cannabis plants of the Mexican variety grown
at the University of Mississippi, the pollen grains of the male plants were analyzed and
shown to contain two flavonoid glycosides, namely kaempferol-3-O-sophoroside (31) and
quercetin-3-O-sophoroside (32); their chemical structures were determined through the
use of both 1D- and 2D-NMR and UV spectroscopic analyses [11]. In 2012, the ethanolic
extract of hemp pectin was analyzed and a flavonoid glycoside, namely rutin (33), was
identified. The extract went through several purification steps using a variety of techni-
ques, including silica gel column chromatography, macroreticular resin, and Sephadex-
LH-20. In addition, for the spectroscopic identification of its chemical structure, a variety
of different methodologies were used, including '"H-NMR, *C-NMR, and electrospray ioni-
zation mass spectrometry (ESI-MS) [12]. From an hydroalcoholic extract of hemp inflores-
cence of monoecious cultivars grown in Italy, three flavonoids, quercetin (34), naringenin
(35), and naringin (36) were identified [13]. Using HPLC-PDA, four cultivars were analyzed
over time from flowering to ripening. Quercetin (34) was present in all four cultivars,
while naringenin (35) and naringin (36) were detected in only two cultivars. From a
water extract of industrial hemp of Futura 75 cultivar, which was also cultivated in Italy,
naringenin (35) was detected, and HPLC-diode array detection-MS was used to quantify it
[14]. The chemical structures of these 36 compounds are shown in Figure 4.2.

4.3 Non-cannabinoid phenols

A total of 42 compounds were classified as non-cannabinoid phenols. This class is di-
vided into four different subclasses: dihydrophenanthrenes, dihydrostilbenes, simple
phenols, and spiro-indans.

4.4 Dihydrophenanthrenes

From a Cannabis strain from Thailand, two different dihydrophenanthrenes were isolated,
namely cannabidihydrophenanthrene (cannithrene 1) (37) and cannithrene 2 (38), reported
in 1979 and 1982, respectively [7, 15]. In order to confirm the chemical structure of canni-
threne 2 (38), X-ray crystallography was used through the analysis of its diacetate deriva-
tive [15]. In 2008, using a variety of different normal and reversed-phase chromatography



94 —— Waseem Gul, Shahbaz W. Gul and Mahmoud A. EISohly

OH O
OH O
(7) Vitexin (R = H, R4= Glc, Ry=H)
(3) Orientin (R=H , Ry= Glc) (8) Vitexin-O-glucoside (R =H , Ry= Glc-Glc,R;=H )
(4) Orientin-O-glucoside (R = H , R{=Glc-Glc) (9) Vitexin-7-O-glucoside (R = Glc, R=Glc, Ry= H)
(5) Orientin-7-O-glucoside (R = Glc, R=Glc) (10) Vitexin-7-O-rhamnoglucoside (R = Rhm-Glu, R4= Glc, Ry= H)
(8) Orientin-7-O-rhamnoglucoside (R= Rhm-Glc, R1=Glc) (11) Cytisoside (R = H , Ry= Glc, R; = CHs)

(12) Cytisoside-glucoside (R = H , Ry= Glc-Glc, R, = CH3)
OH

(13) Isovitexin (R = Glc, Ry = R= H)

(14) Isovitexin-O-glucoside (R = Ry= Glc, Ry = Ry=H) OH O

(15) Isovitexin-7-O-glucoarbinoside (R = Glc, R = Glc-Ara, Ry= H) (22) Luteolin-C-glucuronid (R = H, Ry = Glu, R, = Glc, Ry=H)
(16) Isovitexin-7-O-rhmnoglucoside (R = Glc, Ry = Rhm-Glc, Ry= H) (23) Luteolin-7-O-glucuronid (R = H, Ry = Glu, Ry = H, R3=H)
(17) Apigenin-7-O-glucoside (R = H, R1 = Glc, R,=H) (24) Canniflavin A (R = Geranyl, Ry = H, R, = H, R3=CHj)
(18) Apigenin-7-O-glucuronoid (R = H, R1 = Glu, Ry= H) (25) Canniflavin B (R = Prenyl, Ry = H, Ry = H, R3 = CHy)
(19) Apigenin-7-O-p-coumaroylglucoside(R = Ry=H, Ry = coumaroylGlu)  (26) Canniflavin C (R = H, R, = Geranyl, Ry = H, R3 = CH3)
(20) 6-Prenylapigenin (R = Prenyl, R4 = Ry = H) (27) Chrysoeriol (R = H, Ry = H,R, = H, Rg = CH3)

(21) Apigenin-6,8-di-glucopyranoside (R=Glc, R, =Glc, Ry=H)

RO
OH O O

(28) Kaempferol-3-O-diglucoside (R = Glc-GLC, R = H)
(29) Quercetin-3-O-glucoside (R = Glc, Ry = OH)

(30) Quercetin-3-O-diglucoside (R = Gle-Glc, Ry = OH) (35) Naringenin (R = H)

(31) Kaempferol-3-O-sophoroside (R = Sophorosyl, Ry = H) (36) Naringin (R = Rhm-Glc)
(32) Quercetin-3-O-sophoroside (R = Sophorosyl, Ry = OH)

(33) Rutin (R = Rhm-Glc, Ry = OH)

(34) Quercetin (R =H, R4 = OH)

Figure 4.2: Chemical structures of cannabis flavonoids.

techniques, three different compounds, specifically two dihydrophenanthrenes (39, 40)
and one phenanthrene derivative (41), were isolated and identified from the ethanolic
extract of a Cannabis strain in Mississippi. These compounds were then identified to be
4,5-dihydroxy-2,3,7-trimethoxy-9,10-dihydrophenanthrene (39), 4-hydroxy-2,3,6,7-tetrame-
thoxy-9,10-dihydrophenanthrene (40), and 4,7-dimethoxy-1,2,5-trihydroxyphenanthrene
(41) using IUPAC nomenclature [9]. In the same year, an acetone extract of the Cannabis
strain (CARMA) was subjected to both fractionation and column chromatography to yield
denbinobin (42), which was identified and purified through crystallization from ether
[16]. Using three different spectroscopic techniques, namely 1D- and 2D-NMR and ESI-MS,
2,3,5,6-tetramethoxy-9,10-dihydrophenanthrenedione (43) was isolated from both the
leaves and branches of cannabis [17]. Both denbinobin (42) and 2,3,5,6-tetramethoxy-9,
10-dihydrophenanthrene-1,4-dione (43) are 1,4-phenanthrenequinone derivatives. The
chemical structures of these seven non-cannabinoid constituents are shown in Figure 4.3.



4 The non-cannabinoid constituents of Cannabis sativa = 95

OH OH OCHs3 Hal CO OH OH H3CO OCH3
(37) Cannithrene 1 (38) Cannithrene 2 (39) 4,5-dihydroxy-2,3,7-trimethoxy- (40) 4-hydroxy-2,3,6,7-tetramethoxy-
9,10-dihydrophenanthrene 9,10-dihydrophenanthrene
*oH OCH3 *ocH,
(41) 4,7-dimethoxy-1,2,5- (42) Denbinobin (43) 2,3,5,6-tetramethoxy-9,10-
trihydroxyphenanthrene dihydrophenanthrene-1,4-dione

Figure 4.3: Chemical structure of cannabis dihydrophenanthrene derivatives.

4.5 Dihydrostilbenes

To date, there have been a total of 13 dihydrostilbenes reported in cannabis. In 1979, a
series of four different dihydrostilbenes were reported, namely 3-[2-(4-hydroxyphenyl)-
ethyl]-5-methoxyphenol (44), 3-[2-(3-hydroxy-4-methoxyphenyl)-ethyl]-5-methoxyphenol
(45), 3-[2-(3-isoprenyl-4-hydroxy-5-methoxy-phenyl)-ethyl]-5-methoxyphenol (46), and can-
niprene (47), and their structures were elucidated using both chemical and spectral
analyses; however, the chemical structure of canniprene (47) was confirmed through
synthesis [15]. Five years later, two dihydrostilbenes, specifically cannabistilbene I (48)
and cannabistilbene II (49), were identified from a Panamanian variety of cannabis
grown at the University of Mississippi; the chemical structure of cannabistilbene I (48)
was confirmed through spectroscopic analyses, using a variety of different techniques,
including "H-NMR and mass spectral analysis. In addition, the chemical structure of this
compound was confirmed through total synthesis. On the other hand, the chemical
structure of cannabistilbene II (49) was theorized to have a chemical structure of ei-
ther 49A or 49B [18]. In the same year, another dihydrostilbene, namely 3,4,5-trihy-
droxydihydrostilbene (50), was isolated from an ethanolic extract of a hashish sample,
with the structural elucidation of the dihydrostilbene and its triacetate derivative car-
ried out using both 'H-NMR and "*C-NMR spectroscopic techniques and total synthesis
[19]. In 2018, three new and two known dihydrostilbenes were identified in a cannabis
variety grown in the Yunnan Province of China. These five dihydrostilbenes were ten-
tatively identified as a,a’-dihydro-3',4,5-trihydroxy-4-methoxy-3-isopentenylstilbene (51),
a,a-dihydro-3,4',5-trihydroxy-4-methoxy-2,6-diisopentenylstilbene (52), and a,a-dihydro-3,
4 5-trihydroxy-4'-methoxy-2',3-diisopentenylstilbene (53), a,a’-dihydro-3,4',5-trihydroxy-4,
5'-diisopentenylstilbene (54), and combretastatin B-2 (55) through the use of various
chromatographic technologies in the isolation and purification of these compounds,
including silica gel column chromatography, Sephadex column chromatography,
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preparative HPLC, and ODS-C18-silica gel column chromatography [20]. The chemi-
cal structures of these 13 compounds are shown in Figure 4.4.
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Figure 4.4: Chemical structure of cannabis dihydrostilbenes.
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4.6 Simple phenols

In the essential oil of cannabis, there were five simple phenols which were detected
and identified using gas chromatography-mass spectrometry (GC-MS), namely, eugenol
(56), methyleugenol (57), iso-eugenol (58), trans-anethol (59), and cis-anethol (60) [7, 21].
In 1994, the stem exudate of a strain of C. sativa underwent acid hydrolysis, and the
aglycone of phloroglucinol-3-p-glucoside (61) was isolated; however, phloroglucinol-B-p-
glucoside (61) itself was identified via different spectroscopic methodologies, including
thin-layer chromatography, ‘H-NMR, and GC-MS analyses [22]. Approximately 18 years
later, a new simple phenol, namely vanillin (62), was isolated from hemp pectin using
silica gel column chromatography; the simple phenol was identified using various spec-
troscopic technologies, including "H-NMR, *C-NMR, and ESI-MS [12]. The chemical struc-
tures of all seven simple phenols are shown in Figure 4.5.

H
3CO©M HSCOJQ/\/ /@/\/
R HO HaCO

(56) Eugenol; R = OH
(57) Methyleugenol; R = OCHj3

OH
A el
HO
A
PO o r
m OH or HO
HsCO

(61) Phloroglucinol- (62) Vanillin
R-D-glucoside OH

(58) Iso-eugenol (59) Trans-anethol

(60) Cis-Anethol

Figure 4.5: Chemical structures of cannabis simple phenols.

4.7 Spiro-indans

There are 16 spiro-indan-type compounds isolated from cannabis (63-78, Figure 4.6).

In 1976, cannabispiran (63) was isolated from an Indian Cannabis strain using nor-
mal-phase silica gel column chromatography, and its structure was confirmed using
X-ray crystallography [23]. Cannabispiran (63) was also isolated in the same year from a
South African cannabis variety and dubbed the name cannabispirone. The same group
also identified cannabispirenone (64) from the same cannabis variety. The chemical
structures of both cannabispiran (63) and cannabispirenone (64) were confirmed via
NMR and mass spectroscopic analyses [24]. Two years later, an isomer of cannabispire-
none (65) was isolated from a cannabis variety from Mexico, with its structure eluci-
dated using both 'H-NMR and EIMS analyses. The isomer itself has both interchangeable
hydroxyl and methoxy groups [25]. A new spiro-indan, cannabispiradienone (66), was
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Figure 4.6: Chemical structure of cannabis spiro-indans.

identified and isolated from a strain of cannabis grown in Thailand; its chemical struc-
ture was determined via ‘H-NMR spectroscopic analysis and confirmed using hydrogena-
tion [26]. The hydrogenation of cannabispiradienone (66) yielded cannabispiran (63),
confirming its structure. In addition, through a diene-phenol rearrangement, cannabis-
piradienone (66) can be biogenetically altered to yield cannithrene 1 (37) [15]. In 1977,
cannabispirol (67) was isolated and identified from a variant of South African cannabis
grown at the University of Mississippi; the orientation of the hydroxyl group was deter-
mined (and therefore better named as f-cannabispirol) through its ‘H-NMR analysis (67)
and that of its acetate derivative, namely acetyl cannabispirol (68) [27]. A year later, ben-
zene extract of the dried leaves of Japanese cannabis was chromatographed using a
polyamide column followed by silica gel column chromatography, yielding both cannabis-
pirol (67) and acetyl cannabispirol (68) [15]. A seized hashish sample from Saudi Arabia
was analyzed through a series of different spectral and chemical analyses, including flash
chromatography and silica gel column chromatography, yielding three spiro-indans
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which were chemically identified as 5-hydroxy-7-methoxyindan-1-spiro-cyclohexane (69),
7-hydroxy-5-methoxyindan-1-spiro-cyclohexane (70), and 5,7-dihydroxyindan-1-spiro-cyclo-
hexane (71) [18]. Through the use of repetitive chromatography of an extract of a canna-
bis variety from Panama isocannabispiran (72) was identified; the chemical structure of
which was determined to be 5-hydroxy-7-methoxy-spiro-(cyclohexane-1,1-indan)-4-one
through spectroscopic analysis and structural comparison to cannabispiran (63) [28]. In
2008, a new spiro-indan, namely 7-O-methyl-cannabispirone (73), was isolated from a
high-potency cannabis strain using both normal-phase column chromatography and
C18-HPLC [29]. Approximately 3 years later, the DCM extract of decarboxylated C. sativa
was analyzed using C18-flash column chromatography, silica gel column chromatography,
and HPLC, and two new compounds were identified, namely isocannabispiradienone (74)
and a-cannabispiranol (75). The chemical structures of these compounds were deter-
mined through the use of multiple spectroscopic techniques, namely, HR-ESI-MS, 'H-NMR,
BCNMR, HSQC (heteronuclear single quantum coherence spectroscopy), and heteronu-
clear multiple bond correlation (HMBC) [30]. Three new cannabispirans were identified
from an ethanolic extract of the leaves of cannabis, with their chemical structures deter-
mined through a series of different spectroscopic techniques, including ‘H-NMR, *C-NMR,
correlation spectroscopy, HSQC, HMBC, and rotating frame Overhauser enhancement
spectroscopy. These compounds were cannabispirketal (76), a-cannabispiranol-4'-O-B-
glucopyranose (77), and prenylspirodienone (78) [31]. A year later, the chemical structure
of prenylspirodienone (78) was proved through the use of extensive NMR and ESI-MS
analyses. In addition, the biosynthetic pathway for this compound was proposed by the
group [32]. The structures of these 16 compounds are shown in Figure 4.6.

4.8 Terpenes

Terpenes represent the second largest class of cannabis constituents. They are primar-
ily responsible for the characteristic smell of the cannabis plant. Terpenes can pro-
duce cannabimimetic activity both in vivo and in vitro which may provide a decent
evidence for the entourage effect of cannabis extract along with cannabinoids [33].
Several groups have reviewed the total number of terpenes identified in cannabis
[34-37], and a total of 120 or more terpenes were proposed. However, there are actu-
ally a total of 117 terpenes. This discrepancy arose from the misnaming of 3 different
terpenes each with 2 different names, thus each was counted twice in the 120 count.
The terpenes are known to be acyclic, monocyclic, and polycyclic hydrocarbons,
with substituted groups including alcohols, aldehydes, ketones, and esters [36]. This
class is subdivided into 5 different groups, namely, 61 monoterpenes, 51 sesquiter-
penes, 2 diterpenes, 2 triterpenes, and 4 miscellaneous compounds. Monoterpenes
have a Cyy backbone, sesquiterpenes have a C;5 backbone, diterpenes have a Cy
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backbone, and triterpenes have a C3y backbone. Two sesquiterpenes and 1 diterpene
were recently isolated in 2020 and 2021, making a total of 120 terpenes.

As was stated by Fischedick, cannabis cultivars with similar cannabinoid content
can be distinguished by their terpene content, especially in high tetrahydrocannabinol
cultivars using GC-FID (flame ionization detection) [38]. In addition, cannabis terpene pro-
files are strongly related to the diversity of terpene synthase (TPS) enzymes found in can-
nabis TPS gene family [39]. Extracts of cannabis inflorescence were analyzed by GC/FID
in order to get the chemotaxonomic discrimination between different cannabis biotypes
[40]. Using GC/FID analysis, a metabolomic approach has been adopted in order to fill the
gap between scientists and patients. A detailed terpene profile has been reported by the
analysis of 44 major terpenes which led to identify cannabis markers and differentiate
between C. sativa and C. indica [41]. Eleven cannabis varieties have been chemically dis-
criminated based on the analysis of their cannabinoid and terpene contents followed by
principal component analysis [42]. Chemical composition of medicinal cannabis oils in-
cluding cannabinoids and terpenes has been reported in order to better understand the
experience of the self-medicating patients [43].

4.9 Monoterpenes

A total of 61 monoterpenes have been reported. There are two separate classes into
which these compounds can be classified into oxygenated monoterpenes and monoter-
pene hydrocarbons. These two classifications can further be broken down into three dif-
ferent types: acyclic (linear), monocyclic, or bicyclic (79-97) and (98-139). The chemical
structures of cannabis monoterpenes (hydrocarbon derivatives) are shown in Figure 4.7,
while chemical structures of cannabis oxygenated monoterpenes (acyclic, monocyclic,
and bicyclic) are shown in Figure 4.8.

The first report of monoterpenes was in 1942, when two new monoterpene hydro-
carbons, namely p-cymene (82) and minor quantities of 1-methyl-4-isoprenyl-benzene
or dehydro-p-cymene (83), from the analysis of the low-boiling-point terpene fraction
of Egyptian hashish were reported [44]. In approximately 1962, two other monoter-
penes, namely myrcene (79), an acyclic monoterpene, and a monocyclic monoterpene,
limonene (89), were both isolated and identified in the essential oil of wild C. sativa
from Canada [2].

Through hydrodistillation of fresh, Indian C. sativa, the essential oil of the sample
was obtained, from which various terpenoid compounds were identified. After frac-
tional distillation of the essential oil, five different fractions were generated; the fifth
fraction was further purified through the use of column chromatography with alumina
as the stationary phase and petroleum ether, benzene, ether, and alcohol successively
as the mobile phase. The fractions generated from the use of petroleum ether were
combined and nominally identified as Fraction 54, and the fractions generated from
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Figure 4.7: Chemical structure of cannabis monoterpenes (hydrocarbon derivatives).

the use of benzene were combined and identified as Fraction 5B. A total of 24 different
terpenoid-type compounds were detected, from which 12 monoterpenes were previously
unreported, namely a-terpinene (84), S-phellandrene (85), y-terpinene (86), a-terpinolene
(87), a-pinene (91), S-pinene (92), camphene (93), linalool (98), a-terpineol (109), terpinene-
4-0l (110), linalool oxide (120), and sabinene hydrate (126) [45].

Both Dutch and Turkish cannabis volatile oil samples were analyzed in 1971 and
1973 through the use of capillary GC. These volatile oils were obtained through the
use of two different methods, namely nitrogen extraction and hydrodistillation. There
was a total of 18 monoterpenes identified from these analyses, from which seven were
not reported previously, namely cis-B-ocimene (80), trans-p-ocimene (81), a-phellandrene
(88), A3-carene (94), A*-carene (95), sabinene (96), and a-thujene (97) [46, 47]. Three years
later, a new oxygenated monoterpene, namely, m-mentha-1,8-(9)-dien-5-ol (106) was iso-
lated from the volatile oil of cannabis [48].

One of the most characteristic properties of C. sativa is its unique aroma, as this
is one of the first modes of detection for illicit marijuana trafficking. In order to ana-
lyze the headspace components of this plant, a direct gas chromatographic analysis
was conducted. The real samples used in this study were obtained from customs seiz-
ures while the standard for this study was grown and harvested at the University of
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Figure 4.8: Chemical structure of cannabis oxygenated monoterpenes (acyclic, monocyclic, and bicyclic).

Mississippi. Approximately 1 g of each sample was weighed, placed in a microvial,
and then heated at 65 °C for approximately 1 h. Using a gas-tight syringe, 5 mL of
headspace air was taken and directly injected into the gas chromatograph. From this
analysis, 18 different terpenoid-type compounds were detected, from which 3 com-
pounds were not previously reported: 2-methyl-2-heptene-6-one (104), fenchyl alcohol

(131), and borneol (133) [49].
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The volatile oil from cannabis grown and harvested in Mexico was prepared and
analyzed by GC-MS. A total of 17 monoterpenes were identified, from which 6 oxygen-
ated monoterpenes were not reported previously, namely nerol (100), geraniol (101),
carvacrol (107), 1,8-cineol (127), 1,4-cineol (128), and camphor (135) [48]. Also, in 1974,
the GC-MS analysis and retention time matching were carried out for the volatile oil
of C. sativa, and a new monoterpene, namely piperitenone (111), was detected and
identified [50].

In both 1975 and 1978, a total of 55 different monoterpene components were reported,
from which 24 compounds were reported for the first time, namely 3-phenyl-2-methyl-
prop-l-ene (90), and 23 oxygenated hydrocarbons, namely citral B (99), citronellol (103),
geranyl acetone (105), carvone (108), pulegone (112), dihydrocarvone (113), S-terpineol
(114), dihydrocarveyl acetate (115), p-cymene-8-ol (116), S-cyclocitral (118), safranal (119),
cis-linalool oxide (121), perillene (122), sabinol (123), thujyl alcohol (124), piperitone oxide
(129), piperitenone oxide (130), fenchone (132), bornyl acetate (134), camphene hydrate
(136), a-pinene oxide (137), pinocarveol (138), and pinocarvone (139) [20, 51].

Through collecting the cannabis essential oil prepared by the steam distillation of
marijuana buds using the lighter than water volatile oil apparatus, it was possible to
study the composition of the oil itself. The samples investigated in this study were
dried and stored at room temperature for three different time points: 1 week, 1 month,
and 3 months. These oils were analyzed using both GC-MS and GC-FID methods; the
percentage composition of oils was determined through the use of GC-FID, and the de-
tection of terpenes was identified through the use of GC-MS. From the analyses, there
were a total of 68 compounds identified in the study, with 57 of the components being
classified as terpenoid-type components and other compounds like ketones and esters.
The fresh buds’ oil was analyzed and identified to contain the greatest composition of
monoterpenes, with a calculated value of approximately 92.48%. From this analysis, it
was determined that 6.84% of the terpenes identified were sesquiterpenes, and the
other components were approximately 0.68%. The 3-month samples were analyzed to
identify differences between the three time points. From this analysis, it was deter-
mined that there was an increase in the percent composition of sesquiterpenes (35.63%)
and other compounds (2.35%) with a proportional decrease in the percent composition
of monoterpenes (62.02%) of the volatile oil. From this study, there were a total of three
new oxygenated monoterpenes that were reported, namely ipsdienol (102), cis-carveol
(117), and cis-sabinene hydrate (125) [52].

4.10 Sesquiterpenes

The first sesquiterpene to be identified, namely, a-caryophyllene (a-humulene) (140)
was reported in a higher boiling point fraction of Egyptian hashish in 1942 [44].
Through GC analysis of the volatile oil of fresh cannabis, a new sesquiterpene,
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namely, S-caryophyllene (141) was detected in 1961 [53]. Four years later, the volatile
oil of cannabis grown in India was analyzed and five new sesquiterpenes were iden-
tified: caryophyllene oxide (142), curcumene (143), a-trans-bergamotene (144), a-
selinene (145), and S-farnesene (146) [45]. In 1973, the volatile oil of cannabis was
analyzed and four new sesquiterpenes were detected and reported, namely longifo-
lene (147), humulene epoxide I (148), humulene epoxide II (149), and caryophyllene
alcohol (caryophyllenol) (150) [54]. The sesquiterpene B-bisabolene (151) was de-
tected in only one study, where the volatile oil, headspace volatiles, and samples of
customs seizures of marijuana were analyzed [55]. The next year, the essential oil of
Mexican cannabis was analyzed through GC-FID and GC-MS analysis, and three ses-
quiterpenes were reported, namely allo-aromadendrene (152), calamenene (153),
and a-copaene (154) [56].

In 1974, the essential oil of cannabis from Mexico was analyzed and a new sesqui-
terpene was identified for the first time, namely, nerolidol (155), in addition to 17 dif-
ferent monoterpenes [44]. In addition, using both GC-MS and GC analyses, a new
sesquiterpene, namely a-gurjunene (156), was identified in cannabis resin [56].

There were four sesquiterpenes, namely, iso-caryophyllene (157), f-selinene (158),
selina-3,7(11)-diene (159), and selina-4(14),7(11)-diene (160) that were identified from
the analysis of the essential oil of cannabis [51]. These sesquiterpenes were confirmed
3 years later by the same group through the use of both GC and GC-MS analyses [21].

In 1978, a-gurjunene (159) was confirmed to be present in cannabis; however, there
were additional sesquiterpenes that were reported for the first time, namely a-bisabolol
(161), a-cedrene (162), a-cubebene (163), §-cadinene (164), epi-f-santalene (165), farnesol
(166), y- cadinene (167), y-elemene (168), y-eudesmol (169), guaiol (170), ledol (171), trans-
trans-a-farnesene (172), (2)-f-farnesene (173), and farnesyl acetone (174) [21].

There were 14 new sesquiterpenes which were isolated and identified in 1996,
namely, a-cadinene (175), a-cis-bergamotene (176), a-eudesmol (177), a-guaiene (178), a-
longipinene (179), a-ylangene (180), S-elemene (181), f-eudesmol (182), epi-a-bisabolol
(183), y-cis-bisabolene (184), y-curcumene (185), y-muurolene (186), y-trans-bisabolene
(187), and viridiflorene (188) [51].

Germacrene-B (189) was detected and quantified by GC-MS for the first time from
the hemp essential oil, while from the organic extract of cannabis inflorescence of
Ferimon and Uso-31 cultivars, clovandiol (190) was identified [13, 57]. The structures
of these sesquiterpenes are shown in Figure 4.9.
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4.11 Diterpenes

There have been only two diterpenes, namely, phytol (191) and neophytadiene (192),
which have been isolated from the volatile oil of cannabis. Column chromatography
was used to purify the oil, and GC-MS was used to identify the diterpenes in the oxy-
genated compound fraction [13, 21]. The structures of these compounds can be found
in Figure 4.10.
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Figure 4.10: Chemical structures of cannabis diterpenes, triterpenes, and miscellaneous terpenes.

4.12 Triterpenes

There have been two different triterpenes which have been isolated from C. sativa.
The ethanolic extract of cannabis roots was analyzed, and two different triterpenes
were identified, namely, friedelin (friedelan-3-one, 193) and epifriedelanol (194).
These compounds were confirmed using spectral analysis and comparison with au-
thentic samples [58]. The structures of these two triterpenes are shown in Figure 4.10.

4.13 Miscellaneous terpenes

To date, there have been only four miscellaneous terpenes which have been isolated
from cannabis. In 1978, stems and leaves of cannabis were analyzed for their constitu-
ents; using spectra data and total synthesis from (+)-a-ionone, two isophorone-type
compounds, namely, vomifoliol (195) and dihydrovomifoliol (196), were reported [21].
In addition, there were two additional miscellaneous-type compounds, namely, S-
ionone (197) and dihydroactinidiolide (198), which were isolated from the volatile oil
of cannabis. The structures of these compounds are shown in Figure 4.10.
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4.14 Conclusion

Over 500 different constituents of C. sativa have been reported, and the majority of
these constituents fall under the non-cannabinoid-type compounds. Although these
compounds are not as well investigated as the cannabinoids, these compounds are
vital to the function of the plant and contribute to the specific chemical profiles asso-
ciated with different varieties of the plant. This chapter covered the most important
non-cannabinoid constituents, namely, the flavonoids, alkaloids, terpenes, and non-
cannabinoid phenols. Due to the passing of the Farm Bill of 2018, there is a renewed
interest in the chemical and biological activities of C. sativa, resulting in a propor-
tional increase in efforts to investigate activities associated not only with the cannabi-
noid constituents but also with the non-cannabinoid constituents of the cannabis
plant.
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5 Total synthesis of the major
phytocannabinoids

Abstract: As presented in the previous chapters, the cannabis plant is rich in a variety of
constituents belonging to many different chemical classes. The most important and char-
acteristic class, specific to cannabis, is the cannabinoids. While a few naturally occurring
cannabinoids are abundant in the plant materials, especially A*-tetrahydrocannabinol
and cannabidiol, other cannabinoids are present in small quantities. Synthesis of canna-
binoids, like most other natural products, has been one of the methods used for structure
elucidation. However, synthesis is also used to produce large supply of natural products
that might not be feasible by isolation from plant material. This chapter is dedicated to
methods used to synthesize the major cannabinoids that could be used for product devel-
opment efforts of these cannabinoids. The synthetic routes offer alternative methods to
secure drug supply of these cannabinoids. Only examples of synthetic methods are given,
with no intention to provide exhaustive coverage of all literature procedures.

Keywords: cannabis, cannabinoids, history, synthesis

5.1 Introduction

Cannabinoids are terpenophenolic secondary metabolites found in Cannbis sativa L.
(C. sativa) consisting of alkylresorcinol and monoterpene units [1]. Up to now, at least
129 known cannabinoids have been identified in or isolated from cannabis. Further-
more, terpenes, nitrogenous compounds, phenolic substances (including flavonoids),
sugars as well as several other chemical classes have been reported in cannabis [2].
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The term “cannabinoids” was first coined by Mechoulam and Gaoni [3] in 1967, re-
stricted in natural occurrence only to C. sativa and not to any other plants. This in-
cludes the analogs of these compounds as well as their transformation products.

In the early 1960s, illicit marijuana use dramatically increased, with over 36 million
American users by 1975. Given that over 10% of the users aged 20-24 were daily users, it
is no wonder that society was concerned, leading to the intense sociopolitical controversy
surrounding marijuana today. Marijuana has centuries-long history of therapeutic use, as
documented by Chinese, Indian, and Middle Eastern cultures. Indications for such thera-
peutic uses include insomnia, migraine pain, asthma, and loss of appetite. In 1971, Hepler
and Frank found the psychoactive constituent A%-tetrahydrocannabinol (A>-THC) to re-
duce intraocular pressure in glaucoma patients [4]. In 1975, Sallan et al. [5] confirmed
that A’-THC also reduces nausea in cancer patients undergoing chemotherapy.

The dibenzopyran and monoterpenoid numbering systems are used to describe
cannabinoids, with the former being used by chemical abstracts and the latter being
used by Israeli and European scientists. The monoterpenoid numbering system can
easily be adapted to describe open-ring cannabinoids such as cannabidiol (CBD) and
derivatives as well as iso-THCs. The International Union of Pure and Applied Chemis-
try is yet to have a ruling on the system of numbers that should be used.

Many countries now have approved prescription drugs that contain phytocanna-
binoids that are synthetic products; among them is Marinol® (dronabinol), available
in Germany and the United States. Cesamet™ (nabilone) which is not a phytcannabi-
noid but closely related is available in Canada, Mexico, the United Kingdom, and the
United States as well [6].

As there are many challenges associated with extracting and purifying phytocan-
nabinoids from cannabis due to close similarities in their physical and chemical prop-
erties, consequently, chemical synthesis of some cannabinoids became an attractive
source for securing supply.

5.2 Synthesis of cannabigerolic acid

Cannabigerolic acid (CBGA) is one of the major cannabinoid acids found naturally
within the cannabis plant in high concentrations, and it is the biosynthetic precursor
of the major cannabinoids in cannabis. As described in Chapter 6, cannabidiolic acid
(CBDA and cannabichromenic acid (CBCA) are formed by the oxidative cyclization of
CBGA. On the other hand, tetrahydrocannabinolic acid (THCA) is biosynthesized by
the isomerization of CBDA [7]. CBGA was detected around the same time as THCAA
and CBDA in C.sativa in 1964 [8]. CBGA has shown different antiepileptic effects on
seizures in mouse models of epilepsy and potentiated the anticonvulsant effects of
clobazam [9].
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The synthetic route for CBGA is one of the simplest reactions to date, which was
mentioned in three separate reviews, over a span of 3 years. In this route, CBG is re-
acted with methyl magnesium carbonate (MMC), leading to a highly reactive interme-
diate, which immediately converts to CBGA. In this route, MMC acts as one of the
most efficient carboxylating agents of the ortho position of phenolic compounds, facil-
itated by the phenolic group. In the case of CBG the ortho position of the other hy-
droxyl group present is not targeted by this agent due to steric hindrance [10-12]. This
chemical reaction is shown in Figure 5.1.

5.3 Synthesis of CBG

CBG is produced in the plant material as its acidic form; CBG is then decarboxylated
by heat to produce the “active” form [13]. CBG does not have much activity at the can-
nabinoid receptors [14, 15]. Studies indicated that CBG may have therapeutic potential
in treating neurologic disorders (e.g., Huntington disease, Parkinson disease, and mul-
tiple sclerosis (MS)) and inflammatory bowel disease [16].

5.3.1 Synthesis of CBG from olivetol and geraniol using silica gel

Olivetol and geraniol are dissolved in dichloromethane and then added to a suspen-
sion of silica and BFs-diethyl etherate in dichloromethane. This reaction mixture is
stirred for 2 days and worked up. CBG is then purified using silica gel column chroma-
tography and eluted with a mixture of ethyl acetate: petroleum ether (1: 9) in 29%
yield [17]. This reaction can be seen in Figure 5.2.

5.3.2 Synthesis of CBG from olivetol and geraniol using
anhydrous magnesium sulfate

Olivetol and BFs-diethyl etherate are dissolved in chloroform at 20°C and then anhy-
drous magnesium sulfate is added to the mixture. Geraniol solution in chloroform is
then added dropwise, and the reaction mixture was stirred for 3 h. After worked up,
the crude product is subjected to flash column chromatography to produce CBG [18].
This reaction is shown in Figure 5.3.
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OH
OH
W . Silica X
HO OH - =

BF3-OEt, in CH,Cl, HO
geraniol olivetol RT, 2 days ‘
CBG

Figure 5.2: Synthesis of CBG using olivetol, geraniol, and silica gel.

OH
/\)\/\/k /\/\/@\ b
HO = = + oH anhydrous magnesium sulphate

BF3-OEt, in CHCl5 \

OH

geraniol olivetol

Figure 5.3: Synthesis of CBG using olivetol, geraniol, and anhydrous magnesium sulfate.

5.4 Synthesis of (-)-A°-THC and CBD

A’-THC, the main psychotropic ingredient isolated from C. sativa and its structure de-
termined in 1964, represents the key drug target for the treatment of many diseases
[19]. The biological activity of A%-THC is attributed to its interaction with the endocan-
nabinoid receptors CB1 and CB2 [20]. A>-THC has many therapeutic applications and
can be used as an anti-inflammatory in chronic neuropathic pain and the alleviation
of spasticity associated with MS [21, 22]. In the United States, THC-based preparations
have been approved by the Food and Drug Administration (FDA) under the trade
names of nabilone (Cesamet®) and dronabinol (Marinol®) to be used for the treatment
of nausea and vomiting side effects in patients receiving chemotherapy. In addition,
dronabinol is prescribed to AIDS patients as an appetite stimulant.

CBD is considered the second most predominant cannabinoid in C. sativa. Con-
trary to A>-THC, CBD exhibits no psychotropic effects. CBD is derived directly from the
hemp plant and is an essential component of cannabinoids therapy.

In 1940, Adam et al. [23] isolated CBD, and in 1963 Mechoulam and Shvo [24,25]
determined the structure, and in 1967, they determined the CBD structure in its en-
tirety. CBD has been reported for the treatment of a wide variety of health issues with
little direct interaction with the CB1 and CB2 receptors [14]. CBD has shown an effect
in treating the harshest two forms of childhood epilepsy; the Dravet syndrome and
the Lennox-Gastaut syndrome), especially in patients who do not respond to other
antiepileptic medications [26]. Many studies proved that CBD was able to reduce the
number of daily seizures or stop seizures altogether [27]. The FDA has approved a
CBD-based liquid medication (Epidiolex®) as the first cannabis-derived medicine for
the treatment of these conditions [28]. Nabiximol (Sativex®), an oral spray that is cur-
rently available in Canada and several other countries for treatment of MS spasticity,
combines A>-THC and CBD in a 1:1 ratio [6].
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Due to the similarities in the synthetic procedures to produce both A’-THC and
CBD, their synthetic routes are discussed together. There is a total of four general syn-
thetic methodologies that have been used to date to produce A°-THC, namely decar-
boxylation of A’ THCAA, semisynthetically, and the total synthesis pathway.

5.4.1 Synthesis of A>-THC from its natural precursor (A°-THC-acid A)

First, (-)-trans-A’-THC does not occur naturally in the plant; its acid precursor, A%
THCAA, is the primary form of (-)-trans-A’-THC present in the plant. A THCAA is syn-
thesized naturally from CBGA and can be found in the glandular trichomes of the
flowers and leaves (approximately 90% of (-)-trans-A’-THC comes from the A>-THCAA
found in these parts of the plants) [29, 30]. While (-)-trans-A°-THC has psychotic and
euphoric effects on humans, AS-THCAA has no such effects (1). A>THCAA can be decar-
boxylated by heat, as in baking, or smoking, yielding pure (-)-trans-A>-THC [31]. The
chemical reaction can be seen in Figure 5.4.

OH -COO

heat

© CsHq CsHq4
(-)-trans-A°-THCAA (-)-trans-A°-THC

Figure 5.4: Decarboxylation of A>-THCAA to A°-THC.

5.4.2 Semisynthesis of A°-THC

There is a total of two different semisynthesis pathways that can be used to produce
A’-THC. The first method uses CBD as the precursor to prepare A*-THC.

5.4.2.1 Semisynthesis of A’-THC from CBD using boron trifluoride diethyl etherate

In this method, CBD is subjected to boron trifluoride diethyl etherate (BF;- Et,0) in
DCM. This reaction resulted in the formation of two different products, namely A%
THC (major product) and A%-iso-THC (minor product), with yields of 60% and 13%, re-
spectively [19, 31, 32]. This chemical reaction is shown in Figure 5.5.
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BF3'Et20
CH,Cl,

CsHi4 o CsHyq

CBD (-)-trans-A%-THC (1)-A-iso-THC

Figure 5.5: Synthesis of A’-THC from CBD using BF3+Et,0.

5.4.2.2 Semisynthesis of A’-THC from CBD using strong acidic medium

The second semisynthesis pathway also utilizes CBD as a precursor to prepare (-)-
trans-A’-THC. The first step of the reaction effectively converts CBD into A®-THC
through the use of strong acidic conditions. The acidic conditions induce the sterically
hindered hydroxyl group in CBD to cyclize into an ether group, forming A®-THC. The
next step converts A®-THC into A°-THC through the use of chlorination followed by
dehydrochlorination. Reacting A®-THC with HCl in zinc chloride allows for the chlori-
nation of A®-THC at the double bond to form the 9-chloro-hexahydrocannabinol. Next,
upon treatment of the intermediate with potassium tert-amylate, the double bond
forms in the least sterically hindered position; this results in the formation of A’-THC
[19, 33-37]. The conversion of CBD into (-)-trans-A°-THC is shown in Figure 5.6.

Strong Acid
_—
AH

C5H11 05H11

CBD (-)-trans-A8-THC

HCl ‘ ZnCl,

Potassium-
tert-amylate

(-)-trans-A°-THC

Figure 5.6: Synthesis of A’-THC from CBD using potassium tert-amylate and strong acidic medium.
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5.4.2.3 Semisynthesis of A’-THC from CBD using trifluoroacetic acid

CBD is dissolved in dry toluene at 0 °C. To this solution, trifluoroacetic acid (TFA) is
added and the mixture was stirred for 6 h. Temperature was warmed up to 20 °C and
reaction mixture was worked up. After evaporation of the solvent, the crude mixture
is subjected to silica gel flash column chromatography to produce A°-THC [18]. This
reaction is shown in Figure 5.7.

trifluoroacetic acid (TFA)

dry toluene, 0 °C

CsHq4
CBD (-)-trans-A%-THC

Figure 5.7: Scheme for the semisynthesis of A’-THC from CBD.

5.4.3 Total synthesis of A’>-THC/CBD

There is a total of three different synthetic routes to produce A’-THC and CBD.

5.4.3.1 Total synthesis of A°-THC from olivetol and both the trans and cis isomers
of p-mentha-2,8-dien-1-ol

The first method, reported by Petrzilka et al., involves the reaction between olivetol
and both the trans and cis isomers of p-mentha-2,8-dien-1-ol. Using a strongly acidic
condition, this reaction forms A®-THC. Then, using the same method described above
for the second semisynthesis method, chlorination/dehydrochlorination is utilized
again in order to move the double bond from the A® position to the A position [38,
39]. The total synthesis of A>-THC can be seen in Figure 5.8.

5.4.3.2 Dethe synthesis of A°-THC and CBD

The next total synthesis route is termed the Dethe synthesis. This synthetic route can
be used to produce both CBD and A’-THC. For both cannabinoids, olivetol is reacted
with 3-methyl-6-(prop-1-en-2-yl)cyclohex-2-en-1-0l along with boron trifluoride diethyl
etherate (BF3;-OEt,). However, the concentration of BF;-OEt, determines which com-
pound is generated. In order to generate CBD, 10 mol% BF5-OEt, was used, while to
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OH HO, HO_ =
+ or @ Str_ong
Acids
HO C5H11 :
P

olivetol (+)-trans-p-  (+)-cis-p- (-)-trans-A%-THC
mentha-2,8- mentha-2,8-
dien-1-ol dien-1-ol
HCI | ZnCl;

H OH
2 Potassium-
tert-amylate

(-)-trans-A%-THC

Figure 5.8: Synthesis of A’-THC from olivetol and both the trans and cis isomers of p-mentha-2,8-dien-1-ol
using a strongly acidic condition.

generate A°-THC, 50 mol% of BFs-OEt, was used [40]. The Dethe synthesis of A’-THC
can be seen in Figure 5.9.

OH
@ /@\ BF3-OEt, (10 mol%)
H oH * HO CsHq1 90%
aN

(6S)-3-methyl-6-(prop-1-en-2-  olivetol
yl)cyclohex-2-en-1-ol

OH

BF3-OEt; (50 mol%)
OH + HO CsHqq 82%

A

(6S)-3-methyl-6-(prop-1-en-2-
yl)cyclohex-2-en-1-ol

olivetol

Figure 5.9: The Dethe synthesis of CBD and A’-THC.

5.4.3.3 Stoss and Merrath synthesis of A%-THC

In order to increase the % yield of (-)-trans-A°-THC, Stoss and Merrath first optimized
the synthesis of (-)-trans-6-hydroxy-CBD which was then used to synthesize (-)-trans
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-A%-THC. This intermediate is a solid and is purified through crystallization. Although
it is a two-step synthesis, the overall yield of (-)-trans-A%-THC is better because of no
abnormal derivatives as well as any bis-adduct were produced during the reaction
and therefore better clean-up procedure for higher overall yield [41]. This chemical
reaction is shown in Figure 5.10.

bTH
N\/©\ _P-TSA_ H

4\ OH (68%)

p-mentha-2-ene-1,8-diol  olivetol

ZnBry, MS 3A°
72%

CsH11
(-)-trans-6-hydroxy-CBD (-)-trans- A°-THC

Figure 5.10: A°>-THC synthesis scheme proposed by Stoss and Merrath.

5.4.3.4 Synthesis of A°-THC using (-)-verbenone

(-)-verbenone was converted to cis-chrysanthenol which was reacted with olivetol to
produce (-)-trans-A°-THC [42-44]. The reaction can be seen in Figure 5.11.

1. hv
2. LiAlHg4 g BF3.0Ety, Olivetol
0O “'OH 25% CsH14

(-)-verbenone cis-chrysanthenol (-)-trans-A°-THC

Figure 5.11: Synthesis of (-)-trans-A°-THC using (-)-verbenone.

The Diels—Alder reaction of diene and 3-acryloyloxazolidin-2-one in the presence
of catalyst produced cycloadduct (1S,6S)-3-methyl-6-(2-0xooxazolidine-3-carbonyl)
cyclohex-2-en-1-yl acetate which was selectively cleaved with LiOBn to give benzyl
(25)-2-acetoxy-4-methylcyclohex-3-ene-1-carboxylate. To this when methyl magne-
sium bromide was added at 0°C, (15,65)-6-(2-hydroxypropan-2-yl)-3-methylcyclohex
-2-en-1-ol was produced. When olivetol was added to this intermediate along with
p-toluene sulphonic acid in dichloromethane, (1'S,2'S)-2'-(2-hydroxypropan-2-yl)-5'-
methyl-4-pentyl-1',2',3',4'-tetrahydro-[1,1-biphenyl]-2,6-diol was obtained, which
was cyclized in the presence of zinc bromide and magnesium sulfate to give (+)-
trans-A°-THC. Spectroscopic data of (+)-trans-A%-THC was similar to the published
data of natural (-)-trans-A%-THC except opposite in optical rotation [45]. This chem-
ical reaction is shown in Figure 5.12.
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5.4.3.5 Semisynthesis of A’-tetrahydrocannabivarin from cannabidivarin

A%-Tetrahydrocannabivarin (A%-THCV) is a propyl homologue of A’-THC and has re-
cently been reported to have diverse pharmacology and showed tissue-dependent ef-
fects [14]. Recent studies have shown that A>-THCV exhibits an antagonist action at
CB1 and CB2 receptors in whole mouse brain membranes and recombinant cells, re-
spectively [46]. A>-THCV also showed A°-THC-like properties as catalepsy in a mouse
ring test, even at a lower potency [47].

Cannabidivarin (CBDV) was dissolved in dry toluene at 0 °C. To this solution, TFA
was added and the mixture was stirred for 6 h. Temperature was then warmed up to
20 °C and the reaction mixture was worked up. After evaporation of the solvent, the
crude mixture was subjected to silica gel flash column chromatography to produce
AS-THCV [18]. This reaction can be seen in Figure 5.13.

OH OH
dry toluene, 0 °C
O TFA, stirr for 6 hours O
HO @)

CBDV A°-THCV

Figure 5.13: Scheme for semisynthesis of A>-THCV from CBDV.

5.4.3.6 Total synthesis of CBD from olivetol

To a solution of olivetol in chloroform (at 20 °C), anhydrous magnesium sulfate and
BFs-diethyl etherate were added. To this mixture, p-mentha-1,8-diene-ol dissolved in
chloroform was added dropwise. After 3 h, the reaction mixture was worked up, and
the crude product was subjected to silica gel flash column chromatography to produce
CBD as white solid [18]. This chemical reaction is shown in Figure 5.14.

‘ OH
anhydrous magnesium sulphate
on OH

BF3-OEt, in CHCI,
HO

p-Mentha-1,8-diene-ol olivetol CcBD

Figure 5.14: Synthesis of CBD from olivetol.
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5.4.3.7 Total synthesis of CBDV from divarinol

CBDV, the propyl homologue of CBD, is a nonpsychotropic cannabinoid. Many studies
have reported CBDV as an emerging candidate with the potential to reduce seizures
[48-50].

Divarinol was dissolved in chloroform at 20 °C, and then anhydrous magnesium sul-
fate and BF;-diethyl etherate were added. To this mixture, p-mentha-1,8-diene-ol dissolved
in chloroform was then added dropwise. After 3 h, the reaction mixture was worked up,
and the crude product was subjected to silica gel flash column chromatography to pro-
duce CBDV as white solid [18]. This chemical reaction is shown in Figure 5.15.

OH
‘ OH
OH + A/@OH anhydrous magnesium sulphate O

BF3-OEt, in CHCl, HG

p-Mentha-1,8-diene-ol divarinol cannabidivarin

Figure 5.15: Synthesis of CBDV from divarinol.

5.5 Synthesis of A’-THCAA

A’-THCAA is the precursor of A’-THC, the psychoactive component of cannabis [51, 52].
AS-THCAA is biosynthesized from CBGA by the enzyme THCA synthase which medi-
ates the conversion of CBGA to THCAA [51-53]. A>-THC is reacted with MMC, leading to
a highly reactive intermediate which immediately reverts to A>THCAA. In this route,
MMC acts as one of the most efficient carboxylating agents of phenolic compounds
[11, 12, 54]. This chemical reaction is shown in Figure 5.16.

methyl magnesium carbonate

(MMC) 75 :
CsHqq Y CsHa1 /0 CsH11

70
AS-THC AS-THCAA

Figure 5.16: Synthesis of A>-THCAA from A°-THC using methyl magnesium carbonate.
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5.6 Synthesis of CBDA

CBDA was the first cannabinoid acid discovered and isolated in 1955 by Krejci and
Santavy [55]. CBDA is one of the major cannabinoid acids found naturally within the
cannabis plant, with the highest concentrations in the hemp plants (CBD chemovar).
CBDA does not exert psychotropic effects but possesses a variety of pharmacological
effects including antimicrobial activity [56]. CBDA is formed biosynthetically from
CBGA via CBDA synthase enzyme [1].

The synthetic route for this cannabinoid acid starting from CBD is the same pro-
cess as previously shown with CBGA and A°-THCAA, where CBD is reacted with MMC,
through a highly reactive intermediate, which immediately reverts to CBDA. This re-
action is facilitated by only one of the phenolic groups [10-12]. This chemical reaction
is shown in Figure 5.17.

Mg

oU oSS NASS 3.
H+
methly magnesium carbonate (0] 0]
(MMC)
HO CsH11 CsHi4 HO CsHis

HO
CBD CBDA

Figure 5.17: Conversion of CBD into CBDA using methyl magnesium carbonate.

5.7 Synthesis of cannabinol

Cannabinol (CBN) is a unique minor cannabinoid found in cannabis and structurally
related to AS-THC. Due to air oxidation, A°-THC undergoes aromatization of the ter-
pene ring, possibly through several hydroxy intermediates which eventually produce
CBN [57]. It was isolated from hashish at the end of the nineteenth century and struc-
turally elucidated in 1940 [58]. CBN is partially CB1 and CB2 agonist [59].

CBN has shown anxiolytic and appetite stimulant effects but it is less active than
CBD and A°-THC, respectively [16]. Finally, CBN has been reported to have anticancer
activity [60].

5.7.1 Synthesis of CBN using CBC as a starting material

In 2019, Caprioglio et al. [61] dissolved CBC in toluene and while stirring, added iodine.
This mixture was refluxed for 3 h, and the progress of the reaction was monitored by
thin layer chromatography using (petroleum ether: ethyl acetate; 9:1), which indicated
the completion of the reaction. After workup of the reaction mixture and solvent
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evaporation, the crude reaction mixture was purified by silica gel gravity column
chromatography using petroleum ether: ethyl acetate (95:5) to produce CBN as brown
oil. This chemical reaction is shown in Figure 5.18.

5.7.2 One-pot total synthesis of CBN

Olivetol was dissolved in toluene, and citral and n-butylamine were added. After re-
fluxing the mixture overnight, it was cooled to room temperature. Dowex 50 W x 8
(200 mg) was then added, and the mixture was stirred for 10 min at room tempera-
ture, followed by filtration over celite. Iodine was added to this filtered solution and
refluxed for 3 h. After workup, the residue was purified by silica gel gravity column
using petroleum ether: ethyl acetate (95:5) to afford CBN as brown oil [61]. This chemi-
cal reaction is shown in Figure 5.19.

5.7.3 Proposed pathway of the oxidation of A°-THC to CBN

Turner and ElSohly [62] proposed a possible decomposition pathway of A>-THC and its
A%-isomer to CBN through epoxy and hydroxylated intermediates. This pathway is
shown in Figure 5.20.

5.7.4 Synthesis of CBN from CBD

CBD was dissolved in dry toluene and iodine was added to it. The solution was re-
fluxed for 18 h. After work up, the residue was purified using silica gel column chro-
matography to produce CBN [18]. This chemical reaction is shown in Figure 5.21.

5.8 Synthesis of cannabielsoin

In 1973, cannabielsoin (CBE) was identified by Bercht et al. [63]. CBE could be gener-
ated through the cyclization of CBD which occurs between electron-rich alkenyl or hy-
droxyl structures [64].

In 1974, CBE was fully synthesized from CBD, through a relatively simple, three-
step synthetic route. CBD was acetylated through the use of pyridine and acetic anhy-
dride at room temperature, forming CBD diacetate. This intermediate was then sub-
jected to m-chloroperbenzoic acid in chloroform, yielding a mixture of three different
epoxides. Two of the epoxides formed were monoepoxides, while the third epoxide
was a diepoxide. The two monoepoxides were mixed and subjected to 2% sodium
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“ OH OH
CHO + /@\ 1. toluene, n—b_utylamine - N
| HO CeH reflux over night m
7 2. Dowex, celite 0 CsH11 o CsHis
citral olivetol filteration
Io/toluene

reflux (3 hours)

OH
o‘c

5H11
CBN
Figure 5.19: Scheme for the synthesis of CBN using citral and olivetol.
o
OH OH
0, ‘ OH 0, OH
CsHyq (¢} I CsHyy (¢} CsHyy
-H,0
OH
OEt o
OH
EtOH oH
=
=
CsHiy
o CsHiq o CaHrs
AR-THC
-H,0
through the 8, 9 epoxide _EtOH H,0
OH
OH
-2H,0 O 2H,0 OH
A
=
H
CsHiy CsHq o CsHyy

Figure 5.20: A possible decomposition pathway of A’-THC to CBN.

hydroxide in methanol:water (1:1) at room temperature. Purification by silica gel pre-
parative TLC using ether: petroleum ether, 1:1 solvent system produced pure CBE, and
a derivative of A>-THC in an approximate 75% yield in a ratio of 4:1 [65]. This chemical
reaction is shown in Figure 5.22.
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dry toluene, iodine
et Schibiid et

CsHyyq reflux, 18 hours o CsHqy
CBD CBN

I (3.0 equiv.) O OH O oH
toluene O HI O
_oene -
reflux, 18 h o CaHis HO CsHis

CsHyq 84 - 89%

-2Hl
e, I

1,4-addition
CsH14

ﬁ HO CsHyq

CsHy4

Figure 5.21: Synthesis of CBN from CBD.

O acetylate ‘\_\ m- chloroper-
/‘—\\\‘CsHﬂ /\ Ac C5H11

benzoic acid

BD cannabidiol acetate

CsHiq

CBE derivative of A°>-THC

Figure 5.22: Synthesis of CBE from CBD.
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5.9 Synthesis of cannabichromene

Cannabichromene (CBC) was first isolated from C. sativa in 1966 [66, 67]. Many studies
have reported the use of CBC in the treatment of epilepsy and as anti-inflammatory
therapeutic agent [68, 69].

5.9.1 Synthesis of CBC

CBC, a non-narcotic major constituent of cannabis leaves, was discovered and re-
ported by Claussen et al. [70] and Gaoni and Mechoulam in 1966 [66]. CBC is one of the
major cannabinoids in cannabis and is the second most abundant cannabinoid in
some strains of marijuana growing in the United States [71]. CBC has been reported to
potentiate the analgesic effect of A®-THC in the mouse tail-flick assay [72]. In 1966, CBC
was scientifically shown to induce sedation and ataxia in canines [66]. In addition, it
has also been shown to have anti-inflammatory properties in vivo and in vitro [69, 73,
74]. There is a multitude of synthetic routes for the synthesis of CBC.

5.9.2 Synthesis of CBC from CBG by Mechoulam et al

In 1968, Mechoulam and Gaoni reported the first total synthesis of CBC. In their reac-
tion, CBG was subjected to dehydrogenation through the use of chloranil in benzene.
The products of this reaction were CBC (45% yield) and a tetracyclic diether (15%
yield). This product was optically identical to the CBC isolated form of cannabis, hav-
ing identical stereospecific and spectroscopic characteristics (determined through
vapor phase chromatography, IR, NMR, and MS spectra) and the same Ry on thin-layer
chromatography. The melting point for the compound ranged from 106 °F to 107 °F
[75]. This chemical reaction is shown in Figure 5.23.

Cl
OH cl © OH
\Ho_H
v o Cl _ ~
X Cl chloranil o
\>O CsH1q (@) CsH14
}_; dehydrogenation
CBG CBC

Figure 5.23: The first total synthesis route for CBC from CBG proposed by Mechoulam and Gaoni.
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5.9.3 Synthesis of CBC from olivetol and citral as starting
materials using t-butylamine

ELSohly et al. dissolved olivetol and citral in toluene and t-butylamine and refluxed
the reaction mixture at 110 °C for 7 h. Sodium borohydride reduction was used for the
conversion of unreacted citral into its corresponding alcohol as the separation of un-
reacted citral from CBC was difficult because of the close Ry on silica gel. Column chro-
matography on 1% NaOH impregnated silica gel yielded CBC in 62% yield [76]. This
chemical reaction is shown in Figure 5.24.

OH OH

N =z =z
CHO + t-butylamine
OH (¢}

. | 3 toluene, 9 hours
citral olivetol CBC

Figure 5.24: The first total synthesis route for CBC from CBG proposed by EISohly et al.

5.9.4 Synthesis scheme of CBC from CBG proposed by Cardillo,
Cricchio, and Merlini

In 1968, Cardillo, Cricchio, and Merlini utilized 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) to synthesize a variety of natural chromenes. This synthesis pathway was con-
ducted through the cyclodehydrogenation of the appropriate isoprenylphenols with
DDQ to yield the corresponding products [77]. This report was based on the hypothesis
of Ollis and Sutherland [78] in 1961 that DDQ abstracts a hydride ion; this leads to the
production of a quinone methide. As this intermediate is highly unstable, it immediately
converts to chromene. Based on this deduction, Campbell et al. [79], in 1966, conducted
the first reproduction of this reaction in vitro through the modification of the hypothe-
sis of Ollis and Sutherlands (3). In this reaction, CBG was subjected to cyclodehydroge-
nation with DDQ, which resulted in the formation of the quinone methide; this was
immediately converted into CBC [79]. This chemical reaction is shown in Figure 5.25.

5.9.5 Synthesis of CBC from olivetol and citral as starting
materials using ethylenediamine diacetate

Olivetol was dissolved in toluene and citral and ethylenediamine diacetate was added
to it. The reaction mixture was stirred for 6 h at 130 °C. The mixture was then cooled
down to room temperature and the solvent evaporated. The residue was subjected to
silica gel flash column chromatography to produce CBC as brown, yellow oil [18]. This
chemical reaction is shown in Figure 5.26.
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Figure 5.26: Synthesis scheme of CBC from citral and olivetol.
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5.10 Proposed synthesis of cannabicyclol

Cannabicyclol (CBL) was isolated from hashish by Krote and Sieper in 1964 [80], and
its structure was determined by Mechoulam and Gaoni in 1967 [81]. In 1970, Mechou-
lam proposed the natural formation of CBL from CBC through cyclization [1].

5.10.1 Synthesis of CBL from pyrolysis of CBC in the presence
of silica gel

In 2019, a proposed mechanism for the conversion of CBC to CBL was theorized, in-
volving a concerted process. The acidic tautomer of CBC, consisting of the resorcinol
moiety, was generated through the thermolysis of the cannabinoid. Next, it was sub-
jected to acidic electrophilic activation leading to the production of a cyclopropane
intermediate. The reaction was later completed through an electrophilic Markovnikov
addition to the homoisoprenyl terminal double bond. The termination of the reaction
is due to the regeneration of the aromaticity of the compound through both decom-
plexation and tautomerization. Albeit the theoretical nature of this reaction, this is
highly plausible, due to the generation of a tertiary cation, that is later converted into
an oxonium ion through the opening of the cyclopropane ring [61].

Caprioglio et al. [61] adsorbed CBC on to silica and microwave was used to heat it
to 150 °C for 210 min. TLC showed no starting material was left (petroleum ether:
ethyl acetate, 9:1). The crude material was subjected to column chromatography to
produce brown oil which was purified by reversed-phase HPLC producing CBL in
31.2% yield. Upon spectral analysis, this compound was identical to the data reported
in literature. This chemical reaction is shown in Figure 5.27.

5.10.2 Synthesis of CBL from CBC

CBC was dissolved in dichloromethane, and TFA was added dropwise and while the
temperature was maintained at 0 °C. The reaction mixture was stirred for 18 h, and
then the temperature warmed up to 20 °C. The reaction mixture was worked up and
the crude mixture was purified with silica gel flash column chromatography to pro-
duce CBL as white solid [18]. This chemical reaction is shown in Figure 5.28.

5.11 Synthesis of CBT from CBC

CBT is an important cannabinoid produced by C. sativa and is often found at sur-
prisingly high levels in CBD rich extracts. CBT was isolated from Lebanese hashish
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OH H OH
o H
> TFA, 0 °C I O H
o o}
CBC CBL

Figure 5.28: Synthesis of CBL starting from CBC using TFA.

by Berch et al [82]. It is not psychoactive, but was found to reduce intraocular pres-
sure when tested on rabbits [83].

5.11.1 Synthesis of CBT using CBC as starting material
(acidic thermolysis)

Caprioglio et al. [61] adsorbed CBC onto silica and microwave was used to heat it to
150 °C for 210 min. TLC confirmed the complete consumption of CBC (petroleum ether:
ethyl acetate, 9:1). The crude material was subjected to column chromatography to
produce brown oil which on further purification by reversed-phase HPLC produced
CBT in 17.8% yield. Upon spectral analysis, synthesized CBT data were identical to the
data reported in literature [61]. This chemical reaction is shown in Figure 5.29.

OH o
= & silica @\/\/\
150 °C, 210 min
© o
CBC CBT

Figure 5.29: Synthesis of CBT using CBC as starting material (acidic thermolysis).

5.11.2 Synthesis of CBT using CBC as starting material
(TFA as acid)

CBC was dissolved in dichloromethane, TFA was added dropwise at a temperature
maintained at 0 °C, and the reaction mixture stirred for 18 h. The temperature was
then warmed up to 20 °C, the reaction mixture was worked up, and the crude mixture
was purified with silica gel flash column chromatography to produce CBT as white
solid [18]. This chemical reaction is shown in Figure 5.30.



135

5 Total synthesis of the major phytocannabinoids

O
donezipAio

1499
O -—
/\/\/O 0,0 V4l
o

oz o)

= =
HO

9D Wody 19D Jo SISRYIUAS :0€°S aunbiy

ol lo]

(o)

0,0 V4L
= =

HO



136 =—— Waseem Gul et al.

References

[11  Mechoulam R. Marihuana chemistry: Recent advances in cannabinoid chemistry open the area to
more sophisticated biological research. Science 1970; 168: 1159-1166.

[2] Radwan MM, Chandra S, Gul S, EISohly MA. Cannabinoids, phenolics, terpenes and alkaloids of
cannabis. Molecules 2021; 26: 2774.

[31 Mechoulam R, Gaoni Y. Fortschritte der chemie organischer naturstoffe/progress in the chemistry of
organic natural products/progrés dans la chimie des substances organiques naturelles. Vienna,
Springer, 1967.

[4]  Hepler RS, Frank IR. Marihuana smoking and intraocular pressure. Jama 1971; 217: 1392-1392.

[5] Sallan SE, Zinberg NE, Frei III E. Antiemetic effect of delta-9-tetrahydrocannabinol in patients
receiving cancer chemotherapy. New England Journal of Medicine 1975; 293: 795-797.

[6] DiMarzoV. New approaches and challenges to targeting the endocannabinoid system. Nature
Reviews Drug Discovery 2018; 17: 623-639.

[71  Fellermeier M, Zenk MH. Prenylation of olivetolate by a hemp transferase yields cannabigerolic acid,
the precursor of tetrahydrocannabinol. FEBS Letters 1998; 427: 283-285.

[8] GaoniY, Mechoulam R. Structure+ synthesis of cannabigerol new hashish constituent. Royal Soc
Chemistry Thomas Graham House, Science Park, Milton Rd, Cambridge . . ., 1964; 82-&.

[91 Anderson LL, Heblinski M, Absalom NL, Hawkins NA, Bowen MT, Benson MJ, Zhang F, Bahceci D,
Doohan PT, Chebib M. Cannabigerolic acid, a major biosynthetic precursor molecule in cannabis,
exhibits divergent effects on seizures in mouse models of epilepsy. British Journal of Pharmacology
2021; 178: 4826-4841.

[10] Razdan R. Recent advances in the chemistry of cannabinoids. Progress in organic chemistry. In:
Carruthers W, Sutherland JK (Eds). London, Butterworths, 1973; 8: 78-101.

[111 Mechoulam R, Burstein SH. Marijuana: Chemistry, pharmacology, metabolism and clinical effects.
Contributors-SH Burstein [and Others]. Academic Press, New York, 1973.

[12] Mechoulam R, McCallum NK, Burstein S. Recent advances in the chemistry and biochemistry of
cannabis. Chemical Reviews 1976; 76: 75-112.

[13] Fellermeier M, Eisenreich W, Bacher A, Zenk MH. Biosynthesis of cannabinoids: Incorporation
experiments with 13C-labeled glucoses. European Journal of Biochemistry 2001; 268: 1596-1604.

[14] Pertwee R. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: A9-
tetrahydrocannabinol, cannabidiol and A9-tetrahydrocannabivarin. British Journal of Pharmacology
2008; 153: 199-215.

[15] Navarro G, Varani K, Reyes-Resina I, Sanchez de Medina V, Rivas-Santisteban R, Sanchez-Carnerero
Callado C, Vincenzi F, Casano S, Ferreiro-Vera C, Canela EI. Cannabigerol action at cannabinoid CB1 and
CB2 receptors and at CB1-CB2 heteroreceptor complexes. Frontiers in Pharmacology 2018; 9: 632.

[16] Nachnani R, Raup-Konsavage WM, Vrana KE. The pharmacological case for cannabigerol. Journal of
Pharmacology and Experimental Therapeutics 2021; 376: 204-212.

[17]1 Baek S-H, Du Han S, Yook CN, Kim YC, Kwak JS. Synthesis and antitumor activity of cannabigerol.
Archives of Pharmacal Research 1996; 19: 228-230.

[18] Nguyen G-N, Jordan EN, Kayser O. Synthetic strategies for rare cannabinoids derived from Cannabis
sativa. Journal of Natural Products 2022; 85: 1555-1568.

[19]1 GaoniY, Mechoulam R. Isolation, structure, and partial synthesis of an active constituent of hashish.
Journal of the American Chemical Society 1964; 86: 1646-1647.

[20] Lambert DM, Fowler CJ. The endocannabinoid system: Drug targets, lead compounds, and potential
therapeutic applications. Journal of Medicinal Chemistry 2005; 48: 5059-5087.

[21] Pertwee RG. Cannabinoid receptors and pain. Progress in Neurobiology 2001; 63: 569-611.

[22] Pertwee RG, Ross R. Cannabinoid receptors and their ligands. Prostaglandins, Leukotrienes and

Essential Fatty Acids (PLEFA) 2002; 66: 101-121.



[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

31

32]

[33]

[34]

[33]

[36]

371

[38]

[39]

[40]

[41]

[42]

5 Total synthesis of the major phytocannabinoids =— 137

Adams R, Hunt M, Clark J. Structure of cannabidiol, a product isolated from the marihuana extract of
Minnesota wild hemp. L. Journal of the American Chemical Society 1940; 62: 196-200.

Mechoulam R, Shvo Y. Hashish - I: The structure of cannabidiol. Tetrahedron 1963; 19: 2073-2078.
Mechoulam R, Gaoni Y. The absolute configuration of §1-tetrahydrocannabinol, the major active
constituent of hashish. Tetrahedron Letters 1967; 8: 1109-1111.

Elliott J, DeJean D, Clifford T, Coyle D, Potter BK, Skidmore B, Alexander C, Repetski AE, Shukla V,
McCoy B. Cannabis-based products for pediatric epilepsy: An updated systematic review. Seizure
2020; 75: 18-22.

R de Mello Schier A, P de Oliveira Ribeiro N, S Coutinho D, Machado S, Arias-Carrién O, A Crippa J, W
Zuardi A, E Nardi A, C Silva A. Antidepressant-like and anxiolytic-like effects of cannabidiol: A
chemical compound of Cannabis sativa. CNS & Neurological Disorders-Drug Targets (Formerly
Current Drug Targets-CNS & Neurological Disorders) 2014; 13: 953-960.

US Food and Drug Administration (FDA). FDA approves first drug comprised of an active ingredient
derived from marijuana to treat rare, severe forms of epilepsy. 2018.

Moreno-Sanz G. Can you pass the acid test? critical review and novel therapeutic perspectives of A9-
tetrahydrocannabinolic acid A. Cannabis and Cannabinoid Research 2016; 1: 124-130.

Taschwer M, Schmid MG. Determination of the relative percentage distribution of THCA and A9-THC
in herbal cannabis seized in Austria-Impact of different storage temperatures on stability. Forensic
Science International 2015; 254: 167-171.

Gaoni Y, Mechoulam R. Isolation and structure of. DELTA.+-tetrahydrocannabinol and other neutral
cannabinoids from hashish. Journal of the American Chemical Society 1971; 93: 217-224.
Mechoulam R, Braun P, Gaoni Y. Syntheses of. DELTA. 1-tetrahydrocannabinol and related
cannabinoids. Journal of the American Chemical Society 1972; 94: 6159-6165.

Adams R. Marihuana: Harvey lecture, February 19, 1942. Bulletin of the New York Academy of
Medicine 1942; 18: 705.

Adams R, Pease D, Cain C, Clark J. Structure of cannabidiol. VI. Isomerization of cannabidiol to
tetrahydrocannabinol, a physiologically active product. Conversion of cannabidiol to cannabinol?.
Journal of the American Chemical Society 1940; 62: 2402-2405.

Adams R, Baker B. Structure of Cannabidiol. VII. A method of synthesis of a tetrahydrocannabinol
which possesses Marihuana Activity1. Journal of the American Chemical Society 1940; 62:
2405-2408.

Adams R, Loewe S, Pease D, Cain C, Wearn R, Baker R, Wolff H. Structure of cannabidiol. VIII.
Position of the double bonds in cannabidiol. Marihuana activity of tetrahydrocannabinols. Journal of
the American Chemical Society 1940; 62: 2566-2567.

Gaoni Y, Mechoulam R. Hashish - VII: The isomerization of cannabidiol to tetrahydrocannabinols.
Tetrahedron 1966; 22: 1481-1488.

Petrzilka T, Sikemeier C. Uber Inhaltsstoffe des Haschisch. 3., vorldufige Mitteilung. Umwandlung
von (-)-A6, 1-3, 4-trans-Tetrahydrocannabinol in (-)-A1, 2-3, 4-trans Tetrahydrocannabinol. Helvetica
Chimica Acta 1967; 50: 2111-2113.

Petrzilka T, Haefliger W, Sikemeier C. Synthese von Haschisch-Inhaltsstoffen. 4. Mitteilung. Helvetica
Chimica Acta 1969; 52: 1102-1134.

Dethe DH, Erande RD, Mahapatra S, Das S, Kumar B. Protecting group free enantiospecific total
syntheses of structurally diverse natural products of the tetrahydrocannabinoid family. Chemical
Communications 2015; 51: 2871-2873.

Stoss P, Merrath P. A useful approach towards A9-tetrahydrocannabinol. Synlett 1991; 1991:
553-554.

Erman WF. Photochemical transformations of unsaturated bicyclic ketones. Verbenone and its
photodynamic products of ultraviolet irradiation. Journal of the American Chemical Society 1967; 89:
3828-3841.



138

[43]

[44]

[45]

[46]

(471

[48]

[49]

[50]

[51]

[52]

[53]

[54]
[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

= Waseem Gul et al.

Hurst J, Whitham G. 579. The photochemistry of verbenone. Journal of the Chemical Society
(Resumed) 1960; 2864-2869.

Razdan R, Handrick G, Dalzell H. A one-step synthesis of (-)-A1-Tetrahydrocannabinol from
chrysanthenol. Experientia 1975; 31: 16-17.

Evans DA, Shaughnessy EA, Barnes DM. Cationic bis (oxazoline) Cu (II) Lewis acid catalysts.
Application to the asymmetric synthesis of ent-Al-tetrahydrocannabinol. Tetrahedron Letters 1997;
38:3193-3194.

Thomas A, Stevenson LA, Wease KN, Price MR, Baillie G, Ross RA, Pertwee RG. Evidence that the
plant cannabinoid A9-tetrahydrocannabivarin is a cannabinoid CB1 and CB2 receptor antagonist.
British Journal of Pharmacology 2005; 146: 917.

Gill E, Paton WD, Pertwee RG. Preliminary experiments on the chemistry and pharmacology of
cannabis. Nature 1970; 228: 134-136.

Hill AJ, Williams CM, Whalley BJ, Stephens GJ. Phytocannabinoids as novel therapeutic agents in CNS
disorders. Pharmacology and Therapeutics 2012; 133: 79-97.

Hill A, Mercier M, Hill T, Glyn S, Jones N, Yamasaki Y, Futamura T, Duncan M, Stott C, Stephens

G. Cannabidivarin is anticonvulsant in mouse and rat. British Journal of Pharmacology 2012; 167:
1629-1642.

Hill T, Cascio MG, Romano B, Duncan M, Pertwee R, Williams C, Whalley B, Hill A. Cannabidivarin-
rich cannabis extracts are anticonvulsant in mouse and rat via a CB1 receptor-independent
mechanism. British Journal of Pharmacology 2013; 170: 679-692.

Yamauchi T, Shoyama Y, Aramaki H, Azuma T, Nishioka L. Tetrahydrocannabinolic acid, a genuine
substance of tetrahydrocannabinol. Chemical and Pharmaceutical Bulletin 1967; 15: 1075-1076.
Kimura M, Okamoto K. Distribution of tetrahydrocannabinolic acid in fresh wild cannabis.
Experientia 1970; 26: 819-820.

Yoshinari S, Taro T, Kazuo K, Ayako T, Futoshi T, Shigeki A, Michael B, Yukihiro S, Satoshi M, Ryota
K. Structure and function of Al-tetrahydrocannabinolic acid (THCA) synthase, the enzyme controlling
the psychoactivity of Cannabis sativa. Journal of Molecular Biology 2012; 423: 96-105. DOI: https://
doi.org/10.1016/j.jmb.2012.06.030.

Carruthers W, Sutherland JK. Progress in organic chemistry. Springer, New York, 1973.

Krejci Z, Santavy F. Isolace dals™ich latek z listi indického konopi Cannabis sativa L. Acta Univ Palacki
Olomuc 1955; 6: 59-66.

Petri G. Cannabis sativa: In vitro production of cannabinoids. In: Medicinal and aromatic plants

L. Springer, Berlin, Heidelberg, 1988; 333-349.

Garrett ER, Gouyette A, Roseboom H. Stability of tetrahydrocannabinols II. Journal of
Pharmaceutical Sciences 1978; 67: 27-32. DOI: 10.1002/jps.2600670108.

Adams R, Baker BR, Wearn RB. Structure of cannabinol. IIL. Synthesis of cannabinol, 1-hydroxy-3-n-
amyl-6,6,9-trimethyl-6-dibenzopyran?. Journal of the American Chemical Society 1940; 62:
2204-2207. DOI: 10.1021/ja01865a083.

Karniol IG, Shirakawa I, Takahashi RN, Knobel E, Musty RE. Effects of A9-tetrahydrocannabinol and
cannabinol in man. Pharmacology 1975; 13: 502-512.

Farrimond JA, Whalley BJ, Williams CM. Cannabinol and cannabidiol exert opposing effects on rat
feeding patterns. Psychopharmacology 2012; 223: 117-129.

Caprioglio D, Mattoteia D, Minassi A, Pollastro F, Lopatriello A, Munoz E, Taglialatela-Scafati O,
Appendino G. One-pot total synthesis of cannabinol via iodine-mediated deconstructive annulation.
Organic Letters 2019; 21: 6122-6125.

Turner CE, Elsohly MA. Constituents of Cannabis sativa L. XVI. A possible decomposition pathway of
A9-tetrahydrocannabinol to cannabinol. Journal of Heterocyclic Chemistry 1979; 16: 1667-1668.
Bercht C, Lousberg R, Kiippers F, Salemink C, Vree T, Van Rossum J. Cannabis: VII. Identification of
cannabinol methyl ether from hashish. Journal of Chromatography A 1973; 81: 163-166.



[64]

[65]

[66]

[67]

[68]

[69]

[70]

71

[72]

[73]

[74]

[75]

[76]

77

[78]

[79]

[80]

[81]

[82]

[83]

5 Total synthesis of the major phytocannabinoids =—— 139

Turner CE, Elsohly MA, Boeren EG. Constituents of Cannabis sativa L. XVIL. A review of the natural
constituents. Journal of Natural Products 1980; 43: 169-234.

Uliss DB, Razdan RK, Dalzell HC. Stereospecific intramolecular epoxide cleavage by phenolate anion.
Synthesis of novel and biologically active cannabinoids. Journal of the American Chemical Society
1974; 96: 7372-7374.

Gaoni Y, Mechoulam R. Cannabichromene, a new active principle in hashish. Chemical
Communications (London), 1966; 1:20-21.

Claussen U, Von Spulak F, Korte F. Chemical classification of plants. XXXI. Hashish. 10.
Cannabichromene, a new hashish component. Tetrahedron 1966; 22: 1477-1479.

Anderson LL, Ametovski A, Lin Luo J, Everett-Morgan D, McGregor IS, Banister SD, Arnold JC.
Cannabichromene, related phytocannabinoids, and 5-fluoro-cannabichromene have anticonvulsant
properties in a mouse model of Dravet Syndrome. ACS Chemical Neuroscience 2021; 12: 330-339.
Wirth PW, Watson ES, EISohly M, Turner CE, Murphy JC. Anti-inflammatory properties of
cannabichromene. Life Sciences 1980; 26: 1991-1995.

Claussen U, Spulak F, Korte F. Zur chemischen klassifizierung von pflanzen - XXXI, haschisch -

X: Cannabichromen, ein neuer haschisch-inhalts-stoff. Tetrahedron 1966; 22: 1477-1479.

Brown N, Harvey D. In vitro metabolism of cannabichromene in seven common laboratory animals.
Drug Metabolism and Disposition 1990; 18: 1065-1070.

Davis WM, Hatoum NS. Neurobehavioral actions of cannabichromene and interactions with delta 9-
tetrahydrocannabinol. General Pharmacology 1983; 14: 247-252.

Turner CE, Elsohly MA. Biological activity of cannabichromene, its homologs and isomers. The
Journal of Clinical Pharmacology 1981; 21: 2835-291S.

Wirth PW, ES W, MA E, JC M. Anti-inflammatory activity of cannabichromene homologs. 1980.
Mechoulam R, Yagnitinsky B, Gaoni Y. Hashish. XIL. Stereoelectronic factor in the chloranil
dehydrogenation of cannabinoids. Total synthesis of dl-cannabichromene. Journal of the American
Chemical Society 1968; 90: 2418-2420.

EISohly MA, Boeren EG, Turner CE. Constituents of Cannabis sativa L. An improved method for the
synthesis of dl-cannabichromene. Journal of Heterocyclic Chemistry 1978; 15: 699-700.

Cardillo G, Cricchio R, Merlini L. Synthesis of d, I-cannabichromene, franklinone and other natural
chromenes. Tetrahedron 1968; 24: 4825-4831.

Kirby K. Recent developments in the chemistry of natural phenolic compounds: Edited WD Ollis,
Pergamon Press, 1961, 70s. Elsevier, New York, 1962.

Campbell I, Calzadilla C, McCorkindale N. Some new metabolites related to mycophenolic acid.
Tetrahedron Letters 1966; 7: 5107-5111.

Korte F, Sieper H. Zur chemischen klassifizierung von pflanzen: XXIV. Untersuchung von Haschisch-
Inhaltsstoffen durch Diinnschichtchromatographie. Journal of Chromatography A 1964; 13: 90-98.
Mechoulam R, Gaoni Y. Recent advances in the chemistry of hashish. Fortschritte der Chemie
Organischer Naturstoffe/Progress in the Chemistry of Organic Natural Products/Progres Dans la
Chimie Des Substances Organiques Naturelles 1967; 25: 175-213.

Bercht CL, Lousberg RJ, Kiippers FJ, Salemink CA. Cannabicitran: A new naturally occurring
tetracyclic diether from lebanese Cannabis sativa. Phytochemistry 1974;13: 619-21.

Elsohly MA, Harland EC, Benigni DA, Waller CW. Cannabinoids in glaucoma II: The effect of different
cannabinoids on intraocular pressure of the rabbit. Current Eye Research 1984; 3: 841-850.






Mohamed M. Radwan, Amira S. Wanas, Suman Chandra
and Mahmoud A. EISohly*

6 Biosynthesis of cannabis constituents

Abstract: Cannabinoids, non-cannabinoid phenols, flavonoids, and terpenes are the
major secondary metabolites of Cannabis sativa. Many enzymes and intermediates
are involved in the process of biosynthesis of these metabolites. Oxidases, transfer-
ases, reductases, and isomerases are examples of these enzymes which are responsi-
ble for various chemical conversions of intermediates inside the plant’s tissues. In
this chapter, the biosynthesis of cannabinoids, non-cannabinoid phenols, flavonoids,
and terpenes is discussed.

Keywords: biosynthesis, enzymes, cannabinoids, non-cannabinoid phenols, flavo-
noids, terpenes

6.1 Introduction

More than 550 metabolites have been identified in cannabis [1], which can be catego-
rized into primary and secondary metabolites. Primary metabolites are essential for
plants and all organisms’ life to produce energy. They provide the key intermediates
for the biosynthesis of secondary metabolites. Proteins, fats, carbohydrates, nucleic
acids, and steroids are examples of primary metabolites, which are produced under
all conditions by primary metabolic pathways such as Krebs cycle (the tricarboxylic
acid cycle), fatty acid p-oxidation, photosynthesis, and glycolysis [2]. Secondary metab-
olites are produced under certain conditions to act as plant defense against insects
and diseases or to provide aroma to attract insects for pollination or as coloring
agents. Most of the pharmacological activities are due to secondary metabolites. Can-
nabinoids, non-cannabinoid phenols, flavonoids, and terpenes are the major second-
ary metabolites in cannabis [1], which are biosynthesized by secondary metabolic
pathways such as acetate, mevalonate phosphate (MVP), methylerythritol phosphate
(MEP), and shikimate pathways. Biosynthesis is an enzyme-catalyzed process that oc-
curs via primary and secondary metabolic pathways, where substrates are converted
into more complex products in living organisms.
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6.2 Biosynthesis of cannabinoids

Cannabinoids are biosynthesized mainly in the glandular trichome of Cannabis sativa
but they are also detected in the stems and leaves [3, 4]. All cannabinoid structures
have monoterpene residues (C;o) connected to a phenolic ring that carries an alkyl
residue (mainly C; and C3, and to a lesser extent C4, C;, and C;) as shown in Figure 6.1.

Monoterpene Residue Monoterpene Residue

(C10)

OH/ OH/
~ COOH ~ COOH
o~ A~
S~ S~

Alkyl Residue (Cs side-chain) Alkyl Residue (Cj3 side-chain)

Figure 6.1: Chemical structures of the components of cannabinoid acids.

Steps for the biosynthesis of cannabinoids with Cs side chain are:

1. Biosynthesis of olivetolic acid (OA)

2. Biosynthesis of geranyl pyrophosphate (GPP) or neryl pyrophosphate (NPP)

3. Biosynthesis of cannabigerolic acid (CBGA)

4. Biosynthesis of tetrahydrocannabidiolic acid (THCA), cannabidiolic acid (CBDA),
and cannabichrominic acid (CBCA)

5. Formation of neutral cannabinoids

6.2.1 Biosynthesis of olivetolic acid

OA is a dihydroxy phenolic acid which constitutes the phenolic ring/Cs side-chain part
of the cannabinoid’ structures. It is formed by the condensation of one molecule of hex-
anoyl-CoA and three molecules of malonyl-CoA by polyketide synthase (PKS) enzyme

(Figure 6.2).

OH

HO SCoA O COOH
3X W + N P /@/\/\
[e) o) SCoA HO
Malonyl-CoA Hexanoyl-CoA Olivetolic acid

Figure 6.2: Formation of olivetolic acid.

Both hexanoyl-CoA and malonyl-CoA are derived from the acetate metabolic pathway [2].
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6.2.1.1 Formation of malonyl-CoA and hexanoyl-CoA

Malonyl-CoA originates from acetyl-CoA. Acetyl-CoA is the key intermediate in many
pathways. It is produced from the glycolysis pathway. Acetyl-CoA carboxylase enzyme
catalyzes the conversion of acetyl-CoA to malonyl-CoA (Figure 6.3).

Glycolysis
o]

\
PS HO\H/\H/SCoA

H-C SCoA Acetyl-CoA carboxylase
3

0O O

Acetyl-CoA Malonyl-CoA

Figure 6.3: Formation of malonyl-CoA.
Hexanoyl-CoA is formed in cannabis trichomes from hexanoic acid by the hexanoy!-

CoA synthetase enzyme (Figure 6.4), and hexanoic acid is biosynthesized from the
fatty acid biosynthesis pathway [5].

Fatty acid Biosyntheis
(Acetate pathway)

(e} (0]
w Hexanoyl-CoA synthetase /\/\)J\
OH SCoA
Hexanoic acid Hexanoyl-CoA

Figure 6.4: Formation of hexanoyl-CoA.

6.2.2 Biosynthesis of GPP

GPP or geranyl diphosphate is derived from MVP and MEP pathways. Both pathways
form two reactive hemiterpene (Cs) intermediates named isopentenyl pyrophosphate
or isopentenyl diphosphate (IPP) and dimethylallyl pyrophosphate or dimethylallyl
diphosphate (DMAPP) (Figure 6.5). These two intermediates are the precursors of all
terpenes (monoterpenes (Cyp), sesquiterpenes (Cys), diterpenes (Cy), sesterterpenes
(Cys), and triterpenes (Cs).
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geranyl pyrophosphate (GPP) Figure 6.5: Formation of geranyl pyrophosphate (GPP).

6.2.3 Biosynthesis of CBGA

CBGA is the precursor of n-pentyl cannabinoid acids or cannabinoid acids with Cs
side chain (THCA, CBDA, and CBCA). These three acids are the parent cannabinoids
for all C5 acid cannabinoids and Cs neutral cannabinoids [6]. Neutral cannabinoids
are derived from nonenzymatic decarboxylation of their corresponding acid cannabi-
noids. CBGA is formed by the condensation of OA and GPP by geranylpyrophosphate:
olivetolate geranyltransferase (GOT) enzyme or CBGA synthase enzyme (Figure 6.6).

COOH OPP e COOH
+ GOT
_—
HO | | HO
OA GPP CBGA

Figure 6.6: Biosynthesis of cannabigerolic acid (CBGA).

6.2.4 Biosynthesis of THCA, CBDA, and CBCA

Three enzymes are responsible for the conversion of CBGA to THCA, CBDA, and
CBCA. Oxidative cyclization of CBGA by THCA synthase (THCAS) enzyme resulted in
the formation of THCA, while CBDA synthase (CBDAS) catalyzes the oxidocyclization
of CBGA to CBDA. Both THCAS and CBDAS are expressed and stored in the glandular
trichomes of cannabis [7, 8]. It is also proven that CBGA is cyclized to CBCA by CBCA
synthase [9] as demonstrated in Figure 6.7.
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y COOH

Figure 6.7: Biosynthesis of THCA, CBDA, and CBCA from CBGA.

6.2.5 Formation of neutral cannabinoids

Most cannabinoids are formed mainly due to nonenzymatic transformation or degradation
of both acidic and neutral cannabinoids as a result of the effects of light (UV irradiation),
heat, and oxidation. Therefore, it is still doubtful if all these forms are present as natural
constituents or just artifacts originating during storage and/or sample preparation [10].

Neutral cannabinoids are derived from their corresponding acid cannabinoids by
nonenzymatic decarboxylation during the drying of the cannabis plants or during ex-
traction. Decarboxylation certainly occurs during smoking. CBGA, A°-THCA, CBDA,
and CBCA are decarboxylated to their corresponding neutral cannabinoids, CBG, A®-
THC, CBD, and CBC (Figure 6.8).

Cannabinol (CBN) is an oxidized product resulting from the oxidation (aromatization) of
A°-THC upon long storage and exposure to light [11]. A>-THCA and CBDA are also oxidized to
cannabinolic acid (CBNA) and cannabinodiol (CBND), respectively (Figure 6.8). Since CBD is
a stable cannahinoid, CBND may be formed as a result of enzymatic activity.

AB-THC resulted from the nonenzymatic isomerization of A>THC (Figure 6.9). It is
thermodynamically more stable than A%-THC and does not oxidize nearly as easy as A>-THC
to CBN upon storage. A%-THC might be an artifact of extraction and/or analysis process.

Cannabicyclolic acid (CBLA) is an artifact originated from natural irradiation (UV

light) of CBCA, and it is decarboxylated to cannabicyclol (CBL) by heat. CBL was also
originated from CBC after UV irradiation [12] (Figure 6.10).
The formation of cannabielsoic acid (CBEA) results from the photooxidative cyclization
of CBDA [13]. Its neutral form, cannabielsoin (CBE), was found to be the main product
of the pyrolysis of CBD in air [14]. CBE was also identified as the main CBD metabolite
in guinea pigs, which is possibly formed through epoxy CBD intermediate by cyto-
chrome P-450 [15, 16]. Formation of CBEA and CBE is shown in Figure 6.11.
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Figure 6.9: Isomerization of A’-THC to A3-THC.
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Figure 6.10: Formation of CBLA and CBL.
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Photo-oxidation
pyrolysis

Figure 6.11: Formation of CBEA and CBE.

6.2.6 Biosynthesis of propyl cannabinoids

Cannabigerovarinic acid (CBGVA) is the precursor for the biosynthesis of propyl can-
nabinoids or cannabinoids with Cs side chain. Formation of propyl cannabinoids is
not the result of shortening of the Cs side chain of the n-pentyl cannabinoids [17, 18].
Divarinolic acid is the parent compound in the biosynthesis of CBGVA, which is
formed by condensation of one molecule of n-butyl-CoA and three molecules of ma-
lonyl-CoA by PKS. Alkylation of divarinolic acid by GPP in the presence of GOT en-
zyme resulted in the formation of CBGVA (Figure 6.12).

The enzymes that are responsible for the biosynthesis of the acid cannabinoids with Cs
side chain are also responsible for the formation of the cannabinoid acids with C; side
chain. These enzymes are not selective for the length of the side chain. The biosynthesized
cannabinoid acids are called tetrahydrocannabivarinic acid (THCVA), cannabidivarinic
acid (CBDVA), and cannabichromevarinic acid (CBCVA) as shown in Figure 6.12.

Like n-pentyl cannabinoids, most of n-propyl neutral cannabinoids are formed as a
result of nonenzymatic decarboxylation, oxidation, and cyclization of propyl cannabinoid
acids (Figure 6.13). Cannabigerovarin (CBGV), tetrahydrocannabivarin (THCV), cannabi-
divarin (CBDV), cannabichromevarin (CBCV), cannabivarin (CBV), and cannabicyclo-
varin (CBLV) are the major neutral cannabinoids formed after decarboxylation of their
corresponding cannabinoid acids (Figure 6.13). Cannabivarinic acid (CBVA), CBV, can-
nabinodivarin (CBVD) artifacts formed by oxidation of THCVA, THCV, and CBDV, re-
spectively, upon long storage and heat. Cannabicyclovarinic acid (CBLVA) is produced
from CBCA by natural irradiation (UV light), and it is decarboxylated to cannabicyclo-
varin (CBLV) by heat. CBLV was also formed as a result of UV irradiation of CBCV.
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Figure 6.12: Biosynthesis of propyl cannabinoid acids.

6.3 Biosynthesis of non-cannabinoid constituents

The major non-cannabinoid constituents of cannabis include non-cannabinoid phenols,
flavonoids, and terpenes. Forty-two non-cannabinoid phenols have been identified
from cannabis of different chemical classes, including dihydrostilbenes, cannabispirans
and dihydrophenanthrenes [1].

6.3.1 Biosynthesis of non-cannabinoid phenols
6.3.1.1 Biosynthesis of dihydrostilbenes

Phenyl alanine and malonyl-CoA are the building blocks in the biosynthesis of dihy-
drostilbenes. Phenyl alanine is derived from the shikimate pathway, while malonyl-
CoA is biosynthesized from the acetate pathway [19]. Phenyl alanine is converted to di-
hydro-p-coumaroyl-CoA that condensed with three molecules of malonyl-CoA by bibenzyl
synthase (BBS) enzyme to produce dihydroresveratrol (Figure 6.14).
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Figure 6.14: Biosynthesis of dihydroresveratrol.

Modification reactions like methylation and prenylation of dihydroresveratrol
form most of dihydrostilbenes (Figure 6.15). Methylation of dihydroresveratrol by
O-methyl transferase (OMT) forms 3,4'-dihydroxy-5-methoxybibenzyl, which is sub-
jected to prenylation to form 3,4-dihydroxy-5-methoxy-3'-prenylbibenzyl. Prenyltrans-
ferase is the enzyme responsible for prenylation. Some prenylated and methoxylated
dihydrostilbene derivatives are also shown in Figure 6.15.

OH

OH O
O OMT
HO

Dihydroresveratrol

Prenyltransferase

H3CO Isoprenyl
3,4’ -dihydroxy-5-methoxybibenzyl

Isoprenyl

Sse.
Prenyltransfera HO
3,5,4’-triihydroxy-4,3"-diprenylbibenzyl
HO Isoprenyl

3,5,4’-triihydroxy-3"-prenylbibenzyl

Figure 6.15: Biosynthesis of prenylated and methoxylated dihydroresveratrol.

6.3.1.1.1 Biosynthesis of canniprene

Canniprene is a prenylated dimethoxy dihydrostilbene that was isolated from the
leaves of high THC cannabis biomass of Thailand origin [20]. Similar to dihydroresvera-
trol, canniprene is biosynthesized from phenyl alanine as shown in Figure 6.16. Dihy-
drocaffeoyl-CoA is condensed with three molecules of malonyl-CoA by BBS enzyme
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to form 3,5,3,4-tetrahydroxybibenzyl [21], which is methylated by OMT enzyme to
3,3-dihydroxy-5,4-dimethoxy bibenzyl [21] and then prenylated by prenyltransferase
to form canniprene (Figure 6.16).

COSCoA COSCoA
Phenyl alanine —
HO HO
Dihydro-p-coumaroyl-CoA OH
Dihydro-caffeoyl-CoA
OCH; oJe)

OH HO SCoA
o % Malonyl-CoA

A BBS alonyi-Co

O OCH; OH
H;CO Isopreny! 4

OH OH
Canniprene p’e,,y/f 1/ O:I;l 3‘ OH
gy oM
NGO UEa NG
H;CO™5 HO

3,3'-dihydroxy-5,4"-dimethoxy bibenzyl 3,5,3" 4 -tetrahydroxybibenzyl

Figure 6.16: Biosynthesis of canniprene.

6.3.1.2 Biosynthesis of cannabispirans

Cannabispirans are one of the important chemical classes in cannabis, which are de-
rived from dihydrostilbenes and are considered an intermediate step between the
biosynthesis of dihydrostilbenes and dihydrophenanthrenes. The biosynthesis of can-
nabispirans starts with one electron oxidation of dihydrostilbenes followed by p—o or
p-p coupling [22]. Cannabispirone is an example of cannabispirans which was iso-
lated from the cultivated hemp of South African origin [23]. It is biosynthesized from
3,4-dihydroxy-5-methoxybibenzyl after oxidation to give diradical intermediate that
couples in p—o pattern to form cannabispiradienone. Successive reduction of canna-
bispiradienone results in the formation of cannabispirenone A, cannabispirone,
and cannabispiranol. 3,4-dihydroxy-5-methoxybibenzyl is also the precursor of can-
nabispirenone B after p—p coupling of its oxidizing diradical intermediate followed
by reduction (Figure 6.17). Cannabispiradienone could be prenylated by the prenyl-
transferase enzyme to produce prenylspirodinone [24]. The biogenesis of some ex-
amples of cannabispirans is shown in Figure 6.17.
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Figure 6.17: Biosynthesis of cannabispirans.

6.3.1.3 Biosynthesis of dihydrophenanthrenes

Dihydrophenanthrenes are biosynthesized from bibenzyls via cyclization. Like dihy-
drostilbenes, their biosynthesis is derived from phenylalanine. Methylation of biben-
zyls by OMT enzyme is essential before cyclization to dihydrophenanthrenes [25].
Cannithrenes 1 and 2 are 9,10-dihydrophenanthrenes isolated from Thailand’s high
THC C. sativa [22, 26]. 9,10-Dihydrophenanthrene could also originate from spirans
via dienone—phenol rearrangement on heating or under acidic conditions [22]. The
biosynthesis of cannithrene 1 and cannithrene 2 is illustrated in Figure 6.18.
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Figure 6.18: Biosynthesis of cannithrenes 1 and 2.

6.3.2 Biosynthesis of flavonoids

More than 30 flavonoids have been identified from cannabis belonging to 7 chemical
subclasses that can be hydroxylated, methylated, glycosylated, or prenylated. The
seven chemical structures of flavonoids are orientin, vitexin, isovitexin, apigenin, lu-
teolin, kaempferol, and quercetin [1]. Naringenin aglycone is the precursor for the
biosynthesis of all cannabis flavonoids.

6.3.2.1 Biosynthesis of naringenin

The first step in the biosynthesis of naringenin is the formation of p-cinnamic acid from
phenyl alanine (originating from the shikimate pathway) by phenylalanine ammonia
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lyase enzyme (PAL), then the hydroxylation of p-cinnamic acid to p-coumaric acid by cin-
namate-4-hydroxylase (C4H), which is activated to p-coumaroyl-CoA by 4-coumarate:CoA
ligase (4CL). p-Coumaroyl-CoA is condensed with three molecules of malonyl-CoA (origi-
nating from the carboxylation of acetyl-CoA) by chalcone synthase (CHS) enzyme to yield
naringenin chalcone, which isomerizes to naringenin by chalcone isomerase (CHI) en-
zyme (Figure 6.19).

Shlklmlc acid
HOOC HOOC’ CoASOC Acetyl-CoA
HO,C™ “NH, p-cinnamic acid p-coumaric acid

Pha ala p-coumaroyl-CoA /

CHS | 3XMalonyl -CoA

HO”/‘ Ho‘/\c;i,
OH O

Naringenin Nangenlne Chalcone

Figure 6.19: Biosynthesis of naringenin.

6.3.2.2 Biosynthesis of different cannabis flavonoids from naringenin

Naringenin is a flavanone aglycone consisting of three rings A, B, and C. Double bond is
formed in ring C between C, and C; by flavone synthase (FNS) to form apigenin. Glycosyl-
ation of apigenin ring A at Cs and Cg by UDP-glycosyltransferase (UGT) gives isovitexin
and vitexin, respectively. Luteolin is formed by the hydroxylation of ring B of apigenin
at position 3' by flavonoid-3-hydroxylase (F3'H). Modification of luteolin by UGT enzyme
yields the flavonoid glycoside orientin. Hydroxylation of naringenin at C; of ring C by
flavonoid-3-hydroxylase (F3H) yields dihydrokaempferol which is converted to kaemp-
ferol by flavonol synthase (FLS). Quercetin is formed by the hydroxylation of kaemp-
ferol at Cz by F3H. The biosynthetic pathways of flavonoids are shown in Figure 6.20.

6.3.2.3 Biosynthesis of cannflavins A, B, and C

Cannflavins A, B, and C are prenylated flavonoids isolated from the ethanolic extract of
C. sativa [1, 27, 28]. They are biosynthesized from luteolin, which is at first methylated by
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Figure 6.20: Biosynthesis of different cannabis flavonoids.

OMT to chrysoeriol and then prenylation of ring A at Cg or Cg to form cannflavins. Pre-
nylation occurs by prenyltransferase enzyme which is able to introduce isoprenyl at Cg to
form cannflavin B or geranyl at Cq to yield cannflavin A or geranyl at Cg to form can-
nflavin C (Figure 6.21). The biosynthesis of cannflavins A and B was proven using a com-
bination of phylogenomic and biochemical approaches [29].

6.3.3 Biosynthesis of terpenes

Terpenes are the second largest group of metabolites in cannabis after cannabinoids
with more than 100 reported compounds [1]. These compounds are responsible for
the characteristic aroma and the flavor of the plant. Terpenes are biosynthesized
from both MVP and MEP pathways [2]. Both pathways form two reactive hemiter-
pene (Cs) intermediates named isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP) (Figure 6.22). These two intermediates are condensed by
geranyl pyrophosphate synthase (GPP synthase) to produce GPP. NPP is the isomer of
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Figure 6.21: Biosynthesis of cannflavins A, B, and C.
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Figure 6.22: Biosynthesis of GPP and NPP.

GPP. The intermediates GPP and NPP are the precursors of all the immediate precur-
sors for all cannabis monoterpenes (Figure 6.22).
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6.3.3.1 Biosynthesis of monoterpenes

More than 60 monoterpenes are detected in cannabis [1], which can be classified into
acyclic (linear), monocyclic, and bicyclic monoterpenes. Geraniol, citronellol, linal-
ool, and S-myrcene are examples of the major acyclic cannabis monoterpenes which
originate from GPP and NPP. Geraniol synthase enzyme converts GPP into the acyclic
monoterpene geraniol which undergoes reduction of the allylic alcohol double bond
to produce citronellol (Figure 6.23).

x._-CH,OH CH,OH
X-"0PP 2
Geraniol synthase | Reduction |
GPP Geraniol Citronellol

Figure 6.23: Biosynthesis of geraniol and citronellol.

Linalool synthase acts on neryl cation intermediate that originates from NPP to form
linalool. B-Myrcene is one of the major linear unsaturated monoterpenes biosynthe-
sized by the myrcene synthase enzyme after losing one hydrogen from the neryl cation
intermediate to form an extra double bond (Figure 6.24).

OH

|@ Linalool synthase
H,O |

Neryl cation Linalool

-H*| Myrcene synthase

p-myrcene

Figure 6.24: Biosynthesis of linalool and B-myrcene.
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Limonene, a-terpineol, cineol, carveol, and carvone are monocyclic monoterpenes
that are biosynthesized from the cyclization of NPP that has the favorable Z stereo-
chemistry for cyclization rather than the E stereochemistry in GPP. Limonene is orig-
inated via cyclization of NPP by limonene synthase. Limonene undergoes allylic
hydroxylation by the hydrolase enzyme yielding carveol. A dehydrogenase enzyme
oxidizes the alcohol, carveol, to the ketone, carvone. Cyclization of NPP followed
by the attack of water in the presence of a-terpineol synthase to afford the tertiary
monoterpene alcohol, a-terpineol, produces the monoterpene cyclic ether, cineol,
by 1,8-cineol synthase enzyme (Figure 6.25).

)(é Limonene synthase

NPP a—terpenyl cation Limonene
Hydrolase
(allylic hydroxylation)
1,8 cineol synthase HO
0o Dehydrogenase
Cineol a-terpineol

Carvone Carveol

Figure 6.25: Biosynthesis of major monocyclic monoterpenes.

The intermediate a-terpenyl carbocation loses a proton and forms a cyclopropane
ring by carene synthase enzyme and yields the bicyclic monoterpene, A>-carene, as
shown in Figure 6.26.

a-Pinene and B-pinene are two major bicyclic monoterpenes formed by the loss
of different protons from the bicyclic a-pinyl cation intermediate that originates by
the cyclization of neryl cation. Pinene synthase is the enzyme responsible for the loss
of the protons and the formation of the double bond as shown in Figure 6.27.

The four-membered ring cation, a-pinyl cation, intermediate rearranged to the
less-strained five-membered ring via 1,2-alkyl shift (Wagner—Meerwein rearrange-
ment) to form fenchyl cation intermediate which transforms to fenchyl alcohol by
fenchyl synthase enzyme. Oxidation of fenchyl alcohol by dehydrogenase enzyme
generates the bicyclic monoterpene ketone, fenchone (Figure 6.28).
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Figure 6.28: Biosynthesis of fenchyl alcohol and fenchone.

6.3.3.2 Biosynthesis of sesquiterpenes

The precursor of sesquiterpenes (C;s skeleton) is farnesyl pyrophosphate or farnesyl
diphosphate (FPP) which is formed by the addition of IPP (Cs unit) to GPP (Cy, unit)
by FPP synthase (Figure 6.29). More than 45 sesquiterpenes have been reported from
cannabis, which can be classified into linear and cyclic sesquiterpenes [1]. a-Humulene,
B-caryophyllene, and caryophyllene oxide are the major cyclic sesquiterpenes present
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in cannabis. The biosynthesis of these three sesquiterpenes starts with the cyclization of
E,E-farnesyl cation by the cyclase enzyme to form the 11-membered ring humulyl carbo-
cation which yields a-humulene by a-humulene synthase. Humulyl carbocation may rear-
range to form caryophyllene carbocation of nine-membered ring fused to a cyclobutane
ring from which B-caryophyllene is biosynthesized by the action of S-caryophyllene syn-
thase. Caryophyllene oxide arises from B-caryophyllene by the epoxidation of the dou-
ble bond (Figure 6.29).
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Figure 6.29: Biosynthesis of a-humulene, B-caryophyllene, and caryophyllene oxide.

6.3.3.3 Biosynthesis of diterpenes

Phytol is an example of diterpenes (Cy) isolated from cannabis, and its biosynthesis
originates from geranylgeranyl pyrophosphate (GGPP) which is formed by the addi-
tion of IPP (Cs unit) to FPP (Cy5 unit) by GGPP synthase. Phytol arises as a result of the
reduction of geranylgeraniol (Figure 6.30).
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Figure 6.30: Biosynthesis of phytol (diterpene).

6.3.3.4 Biosynthesis of triterpene

Squalene is the precursor of triterpenes (Csp) which is formed by the union of two
molecules of FPP by squalene synthase enzyme. Friedelin and epifriedelanol are
two triterpenes isolated from the roots of C. sativa [30]. Their biosynthesis starts via
epoxidation of squalene which forms the intermediate 2,3-oxidosqualene by squa-
lene epoxidase. Epifriedelanol is produced from 2,3-oxidosqualene by enzymatic
modifications, including protonation, cyclization, and rearrangement, while its oxi-
dation resulted in the formation of friedelin (Figure 6.31).



162 = Mohamed M. Radwan et al.

qualene synthase

Squalene

squalene epoxidase

2,3-oxidosqualene
(Squalene oxide)

Oxidation

HO

Epifriedelanol

Friedelin

Figure 6.31: Biosynthesis of phytol, friedelin, and epifriedelanol (triterpenes).

6.4 Summary

In this chapter, the biosynthetic pathways leading to the formation of different mem-
bers of the major chemical classes of the cannabis secondary metabolites have been out-
lined. The major biosynthetic steps starting with basic primary metabolites, leading to
the final secondary metabolites with intermediates in between, and enzymes involved
in each transportation step are described for the cannabinoids, non-cannabinoid phe-
nols, flavonoids, and terpenes.
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7 Identification and analysis of cannabis

Abstract: The identification of cannabis and the quantitation of the cannabinoids con-
tent have always been an important part of cannabis investigations. This has become of
even more importance now in light of the legal definition for hemp versus marijuana
and the significance of the increase in the tetrahydrocannabinol content and its import
on the control level. This chapter elaborates on the different technologies and methods
used primarily in the quantitation of the cannabinoids in cannabis products, particularly
plant biomass (marijuana and hemp), hashish, and hash oil (cannabis extract). These
methods range from the traditional color tests to the currently more sophisticated ana-
lytical techniques, namely gas chromatography/flame ionization detector(GC/FID), gas
chromatography/mass spectrometry(GC/MS), high-performance liquid chromatography
(HPLC), ultra pressure liquid chromatography(UPLC), and high-performance thin layer
chromatography(HPTLC).

Keywords: Cannabis identification, microscopy, color test, GC, HPLC, HPTLC

7.1 Introduction

Cannabis is one of the most widely used illicit drugs in the world. It belongs to the family
Cannabaceae. Its earliest cultivation for fiber crop is documented in China, wherefrom the
crop spread to the Middle East, Europe, and the Americas during the early sixteenth century.
Its early medical use is documented by Emperor Shen Neng of China around 12,000 BCE [1].
Cannabis sativa L(C. sativa). is one of the oldest medicinal plants and one of the most
phytochemically studied. Phytochemical characterization of cannabis highlights the pres-
ence of cannabinoids (C21 terpenophenolics), various noncannabinoid constituents in-
cluding terpenes, flavonoids, spiroindans, dihyrostilbenes, and alkaloids along with 15
other chemical classes totaling more than 550 compounds. The typical C21 terpenophe-
nolic skeleton phytocannabinoids isolated from C. sativa represent a class of diverse
chemical substances along with their carboxylic acids, analogs, and transformation
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products. The most notable cannabinoid is the tetrahydrocannabinol (A’-THC), the pri-
mary psychoactive compound in cannabis. Cannabidiol (CBD) is another major constitu-
ent of the plant [2]. Intensive chemical studies have considerably clarified the chemistry of
C. sativa producing a total of 129 cannabinoids which can be classified into 11 types: A>-THC,
(—)—AS—trans—tetrahydrocannabinol (A%-THO), cannabigerol (CBG), cannabichromene (CBC),
CBD, cannabinodiol (CBND), cannabielsoin (CBE), cannabicyclol (CBL), cannabinol (CBN), and
cannabitriol (CBT), along with miscellaneous type cannabinoids (Chapter 3). The possession
manufacture and distribution of marijuana is an unlawful act by law in the United States
according to the Federal Regulations. A strict identification of the marijuana is necessary be-
fore proceeding with the persecuting of the case. The microscopical examination of the con-
fiscated botanical parts of marijuana, such as the leaves, seeds, or flowering tops, is one of
the methods that help in the identification and authentication of the plant. The presence of
cystolith hairs and glandular trichomes is a crucial point of reference in the identification of
marijuana leaf, but cannot be used as a sole criterion for marijuana identification. The
Duquénois—Levine test is found to be useful in the confirmation of marijuana since none of
the 82 species possessing hairs similar to those found on marijuana yield a positive test.

THC is frequently detected in the blood of drivers involved or killed in traffic acci-
dents or suspected of driving while impaired. Therefore, sensitive and accurate methods
for determining whether someone is under the influence of cannabis are necessary.

Generally, performing the chemical test is more recommended for the identifica-
tion of marijuana as it is unrelated to the microscopic appearance and independently
confirms the botanical examination. It is more applicable in cases where no recogniz-
able plant material is available as is the case when the evidence is an extract of the
plant and its content of cannabinoids, and as in the case of hashish, or in cases where
only a residue of resin or a charred ash is available.

7.2 Identification of cannabis

Cannabis plant material can be identified by macroscopical, microscopical, chemical,
and analytical methods. Macroscopical and microscopical identifications were dis-
cussed in detail in Chapter 2. Herein we will briefly discuss the microscopical identifi-
cation and focus on the chemical color tests and analytical methods as powerful
techniques applied in the identification of cannabis and its products.

7.2.1 Microscopical identification of cannabis

Fresh or dry plant samples can be identified microscopically in the presence of tri-
chomes. Glandular and nonglandular trichromes are identified in different tissues of
the plant including leaves, bracts, bracteole, flowers, and stems [3]. Cannabinoids are
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produced inside the glandular trichomes. The description of the different types of tri-
chrome is discussed in Chapter 2. Although, the presence of cannabis trichomes is es-
sential in the identification of cannabis where plant material is available, it should be
confirmed with other methods of identification such as color tests, GC, TLC, or HPLC.
Moreover, microscopical examination is not applicable for cannabis products such as
extracts, hashish, hash oil, and cannabinoids’ isolates.

7.2.2 Color tests

Chemical tests are crucial in the identification of cannabis especially if when coupled
with microsocial examination and are also used with plant material and with canna-
bis products. Duquénois-Levine test, field test, beam test, and Ghamrawy test are ex-
amples of these tests which are used for the identification of cannabis plant material
and cannabis products. Color tests are rapid and presumptive screening tools used to
narrow down the possible identification of an unknown drug sample. While the tests
are not specific on their own, they offer the advantage of promptly indicating the
presence or absence of a controlled substance.

7.2.2.1 Duquénois-Levine test

This test was developed by Pierre Duquénois in 1930 and was adopted by the League of
Nations Sub-committee of Cannabis in 1950 as a specific test for cannabis [4]. In 1960 it
was proposed by the United Nations Committee on Narcotics and known Duquénois-Lev-
ine test. The original test consists of two steps: the first step involves the addition of an
ethanolic solution of vanillin and acetaldehyde to the evaporated petroleum ether extract
of the plant or resin material; the second step involves the addition of concentrated hy-
drochloric acid to the mixture. In the presence of marijuana or marijuana resin, an in-
tense color formation is observed. The modification includes the addition of chloroform
which increases the specificity of the test as the phenolic constituents of cannabis give
colors which migrate to the chloroform layer [5].

7.2.2.1.1 Samples
Duquénois-Levine test is used for the identification of cannabis plant material, ex-
tract, and pure cannabinoids [6].

7.2.2.1.2 Reagents

— Reagent A: 0.5 mL acetaldehyde + 0.4 g vanillin in 20 mL EtOH
— Reagent B: Conc. HC1

— Reagent C: chloroform
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7.2.2.1.3 Procedure

1. In a test tube place a small amount (2 mg) of cannabis plant material and shake
with 2 mL of reagent A for one min.

2. Add 2 mL of reagent B and shake the mixture and allow standing for 10 min.

3. Add 2 mL of reagent C and mix gently.

7.2.2.1.4 Result
If the lower (chloroform) layer became violet, this indicates the presence of a canna-
bis product as shown in Figure 7.1.

Rapid Duquénois-Levine Test
applied on

F"'

High THC variety High CBD variety

Figure 7.1: Positive Duquénois-Levine test.

7.2.2.1.5 Mechanism of the Duquénois-Levine test
The first step in the mechanism is the protonation of the aldehyde by the acidic solution of
hydrochloric acid, which makes the acetaldehyde a stronger electrophile. The protonated
acetaldehyde is condensed with vanillin, and the condensation product undergoes further
condensation with cannabinoids to form highly conjugated purple color product, so the
acetaldehyde is served as a bridge connecting THC with vanillin as shown in Figure 7.2.
Duquénois-Levin test gave positive result with many phenolic compounds contain-
ing 1,3-dioxy benzene partial structure (resorcinols) which are found in cannabinoids and
flavonoids [7]. Thus this test alone is not specific enough for the identification of cannabis
and should be combined with microscopy and/or other chromatographic evidence [8].
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Figure 7.2: Mechanism of Duquénois-Levine test.

7.2.2.2 Beam test

The beam test was introduced in 1911 [9] which is used for the identification of canna-
bis plant material and extract.

7.2.2.2.1 Alkaline beam reagent
5% solution of potassium hydroxide in ethyl alcohol (5% KOH in EtOH) [5].

7.2.2.2.2 Procedure

1. Place 1-2 mg of the tested material (powder plant material, resin, or cannabinoid)
in a test tube.

2. Add 1-2 mL of petroleum ether and shake and then transfer the extract to an
evaporating dish.

3. Evaporate the extract in water bath and add of beam reagent.
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7.2.2.2.3 Result
Blue to deep violet color is formed within 30 min. This test gave positive result with
CBD and negative with both THC and CBN.

7.2.2.2.4 Mechanism

The color is formed due to the formation of a hydroxyl para quinone and quinone
dimer in alkaline medium as shown in Figure 7.3. The presence of both phenolic hy-
droxyl groups is required to obtain a positive test, so this is used for the identification
of CBD and CBG but not THC or CBN [10].

CHy

OH

(@)

CBD Hydroxyquinone

Hydroxyquinone dimer

Figure 7.3: Mechanism of beam test.

7.2.2.3 Ghamrawy test

Ghamrawy test was introduced in 1973 and used for the identification of cannabis
plant material and hashish.

7.2.2.3.1 Reagent
p-dimethylaminobenzaldehyde (p-DMAB) and sulfuric acid (H,SO,4)

7.2.2.3.2 Procedure

1. Dissolve 1 g of p-DMAB in 5 mL H,SO,4, then add 1 mL of water and allow to cool.

2. Add the above solution to the sample extract (petroleum ether extract of marijuana).
3. Add water to the reaction mixture from step 2.

7.2.2.3.3 Result
A blue-indigo color is formed. This test gave positive test with both CBD and THC.
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7.2.2.3.4 Mechanism

Unlike the previous color test, DMAB reacts at the allylic methyl group on the cyclo-
hexene ring of A>-THC and CBD. A 7 conjugation is created with the phenolic ring due
to electron rearrangement [11] as shown in Figure 7.4.

CsHy,

indigo-Blue color

CsHyy

Figure 7.4: Mechanism of Ghamrawy test.

7.2.2.4 Fast blue B test

7.2.2.4.1 Reagent

Fast blue B salt (3,3-dimethoxybiphenyl-4,4-bisdiazonium chloride) or fast blue BB
salt (4-amino-2,5-diethoxybezanilide diazotated zinc double salt) in basic medium. The
two azo dye reagents are designated as FBBS and FBBBS, respectively (Figure 7.5).

OMe OEt

. +
N=N N=N N=N= NH
° _ }_Q
MeO EtO o)
FBBS FBBBS

Figure 7.5: Chemical structures of fast blue reagents FBBS and FBBBS.
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7.2.2.4.2 Procedure

1. Weight approximately 1 mg of cannabis plant material on an absorbent paper,
add two drops of petroleum ether, and wait till it becomes dry.

2. Remove the plant material from the paper and add about 0.1 mg of fast blue re-
agent (FBBS or FBBBS) to the original spot of the material on the adsorbent paper
and then add two drops of water to it.

3. For cannabis extracts or powder or any sticky material, use two thicknesses of
absorbent paper and sufficient petroleum ether to moisten the lower paper and
perform the test on the lower paper.

7.2.2.4.3 Result
A purple red-colored stain is produced at the original spot on the adsorbent paper (Fig-
ure 7.6). Positive test indicates the presence of cannabinoids such as THC, CBN, and CBD.

High CBD variety High THC variety

x =

Figure 7.6: Result of FBB color test.

7.2.2.4.4 Mechanism

The mechanism of this color test includes three steps as shown in Figure 7.7. Step 1 is
the formation of cannabinoid phenolate ion in the presence of basic medium, which
is stabilized by resonance. The second step is the rate determining step which in-
cludes the attack of the phenolate electrons to the diazo group of the FBB salt to form
a nonaromatic intermediate which undergoes tautomerization to form a color [12].
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Figure 7.7: Proposed mechanism of the fast-blue color test.

7.2.2.5 4-Aminophenol color test (Swiss test)

OEt

NH:
(6]

The 4-aminophenol (or p-aminophenol) color test is used mainly to discriminate be-
tween THC-rich and CBD-rich cannabis samples. The test is performed on a test tube
or on a spot plate and was originally developed by the Forensic Institute of Zurich

(Zurich Police) in Switzerland [13].

7.2.2.5.1 Reagent

Reagent A: 300 mg p-aminophenol in 995 mL ethanol and 5 mL 2 N hydrochloric

acid.

Reagent B: 30 g sodium hydroxide in 300 mL of water and 700 mL ethanol.
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Reagents A and B are stable for six months if they are stored in refrigerator in amber
containers.

To execute this test, a small sample of dried or fresh cannabis plant material is
transferred into a glass vial and 1-2 mL of solution A (0.3 mg/mL 4-aminophenol in
ethanol/isopropanol [95:5; v/v], acidified with 0.5% hydrochloric acid [HCI 2 N]) and
four drops of solution B (30 mg/mL sodium hydroxide in ethanol/water [70:30; v/v])
are added. After shaking and leaving to stand for 2 min to allow reaction, the color of
the solution is visually evaluated: THC-rich cannabis is indicated by a blue coloration,
CBD-rich cannabis by a pink coloration.

7.2.2.5.2 Procedure

1. In a test tube or spot plate, place 5 mg of sample and add reagent A in enough
quantity to cover it.

2. Add two to four drops of reagent B to the above mixture and wait for 1-2 min.

7.2.2.5.3 Result
If the concentration of THC in plant material is greater than the concentration of CBD,
the color test result is blue and is considered marijuana or THC rich plant. If the concen-
tration of CBD in plant material is greater than the concentration of THC, the color test
result is pink and is considered CBD-rich plant or Hemp. The color forms after 2 min.
The decarboxylated CBD and THC plant materials gave more intensive pink and
blue colors, respectively, compared to those colors of nondecarboxylated biomasses
(Figure 7.8).

Decarboxylated  Non-Decarboxylated Intermediate Non-Decarboxylated Decarboxylated
CBD plant material CBD plant material Variety THC plant material THC plant material

Figure 7.8: Positive 4-aminophenol test.
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7.2.2.5.4 Limitation of the test

Plants with equal THC and CBD concentrations (intermediate variety) or a THC/CBD
ratio between 0.33 and 3, gave false-negative result as pink within the 2 min time pe-
riod, and then changed to a mixture of blue and purple after 2 min [14]. In Figure 7.8,
the intermediate variety used has THC/CBD ratio of 2:1 and gave a gray color.

7.2.2.5.5 Mechanism

In reagent A, 4-aminophenol is present in a protonated form due to the presence of
hydrochloric acid, which is easily deprotonated and oxidized in alkaline medium (re-
agent B) to quinoneimine intermediate. The intermediate reacts with THC and CBD to
generate colored dimers 1 and 2, respectively, as shown in Figure 7.9.

Compound 1
(Blue color)

CsHy

Reagent B [OJ

NaOH/EtOH/H,0

NH; NH, NH y
T~
CBD

OH OH o

Reagent A Quinoneimine

Compound 2
Pink color)

Figure 7.9: Reaction of 4-aminophenol with THC and CBD.

7.3 Chromatographic analysis of cannabinoids
in cannabis and cannabis products

The legalization of the medical use of cannabis and its preparations lead to increasing
interest in developing analytical procedures needed to ensure the quality in terms of
the quantitation of constituents (e.g., cannabinoids and terpenes) and limits of con-
taminants that might affect the public health. There are three broad categories of can-
nabis chemotypes based on their chemical profiles: drug chemotype (high THC);
intermediate chemotype (THC/CBD); and high CBD chemotype (fiber type or hemp).
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Many analytical methods have been developed to determine the chemical profile
of cannabinoids in cannabis biomass, extracts, and other cannabis products including
GC, HPLC, UPLC, and HPTLC. Those techniques have been widely used with different
levels of sensitivity and specificity.

7.3.1 Gas chromatography

GC is the most common analytical technique used for qualitative and quantitative
analysis of cannabis chemical components especially cannabinoids and terpenes.
In this technique, the separation of these components is based mainly upon differ-
ences of the vapor pressure, polarity, and thermal stability in the GC system. GCs
are frequently hyphenated to indicate the type of detector used for the analysis.
For example, if the detector is a mass spectrometer, the designation would be GC.
The advantages of this technique are being fast, simple, and sensitive for the deter-
mination of the total cannabinoids (neutral and acidic) and terpenes. The decar-
boxylation of the acidic cannabinoids due to the high injector temperature does
not permit their determination unless chemical derivatization is performed, such
as silylation prior to injection into the GC.

7.3.1.1 Methodology

The sample is first introduced into the GC with a syringe or transferred from an auto-
sampler into the GC inlet through a septum, which is connected to the analytical col-
umn, which contains the stationary phase coated on the inside walls. The analytical
column is held in the column oven which is heated during the analysis to elute the
volatile components. The outlet of the column is inserted into the detector which re-
sponds to the chemical components eluting from the column to produce a signal. The
signal is recorded by the acquisition software on a computer to produce a chromato-
gram. There are many types of GC detectors, for example: those that respond to C-H
bonds like the FID; those that respond to specific elements, for example, nitrogen or
phosphorus (NP detector); and those that respond to specific properties of the mole-
cule, like the ability to capture an electron, as is used with the electron capture detec-
tor and finally an MS. The main components of GC chromatograph are illustrated in
Figure 7.10.
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Figure 7.10: A simplified diagram of a gas chromatograph.

7.3.1.2 Applications

7.3.1.2.1 GC analysis of neutral cannabinoids

Different GC-FID and GC/MS methods have been reported for identification and quan-
tification of cannabinoids and terpenes in cannabis. The three major cannabinoids
(A%-THC, CBD, and CBN) in some hemp food products including beer, pastilles, liqueur,
seeds, and oil were quantitatively analyzed by GC/MS using fused silica capillary col-
umn (HP-5 MS, 30 m x 0.25 mm i.d, film thickness 0.25 pm). Oven temperature was ad-
justed at 120 °C for 2 min, then increased to 290 °C at 20 °C/min and held for 10 min.
The electron-impact mass spectra of the analytes were recorded in the total ion moni-
toring mode (scan range 40-550 M), and A®-THC was used as an internal standard [15].

GC/FID method was used for the quantification of the cannabinoids content in a
Japanese Cannabis plant material for AS-THC, CBD, CBC, and CBN. The run was done
on an HP-5 MS column (30 m x 0.25 mm x 0.25 um) using 5a-cholestane as an internal
standard. Oven temperature was programmed from 50 °C to 250 °C, and injection vol-
ume was 1 pL. The time of the run was 30 min [16].

A validated GC/FID method of quantification of A*>THC, CBD, and CBN in 52 seized
marijuana samples and two hashish samples in Brazil was achieved using an HP-5
fused-silica GC column (30 m x 0.32 mm i.d., 0.25 um film thicknesses, Agilent). The
temperature of the injection port and detector was 270 °C and 280 °C, respectively.
The oven temperature was maintained at 150 °C for 1 min; programmed at 15 °C/min
to 250 °C followed by a hold time of 13 min and using diazepam as internal standard.
This rapid and simple method was able to differentiate between different cannabis
phenotypes [17].
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Mllicit cannabis products including sinsemilla, ditchweed, Thai sticks, hashish, and
its oil seized by the U.S. Drug Enforcement Administration (DEA) were quantitatively
analyzed using fast, sensitive, precise, and accurate GC/FID method for its seven can-
nabinoids content (A>-THC, A®-THC, CBD, CBN, CBG, CBC, and THCV). The used vali-
dated method was carried on DB-1 MS columns (15 m x 0.25 mm x 0.25 pm), injector
temperature, 240 °C; detector temperature, 270 °C; oven program, 170 °C (hold 1 min)
to 250 °C at 10 °C/min (hold 3 min); programmed to run for 12 min, using 4-androstene-
3,17-dione as the internal standard [18]. The GC chromatogram of those seven cannabi-
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Figure 7.11: GC chromatogram of seven major cannabinoids.

7.3.1.2.2 GC analysis of cannabinoid acids

The GC technique is not the proper technique for the analysis of cannabinoid acids, as
the high temperature of the injection port causes decarboxylation of the acids. There-
fore, a new validated GC/FID method was developed for the analysis of both acids and
neutral cannabinoids in the same sample. This technique depends on the derivatization
of the cannabis samples with trimethylsilyl groups that are incorporated at the phenolic
hydroxyl and carboxyl groups so that the cannabinoid compounds have sufficient vola-
tility to be easily detected on GC-FID. Silylation was carried out by reaction with N,0-
bis(trimethylsilyDtrifluoroacetamide. The method is accurate, reproducible, and rapid.
This validated method was applied to identify and quantify 13 cannabinoids including
four cannabinoid acids (CBDVA, THCAA, CBDA, and CBGA), along with nine neutral can-
nabinoids (A’-THC, A®*-THC, CBN, CBG, CBL, CBDV, THCV, CBC, and CBD) in different
types of cannabis plant materials. The oven time program began at 190 °C for 1 min
before ramping at a rate of 30 °C/min to 230 °C. The oven was Kkept at 230 °C for 2 min
before ramping at a rate of 5 °C/min until reaching 250 °C. After holding for 1 min, the
oven temperature increased at 20 °C/min to 300 °C where it was held for 2.75 min and
then recycled back down to 190 °C. The total run time was approximately 17.5 min. The
detector temperature was 300 °C, and the hydrogen, air, and make-up gas flow rates
were 40, 500, and 27 mL/min, respectively. 4-androstene-3, 17-dione was used as internal
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standard [19]. The GC chromatogram of the silylated cannabinoids (cannabnoids-TMS
derivatives) is shown in Figure 7.12.
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Figure 7.12: GC-FID chromatogram of cannabinoids-TMS.

7.3.1.2.3 GC analysis of terpenes

Terpenes are responsible for the aroma of cannabis. Along with the cannabinoids, deter-
mination of the terpenes in cannabis is important in choosing the best C. sativa strain. A
GC-MS method was developed for the quantification of the 10 most prevalent terpenes in
cannabis plant material namely a-pinene, S-pinene, S-myrcene, limonene, terpinolene, lin-
alool, a-terpineol -caryophyllene, a-humulene, and caryophyllene oxide. Samples were
prepared by extraction of the plant material with ethyl acetate containing n-tridecane
(C13 hydrocarbon) solution (100 pg/mL) as the internal standard. n-tridecane was selected
as the internal standard since it was found experimentally that its retention time falls be-
tween the mono (C10) and sesquiterpenes (C15) and the fact that it was not present in
C. sativa plant extracts [20].

DB-5 MS capillary column (30 m x 0.25 mm LD., 0.25 pm film thickness) was used.
Helium was used as the carrier gas at a flow rate of 1 mL/min. The inlet temperature was
250 °C with a split ratio of 15:1. The injection volume was 2 yL. The oven temperature
program started at 50 °C (held for 2 min), then ramped up to 85 °C at a rate of 2 °C/min,
and to 165 °C at 3 °C/min. The postrun temperature was 280 °C for 10 min. The mass
spectrometer was set in full scan mode from 40 to 450 amu. The ionization energy was
70 eV. The ion source temperature was 230 °C and the quadrupole temperature was
150 °C and the transfer line temperature was 280 °C. The solvent delay was set to 4 min.
Figure 7.13 shows the GC chromatogram of the analyzed terpenes and n-tridecane (in-
ternal standard).
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Figure 7.13: GC chromatogram of terpenes.

7.3.2 High-performance liquid chromatography

HPLC is one of the analytical techniques in which the chemical structure of the canna-
binoids remains intact (since no heat is applied), which permits analysis of both neu-
tral and acidic cannabinoid in the same run. It has the disadvantage of lack of
insufficient resolution for the separation of the whole array of cannabinoids and
other noncannabinoids present in the plant material extracts.

7.3.2.1 The apparatus of the HPLC

The HPLC system consists of a solvent delivery pump that delivers the mobile phase
at an adjusted flow rate, a sample injector, a column oven, a detector, and a data pro-
cessor (Figure 7.14).

In order to avoid flow rate fluctuations and baseline noise/drift, a solvent degassing
is used to remove air bubbles from the mobile phase, helium in the mobile phase at a
very low rate. The column is placed in a column oven to keep the temperature constant,
as temperature fluctuations can affect the separation of compounds on the column.
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Figure 7.14: High-performance liquid chromatography (HPLC) system.

Compounds eluted from the column are detected by a detector which is placed down-
stream of the column. A workstation processes the signals from the detector to obtain a
chromatogram to identify and quantify the compounds. Since sample compounds char-
acteristics can be very different, several types of detectors have been developed such as
UV-absorbance detector, fluorescence detector, and evaporative-light-scattering detec-
tor (ELSD). Multiple detectors in series are sometimes used, for example, and a UV and/
or ELSD detector may be used in combination with an MS to give more comprehensive
information about an analyte. The application of combining a mass spectrometer to an
HPLC system is called LC/MS.

Each HPLC detector has its own advantage and limitation. UV detectors require
that the analyte must possess a chromophore to be detected. Fortunately, all canna-
binoids and their acids have aromatic rings and therefore UV absorbance. Terpenes
on the other hand do not. Compounds that lack chromophore could be analyzed
using evaporative light scattering (ELS) detector. This is a universal detector in
which the molecular mass of the compounds eluting off the column into the mobile
phase. Finally, mass spectrometric detection offers the advantage of specificity as to
the identity of the elating compounds and is applicable whether the analyte has a
chromophore or not.

7.3.2.2 Applications

A validated HPLC method was used for the analysis of THCA, CBDA, THC, CBD, CBG, CBC,
A8-THC, and CBN in two cultivars of Cannabis from California. Separation was achieved
on a Poroshell 120 EC-C18 column (2.7 um, 150 x 2.1 mm id, using photodiode array detec-
tor (PDA), and 214 nm for quantification). Gradient eluent consisted of 0.1% formic acid
in water (solvent A) and 0.1% formic acids in acetonitrile (solvent B) was used. Ibuprofen
was used as internal standards. Selectivity, linearity, accuracy (recovery and percentage
relative bias), and repeatability precision (RSDr) of the method were determined. This
method provided baseline resolution of the eight cannabinoids in 17 min [21].
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Quantification of eleven cannabinoids, in three different varieties of cannabis as
well as in seizures made by the DEA was performed at the University of Mississippi
using a validated HPLC method. The cannabinoids included A’-THC, A%-THC, CBG, CBC,
CBD, CBDA, CBL, CBN, THCV, THCAA, and CBGA. The cannabinoids were separated on
a Luna C18 (2) column (150 x 4.60 mm id, 3 um particle size).

The mobile phase consisted of (A) 0.1% (v/v) formic acid in water and (B) 0.1% (v/v)
formic acid in acetonitrile with gradient elution program. UV spectra were recorded
from 210 to 400 nm, and the quantification wavelength was set at 220 nm. Run time was
22.2 min and the method was described as accurate, fast, and reliable and could be
used for routine analysis of cannabis (Figure 7.15) [22].
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Figure 7.15: HPLC chromatogram of 11 cannabinoids.

Wang et al. [23] determined the concentrations of three cannabinoids, AS-THC, CBD, and
CBN in 13 Cannabis edible and beverage samples. The samples include baked goods,
chocolate bars, and hard candies. LC-MS/MS was used in the positive electrospray ioni-
zation mode (ESI-MS) and C18 HPLC column (100 mm x 2.1 mm x 3 pym particle size)
column. The mobile phase consists of 10 mM ammonium acetate and methanol with
0.1% formic acid in a gradient manner. The method was described as QUEChERS (quick,
easy, cheap, effective, rugged, and safe).
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A manual prepared by the United Nations, Division of Narcotic Drugs has de-
scribed an HPLC method for the analysis of CBD, CBN, THC, and THCA in homogenous
herbal cannabis using 250 mm x 4.0 mm RP-8 (5 um) column and an isocratic mobile
phase [acetonitrile: water (8:2 v/v)]. The total run time was 8 min. The quantitation
was carried out at two wave lengths of 220 and 240 nm [24].

A validated HPLC/DAD method developed by De Backer et al. [25] has been chosen
by the American Herbal Pharmacopeia for qualitative and quantitative determination
of A°>-THC. THCA, CBD, CBDA, CBG, CBGA, CBN, and A%-THC in eight cannabis samples
of drug type. HPLC column C18 (4.6 mm x 150 mm x 3.5 um particle size) and a gradi-
ent mobile phase composed of 50 mM ammonium formate (pH 3.75) and acetonitrile
were used. Diazepam was the internal standard. Neutral cannabinoids were detected
at 228 nm while acidic cannabinoids at 270 nm. It is an accurate method for not only
the quantification of major cannabinoids in cannabis plant but also it can be used for
the determination of plant phenotype. The disadvantage of this method is relatively
long run (36 min) [25].

The United States Pharmacopeia has reported specifications necessary to define
cannabis quality attributes. HPLC was one of the chromatographic methods used to
verify the identity of the chemotype based on the presence and the percent of the
THC and CBD. Standard solutions of THC, CBD, and cannabinoid acids mixture were
used as standards. Sample solution was prepared using cannabis inflorescence in
methanol, homogenized in a high-throughput homogenizer for 1 min at 1,500 rpm.
The extract was then filtered through submicron pore filter to be injected for analysis.
The HPLC conditions are: detector: UV with diode array detection, 222 nm, column:
4.6 mm x 15 cm, 2.7 um C18, hard core with superficially porous shell, L1, column tem-
perature: 40° and flow rate: 1.5 mL/min injection volume: 5 yL. Thirteen cannabinoids
(acids and neutrals) have been separated (Figure 7.16) [3].
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Figure 7.16: HPLC profile of cannabinoids.
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7.3.2.3 Analysis of flavonoids

An HPLC method with UV/DAD, ESI-MS, and MS/MS detection was developed and vali-
dated for the analysis of hemp-specific flavonoids, combined with a selective and simple
extraction procedure using six samples of fiber-type hemp female inflorescences. The
HPLC method applied for profiling of the content of cannflavins A and B. Cannflavin A
was observed to be the main compound in almost all the samples. The developed HPLC
method can be applied for ensuring the quality of both hemp plant material and related
pharmaceutical products.

A two-step extraction of the plant material with n-hexane followed by extraction
with acetone was selected as the optimum protocol for flavonoids extraction to reduce
any interference from cannabinoids in the hemp extract.

The applied HPLC method was optimized to get a good resolution of peaks belong-
ing to cannflavins A and B using gradient elution of acidic mobile phase that provides
good separation, enhanced resolution, better peak shape, and improvement of their
ionization in HPLC-ESI-MS and MS/MS experiments. The chromatographic analysis
was carried out on an Ascentis Express C18 column (150 mm x 3.0 mm 1.D., 2.7 pum),
with a mobile phase composed of 0.1% HCOOH in both (A) H,0 and (B) ACN. The gra-
dient elution was modified as follows: 0-5 min 40% B, 5-20 min from 40 to 80% B,
and 20-35 min from 80% to 90% B, which was held for 10 min. The postrunning time
was 10 min. The flow rate and the sample injection volume were kept at 0.4 mL/min
and 3 pL, respectively, and column was kept at room temperature.

The quantification of cannflavins A and B of the tested six hemp samples was car-
ried out by combining the information obtained from UV/DAD and MS detectors. Can-
nflavins A and B (Figure 7.17) showed the first Ay,.x at 213-215 nm, a second one at
around 273-274 nm, and finally, one at 342 nm. The amount of cannflavin A in the
tested samples raised from 0.006% to 0.032% while the content of cannflavin B was
found to be in the range of 0.003% to 0.041% [26]. The measured amounts of the can-
nflavins were in good agreement with the published data by Izzo et al. [27].

Cannflavin A Cannflavin B

Figure 7.17: The chemical structures of cannflavins A and B.
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7.3.3 Ultraperformance liquid chromatography

UPLC offered the advantages of increased sensitivity and resolution together with re-
duced analysis time by using columns with particle size of 2 ym and smaller. Thus, a
greater resolution is achieved between peaks, or the same resolution can be achieved
in less time. Due to the better sensitivity enhanced resolution, UPLC was widely used
in forensic chemistry to quantitate cannabinoids and their metabolites in biological
fluids (urine, blood, and saliva). Few publications on the application of UPLC for the
analysis of cannabis products were reprinted in the literature.

7.3.3.1 Methodology

The analytical UPLC instrument consists of the same parts as HPLC instrument. The
main differences between UPLC and HPLC are using short columns packed with
smaller particles (sub-2 um), the much-increased pressure limit on the solvent pump,
and the decreased use of solvents compared with conventional HPLC. Moreover, the
UPLC system enables the detection of analytes at very low concentrations because of
the improved signal-to-noise ratio. The injection volume in UPLC can be significantly
reduced without loss of sensitivity [28].

7.3.3.2 Applications

UPLC/UV and UPLC-MS-MS were described and validated by Seok et al [29]. for the anal-
ysis of cannabinoids in different types of food and as well in dietary supplements (tab-
lets, capsules, powders, liquids, cookies, and candies). The UPLC/UV validation method
was performed on an Acquity UPLC/UV system using Waters Acquity UPLC HSS C18 col-
umn (2.1 mm x 150 mm, 1.8 um particle size) with a flow rate of 0.18 mL/min, and the UV
detection was set at 210 nm. The mobile phase was gradient and consisted of 25 mM so-
dium phosphate and 0.01% sodium hexane sulfonate in deionized water adjusted to pH
3 with phosphoric acid (solvent A) and acetonitrile (solvent B). LC-MS-MS analysis was
carried out on a Waters Acquity UPLC BEH C18 column (2.0 mm x 100 mm, 1.7 pm) with
a flow rate of 0.25 mL/min. The mobile phase was composed of solvent A (0.1% formic
acid in distilled water) and solvent B (0.1% formic acid in acetonitrile). MS was con-
ducted in ESI mode. Both methods were validated for linearity, precision, and accuracy.
This method can be used for rapid and accurate screening of cannabinoids present in
food products.

A simple, fast, and efficient method was developed for the analysis of 30 cannabis
plant samples (flowering buds, hashish, and leaves) at the University of Mississippi
using ultra high-performance supercritical fluid chromatography coupled with PDA
and ESI/mass spectrometry (ESI-MS) detection. Nine cannabinoids including CBD,
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AB-THC, THCV, A*-THC, CBN, CBG, THCA-A, CBDA, and CBGA were quantitatively deter-
mined. The chromatographic separation was achieved using a Waters ACQUITY UPC?
BEH 2-EP (2-ethylpyridine) column with dimensions of 150 x 3.0 mm i.d. and 1.7 um par-
ticle size. The mobhile phase consisted of CO, as solvent A and isopropanol: acetonitrile
(80: 20) with 1% water as solvent B. The PDA was set to scan from 190-400 nm, and
220 nm was used for the quantification. Mass spectrometry was performed using a
Waters ACQUITY single quadrupole mass spectrometer. The MS ESI source was oper-
ated in full scan mode (positive and negative) in a mass range from 100 to 800 amu.
The validated method is more sensitive, and the run time is shorter compared to GC/MS
methods. Multivariate statistical analysis including principal component analysis and
partial least squares-discriminant analysis was used to differentiate between the canna-
bis samples [30].

CBD, CBDA, CBG, CBGA, THC, and THCA were detected in in dietary supplements,
food, and beverages using HPLC-ESI-MS/MS in negative ion mode on a linear ion
trap quadrupole (QTRAP) mass analyzer using Phenomenex Kinetex EVO C18 column
(100 mm x 2.1 mm; particle size: 5 um; Phenomenex) [31].

7.3.4 High Performance Thin Layer Chromatography

HPTLC is an applied technique for the analysis of herbal drugs which allows analysis of
many samples in parallel with the possibility of multiple detections. It is a sophisti-
cated form of thin layer chromatography (TLC) with superior and advanced separa-
tion efficiency and detection limits and is often an exceptional alternative to HPLC
and GC. HPTLC is also known as flat-bed chromatography or as planar chromatogra-
phy with many applications in phytochemical analysis, herbal drug quantification,
and finger print analysis. Normal and reversed-phase HPTLC plates could be used.

The HPTLC works on the principles of adsorption, where the analytes move ac-
cording to their affinities toward the stationary phase and the mobile phase as the
solvent flows through the stationary phase by capillary action. Component with
higher affinity toward the stationary phase travels slower through the stationary
phase, while low-affinity components travel rapidly with the mobile phase resulting
in physical separation of the components of the mixture to be analyzed.

The main advantage of the HPTLC technique is its capability to analyze multicom-
ponents of multiple samples simultaneously, on the same plate. The lower prices of
the precoated plates make it a more economic method. HPTLC also allows for two-
dimensional separations at no risk of contamination due to the use of the freshly pre-
pared mobile phase and stationary phase. Moreover, neither filtration nor degassing
of mobile phases is required as in case of HPLC. The method is highly sensitive, repro-
ducible, and precise as compared to conventional TLC and minimized exposure risk
of toxic organic effluents and reduction of disposal problems and environmental
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pollution [32]. Short separation bed is the major disadvantage of HPTLC in addition to
a limited number of samples per plate can be tested.

7.3.4.1 Methodology

HPTLC is chromatographic technique based on the principle of planar chromatogra-
phy but more advanced than TLC with better resolution and reproducibility. HPTLC
precoated glass plates with silica gel 60 F254S or reversed phase are used. Samples
are applied automatically using a sampler applicator as 6 mm band. The run of the
samples vertically is done in a chromatographic development chamber. The detection
of the tested compounds is carried out in the visualizer and then in the scanner with
UV detection. The software organizes the workflow of the HPTLC analysis and man-
ages data evaluation (Figure 7.18).
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Figure 7.18: A schematic diagram for the components of CAMAG®-HPTLC instrument.

7.3.4.2 Applications of HPTLC in cannabinoids analysis

Four cannabinoids, THC, CBD, CBN, and CBC, were identified and determined using
HPTLC in two commercially available Japanese cannabis oils (hemp oil and Taima-Yu).
The analysis was performed on RP-18 HPTLC plates using acetonitril 100% as a mobile
phase. After development the plates were sprayed with a coloring agent (Echtbausalz B
in 0.1 M NaOH). The limit of detection for the four cannabinoids was 50 pg/g [33].

An HPTLC-densitometry analytical method was developed for the screening and
determination of the main neutral cannabinoids including A°-THC, CBD, CBC, CBG,
and THCV as well as quantification of A>THC and CBN in two decarboxylated medici-
nal cannabis cultivars. Si gel HPTLC plates (Merck, 20 x 10 cm silica gel 60 aluminum
plates) were used, and the range of quantification was determined to be 50-500 ng at
206 nm. This method can be useful for forensic analysis, quality control of hemp, and
quality control of medicinal Cannabis [34].

Chromatographic analysis of five neutral cannabinoids (A°-THC, CBN, CBD, CBG, and
CBC) has been carried out on amino HPTLC plates via over pressured-layer chro-
matographic technique on an OPLC BS 50 instrument. Thirty hemp samples were ana-
lyzed on a 10 cm x 20 cm plate within 4 min. Dichloromethane was used as a developing
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solvent and fast blue salt B as visualization reagent. Plates were evaluated by Desaga CD
60 slit scanner at a wavelength of 200 nm. To construct calibration curves, 0.10, 0.25,
0.50, 0.75, and 1.00 g of each cannabinoid were applied to each plate [35].

Depending on the high-resolution capability of HPTLC, 10 different TLC mobile phase
systems were used to figure out the most effective mobile phase for the analysis of can-
nabinoids in C. sativa products. Three major cannabinoids including A>-THC, CBD, and
CBN were recorded on all 10 systems. Reversed-phase RP-18 WF 254 10 x 10 cm plate was
used for one solvent system, and normal-phase HPTLC silica gel 60 F254 20 x 10 cm plates
were used for the rest nine systems. The optimum separation of the three major cannabi-
noids was achieved using xylene:hexane:diethylamine (25:10:1) and 6% diethylamine in
toluene. This method could be applied to get better resolution for the three major canna-
binoids in crime labs in spite of the complexity of the cannabis herbal products [36]. An
HPTLC fingerprint method has been developed to differentiate between the cannabis va-
rieties (high THC, intermediate, and high CBD) before and after decarboxylation by heat-
ing at 120 °C for 2 h). This method provides efficient resolution between 11 different
cannabinoids. These cannabinoids include A’-THC, CBD, CBN, CBC, CBG, THCA, CBGA,
THCV, CBDV, CBDVA, and CBDA. Reversed-phase C18 HPTLC plates were used, and the
bands were visualized by spraying with vanillin/H,SO,. Fast blue salt B, commonly used
to visualize cannabinoids on normal phase plates, was not compatible with the C18
plates, particularly the Merck® plates. Silicycle C18 plates were more compatible with
fast blue salt B visualizing reagent but did not provide as efficient separation of the dif-
ferent cannabinoids as did the Merck® plates. Stationary phases: Merck® C18 HPTLC
plates (10 cm x 20 cm) were used. The plates were prewashed by developing in meth-
anol and then dried at 120 °C for 30 min before use. Mobile phase used was: MeOH:
H,0: glacial acetic acid (80:10:10) [3]. Under the experimental conditions above, the
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Figure 7.19: C18 HPTLC chromatogram of three cannabis varieties (before and after decarboxylation) and
11 cannabinoids (vanillin/H,SO, spray reagent, white light).



7 Identification and analysis of cannabis =—— 189

different 11 cannabinoids were well separated as shown in Figure 7.19. The method can
be used to distinguish between the three major varieties of cannabis (high THC/low
CBD, intermediate variety with both THC and CBD at abundant levels and the CBD vari-
ety with high CBD/low THC levels) both in the native form and after decarboxylation.

7.4 Application of chromatographic analysis
of cannabis for the potency monitoring
program in the USA

7.4.1 Introduction

The potency monitoring program is a collaborative project between the United States
DEA and the National Institute on Drug Abuse to monitor the potency (A>-THC con-
tent) of confiscated marijuana, hashish, and hash oil to have a clear understanding of
the composition of cannabis products available to the American public on the illicit
market. Several other countries have similar programs.

Over the last few decades several reports have been published summarizing the
data available for a given time frame [18, 37-41]. In this section, a summary of all the
data available from January 1995 till December 31, 2021 is provided, giving a complete
picture of the concentration of the major cannabinoids (A>-THC and CBD) by year of
seizure.

7.4.2 Samples

Samples analyzed in this report were confiscated during 1995 through 2021 by United
States DEA. Samples provided by State law enforcement agencies are not included
here since they do not fully represent materials on the illicit market. State samples
might be seized prior to full maturation of the plants.

7.4.2.1 Sample identification

Sample classification is based on the physical characteristics according to the follow-
ing guidelines:
Cannabis samples: All samples received are categorized as follows:
— Marijuana (known as herbal cannabis in Europe): usually found in four
forms: (i) loose material — loose cannabis plant material with leaves, stems,
and seeds; (ii) leaves — cannabis plant material consisting primarily of leaves;
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(iii) kilo bricks — compressed cannabis with leaves, stems, and seeds (typical
Mexican packaging); and (iv) buds — flowering tops of female plants with
seeds.

—  Sinsemilla: Flowering tops of unfertilized female plants with no seeds (subdi-
vided as for marijuana with most samples being classified as buds).

— Thai sticks: Leafy material tied around a small stem (typical Thailand
packaging).

— Ditchweed: Fiber-type wild cannabis found in the Midwestern region of the
United States.

Hashish Samples — Hashish (known as cannabis resin in Europe) is composed of
the resinous parts of the flowering tops of cannabis, mixed with some plant par-
ticles, and shaped into a variety of forms, for example, balls, sticks, or slabs. It is
generally very hard with a dark green or brownish color.

Hash oil samples — Hash oil is a liquid or semisolid concentrated extract of canna-
bis plant material. Depending on the process used to prepare hash oil, it is usually
dark green, amber, or brownish. Distilled extracts are golden yellow to light
brown with much higher potency. Some refer to the distillate as shatter.

Sample storage
All samples are stored in a vault at controlled room temperature (17 + 4 °C).

7.4.2.2 Samples preparation

Cannabis — Samples are manicured in a 14-mesh metal sieve to remove seeds and
stems. Duplicate samples (2 x 0.1 g) are extracted with internal standard solution (ISTD)
[3 mL, 4-androstene-3,17-dione (Sigma Aldrich, St. Louis, MO) as a (1 mg/mL) in chloro-
form/methanol (1:9, v/v) at room temperature for 1 h]. The extracts are transferred to
GC vials via filtration through sterile cotton plugs, followed by capping of the vials.
Hashish — Samples are scrapped and powdered using a single-edge razor blade.
Duplicate samples (2 x 0.1 g) are extracted following the procedure outlined for
cannabis samples.
Hash Oil — Duplicate samples (2 x 50 mg) are extracted with 10 mL ISTD and soni-
cated for 10 min till the material dissolves. The extracts are then filtered using
5 ml syringe attached to 0.2 um filter and then transferred to GC vials.

7.4.3 Analytical method

GC analyses are performed using Varian CP-3380 gas chromatographs, equipped with
Varian CP-8400 autosamplers, capillary injectors, dual FIDs, and DB-1 MS columns
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(15 m x 0.25 mm x 0.25 um) (J&W Scientific, Folsom, CA). Data are recorded using a Dell
Optiplex GX1 computer and Varian Star workstation software (version 6.1). Helium is
used as carrier and detector makeup gas with an upstream indicating moisture trap
and a downstream indicating oxygen trap. Hydrogen and compressed air are used as
the combustion gases. The following instrument parameters are employed: air, 30 psi
(300 mL/min); hydrogen, 30 psi (30 mL/min); column head pressure, 15 psi (1.0 mL/
min); split flow rate, 100 mL/min; split ratio, 50:1; septum purge flow rate: 5 mL/min;
makeup gas pressure, 20 psi (30 mL/min); injector temperature, 240 °C; detector tem-
perature, 270 °C; oven program, 170 °C (hold 1 min) to 250 °C at 10 °C/min (hold 3 min);
run time, 12 min; injection volume, 1 pL. The instruments are daily maintained and
calibrated to ensure a A>-THC/internal standard response factor ratio of 1.

Calculation of concentrations:

The concentrations of THC and CBD are calculated as follows:

Area (cannabinoid) , _amount (ISTD)

100
Area (ISTD) amount (sample) %

Cannabinoid % =

The method was validated and found to have linearity of 0.01 to 50% for THC and
0.025 to 50% for CBD with limit of quantitation of 0.01% for THC and 0.025% for CBD.

7.4.4 Results

Over the period of 1995-2021 a total of 42,966 cannabis samples confiscated by the
DEA in the USA were analyzed for their cannabinoids content. A total of seven canna-
binoids were analyzed, namely A>-THC, CBD, CBG, CBC, CBN, THCV, and A®-THC. How-
ever, only A>THC and CBD are included in this section in detail and their average
concentration is reported by year of seizure (Table 7.1). Figure 7.20 shows the trend in
the change of cannabis potency overtime, rising from ~4% in 1995 to 15.42% in 2021,
almost a fourfold increase. In the same time frame, however, the CBD content tended
to drop, especially in the last 10 years (Figure 7.21) (except 2020) resulting in a drastic
change in the ratio of THC:CBD from about 14:1 in 1995 to 108:1 in 2017, and over 50:1
the years thereafter till 2021 (except 2020 where it was 21:1; Figure 7.22). This indicates
that illicit cannabis growers are opting for high THC/low CBD varieties, especially for
the recreational use.

Examining the % distribution of the number of samples for each year, with THC
content of <3%, 3-7%, 7-12%, and e > 12% shows that the reason for the increase in the
potency of cannabis overtime is the increase in the number of seizures with THC con-
tent of >12% (Figure 7.23). Considering the physical characteristics of the cannabis
seized in the last few years, shows that the majority of seizures are made of sinsemilla
which is the most potent cannabis botanical product. Not many seizures are made of
the other types (buds, leaves, and loose material), with Thai sticks now disappearing
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Table 7.1: Concentration of THC and CBD in DEA confiscated samples
in the USA, 1995-2021 by year seized.

Year n THC (%) CBD (%) Ratio of THC and CBD
1995 3,763 3.96 0.28 14.1
1996 1,402 4.51 0.37 12.2
1997 1,337 5.01 0.41 12.2
1998 1,341 491 0.41 12.0
1999 1,825 4.60 0.42 11.0
2000 1,929 5.34 0.52 10.3
2001 1,687 6.11 0.55 111
2002 1,690 7.20 0.47 15.3
2003 1,872 7.15 0.47 15.2
2004 1,914 8.14 0.51 16.0
2005 2,295 8.02 0.49 16.4
2006 2,081 8.76 0.43 20.4
2007 2,143 9.58 0.46 20.8
2008 2,000 9.93 0.41 24.2
2009 2,073 9.75 0.39 25.0
2010 2,261 10.36 0.28 37.0
2011 2,342 11.13 0.22 50.6
2012 2,100 12.27 0.20 61.4
2013 1,230 11.98 0.16 74.9
2014 971 11.92 0.16 74.5
2015 1,003 10.91 0.18 60.6
2016 827 11.51 0.18 63.9
2017 777 14.08 0.13 108.3
2018 802 14.78 0.27 54.7
2019 448 13.67 0.21 65.1
2020 607 13.41 0.65 20.6
2021 245 15.42 0.29 53.2

from the market. Even kilobricks, traditionally made from entire mature flowering
tops with leaves, seeds, and stems, are now made from sinsemilla.

The other cannabinoids of cannabis samples showed no particular pattern changes
in concentration over the same period of time. For example, CBC levels did not change
much over time (concentration ranging from 0.2 to 0.35%). On the other hand, since
CBG is the first biosynthetic cannabinoid made in the plant which leads to all cannabi-
noids, including THC, it follows that its content in the plant material rises with the in-
creased THC content. This is the case here, where the CBG levels show a trend to
increase overtime and slowly rises from 0.13% in 1995 to ~0.5% in the last few years. As
for CBN, the level of CBN reflects more the age of the plant material since it is actually a
degradation product of THC by oxidation. Same with A3-THC which is only found if any,
in very low levels mostly less than 0.1%. THCV which is a naturally present cannabinoid
with a three-carbon side chain is found in just about all samples albeit in very low lev-
els averaging less than 0.1% on average over the period of this report.
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Other cannabis products include hashish and hash oil. Table 7.2 shows the canna-
binoids content of hashish samples seized from 1995 to 2019 (with no seizures in 2020
or 2021). Traditionally hashish is manufactured from an intermediate variety (chemo-
var) of cannabis with balanced levels of THC and CBD, which is reflected in the final
product. However, lately manufacturers have started manufacturing hashish from
high THC chemovars, probably from leaves of the plant that are of relatively low po-
tency than the flowers of the plant. This is reflected in Table 7.2 where early on the
seized hashish had reasonable levels of CBD relative to THC while in the last 10 years
the level of CBD dropped to mostly less than 1% while THC up to 40%.

Table 7.3 shows the cannabinoids content of hash oil. It appears that hash oil is
mainly manufactured from high THC.

Table 7.2: Average hashish cannabinoid concentrations per year 1995 to 2019.

Year n  AB-THC (%) A°-THC (%) CBD (%) CBC (%) CBN (%) CBG (%) THCV (%)

1995 19 0.00 3.60 3.34 0.51 1.70 0.32 0.14
1996 12 0.00 2.52 4.54 0.70 2.43 0.34 0.09
1997 31 0.00 8.92 3.99 0.75 213 0.48 0.32
1998 15 0.00 5.87 1.73 0.80 2.04 0.32 0.21
1999 23 0.00 4.94 1.79 0.59 2.07 0.51 0.30
2000 27 0.00 4.16 4.90 0.59 2.31 0.36 0.13
2001 13 0.00 8.48 2.72 0.58 1.54 0.58 0.30
2002 16 0.00 9.12 2.49 0.60 1.38 0.43 0.18
2003 16 0.00 9.23 3.92 0.68 1.85 0.41 0.16
2004 25 0.00 18.95 0.76 0.74 1.42 0.67 0.23
2005 47 0.00 11.98 1.67 0.86 1.91 0.37 0.17
2006 32 0.00 29.33 1.57 0.67 1.34 0.81 0.23
2007 70 0.00 27.71 1.19 0.80 1.84 0.97 0.30
2008 62 0.00 21.96 2.25 0.91 2.20 0.75 0.36
2009 42 0.06 17.40 1.47 0.92 2.74 0.40 0.15
2010 79 0.24 22.75 0.65 0.86 2.96 0.51 0.21
2011 120 0.24 30.04 0.51 1.12 2.97 0.70 0.23
2012 116 0.33 31.69 0.54 0.82 2.79 0.71 0.22
2013 41 0.28 29.28 0.36 0.72 2.44 0.83 0.21
2014 23 0.33 30.30 1.38 0.97 3.05 0.90 0.24
2015 23 0.15 17.62 0.95 0.51 2.60 0.56 0.14
2016 18 0.14 15.51 0.64 0.72 5.70 0.85 0.07
2017 10 0.30 40.89 0.27 0.82 2.83 1.13 0.24
2018 9 0.29 26.25 0.16 0.54 1.93 0.81 0.15

2019 1 0.53 37.88 0.10 0.53 0.84 1.80 0.26
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Table 7.3: Average hash oil cannabinoid concentrations per year 1995 to 2021.

Year N AB-THC (%) A°THC (%) CBD (%) CBC(%) CBN (%) CBG (%) THCV (%)

1995 13 0.00 13.23 0.72 1.00 4.24 0.51 0.34
1996 8 0.00 12.82 1.27 1.09 3.99 0.45 0.55
1997 10 0.00 18.20 0.28 1.05 3.51 0.35 0.57
1998 5 0.00 15.78 0.21 0.78 3.58 0.23 0.51
1999 11 0.00 16.21 0.38 1.34 4.83 0.33 0.35
2000 7 0.00 28.58 0.51 1.57 1.65 0.91 0.74
2001 7 0.00 19.44 1.32 1.20 4.36 0.95 0.58
2002 5 0.00 22.51 0.33 0.54 1.69 1.20 0.31
2003 4 0.00 15.54 0.19 0.80 1.32 0.33 0.39
2004 4 0.00 31.32 1.12 1.14 2.20 1.17 0.36
2005 6 0.00 6.40 0.35 0.22 1.15 0.15 0.18
2006 3 0.00 18.74 0.13 0.43 0.59 0.38 0.12
2007 18 0.00 24.85 0.57 0.89 1.53 0.65 0.31
2008 14 0.00 6.73 0.20 0.33 1.4 0.14 0.13
2009 6 0.08 12.71 0.34 0.21 3.28 0.26 0.24
2010 11 0.41 36.16 0.25 0.73 2.28 0.62 0.37
2011 22 0.21 35.28 0.42 0.91 2.41 0.82 0.30
2012 48 0.50 53.52 0.66 0.96 2.73 1.05 0.33
2013 32 0.37 49,98 0.46 1.06 2.18 1.05 0.27
2014 62 0.33 50.89 1.12 0.92 2.23 1.30 0.42
2015 55 0.53 56.26 0.57 1.14 2.84 1.60 0.29
2016 52 0.51 36.54 2.61 1.02 2.94 1.27 0.32
2017 42 0.59 55.18 0.59 1.02 2.62 1.53 0.35
2018 22 4.87 52.00 0.59 0.76 3.13 1.70 0.28
2019 55 4.35 53.43 3.09 0.68 2.96 1.70 0.31
2020 31 0.34 57.04 6.18 0.83 1.78 1.37 0.22
2021 25 4.09 51.38 5.18 0.62 2.00 1.47 0.46
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